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Foreword

Obesity and diabetes mellitus are two interrelated, chronic, debilitating, incur-
able diseases that have increased in incidence worldwide. In the USA, over
60% of adult Americans are overweight or obese. Most countries around the
world are also seeing dramatically increasing rates of obesity. Although not all
people with type 2 diabetes are overweight or obese, the majority are. In
addition, while most individuals who suffer from obesity are not diabetic, the
incidence of T2DM increases as adiposity increases. So intertwined are these
seemingly independent metabolic disorders that some refer to them together
as “diabesity.”

Despite spending billions of dollars on research and the development of a
multitude of different treatments, we have failed to control either disease and
find ourselves heading off the cliff. While there has been an explosion of new
medications, surgical procedures, and the introduction of metabolic/bariatric
devices, the incidence of both diseases continues to rise. It has been estimated
that within a few short years, the cost to treat the various related medical
conditions of these two diseases will be financially unsustainable for most
countries.

To better manage this impending crisis, clinicians and researchers need to
broaden our understanding of the pathophysiology of both diabetes and
obesity. It is far too simplistic to blame patient behavior, societal pressures,
or the environment for the epidemic. One must consider other possibilities as
well. Recently, researchers have taken a closer look at potential causes or
contributors such as bile salt composition, genomics, microbiomes, inflam-
mation, and the deep brain. A better understanding of the pathophysiology is
necessary to guide the development of more efficacious and cost-effective
treatments. In addition, to be the most beneficial, the research findings need to
be properly organized and be available worldwide.

This new book entitled, Obesity and Diabetes, edited by Joel Faintuch,
MD, a surgeon and a highly regarded nutrition support specialist, and
Salomao Faintuch, MD, a Harvard Director of Interventional Radiology,
should accomplish these goals. The book is extremely thorough and very
well organized. Its nine sections (blocks) cover a wide range of current and
cutting-edge information from the epidemiology of diabetes and obesity to
bariatric and metabolic surgery to treat both disorders. The blocks and
chapters of the book are strategically organized. They begin with basic science
and epidemiologic chapters and conclude with clinical treatments and
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ongoing developments. As previously stated, we as a human race cannot
continue as we have, partially understanding and inadequately managing
obesity and diabetes mellitus. We cannot sustain the costs nor the effects on
health and quality of life. Obesity and Diabetes may become a valuable tool
for researchers and clinicians alike.

Harvard Medical School,
Center for Metabolic and Bariatric Surgery,
Brigham and Women's Hospital, Boston, MA, USA

Scott A. Shikora
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Preface

About 6 years ago, the first edition of this book was being organized. At that
time, obesity and diabetes were already counted among the leading
non-communicable diseases in the world; however, the global burden had
not been elucidated yet. As underscored in the current Introduction chapter,
the figures were soon unearthed: USD2 trillion for obesity in 2014 and
USD1.3 trillion for diabetes (2015), summing up to USD3.3 trillion. Only
major addictions fluctuate in the same range. If one adds up the values for
smoking (USD2.1 trillion) and alcoholism (USD1.4 trillion), the total will
reach USD3.5 trillion. However, one should consider that whereas alcoholism
is a mounting concern, the smokers’ curve is receding in many countries, and
could turn flat in the coming decades. Metabolic diseases in turn, with obesity
and diabetes spearheading the trend, continue to grow unabatedly, so that it is
projected that half of the world will be overweight or obese by 2030.

No other disease group comes close. Does that mean that medical schools
should sidestep gastroenterology, rheumatology, and gynecology,
concentrating instead on obesity/diabetes, and prevention of substance abuse
(interspersed with classes on emerging infectious epidemics)? The healthcare
domain is not that much utilitarian. Results-based performance management
is important; however, it does not supersede the requirements for a global
technical and scientific professional background. Moreover, one is not
allowed to forget the ethical commitment toward the patient as an integral
human being, not as a collection of disease labels. All these factors notwith-
standing, practically all specialties will be touched, if not overwhelmed by the
new scenario. Orthopedists are already having difficulty to cope with knees
and hips damaged by excessive body weight, whereas ophthalmologists,
nephrologists, neurologists, and even pediatricians are facing a deluge of
diabetics in their daily practice, to mention just a few examples.

The same is true for the allied healthcare professions. Becoming familiar
with the intricacies of obesity and diabetes is a must for nurses, psychologists,
dietitians, hospital social workers, and specialists in biomedical engineering,
given the sheer numbers of this population. Of course, the commonalities as
well as the diversities of the illnesses need to be understood, from the vantage
point of new achievements in an array of fields, from drug therapy to bariatric
and metabolic surgery, and from appetite control to artificial pancreas. Among
the cutting-edge science highlights of this edition, omics biomarkers
originated from genomic, metabolomic, and immunologic profiling are
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dissected within the framework of diagnosis, disease monitoring, prognosis,
and new therapeutic targets, in obesity and diabetes. Anti-obesity vaccines ?
Outlandish and whimsical as they may sound, and past false starts notwith-
standing, there are robust experimental investigation lines in this arena.
Similarly microbiomic pathways and signatures are becoming indispensable
in the assessment and follow-up of metabolic diseases and treatments. There is
compelling evidence that part of the surgical response to bariatric and meta-
bolic procedures is microbiome dependent, analogously to an array of other
treatments and circumstances.

Both type 1 and 2 diabetes are benefitting from genetic sequencing and
immune profiling, with results which can be harnessed for diagnostic and
therapeutic purposes. Bariatric and endoscopic interventions are in rapid
mutation, including robotic platforms and innovative approaches, as described
by respected authorities. Cell therapy and nanoparticle carriers are put into
context. Public health initiatives were not neglected either. From government-
mandated taxes for unhealthy foods to scrutinized school canteen menus and
the contrast between personalized dietetic counseling and general guidance
for the population, including Internet-based initiatives, smartphones, and
wearable devices, no stone was left unturned in the effort to bring the latest
and most practical information.

Sao Paulo, Brazil Joel Faintuch
Boston, MA, USA Salomão Faintuch
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Abstract

Obesity and diabetes are not just associated
with heart attack, stroke, kidney failure, short-
ened life span, and sudden death. They repre-
sent the three trillion question of the twenty-
first century. Indeed the combined world finan-
cial burden of obesity and diabetes already
exceeds USD3 trillion, and could get 50%

higher or more around 2030. No other disease
category comes close. Healthcare budgets
which are already strained could become
overwhelmed worldwide. The purposes of
this introduction and this book are not stern
advices or scary threats. On the contrary, the
aims are to present and discuss feasible, sensi-
ble, and up-to-date approaches for prevention,
diagnosis, and handling of obesity and
diabetes.
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The Problem

Type 2 diabetes (T2D) is the major cause of
blindness, kidney failure, heart attack, and stroke.
Obesity is currently the number one predisposing
factor to T2D and is independently associated
with cardiovascular and kidney disease, thus clos-
ing the circle. However, that is not all. Both
shorten the life span, predispose to sudden death
(Chen et al. 2019; Aune et al. 2018), and their
clinical trajectory is rarely free from the men-
tioned comorbidities, along with myriads of
others (Bray et al. 2018; Aga et al. 2019).
Diabetics can suffer from as much as 97.5%
prevalence of multimorbidity (Aga et al. 2019).
Among the obese the metabolically healthy indi-
vidual, exempt from associated illnesses, is a
recognized category, however many suspects
this status to be intrinsically unstable and short
lived, eventually migrating to multimorbidity as
well (Bray et al. 2018).

The Solution

Weight loss ameliorates these diseases and most
comorbidities in a dose-related manner—the
more weight lost, the better the outcome (Bray
et al. 2018). With a reductionist approach, one
could affirm that this entire book is redundant and
dispensable. Why worry about biomarkers,
omics, and complex diagnostic and prognostic
algorithms, if health can in many circumstances
be restored just by shedding the unnecessary
pounds of weight? Who should be interested in
specialized and expensive teamwork, pharmaco-
logic breakthroughs, or ingenious surgical and
endoscopic interventions, if reconfiguring one’s
diet will suffice?

The fact is that both obesity and diabetes are
“curable,” or at least amenable to prolonged,
drug-free remission. Intensive lifestyle
interventions can do the trick, along with bariatric
and metabolic surgery (Ang 2018; Hirukawa et al.
2018; Willmer and Salzmann-Erikson 2018;
Chen et al. 2018). What are the odds? And what
does prolonged remission really mean?

Pediatric and Adult Obesity

Children and adolescents are among the best
candidates for obesity “cure.” Exaggerated adi-
posity is an unfavorable omen concerning adult
life, however the prognosis is not necessarily
ominous. Spontaneous normalization of body
weight is still a possibility at these age brackets,
particularly if a durable passion for sports and
active life arises. Of course, structured dietary
and lifestyle changes would be ideal, and the
family should be actively engaged, not leaving
the responsibility on the immature shoulders of
the youngster (Ferraro and Adamo 2015).

Stress- or lifestyle-induced, recent onset obe-
sity in adults is also a comparatively fertile
ground for successful interventions. As long as
the precipitating factors can be neutralized, never-
obese people who for a short while accumulated
adipose tissue will rather easily revert to their
previous, eutrophic condition. The expanded
fat cell population will shrink, however, it is
unlikely it will actually vanish. Adipocyte size,
number, and metabolic status respond to life-
style and pharmacologic interventions with tissue
remodeling, sometimes quite remarkable, how-
ever the potential for weight regain survives.
Consequently, lifelong surveillance and preven-
tion measures will be advised (Moreira-Pais et al.
2020).

Obesity-Induced Prediabetes or
Diabetes

There are reasons to believe that recent onset,
obesity-related T2D in reasonably young people,
much more than in the lean, the aged, and those
with a diabetes history >5 years, is the most
amenable to satisfactory remission, whether
achieved by lifestyle (Ried-Larsen et al. 2019),
drug (Hirukawa et al. 2018; Bohula et al. 2018) or
surgical means (Hirukawa et al. 2018). Conver-
sion of prediabetes to T2D is inhibited, new cases
become more sparse, and even established disease
can be fully compensated. How long will the
honeymoon last?
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The longest available follow-ups are after bar-
iatric surgery. The Swedish Obesity Study, which
tracks a large cohort of adults submitted to a
variety of operative techniques, has documented
38.1% and 30.4% remission after 10 and 15 years
of follow up respectively (Sjostrom et al. 2014).
Definition of prolonged remission is at variance
with the recommendations of the American Dia-
betes Association, namely glycated hemoglobin
HbA1c < 5.7% and fasting plasma glucose
(FPG) < 100 mg/dL) without drugs for at least
5 years (Buse et al. 2009). In the alluded to the
protocol, the adopted criterion was more lax,
namely FPG < 110 mg/dL in the absence of
antidiabetic treatment (Sjostrom et al. 2014).
Discrepancies notwithstanding these results are
respectable, not only because they robustly
exceed those observed in the controls, but also
because micro and macrovascular complications
were similarly benefitted.

State of the Art

The massive research efforts directed at obesity
and diabetes in recent decades, confirmed what
many had long suspected, namely that these
diseases, in keeping with other metabolic
aberrations, are preventable and potentially
reversible, at least within certain limits. The
requirements are early detection, removal of
known drivers, and notably the implementation
of a healthy and supervised lifestyle, with empha-
sis on diet, weight control, elimination of
addictions, regular exercise, and combat of
sedentarism.

The Three (or Five) Trillion Dollar
Question

For how long is that feasible with full compliance
of the individuals, and how many would actually
be touched by such policies? That is not the
million-dollar question. It already involves over
three trillion dollars, and in the coming decade
could advance beyond five trillion, as outlined

below. During the last century, and especially a
couple of decades after World War II, humanity
has unwillingly cradled an obesogenic and
hedonic environment, which started in
industrialized countries and is spreading to all
latitudes. What could be more gratifying than
palatable food and drink on demand, especially
because it is available, affordable, breaks no laws,
and is not followed by a terrible hangover on the
next day? Of course, the bathroom scale will
protest, larger clothes will eventually be pur-
chased, and sooner or later an appointment at a
primary care facility will have to be scheduled.
However, who cares about the future?

Market Stratification

The global diabetes care drugs market reached
USD69.7 billion in 2019 and is growing at a
compound annual growth rate (CAGR) of 4.6%
(www.mordorintelligence.com/industry-reports/
diabetes-drugs-market). The blood glucose moni-
toring systems market is smaller (USD10.1 billion
in 2018), however it is expanding more rapidly
(CAGR of 6.7%), thus the forecast for 2026 is
USD17.1 billion (www.fortunebusinessinsights.
com/industry-reports/blood-glucose-monitoring-
market-100648).

The obesity prescription market is currently
tiny, with few and not exceptionally effective
agents. Only in 2026 is it expected to cross the
billion-dollar barrier (www.bloomberg.com/
press-releases/2019-06-18/anti-obesity-prescrip
tion-drugs-market-to-cross-us-1-000-million-by-
2026-says-tmr). In turn, the weight management
market boasts a CAGR of 8.2% and will be worth
a more hefty USD442 billion in 2026 (www.
marketwatch.com/press-release/weight-manage
ment-market-2019-size-statistics-growth-revenue-
analysis-trends-industry-forecast-report%2D%2D
2025market-research-engine-2019-12-19).

Wearable medical devices, an important share
of which is devoted to obesity, diabetes, and
weight management, was worth USD9 billion in
2018 and is growing at the exponential CAGR
rate of 39% (www.gminsights.com/industry-
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analysis/wearable-medical-devices-market). In
one considers other lifestyle products and
services, along with more specialized treatments
such as bariatric operations and devices, the total
market cap for these metabolic derangements
could advance substantially beyond half-trillion
dollars until 2025/2026.

Calculations for the absolute global economic
burden are more staggering. For diabetes, they are
believed to increase from USD1.3 trillion in
2015, up to $2.5 trillion according to the past
trends, by 2030. This translates as a share of
global GDP from 1.8% in 2015 to a maximum
of 2.2% (Bommer et al. 2018).

Obesity weighs more, in all senses. Its 2014
global economic impact was USD2.0 trillion or
2.8% of the global gross domestic product (GDP).
One should not be surprised if’s up to 50% more
by 2030, given the current epidemiological trajec-
tory. The only current combined burden of smok-
ing (USD2.1 trillion) and alcohol addiction (1.4
trillion) is in the same range (Dobbs et al. 2014).

No other disease category comes close. The
industry forecast for inflammatory bowel disease
drugs is in the range of USD22 billion for 2026
(www.grandviewresearch.com/press-release/global-
inflammatory-bowel-disease-ibd-treatment), hepati-
tis C treatment is estimated at USD11 billion (2025)
(www.worldhepatitisalliance.org/news/sep-2015/
cost-comprehensive-global-viral-hepatitis-preven
tion-and-treatment-effort-might-peak/), and the
oncology drug market should not exceed a com-
paratively negligible USD176.5 million (2025)
(www.alliedmarketresearch.com/oncology-can
cer-drugs-market). Devices, palliative assistance,
and ancillary care, along with indirect costs
(absenteeism, premature death) could tip the
scales a lot further, however still far away from
the figures mentioned above.

Ongoing Initiatives

Of course academic and government healthcare
planners and scientists are not staying idle. Major
local or nationwide diabetes and obesity
initiatives are going on in the USA, the UK,
Australia, Canada, New Zealand, Austria, India,

China, Israel, and United Arab Emirates, among
others. From taxes and legislation inhibiting
intake of risky foods and drinks, not overlooking
planned cities and buildings that stimulate walk-
ing and stair climbing, to targeted anti-obesity
and antidiabetic lifestyle and pharmacological
interventions, policy makers have their hands
full (Galaviz et al. 2018).

What are the prospects for a “magic pill” in the
obesity and type 2 diabetes context? Even though
the industry is putting out safer and more power-
ful drugs nearly every year, and invasive as well
as intensive lifestyle interventions improve,
prolonged remission is still not within the grasp
of the masses, only of limited groups (Ang 2018;
Hirukawa et al. 2018; Willmer and Salzmann-
Erikson 2018; Chen et al. 2018; Ferraro and
Adamo 2015). Incidentally, there is much hope
also for candidates with type 1 diabetes, as stem
cell therapy and immunotherapy are making large
strides (https://labiotech.eu/features/immunother
apy-type-1-diabetes. Breakthrough type
1 diabetes).

Final Considerations

In the first chapter of The Descent of Man, and
Selection in Relation to Sex, published in 1871,
Charles Darwin argued that some anatomical
structures were useless, and would eventually
disappear. These included toes, wisdom teeth,
paranasal sinuses, cervical ribs, and even body
hair (Darwin 1981). He was not the only one to
engage in phenotypic futures studies. In more
recent century, specifically in 1993, Nebel and
Wright predicted that man will eventually
increase brain capacity, and undergo leg atrophy
(Nebel and Wright 1993). Indeed the more gray
and white matter, the better to deal with sophisti-
cated computers and to analyze big datasets. On
the other hand, who needs to carry around long
and heavily muscled legs if elevators, escalators,
cars, and other conveyances are ubiquitous?

Both prophecies failed to include obesity and
diabetes. Men and women are becoming smarter,
communicating instantly, and moving around at
increasing speed, however they are paying dearly
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in the form of metabolic illnesses. If one does not
intend to pass on these scourges to the coming
generations, one has to act here and now. This
book represents an effort by highly regarded
specialists and respected scholars from different
continents, to present new ways and means not
only to identify and manage obesity and diabetes,
but also to prevent it before it moves out of
control.
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Abstract

The world population has undergone a rapid
shift in dietary and physical activity patterns,
from traditional diets to a dietary pattern
characterized by highly processed foods and

sugar-sweetened beverages, coupled with
increasingly sedentary lifestyles. These shifts
have been concomitant with demographic,
macroeconomic, and technological changes,
and closely related to the widespread obesity
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epidemic. Barry Popkin (University of North
Carolina at Chapel Hill, USA) has defined the
entire process as Nutrition Transition and has
written extensively about its stages, drivers,
and consequences. Based on this literature
and on our previous work, in this chapter we
present the key elements of the nutrition tran-
sition process in developing countries,
describing its distinctive features in the Latin
America region, especially in Argentina. We
also describe obesity trends in this context.
Finally, we discuss public health interventions
in the developing world, and future
perspectives to deal with a still unresolved
consequence of the nutrition transition, the
obesity and noncommunicable diseases
epidemic.
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Understanding the Path to the Obesity
Epidemic

The nutrition transition theory describes the pro-
cess of shifts in the diet and in the physical
activity patterns that result in changes in stature,
body composition and body size of populations
(Popkin 1994, 2004). Both quantitative and qual-
itative dimensions are involved in these changes
(Popkin 2002a, 2009).

Several societies seem to converge on a shift
away from traditional diets toward a more
globalized pattern characterized by less legumes,
vegetables, and fruits, and more animal-source
foods, edible oils, and processed foods—high in
refined carbohydrates, added sugars, and
sweeteners (Popkin 2002a, 2015, 2017; United
Nations System, Standing Committee on Nutri-
tion 2010). Physical activity decreases rapidly,
driven by more sedentary jobs and leisure
activities, and the increasing use of vehicles
(Popkin 2006, 2015). In regard to the nutritional
status, a shift from increased prevalence of

undernutrition toward a high prevalence of over-
weight and obesity is observed (Popkin 1994,
2004).

The Population Context

Two historic processes affect and are affected by
nutritional transition: the demographic transition
and the epidemiologic transition (Popkin 2002a).
The demographic transition is defined as the shift
from a population pattern of high fertility and
high mortality, to another of low fertility and
low mortality, with the consequent life expec-
tancy increase (Notestein 1945). Closely related
to these demographic changes is the epidemiolog-
ical transition, which refers to the evolution from
a pattern of high prevalence of infectious
diseases, to predominance of noncommunicable
diseases (NCDs) (Omran 1971).

These transitions have some elements in com-
mon: they describe the changes observed in the
demographic, health and diet dynamics of the
populations (mainly in developed countries)
through a succession of stages; they share com-
mon pathways; they consider that the stages (with
more or less delay) will occur in all regions
worldwide; and they were designed with the pur-
pose of making forecasts and planning new socio-
economic, food, and health policies (Popkin et al.
2012; Nicolau-Nos and Pujol-Andreu 2011). The
interplay among these epidemiologic, demo-
graphic, and social changes is such, that it
determines the nature and pace of nutritional
shifts (Popkin 2001).

Five broad nutrition patterns were proposed by
the lead author of this theory, Barry Popkin
(Popkin 1993, 2002a), to describe the nutrition
transition. Although the patterns were outlined as
historical stages, they are not restricted to the
periods in which they first arose. In point of
fact, some nutrition transition patterns coexist at
the same time, with spatial and socioeconomic
variations. We summarize these broad nutrition
transition patterns in Table 2.1.

The shifts involved in these patterns occur in
different regions at different rates; however, there
is a consensus regarding that the most rapid
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change is observed in developing countries
(Popkin 2009; Hawkes et al. 2017). Specifically,
the shifts in diet and physical activity patterns
seem to be particularly accelerated in the low-
and middle-income countries (LMICs) (Popkin
et al. 2012; Popkin 2002b).

It is worth mentioning that Popkin has written
extensively about the influence of changes in the
food system and macroeconomic factors, that
underlie many of these worldwide dietary shifts
(Popkin 2009, 2017; Popkin et al. 2012),
remarking that the major influence on the obesity
epidemic must be viewed as environmental rather
than personal or genetic (Popkin 2001). In line
with this assumption, other authors state that
along with income, relative food prices and
preferences are a major determinant of dietary
patterns (Finaret and Masters 2019), and therefore
of the obesity outcome.

Worldwide Changes in Recent Decades

Four interrelated macroeconomic and technologi-
cal factors have been pointed out. A critical driver

is the technology that affects economic and
domestic works, the production and processing
of foods, and the expansion of mass marketing,
which leads to changes in dietary patterns and
related health conditions. Additionally, transpor-
tation facilities (e.g., trains) and leisure sedentary-
promoting devices (e.g., television, mobile
phones, and computers) had a central impact on
the reduction of physical activity levels (Popkin
2006, 2015).

Another widely studied driver is urbanization.
This demographic process is associated with a
greater variety and availability of food, more
marketing activities on foods, higher food
processing, and increased intake of food away
from home (Since jobs are more frequently
incompatible with home food preparation). The
urbanization process has experienced an enor-
mous acceleration, and nowadays approximately
55% of the world’s population is urban (United
Nations 2017). The Latin American and Carib-
bean region are the most urbanized in the world
(about 80% rate), and in Argentina, around 91%
of the population live in urban areas (Pou et al.
2017).

Table 2.1 Summary of the nutrition transition patterns according to the dimensions involved

Nutrition transition
pattern Diet

Physical
activity Nutritional status Other features

Collecting food Varied diet, high in
carbohydrates and fiber, and
low in saturated fat

High level of
physical
activity

Robust, lean, low
malnutrition
prevalence

Typical of hunter–
gatherer

Famine Less varied diet, cereals
predominant.
Periods of food scarcity

Little
modification
in physical
activity levels

Nutritional
deficiencies,
stature reduction

Agriculture, livestock
farming
Deepening of social
stratification

Receding famine Less starchy staples and more
fruit, vegetables and animal
protein intake.
Lower variety of diet and
famines

Physical
activity levels
started to
decrease

Several nutritional
deficiencies
disappear, stature
grows

Crop rotation, fertilizer
use, industrial
revolution.
Women join the labor
force

Nutrition-related
noncommunicable
diseases

Higher in fat (specially
saturated), cholesterol, refined
carbohydrates and processed
foods.
Lower in fiber and
polyunsaturated fatty acids

Increasing
sedentary jobs
and lifestyles

Obesity
prevalence
increases, many
disabling
conditions

Technology revolution.
Characteristics of high-
income societies and
increasing low-income
societies

Behavioral change More carbohydrates, fruits
and vegetables; less fat and
processed food

High leisure
exercises,
sedentary jobs

Lower body-fat
and obesity; better
bone health

Service sector
mechanization.
Changes aimed to
increase the disability-
free life expectancy

Data from Popkin (1993), (2001) (2002a), and (2004)
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More robust per capita income and expansion
of global trade are great drivers of the nutrition
transition process. While income has increased
worldwide, the prices of many foods have dimin-
ished, thus leading to lower proportions of
income allocated to food. Besides, income
increase allows acquiring labor-saving devices
and others that foster a sedentary lifestyle (Popkin
2015). The opening of global trade in goods and
services provides more opportunities to access
modern media, food retail, food services, and
technologies that reduce physical activity (Popkin
2006, 2015). A recent analysis about trade open-
ness and the obesity epidemic that included
175 countries during the 1975–2016 period,
concluded that trade openness was positively
associated with country obesity prevalence, and
its influence concentrated among developing
nations (An et al. 2019).

Despite the general tendencies, wide
inequalities remain in many LMIC countries,
where undernutrition (underweight, stunting,
micronutrient deficiencies) persists and coexists
with increased prevalence of overweight, obesity,
and associated NCDs (United Nations System,
Standing Committee on Nutrition 2010; Popkin
et al. 2012; Ng et al. 2014). This is the so-called
“double burden of malnutrition,” which can be
observed at the country, community, household,
and even at the individual levels (United Nations
System, Standing Committee on Nutrition 2010;
Popkin et al. 2012). This complex nutritional and
epidemiological scenario constitutes an enormous
challenge for the public health of these countries,
and particularly for the Latin American region, as
described in detail below.

The Burden of Obesity Worldwide

Most of the world’s population lives in countries
where overweight and obesity kill more people
than underweight, and it is estimated that at least
2.8 million people die each year as a consequence
of overweight or obesity (World Health Organi-
zation 2017, 2018a), even though these
nutritional conditions are preventable.

In the Americas, in 2016 the prevalence of
overweight and obesity in adults was 66.2% and
59.3% in men and women, respectively. Among
the countries with the highest prevalence are the
USA (68%), Mexico (65%), Canada, and
Bahamas (64%) (Organización Panamericana de
la Salud 2019). In Latin America and the Carib-
bean, it has been noted that 7.5% of children
under 5 years of age live with overweight,
whereas worldwide prevalence is 5.9% (FAO,
OPS, WFP, UNICEF 2019).

Obesity is not only a disease, but also a meta-
bolic risk factor associated with other NCDs such
as cardiovascular problems, diabetes, and cancer
(Finucane et al. 2011; Ford et al. 2017), which are
the main causes of death and disability world-
wide. The World Health Organization (WHO)
reported that 71% of the global disease burden
is due to NCDs and that these diseases dispropor-
tionately affect people in LMICs (World Health
Organization 2018b). In Argentina, NCDs were
responsible for the largest proportion of deaths in
2016 (almost 80% of total mortality) (World
Health Organization 2018c). Based on the last
National Survey of Risk Factors, it was estimated
that 61.6% of the adult population living in urban
areas of Argentina in 2018 have overweight and
among them, 25.4% present obesity. This level of
prevalence is similar to developed countries and
represents a growth of almost double in 13 years
(from an obesity prevalence of 14.6% in 2005)
(Ministerio de Salud y Desarrollo Social de la
Nación 2019).

According to the World School Health Survey
(Ministerio de Salud y Desarrollo Social de la
Nación 2018), the prevalence of overweight and
obesity in students aged between 13 and 17 in
Argentina was 30.3% and 7.4%, respectively,
with higher values in men than in women. Excess
weight in the specific group of adolescents (aged
13–15 years old) has increased progressively
throughout the three editions of the World School
Health Survey; the overweight prevalence
increased from 24.5% (2007) to 28.6% (2012)
and 33.1% (2018) and the percentage of students
with obesity was about 4.4% in 2007, with values
to 5.9% and 7.8% in 2012 and 2018, respectively
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(Ministerio de Salud y Desarrollo Social de la
Nación 2018).

General Dietary Patterns

The dietary pattern descriptions are based on
extensive research carried out in higher-income
countries, while the scientific evidence is compar-
atively scarce in LMICs. Yet Popkin (2015) sheds
light on this matter and points out that, nowadays,
there is sufficient data available about LMICs to
document this generalized dietary trend in all
urban areas and, increasingly, in rural ones: (1) a
huge increase in the consumption of vegetable
oils and the practice of frying food, instead of
using traditional healthier cooking methods;
(2) very high levels of sugar-sweetened beverages
and fruit juice intakes; (3) increased consumption
of animal-source foods; (4) a diet shift toward the
intake of highly processed food products and a
reduction of legumes, fruits, and vegetables;
(5) away-from-home meals, frequent snacking
and a rise in eating frequency (Popkin 2009,
2011, 2015).

Findings in Latin America

Although these trends are widespread even in
Latin American countries, there is much hetero-
geneity between and within countries (by age,
gender, and sociodemographic conditions)
(Popkin 2002a; Kovalskys et al. 2019). A multi-
center cross-sectional study assessing food con-
sumption in adults (15–65 years old) in an urban
sample from 8 Latin American countries
(Argentina, Brazil, Chile, Colombia, Costa Rica,
Ecuador, Peru, and Venezuela), called ELANS
(Latin American Study of Nutrition and Health)
(Kovalskys et al. 2019), indicates in general,
deficiencies for nutrient-dense food groups;
healthy food tends to be more consumed by
high socioeconomic persons and older people;
vegetables and red meat remain the two most
consumed food groups in the region, although
their amounts are below and over

recommendations, respectively, in most of the
countries (Kovalskys et al. 2019).

Focus on Argentina

According to the ELANS (Kovalskys et al. 2019),
Argentina was the leading consumer of sugar-
sweetened beverages (mean of 1245 g/day) and
red meat (prevalence of consumption of 82.3%,
average consumption of 129.7 g/day), during
2014–2015. Particularly in Argentina and Chile,
processed meat consumption was more common
among low socioeconomic groups. Inversely,
Argentina is among the countries with less
legumes consumption in the region. Regarding
fruits and vegetables mean intakes were markedly
below current recommendations (at least five
servings/day), as in all the countries of the region.
This is consistent with the results of the last
National Surveys of Risk Factors that reported a
mean intake of only two servings/day of these
vegetable -source foods in the Argentinian adult
population in 2018 (Ministerio de Salud y
Desarrollo Social de la Nación 2019). Neverthe-
less, both fruits and vegetables were consumed in
greater amounts among the low socioeconomic
groups in most of the Latin American countries,
including Argentina (Kovalskys et al. 2019).

In the 1996–2013 National Survey of House-
hold Expenditure (Zapata et al. 2016; Zapata and
Rovirosa 2016), the traditional diet of the
Argentinian people in the past (mainly unpro-
cessed or minimally processed foods) is now
moving to a diet rich in processed foods. Similar
to the ELANS results, but from a dynamic per-
spective, the authors highlight the higher and
increased apparent consumption of sugar-
sweetened soft drinks or juices and processed
meats (This consumption has doubled and tripled,
respectively, in the last 20 years). Moreover, total
fruit consumption decreased by 41% in the study
period. Yet when income increases, consumption
and fruit diversity improve as well. The consump-
tion of ready-to-eat foods also grows as house-
hold income becomes more elevated (Zapata et al.
2016; Zapata and Rovirosa 2016).
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Highly Processed Foods

Processed food products have been defined as
“substances extracted and refined from unpro-
cessed or minimally processed foods that are
‘ready-to-eat’ or ‘ready-to-heat,’ made from
industrially prepared ingredients and additives,
usually highly palatable and intensively
marketed, and often high in free sugars, trans-
fats and low in micronutrients” (Sievert et al.
2019). Although the health costs or benefits of
food processing are still discussed, a report of the
Pan American Health Organization on this matter
discourages their consumption; it also indicates
that sales of ultra-processed food products (also
called highly processed food products) are
associated with weight gain and obesity in Latin
America (PAHO-OMS 2015). It was estimated
that the volume sales of ultra-processed drinks
per capita is about 184.5 kg/capita/year in
Argentina, which ranks among the highest values,
along with the USA (238.8 kg/capita/year) and
Mexico (188.5 kg/capita/year) (Vandevijvere
et al. 2019).

Regarding food selection among Argentinian
adolescents, a tendency to low consumption of
fruits and vegetables was observed from the
World School Health Survey 2018 (Ministerio
de Salud y Desarrollo Social de la Nación
2018). Only 21% and 10.5% of them consumed
fruits and vegetables, respectively, two or more
times per day. A public health issue that needs to
be considered is that approximately 10% of those
adolescents currently eat fast food 3 or more days
a week away from home, around 50% more than
in 2012 when only 6.8% of the total of number of
participants aged between 13–15 years old
adopted this dietary practice. Moreover, a third
of the adolescents declared a consumption of
sugar-sweetened drinks of 1 or more times a day.

Physical Activity Patterns

A sedentary lifestyle or low level of physical
activity is an indicator of low energy expenditure
and constitutes one of the main modifiable risk
factors of most NCDs (World Health

Organization 2018b). Some researchers argue
that physical inactivity or sedentary lifestyle is
the fourth-ranking risk factor for global mortality
(6% of deaths recorded worldwide) (Guthold
et al. 2018).

The results of the National Surveys of Risk
Factors show that people from this country have a
low level of physical activity, increasing its prev-
alence from 54.7% in 2013 to 65% in 2018
(Ministerio de Salud y Desarrollo Social de la
Nación 2019).

The World School Health Survey confirmed
that only 16.5% of students aged between 13 and
17 were physically active in 2018, and 55.3% of
them spent at least 3 h a day sitting, outside
school hours. This is a clear indicator of sedentary
behavior in this population. Meanwhile, the
percentages of physical inactivity among young
people remain high, mainly among women
(Ministerio de Salud y Desarrollo Social de la
Nación 2018).

Disease Burden

Latin America, along with the Middle East and
North Africa, is one of the low- and middle-
income regions with the highest burden of obesity
(Popkin and Reardon 2018). Changes in diet and
activity patterns lead to the emergence of chronic
disease problems and increased disability (Popkin
and Gordon-Larsen 2004; Popkin et al. 1996). In
Latin America (Popkin 2002a), many countries
entered into the so-called nutrition related-NCDs
stage far earlier than others. Haiti and some Cen-
tral American subpopulations, in 2002 were still
in the receding famine stage. In contrast, Mexico
experienced an accelerated transition in the 1990s
(Popkin 2002a). While obesity prevalence
continued to increase among all socioeconomic
groups, the highest burden was among disadvan-
taged women (Pérez-Ferrer et al. 2018).

Argentina, an upper-middle income country,
with a current total population that exceeds
40 million people (40,117,096, census 2010) is
ranked as the fifth most populous country in this
region. The nutrition transition process presents
geographical differences within this country. In
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our recent work (Tumas et al. 2019), we identified
three profiles, which were named
“socionutritional lag” (characterized by undernu-
trition and socioeconomically disadvantaged
conditions), “double burden of malnutrition”
(undernutrition by stunting and overweight in
highly urbanized scenarios), and “Incipient
socionutritional improvement” (low prevalence
of malnutrition and more favorable poverty indi-
cator values). These profiles allowed us to differ-
entiate the Argentinian provinces into three
groups according to the nutritional status and
sociodemographic characteristics of their
populations. The key issues in each of the profiles
identified are summarized in Table 2.2.

As discussed by Tumas et al. (2019), the
“socionutritional lag” profile is closely related to
the so-called “receding famine” pattern proposed
in the NT theory, given that child undernutrition
problems are distinctive characteristics in both
scenarios. The “double burden of malnutrition,”
in turn, could reflect a transitional situation of
these populations between the “receding famine”
and the “degenerative diseases” stage stated by
Popkin, which is also a distinctive characteristic
of many developing regions. On the other hand,
the “incipient socionutritional improvement”

profile could be linked to the last stage of the
nutrition transition, the “behavioral change” pat-
tern, because the low prevalence of malnutrition
(both under- and over-nutrition), together with
favorable socioeconomic conditions were the
most dominant features. Interestingly, this was
the only profile that showed no associations with
the obesity burden in Argentina.

These results highlight the important role of
sociodemographic factors such as urbanization
and poverty levels in shaping nutrition transition
profiles in Argentina (Tumas et al. 2019). Previ-
ous studies focused on the link between specific
dietary patterns and obesity or NCDs in urban
populations of Argentina already found an asso-
ciation between unhealthy dietary patterns with
obesity (Pou et al. 2016), as well as with several
diet-related cancers (Niclis et al. 2015; Pou et al.
2012, 2014a, b; Tumas et al. 2014).

Public Health Interventions
and Future Perspectives

In response to the growing burden of NCDs, the
global community has worked through the World
Health Organization and the United Nations,

Table 2.2 Summary of the nutrition transition profiles in Argentina (2005–2013) according to the dimensions involved

Nutrition
transition
profiles Nutritional features

Sociodemographic
characteristics Provinces in cluster

Related
patterns of
nutrition
transition
theory

Socionutritional
lag

High prevalence of
stunting in children;
low prevalence of
childhood obesity

High proportion of poverty
households and population
without health insurance;
low proportion of
population with higher
education; relatively high
infant mortality rates.

Misiones, Corrientes,
Tucumán, Santiago del
Estero, Jujuy, Formosa,
Río Negro, San Juan,
Chaco, Salta

Receding
famine

Double burden
of malnutrition

High prevalence of
childhood and adult
obesity; intermediate
prevalence of stunting
in children

High proportion of urban
households

Catamarca, La Rioja,
Santa Fe, Buenos Aires,
Neuquén, Chubut, Santa
Cruz, Tierra del Fuego

Moving from
“receding
famine” to
“degenerative
diseases” stage

Incipient
socionutritional
improvement

Low prevalence of
stunting in children and
adult obesity

Low proportion of poverty
households

Córdoba, San Luis,
Mendoza, La Pampa,
Autonomous City of
Buenos Aires, Entre
Ríos

Behavioral
change

Data from Tumas et al. (2019)
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aiming to reduce premature mortality from NCDs
by 25% until 2025 (World Health Organization
2018b). However, the results of the global con-
sensus and derived interventions have not been
successful.

As Popkin anticipated, achieving the pattern of
behavioral change (Popkin 2009), seems to be
quite difficult in the current scenario of the Latin
American region.

The accelerated speed at which nutritional and
epidemiological changes occur in developing
countries often exceeds the national capacity of
these countries to address the rapid increase of
NCDs and to engender a healthy transition
(Popkin 2002b; Lancet 2017). In addition, the
rapidly increasing burden of overweight and obe-
sity coupled with increased waist circumferences
and major diet shifts, adversely affect the burden
of diabetes and other metabolic disorders (Popkin
2015), which are capital public health problems in
the developing world.

In LMICs, it is also noticeable that the double
burden of malnutrition underlies a context of food
insecurity coupled with energy imbalance
(Popkin 2002b); this may reflect persistent social
inequalities in health distribution that should be
addressed.

Childhood Undernutrition and Adult
Obesity

Current hypotheses of the developmental origins
of adult disease merit special attention in these
regions, where obesogenic environments are
expanding while undernutrition persists (Popkin
et al. 2012; Wells et al. 2020). According to Wells
et al. (2020), early undernutrition in life (during
fetal and infant development) followed by later
energy imbalance, impose a high metabolic load
on a depleted capacity for homeostasis; this may
exacerbate the health costs of adult obesity espe-
cially among individuals who have previously
suffered from undernutrition. Public health policy
interventions and programs should simulta-
neously address malnutrition caused by energy
imbalance linked to nutritional deficiencies (i.e.,
stunting, anemia, and other nutritional

deficiencies), along with an excess of body
weight (i.e., overweight or obesity). These need
to focus on the early stages of life and to adopt a
life-course perspective.

Tirado et al. (2016) found that all 18 countries
Latin American countries under study had rele-
vant policies to address malnutrition, especially
undernutrition, and micronutrient deficiencies,
but only some of them had policies to address
overweight and obesity (Tirado et al. 2016).
Especially in LMICs, it has been highlighted the
central role of breastfeeding (Wells et al. 2020).
This practice, economically affordable for the
population living in poverty, increases the
chances of achieving a healthy weight and growth
during early childhood.

Ongoing initiatives include taxation of
sugar-sweetened beverages, marketing control
especially concerning child-oriented, front-of-
package labeling profiles with a positive or nega-
tive logo, and special regulations related to
schools and/or other public facilities (Popkin
2017). Tirado et al. (2016) report that regulatory
frameworks to address overweight and obesity
have been introduced. However, the authors high-
light the scarcity of data on the allocation of
human and financial resources to promote bal-
anced nutrition (a crucial element in terms of the
efficacy of public policies), and that most of the
countries studied had food-based dietary
guidelines, but lacked the legislation to increase
access to healthy food and/or address the
obesogenic environment (Tirado et al. 2016).

We want to emphasize the relevance of timely
feedbacks on current policies. Besides, we high-
light the need to improve systems and instruments
for data collection on nutrition and diet in devel-
oping countries, especially from Latin America.
In this regard, Walls et al. (2018) reported that the
standardized instruments commonly used to
assess diets in LMICs are not appropriate for
measuring, for example, the consumption of
ultra-processed foods (2018). In accordance with
Popkin, we believe that in order to tackle obesity
and NCDs epidemics, we must focus our major
efforts on finding “environmental solutions”
(Popkin 1998). Individual-level interventions
conceived from a biomedical approach, are too
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simplistic for addressing these complex and mul-
tifactorial diseases. An intersectoral approach is
essential for the definition and implementation of
public policies; this means involve multiple
actors, including in the first place the food and
beverage industries as well as government
officials.
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Abstract

Diabetes imposes a huge financial burden on
affected individuals, their families, society,
and country. Undesirable changes in lifestyle
coupled with inadequate health care systems
are some of the major drivers of diabetes
burden in sub-Saharan Africa (SSA), where
there will be the greatest increase of diabetes
in the world of 143%, within the next
25 years. Only 5.5% of the GDP in SSA was
spent on health in 2016 compared to the
global estimate of 10%. Although SSA has
witnessed a recent increase in diabetes inci-
dence, the current diabetes-related expendi-
ture of US$9.5 billion represents only 1% of
the overall global expenditure on this disease.
These include the direct costs associated with
medical care, and the indirect costs resulting
from cessation or reduced productivity
because of disease-related disability/prema-
ture mortality. Indirect cost per patient with
diabetes in SSA is higher than direct
expenditures, contributing over 60% of the
total cost.

Keywords

Diabetes burden · Diabetes cost · Indirect cost ·
Direct cost · Sub Saharan Africa

Introduction

Nearly 80% of noncommunicable disease
(NCDs) related deaths including diabetes, occur
in low- and middle- income countries, which

constitute the majority of countries in
sub-Saharan Africa (SSA) (WHO 2019a). Avail-
able estimates show that 7.1% of adults living in
Africa or 33 million people suffer from diabetes,
although in 2019 the International Diabetes Fed-
eration estimated that diabetes affected over
19 million people in the region, while an addi-
tional 45 million adults had impaired glucose
tolerance (IGT) (IDF Diabetes Federation
2019a). Nigeria is among the top ten countries
in the world with the highest number of people
with IGT (8.2 million people). If current trends
persist, both the number of people with type 2 dia-
betes (T2D) and IGT in SSA will increase by
143% by 2045; the highest global predicted
increase. However, the true number could be
much higher, given that as many as two thirds
of those with the disease remain undiagnosed
(IDF Diabetes Federation 2019a).

This rising burden of diabetes in SSA has been
triggered by increasing obesity and changing
lifestyles in both rural and urban communities
(Mbanya et al. 2014). As in other parts of the
world, more than 90% of patients have type 2 dia-
betes with diagnosis often made late in the course
of disease progression, or at the time of
complications. Also, approximately 10,300 chil-
dren and adolescents are diagnosed each year
with type 1 diabetes (T1D) which carries a high
mortality rate (IDF Diabetes Federation 2019a).

Social and Financial Burden

Delayed diagnosis and poor metabolic control
contribute to the high morbidity and premature
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mortality in the region (Dalal et al. 2011). The
mortality rate is increasing and occurring at youn-
ger ages in SSA compared with the other regions;
three of four deaths due to diabetes occur in the
active age group less than 60 years old (IDF
Diabetes Federation 2019a; Miranda et al.
2019). Total disability adjusted life-years
(DALYs) due to diabetes increased by 126.4%
between 1990 and 2017, and the Lancet Diabetes
and Endocrinology Commission estimated that in
2015, the overall cost of diabetes in sub-Saharan
Africa was US$19.45 billion, or 1.2% of cumula-
tive gross domestic product (GDP) (Gouda et al.
2019; Atun et al. 2017).

Despite progress in health coverage, access to
medications especially insulin and quality
healthcare facilities remain a challenge, with
wide disparities between African countries
(Mutyambizi et al. 2018). Poor access to insulin
is the major cause of mortality in children with
T1D (Atun and Gale 2015; Choukem et al. 2019).
This has a huge financial implication for the
economy of households and the already
overburdened healthcare systems.

Few African countries have a national diabetes
plan and there is a lack of access to full coverage
for essential health services (IDF Diabetes Feder-
ation 2019a). Due to the lack of primary data and
the high proportion of undiagnosed diabetes to
estimate the real-world cost of diabetes in the
SSA, public health interventions have relied on
results from modeling methods (Afroz et al.
2018). Africa’s health service delivery capacity
has improved, yet this is still insufficient to meet
current and future needs of the care of diabetes
(WHO 2019b).

Challenges to Diabetes Management
in Africa

These challenges are of two magnitudes: the
increase in diabetes growth and those related to
the implementation of effective diabetes care in
Africa (Fig. 3.1).

Epidemiological transitions:

In the 1980s, diabetes was still uncommon in
Africa, but today it has exploded in many
communities. This trend in T2D has been
strongly linked to obesity, suboptimal diet, and
physical inactivity, resulting from the rapid epi-
demiologic shifts involving urbanization and
changing lifestyles in both the rural and urban
communities of SSA (Mbanya et al. 2014). The
age-standardized diabetes prevalence increased in
parallel with body mass index from 3.4 to 8.5% in
men, and 4.1 to 8.9% in women between 1980
and 2014 (NCD Risk Factor Collaboration
(NCD-RisC)—Africa Working Group 2017).
Global rise in BMI is usually linked to the
increase in BMI in rural communities, except in
SSA where BMI rose faster among urban women,
and at a similar rate among urban and rural men
(NCD Risk Factor Collaboration (NCD-RisC)
2019). The expansion of supermarkets with
access to highly processed food and sweetened
beverages as well as reduced physical activity
could be driving the rural-urban differences
(Pastakia et al. 2017; Assah et al. 2011).

Access to Health Care

Many African countries are not prepared to effec-
tively manage diabetes and they provide only
suboptimal care to patients. Early identification,
management, and control are important
determinants for the reduction of diabetes
complications, thus leading to a substantial reduc-
tion of the economic burden (Atun and Gale
2015; Kapwata and Manda 2018).

Timely diagnosis and prevention rely mostly
on the availability of health care practitioners,
regular screening, and management of
comorbidities (Pastakia et al. 2017). The proxim-
ity of healthcare facilities has been strongly
linked to increasing utilization of these services
in developing countries, especially in rural
communities (Feikin et al. 2009). Financial
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availability and accessibility of health services,
transportation facilities, and cost, as well as the
receptiveness of the healthcare professionals to
the cultural and social norms of the community
are equally relevant (Huerta Munoz and Källestål
2012). Poor access to insulin is the leading cause
of mortality in patients with T1D (Gale 2006).
Among the 400 million people globally who do
not have access to basic healthcare services, the
majority live in SSA (Sanogo et al. 2019).

Knowledge, Beliefs, and Health
Seeking Behaviors in Africa

Obesity which is a major risk factor for T2D is
still perceived by some people as a sign of wealth
and good living, while physical activity like reg-
ularly walking is a sign of poverty. Although
most patients recognize that health care facilities
are the ideal places to turn to, it is not unusual for

patients to seek solely or as complementary care,
the traditional healers (Choukem et al. 2019).
Diverse knowledge, beliefs, and perceptions in
addition to finances are key factors that influence
a patient’s decision to seek medical advice during
an illness. Moreover, misconceptions associated
with hospital facilities contribute to increasing the
total cost associated with diabetes, as some
patients tend to be managed at home or seek
traditional healers, thereby presenting to health
facilities mostly at the time of complications
(Choukem et al. 2019).

Lack of Political Will

There is still a lack of appropriate action taken by
key decision leaders in SSA, in order to halt the
progression of diabetes (Atun and Gale 2015).
The misconception that diabetes is a disease of
the rich and the elderly, hampers commitments to
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mobilize adequate resources for the management
of diabetes and its complications. In fact, less than
30% of African countries have operational
integrated policies for diabetes care (Kengne
et al. 2013).

Under-Allocation of Resources

Inadequate financing of NCDs like diabetes
constitutes a major barrier to the early diagnosis
and management of diabetes complications (Atun
and Gale 2015). Although infections, maternal
and perinatal mortality continue to threaten Afri-
can healthcare systems, the idea that infectious
diseases should be controlled before tackling
NCDs is mostly misleading. According to WHO
estimates in 2015 infectious diseases, maternal,
perinatal, and nutritional conditions accounted for
59.1% of all age total DALYs, while NCDs were
responsible for 30.7% (WHO 2019a). In addition,
NCDs are responsible for up to 37% of total loss
of productivity in SSA, compared to only 27% for
infectious diseases (WHO 2019b).

Complications and Mortality
Attributable to Diabetes

Noncommunicable diseases like diabetes and car-
diovascular account for 41 million deaths each
year; the leading cause of mortality globally.
Over 85% of these deaths occur in low- and
middle-income countries (WHO 2019a), and the
acute and chronic complications associated with
the disease make it very costly to manage
(Kengne et al. 2013). Diabetes is a major cause
of non-traumatic lower limb amputation, blind-
ness, kidney failure, heart attacks, and stroke
(IDF Diabetes Federation 2019a).

Prevalence and Incidence of Diabetes
Complications

Chronic complications of diabetes may be present
at the time of diagnosis especially in patients with
T2D, but can also appear soon after the diagnosis

in patients with T1D (IDF Diabetes Federation
2019a). In early 2000, macrovascular
complications of diabetes were considered rare
in Africa, with coronary heart disease affecting
5–8% of type 2 diabetic patients (Mbanya and
Sobngwi 2003). However, there is increasing evi-
dence suggesting an increase in the burden of
cardiovascular disease in SSA (Kengne et al.
2013), as a result of poor glycemic control in
addition to other cardiovascular risk factors such
as high blood pressure and dyslipidemia (Kengne
et al. 2005).

Five percent of patients with diabetes have
cerebrovascular accidents at diagnosis, and up to
9.5% and 25% of patients with type 1 and 2 dia-
betes respectively also have retinopathy at diag-
nosis. Depending on the glycemic control and
duration of diabetes the prevalence of diabetic
retinopathy varies between 13 and 55 %, with
severe retinopathy representing 15% of all cases
(Mbanya and Sobngwi 2003; Kengne et al. 2005).
Eight to 49% of patients with diabetes exhibit
nephropathy and neuropathy is present in
11–66% depending on the diagnostic method
used (Dalal et al. 2011). Long-standing
complications in patients with T1D do not differ
greatly from those with T2D (Motala et al. 2001).

Lower extremity amputation varies from 1.5 to
7% (Mbanya and Sobngwi 2003). Diabetes
complications in Africa are increasing as the
prevalence and incidence of diabetes continue to
rise. In Ghana, the incidence of diabetes-related
lower limb amputations increased from 0.6 per
1000 follow up years in 2010 to 10.9 in 2015
(Sarfo-Kantanka et al. 2019). This is in contrast
to industrialized countries where the complication
rates are reducing (IDF Diabetes Federation
2019a). The coexistence of multiple chronic
complications of diabetes is common, like in
Nigeria where 51.7% of patients with diabetes
and renal complications also had the peripheral
vascular disease (Agaba 2004). Interactions
between peripheral damaged organs and infection
occur in up to 53% of patients with diabetes
(Dalal et al. 2011). Heavy investment in the
health care system like dialysis units and coronary
care units are necessary to take care of these
diabetes-related complications.
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Disability and Mortality

In 2017, NCDs accounted for 80% of disabilities
globally with diabetes being the fourth leading
cause (Mbanya et al. 2014). The
age-standardized DALY rates for diabetes are
higher amongst men than women (Gouda et al.
2019). Disability and the premature mortality
caused by diabetes occur at a younger age in
SSA compared to other regions. Globally in
2019, diabetes was responsible for 366,200
deaths with 3 of 4 deaths occurring before
60 years whereas, in 2009, diabetes-related mor-
tality was highest in the age group of 30–39 years
(IDF Diabetes Federation 2019a, b). High blood
pressure which is common in blacks, was found
to be about twice more common in people with
diabetes compared to age-matched controls,
while dyslipidemia ranged from 16 to 89% and
overweight 50–83%. Cardiovascular
complications are amongst the leading cause of
mortality from chronic complications in patients
with T2D (Kengne et al. 2005).

Although there is poor documentation on the
causes of deaths in Africa, available estimates
suggest that diabetes-related mortality ranges
between 8 and 41% of all-cause mortality, and
this is primarily due to acute complications and
infections (Peer et al. 2014). In Cameroon, acute
complications were the leading cause of mortality
(22.2%) followed by cardiovascular
complications (16.7%) and nephropathy (14.8%)
(Foryoung et al. 2018). The life expectancy
in children with T1D could be as low as 1% in
Africa (Beran and Yudkin 2006). In South Africa,
the predominant cause of mortality in patients
with T1D is nephropathy, accounting for over
40% of all deaths (Gill et al. 2005). Table 3.1
shows the number of deaths in adults aged 20–79
years for some SSA countries.

Economic Burden of Diabetes Mellitus

Three alternative approaches exist to estimate the
economic burden of public health problems like

diabetes including the willingness to pay
approach, the macroeconomic/production func-
tion approach, and the cost of illness approach
(COI). The last one is the most commonly
employed and takes into account the direct cost,
indirect cost, and intangible cost (Fig. 3.2).

Costs Attributable to Diabetes Mellitus
in Africa

Since 2001, there has been a steady rise in the
gross domestic product (GDP) of many
sub-Saharan African countries, reaching its peak
in 2014. In 2016, the mean GDP per capita spent
by SSA countries was equivalent to US$1511.3
with a wide range from US$282.1 in Burundi to
US$15,077.8 in Seychelles (The World Bank
2019). Overall, less than 5.6% of the GDP was
spent on healthcare in the low- and middle-
income countries of SSA. The World Health
Organization (WHO) estimates that up to 11 mil-
lion Africans fall into poverty each year, due to
high out of pocket payments for healthcare
(WHO 2019b). Few studies have quantified the
economic burden of diabetes at the regional level.
A major difficulty in collating data for the cost of
illness studies is that authors report on only one
type of cost; mostly the direct cost (Afroz et al.
2018). In South Africa, where the diabetes
age-adjusted prevalence is 12.7%, mean
diabetes-related expenditure was US$1245.0 per
patient (Table 3.1), while in Benin, the
age-adjusted diabetes prevalence was 1% and
mean expenditure was US$163.8 pp.

Diabetes costs have increased from 1.4 billion
in 2010 to 9.5 billion in 2019. This is due to both
an increase in the prevalence of diabetes by 57%,
and an increase in the cost of persons living with
diabetes from US$222.6 to US$509 (IDF Diabetes
Federation 2019a, b). According to current reports,
the cost of care for people with diabetes in Africa
accounts for 12.5% of healthcare expenses, with
the highest percentage in South Africa (23.0%)
(IDF Diabetes Federation 2019a).
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Purchasing Power Parity Calculations

Nineteen million adults with diabetes recorded in
Africa in 2019 resulted in a total economic cost of
US$9.5 billion. Using the 2005 purchasing power
parity (PPP), Kirigia and colleagues estimated the
cost of diabetes per patient at Int$3633, giving a
total burden of Int$25.51 billion, with indirect
cost contributing 68% of it (Kirigia et al. 2009).
Consistent with this, other reviews have reported

the indirect costs of diabetes per patient to be
higher than the direct costs (Mutyambizi et al.
2018). Nevertheless, Bommer and colleagues
found a lower contribution of indirect cost
(44.4%) (Bommer et al. 2017).

Cost of medication and hospitalization are the
major causes of direct expenses (Afroz et al.
2018). A review reported the cost of medication
to contribute as high as 50% of the total cost
(Mutyambizi et al. 2018).

Table 3.1 Prevalence estimates and economic indicators of diabetes for some African countries

Country

Age-adjusted diabetes
prevalence for the age
group 20–79 years (%)a

Mean diabetes-related
expenditure per person
(20–79) with diabetes
(PPP)a

GDP per
capita
(current
US$)b

Current Health
Expenditure per
capita in US$c

Number of
diabetes-
related deaths
(20–79)a

Benin 1.0 163.8 829.5 31 692.8
Botswana 5.8 1417.6 7893.2 466 1674.5
Burkina
Faso

7.3 177.6 642.4 44 9675.2

Cameroon 6.0 311.3 1421.6 68 13,744.3
Central
African
Republicd

6.0 72.0 449.8 24 3162.9

Chadd 6.0 135.3 664.3 30 5706.5
Comoros 12.3 173.6 1320.5 59 357.4
Cote
d’Ivoired

2.4 327.0 1557.2 70 5207.1

Equatorial
Guinead

6.0 1305.8 9738.4 301 491.5

Ethiopia 4.3 113.3 768.4 25 23,156.8
Gabond 6.0 1015.2 7212.5 204 922.6
Gambia 1.9 119.3 679.8 23 193.3
Ghana 2.5 262.2 2025.9 67 5397.8
Kenya 3.1 324 1568.2 77 8080.5
Mauritania 7.1 213.0 1145.5 49 1776.5
Mozambique 3.3 101.8 461.4 21 9485.0
Namibia 4.5 1871.8 5646.5 447 1095.3
Nigerd 2.4 87.7 375.9 29 3180.6
Nigeria 3.1 468.6 1968.6 74 63,957.7
Sierra
Leoned

2.4 587.9 499.4 66 19.3

South Africa 12.7 1245.0 6132.5 499 89,834.4
Tanzania 5.7 170.1 1004.8 34 18,031.7
Uganda 2.5 191 631.5 39 6288.0
Zimbabwe 1.8 540.9 1602.4 110 2621.9
aIDF Atlas, 2019 (IDF Diabetes Federation 2019a)
bWorld Bank indicators, 2017 (The World Bank 2019)
cWHO Global expenditure database, 2017 (WHO 2019c)
dIndicates absence of in-country data sources on diabetes
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Direct Cost

The direct cost of a disease refers to resources
used for the treatment of the disease regardless of
whether they are born by patients themselves, by
private or public payers, or by the government
(IDF Diabetes Federation 2019a). This is usually
divided into the direct medical cost which are
expenses, borne as a result of direct medical treat-
ment like medications, outpatient visits, labora-
tory tests, and hospitalizations. The second is the
direct nonmedical cost which are expenses
incurred as a result of transportation, food, lodg-
ment. In COI studies, cost of medications, diag-
nostic cost, cost of the consultation, and inpatient
cost is the most commonly reported (Mutyambizi
et al. 2018).

Profile of African Countries

The direct cost of diabetes differs greatly between
African countries with reported costs estimated
from Int$3.5 billion to Int$4.5 billion and over
US$10.8 billion per annum (Mutyambizi et al.
2018; Bommer et al. 2017) (Table 3.2). There
are inconsistent findings of the major
contributors, with some reviews reporting the
cost of hospitalization as predominant, and other
medication costs (Mutyambizi et al. 2018; Afroz
et al. 2018). For outpatients in Nigeria, the cost of
medication varied between Int$420.63 to Int
$1025.00 per patient per annum for type 1 and
2 diabetes respectively, thus contributing as high
as 90% of all treatment cost. For hospitalized
patients, the cost of medication ranged from Int
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Direct cost
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Fig. 3.2 Measurements approaches to the economic burden of diabetes (Adapted from Kirigia et al. (2009))
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Table 3.2 Summary of studies on diabetes costs from Africa (adapted from Mapa et al. (2019))

Year of
costing Setting/Reference Perspectives

Type of
diabetes Direct cost (US$)

Indirect
costs (US$)

Total
cost (US
$)

2019 Africa (IDF Diabetes
Federation 2019a)

Societal 1 and 2 9.5
billion

2018 Africa (Mutyambizi
et al. 2018)

All 1 and 2 Int$3.5 billion to Int$4.5
billion per annum

2015 Africa (Bommer et al.
2017)

All 1 and 2 10.8 billion 8.6 billion 19.4
billion

2015 Guinea (Alouki et al.
2015)

Patients 2 126–1093 pp

Mali Patients 2 137–869 pp
Benin Patients 2 212–828 pp
Burkina Faso Patients 2 224–859 pp

2013–
2015

Benin (Ogle et al.
2016)

Family 1 588 pp

Burkina Faso Family 1 1185 pp
Central African
Republic

Family 1 737 pp

Ivory coast Family 1 553 pp
Malawi Family 1 999 pp
Mauritania Family 1 630 pp

2013 Morocco (Boutayeb
et al. 2013)

Societal 1 and 2 259–830 pp or 0.47
billion to 1.5 billion

1113 pp or
2 billion

2011–
2012

Nigeria (Suleiman and
Festus 2015)

Societal 2 1.64 billion

2009–
2011

Cameroon (Ngassam
et al. 2012)

Patients 2 148 pp

2010 Nigeria (Abdulganiyu
and Fola 2014)

Patients and
hospital

2 1.5 million

2009 Mali (Bermudez-
Tamayo et al. 2017)

Patient 2 365.48 pp 762.20 pp 1127 pp

2009 Ghana (Quaye et al.
2015)

Health
system

1 and 2 423 pp

2005 Sudan (Elrayah-
Eliadarous et al. 2010)

Patients 2 175a

2005 Africa (Kirigia et al.
2009)

Societal 1 and 2 Int$17.41 billion Int$8.1
billion

Int
$25.51
billion

2003–
2004

Nigeria (Suleiman et al.
2006)

Patients and
hospital

1 and 2 1.07 billion

1995 Sudan (Elrayah et al.
2005)

Patients 1 283b

Abbreviation: pp per person
Unless otherwise stated, costs are annual cost in US$
Common perspectives used in COI studies are the patient perspective, the employer perspective (loss of productivity),
health system perspective, government perspective and societal perspective
Int$: International dollar (local cost converted to the purchasing power of one US$)
aAnnual cost of minimum care diabetes supplies
bMedian cost
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$553 to 1438 per admission in Nigeria and Int$80
to 461 in South Africa. In Cameroon, the cost of
medication was estimated at I$3.9 per patient per
month (Mutyambizi et al. 2018). The greatest
expense incurred for diabetes medications comes
from insulin. Indeed, the annual treatment for
diabetes with insulin is US$104.4 compared to
US$26.9 with metformin (Atun et al. 2017).

Several factors are associated with the direct
cost of diabetes include socioeconomic factors
like age, level of education and income class,
factors related to diabetes like duration of diabe-
tes, number of complications, mode of treatment,
hospitalizations, and surgery (Afroz et al. 2018).
As shown in Table 3.2, the cost of T1D is consis-
tently higher than for type 2 diabetes across the
studies.

Indirect Cost

The indirect cost is the opportunity cost resulting
from reduced or loss of productivity at work by
patients and their accompanying persons, because
of the disease-related disability or premature mor-
tality (Afroz et al. 2018). This includes the pro-
ductive time lost for medical reasons like
traveling for medical consultations and waiting
to be admitted, hospital admissions for
complications, absence from work for disease-
related disability, and years of work lost due to
premature deaths. Depending on the approach
used to calculate the indirect cost of diabetes,
the economic burden might be overstated. Some
methods estimate the indirect cost for the unem-
ployed while others use a more conservative
approach like the friction-cost approach (Van
den Hout 2010).

The COI study in 2015 used four sources of
indirect costs: labor-force drop out; mortality;
absenteeism; and presenteeism (Bommer et al.
2017). Globally, the first two contribute 48.5%
and 45.5% respectively of indirect cost, however,
this is different in LMICs where mortality
dominates, contributing 63.6% of the indirect
cost in middle-income countries and 90.6% in
low-income countries. As shown in Table 3.2,
the annual indirect cost of diabetes per patient

was estimated at US$762.20 in Mali, for an
annual total cost per patient of US$365.48,
while in Morocco, the indirect cost per patient
per month was US$1113 (Bermudez-Tamayo
et al. 2017; Boutayeb et al. 2013). Because most
studies report only on the direct cost, there is a
dearth of information on the indirect cost of dia-
betes in Africa. Nonetheless, its contribution to
total cost could contribute to over 60% of the total
cost (Kirigia et al. 2009; Mapa-Tassou et al.
2019).

Intangible Cost

Intangible cost relates to the reduced quality of
life as a result of the physical, psychological, and
social handicap of disease. The quality of life can
be severely affected by chronic diseases and
examples include pain, worry, anxiety, loss of
independence, and lack of participation in social
events (Afroz et al. 2018).

Intangible costs are the most difficult to assess
given that they are related to emotions. Because
the quality of life is difficult to express in terms of
money, many studies do not report on the intan-
gible cost. Intangible cost of diabetes may range
between US$30.8 per month if the patient had no
complications, to US$143.9 if four or more
complications were present. If patients had
blood glucose levels within targets, the intangible
cost was estimated at 10.3 per month, compared
to US$41.1, if poorly controlled, with an annual
estimate of US$496.7 (Afroz et al. 2018).

Cost of Diabetes Complications

The major contributor to direct costs for diabetes-
related complications is hospitalization, and for
indirect cost are absenteeism, disability, and pre-
mature mortality. There is a linear relationship
between expenditures and the number of
complications present. According to the Interna-
tional Diabetes Federation estimates, the treat-
ment of diabetes-related complications accounts
for over 50% of the direct cost attributable to
diabetes, and this expenditure is highest in the
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60–70 years age group (IDF Diabetes Federation
2019a).

Nephropathy, diabetic foot, and stroke are the
complications associated with the highest
expenses in Africa (Mutyambizi et al. 2018).
Patients with diabetes are likely to spend up to
four times more if they have diabetes-related
complications compared to those with no compli-
cation, and this varies greatly by countries. In
Mali, up to Int$1346.5 per patient was spent on
nephropathy while only Int$33.03 was spent in
Guinea. For acute complications like diabetic
ketoacidosis, the cost of management differs in
those with and without chronic complications. In
Guinea, the cost of treatment for diabetic
ketoacidosis ranged from Int$22.1 to Int$39.2,
and in Burkina Faso from Int$628.27 to Int
$1085.4 (Mutyambizi et al. 2018).

Mean annual health expenditures for people
with four or more complications are expected to
be about 20 times more than in people without
complications (IDF Diabetes Federation 2019a).
Consistent with this, the presence of one or more
complications increased the cost ratio by 1.1 for
retinopathy and up to 4.3 for an infected diabetes
foot in another study. This is because, in Africa,
foot complications in patients with diabetes often
progress to infection or gangrene, resulting in
longer hospitalizations and higher mortality rates
(Mutyambizi et al. 2018).

Comparative Health Care
Expenditures in Africa

In 2016, 5.5% of the GDP in Africa was spent on
health against 10% at the global level, with SSA
having the highest out of pocket expenses
(36.7%) (WHO 2019b; The World Bank 2019).
In SSA, the GDP percent spent on health is not
related to the national expenditure. For example,
Sierra Leone with GDP per capita of US$501.4
spent 16.53% of its budget on healthcare, while
others like Equatorial Guinea and Nigeria having
a GDP of US$9738.4 and 1968.6 spent only
3.38% and 3.35% respectively. Similarly, out of
pocket expenses on health care were highest in

Equatorial Guinee and Nigeria (72.83% and
75.21% respectively) (WHO 2019c).

Globally, at least US$760 billion is expected
to be spent on diabetes annually, and it could
reach US$845 billion by 2045 (IDF Diabetes
Federation 2019a). The expenditure per person
in high-income countries (US$5339) was over
30-folds and almost sevenfold higher than in
low- and middle-income countries respectively
in 2019. Reduced or missed production
opportunities due to diabetes contribute an addi-
tional 35% to the annual global health
expenditures. Overall, direct expenses on diabetes
have increased by 4.5% over the last 2 years, and
it is predicted to increase by 11.2% over the next
25 years (IDF Diabetes Federation 2019a). It is
possible that the real estimates are more important
as actual projections are conservative, and based
on the assumption that diabetes prevalence and
expenditures are not changing. One can find sub-
stantially higher estimates for the global eco-
nomic burden of diabetes at US$1.31 trillion,
equivalent to 1.8% of the world GDP, with indi-
rect cost contributing 34.7% of the overall burden
in a COI study of 2015 (Bommer et al. 2017).

In 2015, North America had the highest eco-
nomic burden at US$499.40 billion (2.6% of its
total GDP), while Africa had the lowest diabetes-
related expenditure; US$9.45 billion (1.2% of its
total GDP). The contribution of the indirect cost
was more important in high-income countries
compared to LMICs (40.0% versus 33.5%)
(Bommer et al. 2017). While the cost of medica-
tion is the major contributor to direct cost in
Africa, there are conflicting reports between the
cost medication or cost of hospitalization at the
global level (Ng et al. 2014). Indirect cost
contributed as high as 44.6% in SSA and 57.4%
in South Asia as opposed to only 21.9% in Latin
America and the Caribbean, although there is a
report of a higher contribution of the indirect cost
of 68% to the total cost in SSA (Bommer et al.
2017). (Kirigia et al. 2009).

The lowest annual expenditure per person
spent in SSA was in the Central African Republic,
with similar estimates in Bangladesh (US$64),
and Nepal (US$80). Overall, slightly higher
expenditure was spent in 2019 in women than
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men across all the regions (US$382.6 billion ver-
sus US$377.6 billion) and this difference is
predicted to be maintained over the years (IDF
Diabetes Federation 2019a).

Perspectives

Countries with the lowest GDP have the highest
burden of NCDs in terms of DALYs, therefore if
nothing is done, the rapid increase in diabetes will
badly affect the African region. The potential
strategies to address the economic burden of dia-
betes are listed below.

National Diabetes Programs (NDPs)

Early management and lifestyle changes can
delay or prevent T2D in 80% of individuals
(IDF Diabetes Federation 2019a). Therefore, the
development and implementation of diabetes
programs may reduce the incidence of diabetes
and mortality. Unfortunately, less than one-third
of SSA countries have a national diabetes plan
(IDF Diabetes Federation 2019a). Important areas
for the focus of NDPs are conducting community
cost-effective interventions, aiming at raising
awareness on diabetes and its risk factors, increas-
ing physical activity, losing weight, eating health-
ily, along with routine screening and clinical care,
and access to essential medication and supplies.

Sustainable Development Goals

The third UN summit in New York in September
2018 recognized the challenges posed by diabetes
and other NCDs on the socioeconomic develop-
ment. To achieve the 2030 targets related to sus-
tainable development goal 3, especially item 3.4
which aims at reducing premature mortality from
NCDs by at least 33%, there is a need for
governments, leaders, and stakeholders in SSA
to urgently react to the threat imposed by diabetes
and other NCDs. SSA healthcare systems con-
tinue to prioritize infectious diseases and cur-
rently, less than 30% of ministries in SSA have

integrated policies for the management of diabe-
tes and other NCDs (Kengne et al. 2013). Given
that over 70% of deaths globally are due to
NCDs, there is value in investing in strengthening
the health care system and undertake more trans-
lational research to reduce the burden of diabetes
(WHO 2019a). Furthermore, because diabetes
mortality is highest in low-income countries, pri-
oritization of the limited resources using cost-
effective strategies, like the WHO Best Buys
interventions (e.g., taxation on alcohol and
tobacco products) to change behaviors may
improve health outcomes (Atun et al. 2017;
Kengne et al. 2013).

Universal Health Coverage (UHC)

Most countries in SSA do not have a national
health care insurance coverage, and therefore
out of pocket payment of care limits access for
individuals with low income. Such an objective
could be achieved by ensuring an equitable tax
payment system, and compulsory health insur-
ance (Sanogo et al. 2019).
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Abstract

The scientific community is leading efforts to
find efficient therapies for obesity and diabe-
tes, which led to the rediscovery in 2009 of the
presence of functional brown adipose tissue
(BAT) depots in adult humans. In this chapter,
we describe the main characteristics of this
tissue and the image techniques available for
its detection. In addition, we discuss the secre-
tory capacity of BAT that is responsible for
crosstalk with other organs and confers a reg-
ulatory role in several processes beyond the
canonical generation of heat. Finally, we
explain the mechanisms through which obe-
sity and diabetes interrupt the physiological
role and development of BAT and we summa-
rize the latest results of the studies that use
BAT transplant as a new therapy in the treat-
ment of metabolic diseases.
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Adipose Tissue Classification: Types,
Location, and Function

Traditionally, adipose tissue has been classified
by its energy profile. According to this classifica-
tion, white adipose tissue (WAT) is composed of
adipocytes that are mainly comprised of a single,
large lipid droplet that constrains the nuclei
against the plasma membrane. This tissue mainly
acts as an energy store, although it also has a
secretory role, exerting autocrine, paracrine, and
endocrine functions. In humans, there are major
depots in subcutaneous (abdominal, gluteo-
femoral) and visceral regions (omental,
mesenteric, mediastinal, and epicardial) while
inclusions of minor depots can be observed in
organs such as the liver, muscle, or kidneys.

Brown adipose tissue (BAT) has a completely
distinct developmental origin as it comes from
Pax7+/Myf5+ stem cells (in contrast to WAT that
comes from stem cells that do not express either of
these progenitors). The whole tissue is densely
vascularized and innervated, but its main feature
is the presence of multilocular adipocytes that

contain small lipid droplets and have an elevated
mitochondrial content, which is responsible for its
thermogenic function. This is due to the character-
istic presence of uncoupling protein 1 (UCP1).
UCP1 is a channel located in the inner mitochon-
drial membrane that returns protons pumped by the
electron transport chain from the intermembrane
space to the mitochondrial matrix, avoiding their
use by ATP synthase, so the released energy is
dissipated as heat. In humans, it was thought that
the presence of this tissue was mainly restricted to
interscapular and perirenal regions in babies and
infants, that require this thermogenic function to
maintain body temperature until they acquire the
shivering reflex. However, in 2009, five indepen-
dent researchers rediscovered the presence of BAT
in cervical, supraclavicular, para-vertebral, supra-
renal, and periaortic regions in adults and, more
importantly, determined that this tissue can still be
activated. This discovery rapidly boosted interest
in BAT as a potential therapeutic tool against
metabolic diseases (Cypess et al. 2009; Zingaretti
et al. 2009; van Marken Lichtenbelt et al. 2009;
Virtanen et al. 2009; Saito et al. 2009) (Fig. 4.1).

Fig. 4.1 Brown adipose tissue detection and activation by
18F-FDG uptake. (a) PET images of a 21-year-old man
who was given a placebo (left) or 200 mg of the β3-AR
agonist mirabegron (right). Twelve male subjects were

given a placebo or 200 mg mirabegron. (b) BAT metabolic
activity as reflected by 18F-FDG uptake. Reproduced with
permission from Cypess et al. (2015)
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Finally, it is known that under certain
conditions, such as cold or a high-fat diet
(HFD), in some WAT depots a population of
UCP1 positive adipocytes can emerge, although
they come from a Pax7-/Myf5- origin. These
adipocytes are called brite (brown-in-white) or
beige, but also “inducible” since they are respon-
sible for adaptative thermogenesis or “browning.”
As an example of this adaptation capacity, if BAT
is removed from mice, there is a significant
“browning” process triggered in WAT as a com-
pensatory mechanism (Piao et al. 2018).

Clinical Measurement of Brown
Adipose Tissue

There are currently 91 clinical trials registered in
the USA that target BAT in obesity, diabetes, or
cardiovascular disease. In this context, it is essen-
tial to have imaging-based tools that unequivo-
cally identify the presence and effect of regulators
on BAT activity in humans. Below, the most
commonly used techniques will be described,
together with some promising new approaches.
We recommend as additional reading the reviews
by Sampath et al. (2016) and Ong et al. (2018).

Positron Emission Tomography (PET)
Imaging

18F-fluorodeoxyglucose PET (18F-FDG PET) has
been used in oncology to detect tumors, since
FDG is internalized by glucose receptors and
trapped intracellularly by the action of hexoki-
nase in areas with an elevated consumption of
glucose. On several occasions, the signal was
detected in areas other than tumors. The
combination of this result with morphological
information obtained from computational tomog-
raphy (CT) scans, allowed the co-localization of
FDG-positive areas with a high-lipid density. In
2009, the set of independent research that trig-
gered BAT rediscovery used 18F-FDG PET/CT to
track BAT mass and activity in humans (Cypess
et al. 2009; van Marken Lichtenbelt et al. 2009;

Virtanen et al. 2009; Saito et al. 2009). As this
technique relies on glucose uptake by active tis-
sue, non-stimulated adult humans can sometimes
be wrongly categorized as BAT-negative because
of a lack of signal in the PET, when they would be
better classified as BAT-inactive. In fact, cold
exposure or drug-driven activation in these
patients usually leads to an increase in the
standardized uptake value (SUV) (Garcia et al.
2006).

Although 18F-FDG PET/CT is probably the
most common technique used for BAT visualiza-
tion, there are several limitations to this approach.
First, it requires the use of ionizing radiation and
trained personal. Second, the technical protocols
to measure BAT activation also differ (from
temperature-controlled rooms or cooling vests to
adrenergic stimulation by drugs), which leads to
wide dispersion of observed effects. In this con-
text, a panel of experts established the BARCIST
recommendations to enhance comparability
across experiments (Chen et al. 2016). The tech-
nique is based on glucose uptake, which is not
even the preferential energy substrate in BAT and
can be modified by disease (obesity, diabetes),
drugs (β-blockers, anxiolytics), outer temperature
or individual factors such as age, gender, or eth-
nicity (Soderlund et al. 2007; Pfannenberg et al.
2010; Pace et al. 2011; Rakheja et al. 2011).

Consequently, the use of other molecular
trackers has been proposed, although most of
them rely on BAT activity. For instance, (14C)-
FBnTP (14C-F-fluorobenzyl triphenyl phospho-
nium) is used as a tracker of membrane potential,
which decreases after BAT activation (Madar
et al. 2011). 11C-MRB (11C-(S,S)-O-methylre-
boxetine) (Hwang et al. 2015) and 18F-THA (14
(R,S)-18fluoro-6-thiaheptadecanoic acid) (Ouellet
et al. 2012) are used as trackers of fatty acid
uptake and oxidation, and 15O-O2 detects
increased mitochondrial oxygen consumption
after BAT activation (Mueez et al. 2016). More
recently, 11C-PBR28 (11C-peripheral benzodiaze-
pine receptor tracker, an outer membrane protein
in the mitochondria) has shown promising results,
detecting BAT mass independently of its activa-
tion degree (Ran et al. 2018).
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Magnetic Resonance (MR)

MR is a noninvasive technique based on the use
of magnetic fields and electromagnetic radiation
to detect mainly the hydrogen, carbon, or xenon
nucleus. In the presence of a magnetic field,
protons will align with it in two differential spin
states: a stable, low-energy spin and a
high-energy spin. With the application of electro-
magnetic radiation, low-energy nuclei suffer a
transition to high-energy protons, absorbing a
discrete amount of energy called precession fre-
quency, that can be detected. This value differs in
aqueous or lipid environments, allowing the
detection of fat depots. The application of this
technique to BAT detection has been brilliantly
reviewed by Karampinos et al. (2019).

Due to the lack of ionizing radiation, this tech-
nique can be safely used in infants or to establish
protocols using repeated measurements, such as
pre- and post-intervention studies or time-course
analysis. This methodology can structurally iden-
tify BAT and even distinguish it from WAT
(Hamilton et al. 2011), although MR fat fraction
measurements have certain limitations as the spa-
tial resolution is restricted to 1 mm3. For instance,
it may not be possible to resolve differences
between intracellular water and non-lipid
structures, such as vessels or connective tissue.
In addition, it is not possible to differentiate
white, brown, and beige adipocytes when they
coexist in the same depot, as occurs in obese
patients or in the supraclavicular regions. Never-
theless, modifications in the protocol have been
published that solve this issue, based on the
smaller size of BAT lipid droplets (Branca and
Warren 2011).

In addition, MR technology can be adapted to
determine BAT activity. Water-fat composition
studies can be used to determine intracellular
lipid extinction, used as a fuel to generate heat
during cold-induced BAT activation. The
increase in blood flow can be tracked using a
technique known as the blood-oxygen-level-
dependent (BOLD) effect, that relies on the dif-
ferential paramagnetic properties of oxyhemoglo-
bin and deoxyhemoglobin (Iris Chen et al. 2013).
Other emerging but still experimental approaches

involve hyperpolarized MR imaging, using the
lipophilic accumulation of 129Xe to measure
BAT perfusion or the breakdown of
hyperpolarized 13C-pyruvate into bicarbonate
and lactate (Branca et al. 2014).

Preclinical Imaging Techniques
(Thermometry, Ultrasound,
and Near-Infrared Spectroscopy)

The increase in skin temperature associated with
the thermogenic activity of the BAT can be
directly measured using infrared thermography
(IRT). This approach is widely used in animal
models in preclinical studies. In the last decade,
the technique has also been applied in humans
due to its simplicity, reduced cost, and safety,
which allows repetitive measurements and use in
sensitive populations. In humans, IRT is used to
detect changes in skin temperature, although it is
limited to the supraclavicular region, where BAT
is more superficial. Several authors have
demonstrated that cold-induced activation of
BAT determined by 18F-FDG PET/CT correlates
with an increase in skin temperature detected by
IRT (Law et al. 2018).

However, this approach has several
limitations. First, it is a method based on tissue
activation, which implies that inactive BAT will
not be detected unless there is a change in tem-
perature generation. Second, it currently lacks a
standardized protocol in terms of patient prepara-
tion (acclimatization, cold intensity, and duration)
or data analysis (image acquisition and analysis of
the region of interest). Finally, but crucially, the
determination of supraclavicular BAT-generated
temperature can be highly limited by (i) the
shielding effect of the surrounding tissues and
(ii) the contribution to skin temperature of
increased blood flow after BAT activation. For
instance, the thickness of the subcutaneous adi-
pose tissue in obese patients hampers the diffu-
sion of the temperature toward the skin,
misleading the signal acquisition. To our knowl-
edge, only two reports have evaluated BAT acti-
vation using this approach in obese patients, and
both of them explicitly acknowledge the
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limitations of the protocol (El Hadi et al. 2016;
Hartwig et al. 2017).

Ultrasonography
Ultrasounds are based on identifying increased
blood flow in activated BAT by detecting
microbubbles injected into patients. This tech-
nique has obtained promising results in mice, in
which norepinephrine activated BAT was
detected and estimated BAT mass was obtained,
that correlates with the observed results after nec-
ropsy. However, its application in humans is cur-
rently limited to a small pilot project in 13 lean
patients, in whom ultrasound-detected BAT mass
activation was similar to that detected by
18F-FDG PET/CT (Flynn et al. 2015).

Near-Infrared Spectroscopy (NIRTRS)
NIRTRS is based on the relative transparency of
tissues to near-infrared wavelengths, and the dif-
ferential absorption of hemoglobin and myoglo-
bin in relation to oxygenation state. The technique
can be used to detect hemoglobin oxygenation in
the microvasculature, which is inversely related
to oxidative activation of BAT. However, while
the first studies in humans reported comparable
results in the detection of supraclavicular BAT to
the gold standard 18F-FDG PET/CT (Nirengi
et al. 2015), later reports noted that this technique
is apparently unable to detect changes after BAT
activation (Hartwig et al. 2017; Acosta et al.
2019), which would potentially limit the use of
this simple, noninvasive method.

Secretory Activity of Brown Adipose
Tissue

The secretory profile of WAT in lean, obese, and
diabetic individuals has been thoroughly studied
in the past two decades (Lee et al. 2019). How-
ever, a focus on the BAT secretome has been
more recent. Due to the distinct roles of both
adipose depots in energy metabolism, it is not
likely that the type, amount, roles in signaling
pathways and targets of the molecules secreted
by BAT are similar (Villarroya et al. 2019a).

Brown Adipokines or “Batokines”

The term “batokines” (BAT-secreted mediators or
brown adipokines) refers to the proteins, peptides,
metabolites, regulatory factors, or miRNAs
released by brown fat tissue, including
BAT-resident cells other than brown adipocytes
such as immune cells, preadipocytes, neurons,
etc. They can be classified according to their chem-
ical nature, their role in the regulation of the ther-
mogenic process (Villarroya et al. 2017a, b,
2019a), or their mechanism of action in cellular
communication (autocrine, paracrine, or endo-
crine) (Villarroya et al. 2017b). Table 4.1
summarizes the BAT-secreted signaling molecules
that have been identified in basal conditions.

Using a proteomics approach, two recent stud-
ies (Ali Khan et al. 2018; Villarroya et al. 2019b)
reported a set of proteins secreted after cAMP and
noradrenaline stimulation of brown adipose
murine cells. The studies show 60% coincidence,
but interestingly both identified extracellular
matrix (ECM) components (distinct types of
collagens) or regulators (matricellular proteins:
non-structural proteins in the ECM with a regu-
latory role) as members of the secretome of
thermogenically activated brown adipocytes.
This highlights the importance of BAT
remodeling when the tissue has to be expanded
in response to thermogenic activation (Villarroya
et al. 2019a). In humans, a pilot study using
comparative proteomics between white and
brown adipocytes identified 101 proteins that are
exclusively secreted by the BAT (Deshmukh
et al. 2019).

Batokines and Transplantation
A direct way to identify the endocrine secretion of
batokines is through BAT transplantation studies.
For example, BAT transplantation in animal
models of type I diabetes (Gunawardana and Pis-
ton 2012, 2015) has been shown to improve
glycemia. In type II diabetes (high-fat diet-
induced and ob./ob mice), BAT transplantation
increased energy expenditure and improved glu-
cose tolerance (Stanford et al. 2013; Liu et al.
2013, 2015; Zhu et al. 2014). BAT
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transplantation can increase sympathetic tone and
affect the endogenous BAT, WAT, heart, and
muscle of recipient mice (Zhu et al. 2014).
These effects cannot be exclusively explained
by an increase in thermogenesis, so the consensus
conclusion is that the BAT secretome should
account for the observed phenotypical
improvements.

Brown Adipose Tissue Signaling
to Other Tissues

There is still little evidence about the role of the
BAT endocrine secretome and its effects on target
organs (Fig. 4.2). Here we highlight some of the
more recent and relevant findings.

Table 4.1 Secreted molecules by BAT after cold/adrenergic activation with recognized function

Gene Protein Function

Adipoq Adiponectin Thermogenesis inactivation.
Angptl8 Angiopoietin-like protein-8 Thermogenesis inactivation.
Agt Angiotensinogen Enhances BAT differentiation.
Bmp8b Bone morphogenetic protein-8b Enhances BAT differentiation. Increases sympathetic tone in

BAT.
Cxcl14 C-X-C motif chemokine 14 Thermogenesis activation by M2 macrophage recruitment.
Edn-1 Endothelin-1 Thermogenesis inactivation.
Fgf2 Fibroblast growth factor-2 Enhances BAT differentiation.
Fgf21 Fibroblast growth factor-21 Thermogenesis activation.
Fst Follistatin Thermogenesis activation.
Gdf15 Growth and differentiation factor-15 Acts in immune cells to reduce inflammation.
Igf1 Insulin-like growth factor-1 Glucose homeostasis.

BAT differentiation.
Il6 Interleukin-6 Glucose homeostasis.

Regulation of Inflammation.
Ptgds Lipocalin prostaglandin D synthase BAT activation and WAT browning. Control of substrate

choice in BAT (glucose vs lipids)
Lr11 Low-density Lipoprotein receptor

relative, soluble form
Thermogenesis activation

Metrnl Meteorin-like Thermogenesis activation through immune cells-mediated
catecholamine release

Mstn Myostatin/growth and differentiation
factor-8

Thermogenesis inactivation

Ngf Nerve growth factor Enhances BAT activity by increasing innervation
Nrg4 Neuregulin-4 Hepatic lipogenesis, fuel oxidation.

Promotes BAT activation by increasing angiogenesis.
Pm20d1 Peptidase M20 domain-containing

protein 1
Thermogenesis activation UCP1-independent.

S100b S100-B protein Enhances BAT activity by increasing innervation.
Slit2 C-terminal fragment of SLIT2 protein Thermogenesis activation.
Vegfa Vascular endothelial growth factor A Enhances BAT activity by increasing vascularization.
Non-peptidic

Adenosine Thermogenesis activation.
(9Z)-12,13-Dihydroxy-9-octadecenoic
acid (12,13-diHOME)

Promotes fatty acid uptake by BAT.

Endocannabinoids Thermogenesis inactivation.
Hydrogen peroxide (H2O2) vasodilation and second messenger in BAT differentiation.
miR-99b Inhibits hepatic FGF21 expression.
Nitric oxide Vasodilation in BAT and activation of thermogenesis.
Prostaglandins BAT activation and WAT browning. Control of substrate

choice in BAT (glucose vs lipids)
Triiodothyronine Thermogenesis activation
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Muscle Physical exercise is a common
non-pharmacological approach to treat metabolic
diseases. Besides enhancement of muscular func-
tion per se, the study of bidirectional communica-
tion between muscle and BAT is beginning to
reveal new agents that regulate the beneficial
effects of exercise. For instance, exercise
increases WAT browning through the secretion

of myokines (Boström et al. 2012), and mildly
increases BAT thermogenic activity in a lactate-
driven mechanism (De Matteis et al. 2013). In the
other direction, BAT seems to modify skeletal
muscle function through the secretion of
myostatin, which inhibits skeletal muscle cell
growth and differentiation. Under thermoneutral
temperature, BAT inactivation led to increased

Fig. 4.2 Brown adipose tissue crosstalk. The activation
of BAT stimulates the secretion of signaling molecules
that target different organs, exerting regulatory roles in
fatty acid oxidation and glucose uptake by the muscle,
cardioprotective effects in the heart, regulation of blood

pressure and arterial stiffness in blood vessels, the promo-
tion of an anti-inflammatory phenotype in immune cells,
regulation of lipid metabolism in the liver, regulation of
ovulation and participation in the regulatory mechanism of
the metabolism by the central nervous system
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myostatin secretion, reducing the exercise capac-
ity of skeletal muscle. However, BAT activation
lowered myostatin levels and favored exercise
performance (Kong et al. 2018). BAT also
participates in fatty acid uptake and oxidation by
muscle, through the secretion of 12,13-
dihydroxy-9Z-octadecenoic acid (12,13-
diHOME) after exercise (Stanford et al. 2018).

Cardiovascular System Under thermogenic
activation, BAT strongly releases fibroblast
growth factor 21 (FGF21) (Hondares et al.
2011). Tissues and organs such as WAT, brain,
pancreas, and heart are known to be sensitive to
FGF21 action. In the heart, FGF21 seems to have
a strong cardioprotective effect (Planavila et al.
2013) by attenuating hypertensive cardiac
remodeling (Thoonen et al. 2015; Ruan et al.
2018).

There is also increasing evidence of the role of
BAT signaling to blood vessels. For instance,
bone marrow protein 8 b (BMP8b, one of the
most abundantly expressed genes after BAT acti-
vation) and vascular endothelial growth factor
(VEGF-α) promote angiogenesis, which is
required to increase vascular density and thermo-
genesis in the BAT (Bagchi et al. 2013;
Pellegrinelli et al. 2018). In addition, BAT
removal in lean mice caused aortic stiffness,
which suggests a key contribution to vascular
remodeling (Grunewald et al. 2018).

Finally, several proteins and non-proteins
secreted by BAT play a key role in maintaining
blood pressure both by causing contraction
(endothelin, some prostaglandins) and/or relaxa-
tion (adenosine, H2O2, nitric oxide). Although
this indicates that BAT is an important regulator
of vascular function, more research is required to
understand its specific contribution.

Immune Cells Polarization of the infiltrated
immune cells within BAT or beige adipocytes
conditions the thermogenic programming of the
tissue (Villarroya et al. 2018a, b).While the recruit-
ment of M2-alternative activated macrophages
promotes BAT function, M1-pro-inflammatory

macrophages are negatively associated with the
thermogenic activity (Villarroya et al. 2019a).

In normal circumstances, stimulated brown
adipocytes can decrease the inflammatory
response in macrophages in a paracrine fashion
(Dowal et al. 2017). The release of chemokine
(C-X-C motiv) ligand 14 (CXCL14) batokine
leads to the alternative activation and recruitment
of M2-macrophages in response to noradrenergic
stimulation (Cereijo et al. 2018), while growth
and differentiation factor-15 (GDF15) exerts
anti-inflammatory effects on M1-macrophages
(Verdeguer et al. 2015; Campderrós et al. 2019).

One of the most studied cytokines, interleukin-
6 (IL-6) plays a dual pro-inflammatory and anti-
inflammatory role. In BAT, it is secreted in
response to cold and noradrenergic stimulation
and it has been reported as crucial to maintain
the thermogenic response. As an example, BAT
transplantation from IL-6 KO mice loses the
capability of promoting a healthy metabolic
response in HFD-fed mice (Stanford et al. 2013).

Other factors secreted by BAT exhibit pro- and
anti-inflammatory functions, such as
endocannabinoids, chemerin, or prostaglandins,
whose endocrine role and implication in BAT
crosstalk to other tissues is yet to be defined.

Liver Considering that BAT activation relies
mainly on glucose and fatty acid flux rather than
on intracellular stored fuels, it seems reasonable
that there is crosstalk between both organs, as the
liver is the key regulatory organ in glucose and
lipid homeostasis. FGF21 has been identified as a
key molecule in this communication. In normal
conditions, most circulating FGF21 is
synthesized in the liver, where it participates in
fatty acid oxidation and insulin sensitivity
(Markan et al. 2014). To maximize fuel efflux
for thermogenic activity under adrenergic or
cold stimulation, BAT responds in a dual mode.
First, it induces the expression of miR-99b,
which, along with other miRNAs, is packed in
exosomes and travels to the liver, where it inhibits
FGF21 expression (Thomou et al. 2017) to mini-
mize fuel consumption by the liver.
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The second effect is the induction of BAT
FGF21 expression, which will act in an autocrine
fashion enhancing triglyceride-rich lipoprotein
uptake and oxidation (Hondares et al. 2011;
Schlein et al. 2016).

Another batokine, neuregulin 4 (Nrg4) reduces
steatosis by controlling de novo lipogenesis in the
liver. It may be a useful strategy to treat
non-alcoholic fatty liver disease, as Nrg4 levels
are downregulated in obesity (Wang et al. 2014).
In a similar manner, adiponectin secreted by the
BAT may reduce hepatocyte damage and death in
alcohol-induced steatosis (Shen et al. 2019).

Female Reproductive Tract In ovariectomized
mice, the development of obesity appears to be
partially mediated by loss of BAT activity
(Bartness and Wade 1984; Pedersen et al. 2001),
probably related to the estrogen receptor present
in BAT (Wade and Gray 1978). Women with
polycystic ovary syndrome report lower BAT
activity (Flávia et al. 2019), whereas transplanta-
tion of BAT in rats reversed polycystic ovaries
and hyperandrogenism, and reduced infertility by
reversing anovulation (Yuan et al. 2016).
Whether this improvement is related to the ther-
mogenic activity or the secretory role of BAT is
still to be determined.

Brain Some of the autocrine/paracrine factors
released by BAT act in the brain to activate neural
circuits that innervate adipose tissues and cooper-
atively regulate lipid metabolism and energy
homeostasis. One of these well-defined adipose-
derived secretory factors is leptin. The expression
of this gene is similar in WAT and BAT in lean
mice, but WAT expresses significantly greater
levels than BAT in obese mice. Leptin acts
through leptin receptor (LepRb) to enhance the
excitability of neurons of different parts of the
brain including the arcuate nucleus (ARC),
dorsomedial hypothalamic nucleus (DMH),
median preoptic subnucleus (MnPO) and the
nucleus of the solitary tract (NTS), implicated in
the regulation of BAT (Zhang et al. 2011).

The ARC nucleus in the hypothalamus is in
contact with the blood-brain barrier and is

considered one of the gates for the brain to
sense circulating factors. Leptin action in ARC
increased thermogenesis in BAT by activating the
efferent sympathetic nervous system (SNS)
(Rahmouni and Morgan 2007; Harlan et al.
2011), through the induction of anorexigenic neu-
ropeptide precursor proopiomelanocortin
(POMC) expression and increasing the release
of POMC products in second-order neurons
(Yasuda et al. 2004; Dodd et al. 2015).

Another population of ARC neurons, the
GABAergic RIP-Cre (Cre-mediated expression
of rat insulin II promoter) are also activated by
leptin and are involved in the neural circuits that
activate BAT thermogenesis (Kong et al. 2012).
Mice fed with a high-fat diet had impaired BAT
sympathetic neuronal activation in response to
systemic leptin, but the leptin intraparenchymal
injection in diet-induced obese (DIO) mice
increased BAT temperature (Enriori et al. 2011).
Other batokines such as FGF21 (Mutsnaini et al.
2019) and Ngr4 (Rosell et al. 2014) interact with
neural circuits to modulate BAT activity and
cooperatively regulate whole-body energy
metabolism.

Systemic Influences Other hormonal and
nutritional signals and stimuli (temperature,
immunologic responses, stress, and hypoxia)
may have neurochemical influences on the central
nervous system (CNS) networks that govern BAT
sympathetic nerve activity. They may drive sym-
pathetic BAT activation or inhibition and control
BAT thermogenesis and energy expenditure, and
contribute to whole-body energy homeostasis
(see reviews by Morrison et al. 2014; Contreras
et al. 2017).

Neuroendocrine Regulation of Brown
Adipose Tissue

The central nervous system (CNS) integrates a
wide array of environmental stimuli: diet, fasting,
exercise, temperature, and behavioral states,
sending outward neural signals via the autonomic
nervous system that directly contact multiple
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tissues to control metabolism and energy balance.
Crosstalk between adipose tissues (BAT and dif-
ferent WATs) and CNS has emerged as an impor-
tant issue for maintaining energy balance and
promoting survival in response to metabolic
challenges such as obesity. Therefore, intense
research is focused on understanding the bidirec-
tional communication between fad pads and
brain. This encompasses endocrine signals from
adipose tissues to CNS and neural signals through
efferent sympathetic nerves and afferent sensory
nerves and provides a framework for understand-
ing overall BAT thermogenesis by the CNS
(recently reviewed in François et al. 2018;
Blaszkiewicz et al. 2019; Zhu et al. 2019).

Sympathetic BAT Innervation

The sympathetic innervation of BAT was
described nearly a century ago. The physiological
effect of sympathetic stimulation of neurons that
innervate BAT is increased thermogenesis. The
secretion of norepinephrine at the terminal nerves
that surround adipocytes activates β3-adrenergic
receptor and the signaling pathways that promote
lipolysis, fatty acid (FA) oxidation, UCP1 protein
expression and heat dissipation of the energy of
FA (Cannon and Nedergaard 2004; Contreras
et al. 2017). Several technologies have been
used to demonstrate sympathetic innervation of
BAT. Bartness and colleagues have provided
important histological and functional evidence
of brain sympathetic neuronal connectivity with
adipose tissues by using pseudorabies virus
(PRV), a retrograde trans-synaptic neuronal tracer
that only traces sympathetic neurons that are syn-
aptically connected.

They showed the hierarchical neuronal
pathways defining pre- and postganglionic sym-
pathetic innervation of BAT (Bamshad et al.
1999; Song et al. 2008) in Siberian hamsters and
rats, and the description of a higher order of
neurons located in different parts of the brain
such as the hypothalamus and raphe pallidus
(Bamshad et al. 1999; Oldfield et al. 2002; Cano
et al. 2003). In addition, immunohistochemical
labeling with tyrosine hydroxylase (TH), a

specific marker for sympathetic nerve fibers
involved in the biosynthesis of norepinephrine,
have shown dense innervation of BAT (Giordano
et al. 1996; Murano et al. 2009). Under cold
exposure, it has been shown that TH increases at
BAT parenchymal nerve fibers with a concomi-
tant increase of UCP1 expression, which indicates
enhanced sympathetic and thermogenic activity
(Brito et al. 2008; Murano et al. 2009).

Experimental Denervation
Other techniques such as surgical or chemical
denervation of BAT decreased UCP1 expression
and highlighted the functional relevance of BAT
innervation in regulating thermogenesis, energy
expenditure, body mass, and browning (Dulloo
and Miller 1984; Klingenspor et al. 1994; Nguyen
et al. 2017). In addition, BAT sympathetic dener-
vation can activate the sympathetic activity of
other adipose tissues. For example, it can promote
browning in inguinal WAT and suggests tissue
crosstalk with the brain to modulate energy bal-
ance (Nguyen et al. 2017). Diet can modulate the
sympathetic activity of BAT. Acute HFD
treatments increase the norepinephrine
(NE) turnover in BAT but this decreases after
long treatments with HFD (Levin et al. 1983).
More recently, it has been shown that diet-
induced obesity increases UCP1 protein in mice
and rats (Fromme and Klingenspor 2011; Alcalá
et al. 2017) and BAT temperature after 20 weeks
of diet (Enriori et al. 2011), which suggests that
sympathetic activity in BAT increases to promote
energy expenditure in conditions of excess
calories.

Sensory Innervation of BAT

The first studies that suggest the presence of sen-
sory neurons in BAT were performed by immu-
nohistochemical detection of sensory nerve
associated markers, such as calcitonin gene-
related peptide (CGRP) and substance P
(Giordano et al. 1996). More recent studies with
anterograde transneuronal tracer have confirmed
the presence of sensory nerve projections from
BAT to dorsal root ganglia, which propagate their
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signal to the CNS (Bartness et al. 2010; Ryu et al.
2015). In addition, it has been demonstrated that
there is considerable crosstalk between adipose
tissues and the CNS. BAT and WAT can share
some sympathetic outflows from the CNS, and
sensory information circuits of BAT and
sympathetic circuits of WAT and vice versa
have important overlaps in the CNS (Nguyen
et al. 2017; Ryu et al. 2017).

In addition, it has been shown that sensory
information about activated lipolysis in WAT
can influence the efferent CNS circuits to BAT,
by activating thermogenesis in this tissue
(Garretson et al. 2016). All these data suggest a
feedback mechanism that sensory information
from each adipose tissue is communicated to the
brain by an afferent pathway, which integrates the
signal and regulates the efferent sympathetic
outputs to each specific adipose tissue. Neverthe-
less, the nature of the signals that activate sensory
neurons in different adipose tissues is unknown.
Only a few brown adipokines (nerve growth fac-
tor [NGF], NRG4) have been identified as an
outgrowth of promoters of sympathetic neurites
(Néchad et al. 1994; Murano et al. 2009).

Adipose Tissue Dysfunction in Obesity
and Diabetes

Since the mid-1990s, WAT has been seen not just
as a storage depot, but also as an active, secretory
tissue that establishes crosstalk with other organs.
Dysregulation in this communication is a typical
feature in obesity and diabetes and is partly
responsible for adverse metabolic outcomes in
organs such as muscle, liver, and blood vessels.

Sick Fat

WAT malfunction in obesity is characterized by
the following anatomical and functional
processes:

– Structural changes in the size (hypertrophy)
and number (hyperplasia) of adipocytes and
stiffness of the extracellular matrix

– Infiltration of immune cells, together with
increased inflammatory secretion

– Oxidative and endoplasmic reticulum stress
– Defective lipolysis and increased energy

metabolism
– Insulin resistance
– Mitochondrial dysfunction

These processes are not isolated events, but
they are interconnected. For instance, oxidative
stress increases endoplasmic reticulum stress,
promotes inflammation, and participates in insu-
lin resistance.

The WAT Expandability Hypothesis

The WAT expandability hypothesis tries to estab-
lish a time-course description of the events that
begin with the increased demand for triglyceride
storage (Tan and Vidal-Puig 2008). This hypoth-
esis claims that there is an individual limit for fat
accumulation within WAT. As long as this limit
is not exceeded, the expansion of WAT will be
healthy, which explains the presence of approxi-
mately 20% of morbidly obese patients who do
not exhibit the expected comorbidities
(dyslipidemia, type 2 diabetes or hypertension).

However, if the limit is surpassed, fat accumu-
lation begins in ectopic tissues, leading for exam-
ple to fatty liver or cirrhosis or loss of insulin
sensitivity in the muscle. In this unhealthy expan-
sion model, the extracellular matrix is remodeled
and becomes fibrotic, impeding the hypertrophy
of adipocytes, which get isolated from oxygen
and food supply from blood vessels. As a
response, the recruitment of immune cells begins
through adipokine secretion, with a triple mis-
sion: (i) to attract blood monocytes to the tissue,
which will become pro-inflammatory
macrophages to phagocyte the apoptotic
adipocytes; (ii) to generate new blood vessels to
maximize oxygen and food supply to the hyper-
trophic adipocytes, whose size can become bigger
than the oxygen diffusion limit (~100 μm) and
(iii) to reduce insulin sensitivity, in order to limit
the accumulation of triglycerides mediated by the
insulin lipogenic effect. However, when obesity
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becomes chronic, these changes in the biology of
the adipocyte are not self-controlled, and the
secretory profile of WAT negatively affects
other tissues (Sun et al. 2011).

Brown Adipose Tissue in Obesity
and Diabetes

In spite of the technical problems when it comes
to measuring BAT amount and activity with cur-
rent imaging methods, particularly in obese or
type 2 diabetic patients, it is well-established
that both the basal activity and its response to
stimuli (cold, adrenergic agonists) is considerably
diminished in these patients (Cypess et al. 2009;
Eriksson et al. 2019).

BAT Dysfunction During Obesity
Recent studies in animal models have
demonstrated that BAT from obese individuals
undergoes similar pathological processes during
obesity development, such as changes in the
extracellular matrix, infiltration of immune cells
and pro-inflammatory secretion, oxidative stress
and changes in energy metabolism. Nonetheless,
in comparison to WAT, the appearance of these
processes is delayed since WAT preferentially
uptakes the circulating fat (McGregor et al.
2013; Alcalá et al. 2017). However, once fat
begins to accumulate within the brown adipocyte,
a clear change in the phenotype is observed (com-
monly known as “whitening”). The change is
characterized by an increase in the size of the
multilocular lipid droplets, which gives the adi-
pocyte a “white” appearance that is translated into
a loss of thermogenic potential.

Reduced adrenergic stimulation, the role of
adipokines/batokines, oxidative and endoplasmic
reticulum stress, and some miRNAs are poten-
tially responsible for the obesity-related decrease
in BAT mass (Alcalá et al. 2019). Infiltration of
activated M1 macrophages and pro-inflammatory
cytokines promote a decline in UCP1 expression,
which alters thermogenic activity (Sakamoto
et al. 2016; Villarroya et al. 2018a). Oxidative
stress is also responsible for BAT activity decline
(Cui et al. 2019) (Fig. 4.3).

Therapeutic Perspectives for Brown
and White Adipose Tissue
Manipulation

As one of the regulators of body temperature,
BAT controls triglyceride levels and uses glucose
and lipids to fuel thermogenesis to produce heat.
Therefore, the process of thermogenesis is
associated with several metabolic pathways such
as mitochondrial respiration, lipolysis, lipogene-
sis, or FA uptake, transport, storage, and oxida-
tion (Calderon-Dominguez et al. 2016). In
experimental animals, activated BAT is the
major plasma lipid-clearing organ and has the
highest FA oxidation rate (Doh et al. 2005;
Bartelt et al. 2011).

The fact that aging, obesity, and diabetes have
been associated with a decrease in the presence
and activity of BAT in humans has highlighted
BAT as a potential therapeutic target for meta-
bolic diseases (Hany et al. 2002; Nedergaard et al.
2007; Cypess et al. 2009; Zingaretti et al. 2009;
van Marken Lichtenbelt et al. 2009; Virtanen
et al. 2009; Saito et al. 2009). These studies
indicated that, in addition to its role in cold-
induced thermogenesis, BAT also plays a key
role in diet-induced thermogenesis. Efforts to
enhance either the activity or the mass of thermo-
genic adipocytes include the increase in brown
adipocyte differentiation or de novo brown
adipogenesis, the transdifferentiation of white
into beige and thermogenic adipocytes, boosting
BAT activity, and the transplantation of thermo-
genic adipocytes.

Chemical Activation of BAT

In addition to natural activators of thermogenesis
such as cold or exercise, several other activators
have been described, such as bone morphogenetic
protein 7 (BMP7) (Tseng et al. 2008; Boon et al.
2013) and BMP8b (Whittle et al. 2012), irisin
(Boström et al. 2012), natriuretic peptides
(Bordicchia et al. 2012), norepinephrine
(Villarroya and Vidal-Puig 2013), meteorin-like
(Rao et al. 2014), bile acids (Watanabe et al.
2006), adenosine (Gnad et al. 2014), FGF21
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(Hondares et al. 2010), or the β3-adrenergic
receptor agonist mirabegron (Cypess et al.
2015). These factors have been shown to boost
the browning of adipose tissue, i.e., increased
expression and activity of UCP1 within WAT,
and have been extensively reviewed (Bonet
et al. 2013; Wu et al. 2013; Calderon-Dominguez
et al. 2016).

Bat Transplantation

The potential benefits of transplanting functional
BAT are currently under study in animal models
(Soler-Vázquez et al. 2018; White et al. 2019). In
the case of adipocyte implantation, adipocytes
could be obtained from mesenchymal stem cells
(MSCs). MSC sources include embryonic stem

Fig. 4.3 Effects of obesity and diabetes in the develop-
ment and function of adipose tissue. The pathological
mechanisms that characterize obesity and diabetes can
disturb the differentiation of brown adipocytes from pre-
cursor cells. They can also interfere in transdifferentiation

processes, initially by promoting browning of white
adipocytes to overcome the excess of nutrients and finally
shifting the phenotype of brown adipocytes toward a white
adipocyte (whitening). The thermogenic activation of
BAT is also interrupted
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cells, and stem cells isolated from bone marrow,
umbilical cord, peripheral blood, adipose tissue,
bone marrow, cartilage, tendon, muscle, and den-
tal pulp. Adipose tissue derived-MSCs
(Ad-MSCs) are currently predominant in the
study of metabolic diseases since a large number
of MSCs can be isolated, and because they have a
higher capacity to differentiate into mature
adipocytes (Rashnonejad et al. 2018). Lee et al.
injected human MSC-derived brown adipocytes
intraperitoneally into obese mice for 10 weeks
(Lee et al. 2017). This treatment successfully
decreased bodyweight, triglyceride and choles-
terol levels, hepatic steatosis, glucose intolerance,
and inflammation.

Silva et al. found a reduction in body weight
and glucose levels in non-obese diabetic (NOD)
mice fed an HFD, that had been transplanted with
differentiated Ad-MSCs isolated from human
mediastinal brown fat depots (Silva et al. 2014).
Improvements in glucose and lipid homeostasis
have also been described in obese and diabetic
mice subcutaneously transplanted with brown
adipocytes, generated by cellular reprogramming
procedures using induced pluripotent stem cells
(iPSC) or from mouse embryonic fibroblasts
(Kishida et al. 2015). Another example of the
successful effects of adipocyte implantation on
metabolic phenotype is an elegant study by Min
et al. (2016). Beige adipocytes were derived from
human capillary network progenitors and
activated in vitro with adrenergic stimuli. The
subcutaneous implantation of these thermogenic
adipocytes into NOD mice treated with HFD led
to an improvement in systemic glucose tolerance.

Direct BAT Grafting

Several studies have performed direct BAT trans-
plantation in mouse models of diabetes and/or
obesity (Gunawardana and Piston 2012, 2015;
Stanford et al. 2013, 2015; Liu et al. 2013,
2015; Zhu et al. 2014). Regardless of the BAT
donor (embryonic or adult), the location of the
transplantation (subcutaneous or the visceral cav-
ity), or the type of transplanted fat (exercise-
induced beige fat or BAT), these studies showed

a reduction in glucose and insulin levels, adipos-
ity, inflammation, hepatic steatosis and an
increase in oxygen consumption. Finally, BAT
transplantation has shown metabolic
improvements in other derangements such as
Parkinson’s disease (Wu et al. 2017), cardiovas-
cular disease (Thoonen et al. 2015), polycystic
ovary syndrome (Yuan et al. 2016) and athero-
sclerosis (Kikai et al. 2017).

Promises and Pitfalls of Human BAT
Transplantation

First, in humans, there might be differences in the
MSCs source, isolation method, duration, and
capacity for differentiation to mature adipocytes,
and the obtained outcomes. Second, due to its
body distribution, adipose tissue in humans
might be less accessible than in rodents.
Ad-MSCs can be isolated fromWAT during elec-
tive surgical interventions such as liposuction.
Third, the beneficial effects of BAT transplanta-
tion might include several mechanisms, such as
the endocrine release of batokines that should be
further investigated. Fourth, most of the trans-
plantation experiments have been performed
with mice housed under thermal stress (22 �C),
in order to activate BAT. Cannon and colleagues
correctly claim that if animal experiments are to
be translated into humans, mice should be housed
at thermoneutrality (30 �C for mice; 22 �C for
humans) since humans usually live at
thermoneutrality throughout the year (Fischer
et al. 2019).

As thermogenesis is tightly adjusted to ambi-
ent temperature, it is not known whether BAT
thermogenesis might reach a threshold. Thus,
the effectiveness might be questionable if the
individual is at thermoneutrality. Finally, BAT
activation could be associated with excessive
body temperature, or perhaps enhanced food
intake as a compensatory effect to normalize
energy balance. Clinical administration of the
BAT-stimulating β3-adrenergic receptor agonist
Mirabegron to young lean males was associated
with increased glucose uptake into BAT, elevated
resting metabolic rate, and tachycardia (Cypess
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et al. 2015), even though the protocol is criticized
because the dosage was atypically high. Thus, the
search for potential therapies that aim to increase
BAT mass or activity at thermoneutrality to fight
against obesity and its associated metabolic
diseases should continue.
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Abstract

It has become increasingly evident that the
diversity of adipose tissue types may play dis-
tinct and potentially important roles in human
physiology. White adipose tissue (WAT), the
primary energy storage tissue, is important in
homeostasis but when found in excess can
predispose individuals to severe insulin resis-
tance and diabetes. Human life is compatible
with WAT composing between 4 and 60% of
total body mass, pointing to its incredible
adaptability. In contrast, brown adipose tissue
(BAT), typically thought to occur only in
hibernating animals and babies, is becoming
recognized for its role in human energy expen-
diture, hormone production, immune regula-
tion, among others. BAT usually comprises
around 0–2% of total body mass; however,
recent scientific advances in noninvasive
imaging and molecular biology have allowed
to explore unknown functions of this dynamic
tissue. We discuss here the anatomy and phys-
iology of WAT and BAT in the lean and obese
human, and potential mechanisms regarding
the interplay within obesity and Type 2 diabe-
tes. Later, we review the current methodology
for measuring and detecting WAT and BAT,
how to experimentally modulate BAT activity,
as well as future investigations to yield greater
insight into BAT’s functional role in human
health.

Keywords

Brown adipose tissue · White adipose tissue ·
Brown fat · White fat · Insulin resistance

Distribution and Functions of Human
Adipose Tissue

It is estimated that in 2025, global obesity rates
will reach 18% in men and 21% in women (NCD
Risk Factor Collaboration 2016), with diabetes
prevalence reaching nearly 400 million people
globally (Nathan 2015). Obesity, defined clini-
cally by a body mass index (BMI) of greater
than 30 kg/m2, is accompanied by an excess of
white adipose tissue (WAT). Obesity is the result
of long-term energy intake exceeding energy
expenditure, being one of the main comorbidities
Type 2 Diabetes (T2D). A diagnosis of T2D is
most often made with a glycosylated hemoglobin
(HbA1C) of �6.5% or a fasting plasma glucose
of �126 mg/dl (Association, A. D. 2 2019). T2D
is more likely to be obesity-related and can prog-
ress to loss of pancreatic beta-cell insulin secre-
tion, often in the background of insulin resistance.
Because the risk for T2D is increased substan-
tially by obesity, the mechanisms that we will
discuss throughout the chapter will pertain to
both obesity and T2D, unless stated otherwise.

White Adipose Tissue

Humans have several types of adipose tissue,
although the most studied are white adipose tissue
(WAT) and brown adipose tissue (BAT). WAT is
normally distributed subcutaneously and in the
visceral compartments, the latter known as vis-
ceral adipose tissue (VAT). The amount of WAT
in humans varies a lot between individuals, with
minimal levels sustainable with life around 2% of
body mass for men and 6% of body mass for
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women, and maximal levels reaching over 60% of
body mass. In simple terms, the higher the BMI,
the higher the WAT accumulation in both
compartments. Subcutaneous WAT is found in
all areas beneath the skin surface but has a pro-
pensity to be stored in central, or proximal,
locations. The distribution of subcutaneous
WAT differs between men, who typically have
an “android” distribution and women, with a
“gynoid” distribution (Min and Min 2015).

VAT is also found in central locations, how-
ever within the abdominal cavity, surrounding
vital organs. VAT contributes a much smaller
percentage to total body fat (~5% in men and
~3% in women) (Sasai et al. 2015), yet the accu-
mulation of VAT confers greater risk for T2D and
cardiovascular disease than subcutaneous WAT.
This phenomenon partly explains the occasional
metabolically unhealthy, normal weight pheno-
type, where individuals that do not have BMIs
classified as obese suffer from metabolic syn-
drome comparable to individuals with much
higher body mass. Some data show that physical
exercise can selectively reduce VAT, even in the
absence of significant weight loss.

As WAT is a tissue for energy storage, it is
evolutionarily designed with the ability to expand
to a great extent, so that high energy density lipids
can be available even in times of food shortage. In
the modern era with food shortage being less of a
concern, this expansion has occurred without
periods of energy deficit. Though WAT exists in
excess in patients with obesity, WAT in itself is
not causative of insulin resistance (the inability
for insulin to perform its usual functions).
Lessons from patients with lipodystrophy demon-
strate this fact, as they have nearly nonexistent
WAT, but often develop severe T2D. The
contributions of excess adiposity to diabetes
may be a result of adipose-derived cytokines
(adipokines) or accumulation of ectopic lipids in
skeletal muscle and the liver that disrupt insulin
signaling. Much has been learned since the dis-
covery of WAT as an endocrine organ (the dis-
covery of leptin, as an adipokine) (Zhang et al.
1994), yet there is still much to be investigated.

Brown Adipose Tissue

The main function of BAT is to generate heat
(thermogenesis), principally through dissipation
of the proton gradient in the inner mitochondrial
membrane by way of uncoupling protein
1 (UCP1) (Cannon and Nedergaard 2004). Thus,
as fuel sources including glucose and fatty acids
are utilized by the brown adipocyte, rather than
the generation of adenosine triphosphate (ATP),
heat is released, resulting in energy-depleting
thermogenesis. BAT is extremely important in
maintaining euthermia in the hibernating animal
during prolonged periods of fasting in cold
temperatures.

Though the depots of human BAT were exten-
sively defined nearly 50 years ago by autopsy
(Heaton 1972), advances in noninvasive imaging
have brought a resurgence in the interest in BAT.
Classically thought only to exist in the
interscapular adipose tissue region of human
newborns, 18F-Fluorodeoxyglucose (18F-FDG)
positron emission tomography (PET) combined
with X-ray computed tomography (CT) studies
have shown that active BAT exists in a large
portion of the adult population, and can be reli-
ably activated by cold (Cypess et al. 2009; van
Marken Lichtenbelt et al. 2009) and by other
means. Indeed, over 450 publications on PubMed
have studied adult BAT in humans since just
2008. BAT’s functions include substrate metabo-
lism, immune system modulation, endocrine
functions, and others. To begin a thorough under-
standing of BAT function in adults, we have
characterized the depots of adult men and
women with and without obesity (Leitner et al.
2017; Martinez-Tellez et al. 2019a).

Anatomical Sites

Generally, BAT lines visceral locations
surrounding major vasculature in the abdomen,
neck, and axilla, vital organs including the
kidneys and adrenal glands, and alongside the
sympathetic trunk. The highest proportion of
BAT exists in the supraclavicular region, making
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it the most commonly studied BAT depot across
various studies, followed by the paraspinal, cervi-
cal, abdominal (mostly retroperitoneal), axillary,
and mediastinal (Leitner et al. 2017). Previous
evidence showed that newborns have huge
amounts of subcutaneous BAT in the
dorsocervical area, as adequate skeletal muscle
has not yet been developed for shivering or activ-
ity thermogenesis. It has been thought that this
subcutaneous BAT disappeared when the new-
born grew older; however, recent evidence
suggests that it could be still present in young
healthy adults, mostly in women (Martinez-Tellez
et al. 2019a; Kim et al. 2019). The discovery of
this new depot will boost research.

Beige Adipose Tissue

Beige and/or brite adipose tissue has been discov-
ered as an inducible form of brown adipose tissue,
with morphological features between those of
white adipocytes and brown adipocytes, however
physiological functions (thermogenesis) of BAT
(Wu et al. 2012; Jespersen et al. 2013) remain
under intense investigation. In humans, very few
studies have been able to characterize anatomical
differences throughout the human body, with
both functional and biochemical confirmation
(Cypess et al. 2013). We have also shown that
depots outside of these listed likely have very
little capacity for browning or the conversion of
white to brown adipocytes; however, depots cur-
rently harnessing metabolically active adipocytes
comprise up to 5% of total body fat, thus making
BAT an organ of appreciable size in adult
humans.

Though anatomical characterization has come
to higher resolution in recent years, it is unclear
whether or not there are differential functions
harbored by white adipocytes or brown
adipocytes that exist in different regions. As
most functions seem to operate at an organism-
wide level, impactful studies can still be
conducted without this knowledge. Yet, as nonin-
vasive imaging and other biochemical techniques
become more advanced, perhaps soon we will be
able to create a functional atlas of human WAT

and BAT. It is interesting that most anatomy
textbooks do not have a chapter that maps adipose
tissue. Maybe that points to our need to better
understand adipocytes in all forms (Zwick et al.
2018).

White Adipose Tissue and Insulin
Resistance

WAT can account for as little as 4% of total body
mass in patients with congenital generalized
lipodystrophy (Lima et al. 2016), a disease
characterized by the absence of WAT, and as
much as nearly 60% of body mass in patients
with morbid obesity (Shah and Braverman
2012). Adipose tissue expansion by hypertrophy
(increase in adipocyte size) or hyperplasia
(increase in adipocyte number) is frequently
followed by unfavorable metabolic
consequences, such as insulin resistance and
inflammation, and as such, WAT plays a major
role in the development of insulin resistance.

Insulin, a major anabolic hormone, mediates
an integrated metabolic response in the presence
of nutrients, and insulin signaling is highly active
in the adipocytes of lean and obese humans. Most
importantly, insulin’s role in the white adipocyte
is to suppress lipolysis and stimulate glucose
uptake. In the lean individual, these functions
are tightly regulated to ensure no excessive free-
ing of fatty acids and the disposal of glucose.
However, leading up to the development of and
in the setting of T2D, insulin resistance ensues,
manifesting as both blunted insulin signaling in
adipocytes, and reduced insulin receptor content
(Petersen and Shulman 2018). Functionally,
insulin’s main roles in the adipocyte, to stimulate
glucose uptake and to suppress lipolysis are less
effective. The effects of insulin resistance lead to
an excess of plasma insulin, non-esterified fatty
acids, and glucose levels, and implicates WAT as
a major player in the pathogenesis of insulin
resistance.

Interestingly, WAT plays a small role in
whole-body glucose disposal (less than 5%),
however has a significant impact on the develop-
ment of insulin resistance. Several mechanisms
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have been proposed for WAT’s role in the patho-
genesis of T2D, despite a seemingly minor par-
ticipation in glucose disposal. Most convincingly,
WAT dysfunction includes altered crosstalk with
skeletal muscle and liver at maintaining energetic
homeostasis and chronic low-grade inflammation.

Glucose Homeostasis Crosstalk

There is substantial coordination between the
skeletal muscle, liver, and WAT to maintain
normoglycemia in the fed and the fasted states.
As humans transition to the fasted state (hours
after the previous feeding), leptin and the
hypothalamic–pituitary–adrenal (HPA) axis
become activated to regulate WAT lipolysis, in
order to free fatty acids to the plasma and to the
liver for gluconeogenesis (Perry et al. 2018). This
integrated response causes a whole-body shift
from carbohydrate to fat oxidation. Studies have
shown that this coordinated response may be
altered in obese men, suggesting that nonesteri-
fied fatty acids are not released as readily,
resulting in a net storage of fat. In addition,
insulin’s roles in suppressing WAT lipolysis and
endogenous glucose production (from the liver)
become less effective, which has been suggested
as a link between WAT inflammation and the
development of hyperglycemia (Roden and
Shulman 2019).

Inflammatory Adiposopathy

Inflammation in WAT has been characterized by
inadequate tissue vascularization, fibrosis, and
hypoxia, which develop in the setting of
increased WAT mass and cell size. Thus, obesity
and the accompanying excess of WAT has been
characterized as a state of chronic low-grade
inflammation, with possible impaired immune
function and activation of stress pathways.
Much research has been dedicated to elucidate
the mechanisms of WAT inflammation, including
upregulation of the inflammatory cytokines tumor
necrosis factor (TNF alpha), interleukin (IL)-1B,
and IL-6 within adipose depots. Evidence for

treatability of obesity-induced inflammation
came from a clinical trial in obese humans,
where Amlexanox, an anti-inflammatory drug
typically used in the treatment of asthma,
improved glycemic control in a subset of obese,
T2D (Oral et al. 2017). Clearly, excess WAT and
obesity are accompanied by multiple mechanisms
that factor into the development of insulin resis-
tance and diabetes, yet it is important to mention
that obesity is not required for the development of
these conditions.

Ectopic Fat Depots

WAT is not the only player in the development of
T2D. Patients with lipodystrophy lacking
adipocytes, and thus all adipose-derived
hormones including leptin, often become hyper-
phagic due to the absence of leptin’s hunger-
suppressing effect. With the incapacity to store
excess food intake in adipocytes, ectopic lipids
are stored in skeletal muscle and the liver, some-
times to extreme extents. In the setting of mas-
sively increased ectopic lipid storage, patients
without treatment often develop severe insulin
resistance and poorly controlled diabetes, which
highlights the role of ectopic lipids rather than
excess WAT in the causal pathway of insulin
resistance (Grundy 2015). It is possible that this
same mechanism could underlie
non-lipodystrophic patients who develop T2D,
with contributions from genetics, epigenetics,
and other factors.

Brown Adipose Tissue and Insulin Resistance
Preclinical models have suggested that BAT is a
great tool to combat adiposity and T2D. Some of
these studies have demonstrated that the trans-
plantation of interscapular BAT from lean to
obese mice, induced a significant weight loss
and improved levels of HbA1C, alleviating insu-
lin resistance. This is the main reason why this
tissue has aroused a great interest in human phys-
iology. Although human clinical studies have
developed interventions, based on cold exposure,
to activate and recruit the amount of BAT in
obese and T2D individuals, they have failed to
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replicate the positive effects of preclinical models
(Jensen 2015). The main reason could be that
human BAT can represent as little as 1% of total
body mass, whereas in preclinical models BAT
reaches up to 30–40% of the total body mass.

Moreover, it is important to note that BAT
consumes glucose and fatty acids, and brown
adipocytes have glucose transporter 1 (GLUT1,
non-insulin-dependent) and 4 (GLUT4, insulin-
dependent). The most used technique to quantify
BAT in humans is 18F-FDG-PET/CT scan, which
is based on a glucose tracer. This technique is also
used to quantify BAT in T2D. As one can imag-
ine, in the scenario of insulin resistance this tech-
nique is far less accurate for the quantification of
such tissue, which hampers understanding of the
role of BAT in insulin resistance in humans.

Activation of Human Brown Adipose
Tissue

The interest in BAT lies in its previously men-
tioned ability to uncouple ATP production from
the electron transport chain, providing a means to
“waste” energy in the form of heat. Studies that
have attempted to examine the maximal energy
expending capacity for BAT have been difficult
to perform in humans, but have ranged from 5 to
730 kcal/day at maximal activation (Ruiz et al.
2018; Marlatt et al. 2018). These measures range
from clinically meaningless, to having a measur-
able effect on reducing weight.

Because BAT is inactive in thermoneutral rest-
ing conditions, maximal thermogenesis must be
measured in the active state. Researchers have
attempted many approaches to BAT activation,
including cold exposure, exercise, and dietary/
pharmacological modulation (Ruiz et al. 2018)
(see Fig. 5.1). Most often, cold exposure is used
to study active BAT. This is a reasonable method
to use, as it highlights BAT’s most obvious role in
nature: non-shivering thermogenesis to defend
against the cold. Cold is sensed by free nerve
endings in the skin, and the hypothalamus begins
a coordinated whole-body response to defend

core body temperature: intense vasoconstriction
occurs at the distal extremities to shunt warm
blood to vital organs, contributing to a slowed
heart rate.

Even at temperatures too low to activate
detectable shivering, metabolic rate increases
(up to 17% above resting in lean men and 6%
above resting in obese men) (Brychta et al. 2019).
The blunted response in non-shivering thermo-
genesis in obese men is likely due to a thicker
“shell,” and perhaps greater insulation from cold
exposure. This insulation requires less heat pro-
duction in response to the same cold stimulus, as
the heat is trapped in the core, and loss is
prevented. If this is the sole mechanism for
reduced BAT activity in obese men, it may be
expected that pharmacological agents may yield
more success for energy expenditure than what
cold exposure can reveal.

Cold Exposure Techniques

Methods for studying cold-induced thermogene-
sis and BAT in humans include ambient cold air
exposure, the wearing of liquid-perfused cooling
suits, and placing the feet on ice blocks. It is
uncertain whether all of these methods are com-
parable, yet studies suggest that the degree of
BAT activation is likely reproducible when
maintaining a standardized protocol (Fraum
et al. 2019). All methodologies considered, BAT
is quickly activated in response to cold exposure
(Leitner et al. 2018), it can contribute to cold-
induced energy expenditure in the absence of
shivering, and BAT metabolizes a combination
of both fatty acids and glucose when active.

In addition, cold-acclimation studies have
demonstrated that BAT volume and metabolic
activity can be increased over the course of a
week in both lean and obese individuals (Lee
et al. 2014; Hanssen et al. 2016). Detectable
BAT is found in most obese patients, though
consistently to a lesser extent than their lean
counterparts. One of the only studies that has
rigorously measured BAT in type 2 diabetic
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Fig. 5.1 This schematic figure summarizes the main
issues discussed in the present chapter. 18F-FDG

18F-fluorodeoxyglucose, BAT brown adipose tissue, CT
computed tomography, DEXA Dual-energy X-ray
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patients has shown that an improvement in insulin
sensitivity following chronic cold exposure, can
be mostly attributed to skeletal muscle adaptation
rather than BAT glucose uptake (Hanssen et al.
2015), thus the utility of chronic BAT activation
for energy expenditure must certainly be consid-
ered carefully. Importantly, nearly all studies that
have examined subcutaneous WAT for features
of BAT in response to chronic cold exposure,
have yielded negative results.

Recently, a new study nicely shows that
human BAT is rapidly activated upon cold expo-
sure, achieving its maximum activity after 35 min
of cold exposure (Oreskovich et al. 2019). This
study was performed by a dynamic magnetic
resonance imaging (MRI) scan. After 2 h of cold
exposure, a warm-up phase during 30 min
followed, and no replenishment of the lipid con-
tent of the BAT depots ensued. This study
revealed that BAT is only active during the first
part of the cooling protocols, questioning much
evidence published so far. To date the most used
cooling protocols to activate BAT applied a total
duration of 2 h; therefore, they have quantified
BAT when it was not truly activated.

Exercise Activation

Exercise is a non-pharmacological tool that
induces a myriad of physiological adaptations,
enhancing human cardiovascular health and insu-
lin sensitivity in almost every single human
being. Therefore, it is biologically plausible that
exercise will affect BAT function, although it is
unknown in which direction. Preclinical studies
have suggested that exercise could increase BAT
function and induce browning in almost all WAT
depots (Stanford et al. 2015). However, it seems
that most of these studies were not performed
under strictly thermoneutral conditions, rendering
it impossible to discriminate whether this

browning effect is caused by the exercise, by the
temperature, or by the combination of both
stimuli (McKie et al. 2019).

Regarding humans, the evidence is even more
contradictory. There are only a few cross-sectional
studies that showed that trained-individuals had
lower levels of BAT 18F-FDG uptake in compari-
son to sedentary controls. Moreover, we recently
demonstrated that objectively measured physical
activity by accelerometers and cardiorespiratory
fitness protocols, were not associated with BAT
18F-FDG uptake (Acosta et al. 2019). Surprisingly,
we observed that handgrip strength was positively
and slightly related with BAT 18F-FDG uptake,
suggesting that maybe resistance training could
have a different role in terms of BAT activation
in comparison to endurance training. However,
much more studies are needed (Martinez-Tellez
et al. 2019b). Lastly, only a few studies performed
exercise interventions including BAT 18F-FDG
uptake and browning markers in humans, and
again the results are quite controversial.

Food Intake and Thermoregulation

Recently, we demonstrated that BAT activity is
not related to energy intake assessed by an ad
libitum meal and by 24-h dietary recalls
(Sanchez-Delgado et al. 2020). Moreover, we
did not detect the role of BAT in the regulation
of appetite-related sensations either before or after
the subjects ate. In a submitted study, we also
observed that BAT activity was not related to
the adherence to a Mediterranean diet, which is
one of the healthiest diets. On the other hand, an
independent study showed that the oxygen con-
sumption of BAT depots increased after a single
meal intake. It seems that BAT is not playing a
role in appetite perception, energy, or nutrition
intakes, although it could be playing a minimal
role during meal intake.

Fig. 5.1 (continued) absorptiometry, FFA free fatty acids,
H20 water, MRI magnetic resonance imaging, PET

positron emission tomography. This image is courtesy by
The Voice Of Science
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Role of Brown Fat in Human
Metabolism in Healthy, Obese,
and Diabetic Individuals

One option to prevent and combat obesity and
related comorbidities is to increase thermogene-
sis, which leads to increased energy expenditure.
In mice, BAT is responsible for 20% (Blondin
et al. 2017) of both resting metabolic rate and
adaptive thermogenesis, i.e., cold-induced ther-
mogenesis (CIT) and meal-induced thermogene-
sis (MIT) (Nathan 2015), and can account for up
to 60% of total energy expenditure when fully
stimulated. Human BAT becomes metabolically
active upon cold exposure in most individuals.
However, a recent study nicely demonstrated
that the contribution to the increase observed in
CIT is almost negligible (Din et al. 2016;
Carpentier et al. 2018). The same research
group, demonstrated that BAT was active after
eating a carbohydrate-rich meal to a similar extent
than during mild cold exposure, yet its contribu-
tion to the increase in MIT is quite low. These
novel studies confirm that BAT is contributing to
human thermogenesis, but in a lower proportion
than was thought at the beginning. What is the
main role of BAT in the human metabolism?
After 10 years of thoughtful research in human
trials and mice studies we still do not know,
although several new roles have been attributed,
such as a secretory organ orchestrating the shiv-
ering and non-shivering responses or immune
system modulation, among others.

BAT Hormone-Like Secretions

Some specialists suggest that the role of BAT in
the human metabolism is negligible because it
represents only 1% of total body mass. On the
other hand, humans have similarly small organs
(i.e., thyroid, adrenal, pituitary) that have very
important roles in metabolism, so it could be
reasonably expected that BAT has unknown and
relevant functions. BAT has the ability to secrete
several hormones (batokines) that could coordi-
nate/orchestrate the responses of other tissues to

different stimuli. For instance, we know that
when humans are exposed to cold there is an
increase of the energy expenditure, which could
be explained by the contribution of two thermo-
genic tissues (BAT and skeletal muscles)
(Villarroya et al. 2017). One of the hypotheses
that is open for discussion is that BAT could be
releasing a set of batokines that could boost the
involvement of skeletal muscle during cold
exposure.

BAT has been proposed to interact with bone
(via IGFBP2), WAT, brain, pancreas, heart (via
FGF-21 or IL6), and liver (IGF1), and therefore,
impact tissue plasticity and metabolism. A
research group from Copenhagen performed the
first human BAT secretome. In this particular
study, they discovered that ependymin-related
protein 1 (EPDR1) was a novel batokine impor-
tant for brown fat commitment (Deshmukh et al.
2019). They suggest that this batokine could be
involved in the regulation of human metabolism.

Correlations with Obesity and Diabetes

Originally, it has been thought that obesity is
negatively related to the amount of BAT; how-
ever, we recently discovered that obesity was
positively related to BAT volume in 150 young
healthy adults. This controversial finding could
be explained by several factors: (1) BAT nor-
mally is measured with a glucose analog. Since
the individuals of our study were quite young
(<25 years old), they might not have developed
insulin resistance yet; (2) most studies that found
a negative relation between the degree of obesity
and BAT activity, were performed without cold
stimulation; and (3) another possible explanation
is that the prevalence of T2D or insulin resistance
increases with age, and those studies that were
showing the inverse relationship between the
degree of obesity and BAT activity did not
include age as a possible confounder.

In an alternative study, it was shown that BAT
measured with glucose, in T2D patients, was
diminished in comparison with a free fatty acid
tracer, suggesting that BAT could be playing a
role in obese and T2D individuals (Blondin et al.
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2015). Moreover, there is a group of obese
individuals characterized by a lower risk of
obesity-related cardiometabolic complications,
the so-called metabolically healthy obese
(MHO) (Blüher 2010). MHO individuals have a
normal metabolic profile, i.e., do not have
dyslipidemia, hyperglycemia, hypertension, or
T2D, whereas their counterparts that present any
of these conditions are known as metabolically
unhealthy obese (MUO).

In an unpublished study, we observed that
MHO individuals had higher BAT activity, cold
and meal-induced thermogenic responses in com-
parison to MUO individuals (Sánchez-Delgado
2018). We also observed that MHO perceived
the temperature as colder than MUO controls
(Martinez-Tellez 2018). Both groups were similar
in body mass index, although they were different
in terms of the amount of VAT.

Methods for Detecting Human Brown
Adipose Tissue

The contribution of BAT to adult human energy
expenditure, thermogenesis, and other systemic
functions remains difficult to fully uncover. One
major reason for this difficulty is the variety of
methods used to examine BAT in vivo. In gen-
eral, methods either employ a noninvasive imag-
ing strategy or a measurement of another
physiological parameter as a surrogate of BAT
activity.

Monitoring of Skin Temperature

The impetus for using skin temperature as a mea-
sure of BAT activity derives from BAT’s inherent
function as a thermogenic organ, which, by defi-
nition generates heat to be dissipated from the
body. This heat dissipation is thought to be cap-
tured at the surface of the skin, as a reflection of
heat transfer from the deeper tissues to dilated
blood vessels superficial to BAT. The inherent
shortcoming of this technique is that skin vascu-
lature is impacted by a number of other systemic
factors, including catecholamines and nitric oxide

among others, such that the blood flow beneath a
skin surface measurement may be reflecting phys-
iological process unrelated to underlying BAT
activity.

A major benefit of using skin temperature is
the ability to capture physiological shifts in long-
term bouts, free-living conditions, and during
multiple environmental settings (such as exercise,
and entering cold or warm rooms). Skin tempera-
ture is commonly measured with either infrared
thermography, where photos are taken of exposed
skin, or with surface temperature probes like
iButton chips (www.maximintegrated.com). As
supraclavicular BAT is detected in the highest
proportion of individuals, and because it is the
depot least obstructed by other structures such as
bone and muscle, infrared photos and surface
probes often capture this location on subjects.

It is important to take into account that
supraclavicular fossa is a complex anatomic
region that is contiguous with the neck above
and axilla below (Kellman et al. 1987). There
are several structures in this region, such as the
scalene and omohyoid muscles, subclavian
vessels, and brachial plexus. Other contents of
the supraclavicular fossa include small branches
of the subclavian vessels, fat, lymph nodes, and
the posterior lung apex. The benefits of
supraclavicular skin temperature measurements
are the ease of use, minimal discomfort to study
participants, the ability to be employed in a vari-
ety of settings, and relatively low cost. However,
observers still deal with the inability to rule out
other physiological factors that influence skin
blood flow and therefore temperature (Jimenez-
Pavon et al. 2019; Martinez-Tellez et al.
2019c, d).

Radiolabeled Glucose Analog

The most commonly used technique for detecting
BAT is 18F-FDG PET/CT, which utilizes a radio-
active glucose analog coupled with anatomic and
radiodensity data from X-ray computed tomogra-
phy. This technique has likely been studied most
due to a number of factors including active BAT’s
avidity for glucose, the current availability in
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many clinical settings because of its utility in
cancer staging, and the largest breadth of
preprocessing and image processing protocols
associated with it. In general, subjects undergo a
protocol in order to activate BAT (cold exposure,
dietary or physical intervention, pharmacological
intervention) and are then injected with the
18F-FDG glucose analog tracer. The tracer
accumulates in metabolically active tissue by
entering the cell and becoming phosphorylated
by hexokinase, then trapped as 18F-FDG-6-
phosphate.

The concentration of the trapped glucose ana-
log can be quantified as a standardized uptake
value (SUV) relative to the subject’s body weight
or lean mass and represents a reflection of tissue-
specific glucose uptake. Static 18F-FDG PET/CTs
give no information regarding metabolic flux
rates, nor the fate of glucose within the tissue
(whether or not the tissue utilizes the glucose for
glycolysis, oxidative phosphorylation, or
anaplerosis), which constitute some of the
method’s largest limitations for studying in vivo
physiology. Though 18F-FDG still provides rich
information about whole-body metabolic activity,
it is important that a CT scan accompanies the
PET scan.

The CT scan is necessary to determine the
density and structure of the underlying tissue.

Attempts to classify metabolically active tis-
sue (obtained from PET) as BAT requires that
the CT detects this tissue within the range of
densities known to be adipose tissue. On CT
alone, brown and white adipose tissue have
nearly indistinguishable densities, with BAT
being slightly denser due to its higher vasculari-
zation, lower lipid content, and higher mitochon-
drial content. Thus, CT alone cannot reliably
distinguish WAT from BAT. Similarly, meta-
bolic activity from the PET scan cannot differ-
entiate any tissue from another, as the only
output is tracer accumulation. Only the combi-
nation of the density of adipose tissue (from CT)
and the metabolic activity above a certain thresh-
old (from PET) are able to quantify active BAT
(Fig. 5.1).

Tracer and Imaging Alternatives

The goal of these alternatives, such as fatty acids,
is to reduce radioactivity exposure to subjects
(i.e., with MRI), or examine metabolic flux rates
(i.e., with dynamic PET/CT imaging). Studies
from animal models have suggested that the pri-
mary fuel for BAT thermogenesis is lipid, thus a
glucose tracer misses much of the information.
Tracers to measure fatty acid uptake (Blondin
et al. 2017) have been used, and labeled water
(Muzik et al. 2013) can also be considered to
examine adipose tissue perfusion. MRI has been
used both on its own or in combination with PET,
in order to detect BAT. MRI can be used in many
ways in order to examine features of living tissue,
and most commonly fat fraction has been
employed, in order to distinguish WAT from
BAT. Limitations include the possible presence
of beige adipose tissue, long scanning duration in
which physiological changes in BAT activation
may impact the fat fraction and very few valida-
tion studies to date (Rasmussen et al. 2013).
Dynamic PET imaging holds promise but awaits
further validation. In summary, all noninvasive
imaging methods have positive and negative
aspects, none of which outperforming all others
in accuracy.

Immunohistochemical or
Gene-Expression Confirmation

Ideally, evidence from all studies should be
complemented with immunohistochemical evalu-
ation of BAT, WAT, or beige adipose tissue
markers from biopsy (Cypess et al. 2013). Due
to the technical complexity and discomfort of
obtaining adipose tissue biopsies from deep
locations, these studies are quite limited. Addi-
tionally, not all studies that have performed adi-
pose tissue biopsies in the abdomen have found
expression of thermogenic genes or presence of
browning in WAT, even after a cold exposure
intervention, which is the best stimulus to
activate BAT.
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Future Investigations into Human
Brown Adipose Tissue Physiology

Since 2009 researchers have been looking for
alternative strategies to activate human BAT
without exposing participants to cold, which is
not very comfortable (Fig. 5.1).

Dietary Components

Capsinoids are substances naturally present in
chili peppers and they are particularly abundant
in C.annuum L. or “CH-19 Sweet” (non-pungent
red pepper). Capsinoids include capsiate,
dihydrocapsiate, and nordihydrocapsiate.
Although capsinoids are structurally similar to
capsaicin, they are 1000 times less pungent but
are as potent as capsaicin in increasing thermo-
genesis. The thermogenic activation pathways of
capsinoids include transient receptor potential
cation channel (TRPV1), which have possible
mechanisms of action on BAT.

Tea catechins are polyphenolic components
present in green tea. The most abundant and bio-
active component is epigallocatechin gallate. The
thermogenic effect of tea catechins has repeatedly
been shown in humans. The mechanisms of
action are similar to capsinoids, via TRP
channels. However, there is no solid evidence
that capsinoids and tea catechins can activate
and recruit BAT in humans. Therefore, studies
are needed to elucidate the role of dietary
components as possible BAT activators (Osuna-
Prieto et al. 2019).

Pharmaceutical Compounds

Mirabegron, an antimuscarinic drug, is a β3-
adrenergic receptor agonist normally used to
treat overactive bladder in adults. Cypess et al.
showed that the acute ingestion of 50 or 200 mg
of mirabegron was able to increase the 18F-FDG
uptake by BAT in young healthy adults (Baskin
et al. 2018). Chronic administration of
mirabegron was also able to increase the levels
of BAT 18F-FDG uptake. In an alternative study,

we have observed that a single dose of 200 mg of
Mirabegron was not able to induce a decrease of
the fat fraction of BAT measured by magnetic
resonance imaging. Moreover, we observed that
mirabegron did not have any effect of the
lipidomic profile in humans. However, there is
still a debate ongoing about whether mirabegron
is directly activating human BAT. Recently,
Blondin et al. demonstrated that human brown
adipocytes lacked β3-receptors, suggesting that
mirabegron has specificity for others β-receptors
(Blondin et al. 2019).

The antidiabetic agent Sitagliptin is a
dipeptidyl peptidase-4 (DPP-4) inhibitor, which
increases the production of insulin and decreases
the production of glucagon by the pancreas.
Recently we aimed to study the long-term effect
(12 weeks) of 100 mg/day of sitagliptin on the
levels of BAT in overweight individuals.
Although we observed that insulin resistance of
the participants was attenuated, BAT 18F-FDG
uptake was not affected by sitagliptin (Nahon
et al. 2018). Curiously, sitagliptin induced an
increase in subcutaneous WAT in the abdomen,
suggesting a possible increase in browning
markers. We also demonstrated that sitagliptin
induced upregulation of the mitochondrial gene
PGC1B in skeletal muscle.

Gut Microbiota as a New Target
to Combat T2D

Case–control studies have shown differences in
gut microbiota composition, diversity and func-
tion between healthy people and obese
individuals, and have suggested that modifying
the gut microbiota composition of obese
individuals toward a healthy phenotype might be
a useful therapy to combat T2D. In that respect,
Plovier et al. showed that fecal microbiota trans-
plantation (FMT) from healthy donor mice to
obese recipient mice reduces adiposity and
energy intake, while improving lipoprotein
metabolism and glucose tolerance (Plovier et al.
2017). The bacteria Akkermansia municiphila
appeared to be the cause of these beneficial
effects, and it was successfully used and tested
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in a human trial. They also showed that
modifying the gut microbiota composition had a
strong impact on the parameters of
cardiometabolic health in humans.

Gut microbiota regularly produces short-chain
fatty acids (SCFA) (e.g., butyrate or acetate),
which can play an important role in the regulation
of metabolic health, mitigating T2D. Butyrate
also acts on the gut–brain neural circuit to
improve energy metabolism, by activating
brown adipose tissue (BAT) in APOE*3-Leiden.
CETP male mice (Li et al. 2018). Further studies
are needed to confirm this hypothesis in a human
setting.

Future Perspectives

• BAT is present in obese and T2D individuals
but its role is unknown.

• Cooling protocols for BAT activation may not
be longer than 1 h based on the new evidence,
which shows that BAT could be only activated
during the first 35 min of cold exposure.

• BAT depots are not easily biopsied. However,
several studies suggest that humans could have
a subcutaneous BAT in the dorsocervical area,
which is an accessible depot. The confirmation
of this finding could mean a step forward in the
field.

• Nuclear medicine techniques should be further
developed in order to better quantify the ther-
mogenic activity of BAT and WAT during
dynamic processes. This new technique could
be applied to cold exposure, but also to acute
responses such as meal-intake, drugs, or even
exercise interventions.

• Supraclavicular skin temperature should be
interpreted as the result of several thermogenic
tissues and blood vessels that are activated in
response to the stimulus, not only BAT activa-
tion. The fact that supraclavicular skin temper-
ature did not decrease after a cold exposure is
disturbing, and further studies are needed that
help to understand which are the main tissues
that could be explaining this lack of a decrease.

• There is a lack of translational models’ studies,
promoting the transition of findings from pre-
clinical to human studies.
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Abstract

microRNAs (miRNAs) have emerged as key
regulators of metabolic processes, playing criti-
cal roles in maintaining energy balance and met-
abolic homeostasis. Dysregulation of miRNAs
may contribute to metabolic abnormalities since
they play pivotal roles in body fat accumulation,
obesity, and obesity-related diseases by directly
affecting the status and functions of adipose
tissue, pancreas, liver, and muscle. The discov-
ery of circulating miRNAs highlighted their
potential as either endocrine signaling molecules
or disease indicators. This chapter aims to pro-
vide recent findings concerning the contribution
of miRNAs to obesity and obesity-related mor-
bid conditions.
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RNAseq RNA sequencing
RXRα Retinoid X receptor alpha
SFA Saturated fatty acids
SHIP1 SH2 (Src homology 2)-containing

inositol phosphatase-1
SIRT1 Sirtuin 1
SMRT Silencing mediator for retinoid

and thyroid hormone receptors
SREBP1 Sterol regulatory element-binding

protein
T2D Type-2 diabetes
TGF-β Transforming growth factor beta

Obesity: The Worldwide Epidemic

Up to four million deaths worldwide can be
connected to overweight and obesity, and more
than two-thirds of these deaths are due to cardio-
vascular diseases (Hurt et al. 2010; Branca et al.
2007; D’Adamo and Caprio 2011; Ahima and
Lazar 2013; Bluher 2013). The obesity epidemic
and the resulting consequences threaten both
developed and developing countries, although a
plateau in prevalence rates has been reported for
childhood obesity in several Western countries
(WHO Library Cataloguing 2016). Besides the
secular changes in energy intake and expenditure
invoked as the underlying cause, a number of loci
on the human genome have been consistently
associated with obesity (Berndt et al. 2013;
Kunej et al. 2013; Loos and Yeo 2014; Fall and
Ingelsson 2014). Currently, it is well accepted
that “common” obesity is the result of a mixed
effect of environmental risk factors and multiple
gene variants, additively conferring a degree of
susceptibility (polygenic obesity) (Stranger et al.
2011). Actually, the individual susceptibility to
weight gain may vary significantly due to the
interaction between genetic background, lifestyle,
and environmental factors.

Most of the genes associated with obesity pre-
disposition are also correlated with food intake
and energy balance control (O’Rahilly and
Farooqi 2008; Rankinen and Bouchard 2006;
Locke et al. 2015). Nowadays, despite extensive
study of obesity genetics, most of the genetic

variability in BMI remains unexplained and the
effect of a single candidate gene is quite limited.

White Adipose Tissue: An Overview

White adipose tissue is the main tissue for energy
storage in humans. Besides the storage function,
this tissue is metabolically active by releasing
hundreds of different factors, including hormones
as leptin and adiponectin, growth factors such as
IGF-1 and PDGF, and cytokines such as IL-6,
IL-8 or TNF-α acting as inflammatory mediators
(Booth et al. 2016), possibly involved in the reg-
ulation of appetite and insulin sensitivity. Grow-
ing evidence supports the notion that chronic
low-grade inflammation is a basic feature of obe-
sity that contributes to insulin resistance in target
organs, including adipose tissue, liver, muscle,
and the vascular system (Jung and Choi 2014).

Nutrient excess, particularly fats and
carbohydrates may concurrently trigger inflam-
matory responses, which further interfere with
metabolic function, stress, and inflammation.
Therefore, the nutrition-immunity theory
suggests that obesity induced by overnutrition
triggers low-level inflammatory processes into
adipose tissue (Wellen and Hotamisligil 2005;
Kammoun et al. 2014). This state is related to
the large macrophage recruitment and enhanced
immune cell proliferation/activation/infiltration
associated with adipocyte hypertrophy and
impaired adipogenesis (Kraakman et al. 2014).
The latter process is closely controlled by a com-
bination of regulatory signals including extracel-
lular circulating hormones, endocellular
transcription factors, and post-transcriptional
modulators of gene expression (Arner and Kulyte
2015; Kim et al. 2014; Li et al. 2015; Rottiers and
Naar 2012; Xie et al. 2009; Tang and Lane 2012).

Adipose Tissue Proliferation

Adipogenesis is a process in which fibroblast-like
pre-adipocytes are differentiated into mature
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adipocytes, a complex cascade that embraces cell
commitment, clonal expansion, and terminal dif-
ferentiation (Ali et al. 2013). More in-depth, the
differentiation from pre-adipocytes to mature
adipocytes is a step coordinated by several tran-
scription factors such as the peroxisome
proliferator-activated receptor-γ (PPARγ) and
CCAAT/enhancer-binding proteins (C/EBPs),
which direct the regulation of gene expression
required for adipocyte phenotypes. C/EBPβ
and C/EBPδ are induced by adipogenic stimuli
and are the main adipogenesis regulators. C/EBPβ
and C/EBPδ targets are the promoters of genes
encoding essential adipogenic factors such as
C/EBPα and PPARγ, as well as the sterol regu-
latory element-binding protein (SREBP1), the
primary lipogenic gene regulator. The C/EBPα
intronless gene encodes a leucine zipper tran-
scription factor, that can bind as a homodimer to
specific promoters and enhancers, or it can form
heterodimers with the related C/EBPβ and
C/EBPγ. As an example, C/EBPα binds to the
promoter and modifies the leptin gene expression,
providing a key role in body weight homeostasis.

C/EBPα is sufficient to cause differentiation of
pre-adipocytes into mature adipocytes (Linhart
et al. 2001). Peculiarly, PPARγ directly triggers
endogenous C/EBPα transcription. Besides,
through a virtuous circle, C/EBPα activates the
PPARγ gene, thus supporting adipogenesis (Tang
and Lane 2012). PPARγ and C/EBPα concur-
rently support the expression of genes implicated
in insulin sensitivity, lipogenesis and lipolysis,
and finally in the terminal differentiation of
mature adipocytes. The dynamic series of events
regulating cell commitment and adipocyte differ-
entiation also includes an anti-adipogenic signal-
ing cascade mediated by Wnt, BMPs, TGF-β, and
hedgehog (Moseti et al. 2016). As expected, an
increase in adipocyte volume (hypertrophy) and
number (hyperplasia) results in higher fat mass
and energy storage levels in adipose tissue, likely
contributing to an increased risk of obesity.

miRNAs: Small RNAs with a Big Role
in Gene Regulation

At present, hundreds of post-translational
modifications of core histones including acetyla-
tion, methylation, phosphorylation, and
ubiquitylation have been discovered. A wide
number of dynamic regulatory systems are
responsible for histone modifications and chro-
matin remodeling mechanisms, contributing to a
complex epigenetic regulation network of gene
activity (Iacomino et al. 2001, 2006; Venkatesh
and Workman 2015). Essentially, any step in the
gene expression flow is wisely controlled, and the
discovery of small noncoding RNAs (ncRNAs)
has added new players to the broad range of
existing mechanisms (Catalanotto et al. 2016).

Epigenetic Control Mechanisms

Epigenetics is usually defined as heritable
modifications in a gene that occur in the DNA
without sequence modification. This definition
encloses the concept that epigenetics is a heritable
trait (Ling and Ronn 2019). Nevertheless, the
study of epigenetics contribution to obesity/
altered metabolic conditions is still in early
infancy.

Based on their working mechanism, synthesis,
and structure ncRNAs are classified as small
interfering RNAs, PIWI-interacting RNAs,
endogenous small interfering RNAs, promoter-
associated RNAs, small nucleolar RNAs, and
microRNAs (miRNAs). In a few years, miRNA
study has progressed from a single article
reporting the discovery of a noncoding RNA in
C. elegans (Lee et al. 1993), to thousands of
publications describing their critical association
to a variety of physiological processes and
diseases (Rupaimoole and Slack 2017).

miRNAs in Multicellular Organisms

miRNAs are small ncRNAs with a length of
20–24 nucleotides involved in gene expression
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regulation (Bartel 2009; Ghildiyal and Zamore
2009; Ha and Kim 2014). Today more than
2000 different miRNAs have been identified,
showing them to be one of the most abundant
classes of gene regulatory molecules in multicel-
lular organisms, and their number is still increas-
ing in the miRBase database (Kozomara and
Griffiths-Jones 2014). Release 22 of the reposi-
tory contains 38,589 entries representing hairpin
precursor miRNAs, expressing 48,885 mature
miRNA products, in 271 species. miRNAs are
essential elements of the cellular epigenetic
machinery and behave as specific gene silencers
by base pairing to 30 untranslated sequence of a
target mRNA. However, they have also been
evidenced to bind anyplace along the nucleotide
sequence. miRNAs exert their actions by either
inhibiting translation or by affecting mRNA sta-
bility and degradation (Ebert and Sharp 2012).

The bases in position 2–8 of a miRNA are
essential for base-pairing with a target mRNA
and are referred to as “seed sequence.” New
advances in a transcriptome-wide method of
mapping miRNA binding sites revealed that a
large proportion of miRNA–targets during
in vivo interactions are mediated not only through
the canonical “seed sites,” but also via noncanon-
ical seed-like motifs (Seok et al. 2016). miRNAs
have been clustered into families built on seed
region similarity, which is responsible for the
ability to target common clusters of transcripts
(Wang et al. 2016). Some miRNAs show a
tissue-specific localization, but most miRNAs
have a wide-ranging tissue distribution (Li et al.
2013).

Transcriptome Sculpting
Interestingly, a single miRNA can regulate at the
same time large cohorts of transcripts, and a dis-
tinct mRNA usually includes multiple interaction
sites for diverse miRNAs leading to intricate reg-
ulatory circuits (Ebert and Sharp 2012; Krek et al.
2005). A single miRNA usually has a weak mod-
ulatory effect on a distinct target, but often its
action coordinately affects multiple transcripts in
a signaling pathway, so exercising significant
cumulative effects in complex regulatory

networks. In this view, the metazoan miRNAs
have been defined as the “sculptors” of the
transcriptome (Bartel 2018).

Scientific literature supports the view that
endogenous miRNAs influence the expression
of up to 60% of mouse and human genes
(Friedman et al. 2009; Lewis et al. 2005). Accord-
ingly, miRNAs have been described to be
involved in an extraordinarily large array of phys-
iologic processes, both in health and in disease
conditions (van Rooij 2011; Bartel 2004;
Iacomino et al. 2020). While some miRNAs are
expressed ubiquitously in the body, other
miRNAs are specifically enriched in certain
tissues. A compilation of knockout phenotypes
showing crucial biological functions of miRNAs
has been recently published (Bartel 2018).
Finally, expanding evidence suggests that
miRNAs dysregulation acts as an etiologic factor
and/or indicator of numerous diseases including
cancer (Mendell and Olson 2012; Paul et al. 2018;
Bracken et al. 2016; Li et al. 2014; Pedroza-
Torres et al. 2019).

miRNA Biogenesis and Action
Mechanisms

In recent years, the miRNAs biogenesis has been
comprehensively described (Fig. 6.1) (Finnegan
and Pasquinelli 2013). miRNA coding genes are
evolutionary conserved and are located in the
introns or exons of protein-coding genes (about
40% of mammalian miRNAs are found within
introns of protein-coding genes), as well as in
intergenic regions (Kim et al. 2009a). In the cell
nucleus, pri-miRNAs are transcribed using the
genomic DNA as a template by RNA polymerase
II together with the host gene (intragenic
miRNAs), or independently of the host gene
with the use of their promoter (intergenic
miRNAs), as large primary transcripts long sev-
eral hundred bases (Gulyaeva and Kushlinskiy
2016). miRNAs transcription, as well as for
protein-coding genes, is regulated by transcrip-
tion factors (Kim et al. 2009a).

6 microRNAs in Obesity and Metabolic Diseases 75



ri-
m

iR
NA

-

m
iR

NA
du

pl
ex

DI
CE

R
di

cin
g

as
im

m
et

ric
un

w
in

di
ng

RI
SC

RI
SC

lo
ad

in
g

m
at

ur
e 

m
iR

NA

m
iR

NP
co

m
pl

ex

cy
to

pl
as

m

pa
r

al
co

m
pl

em
en

ta
rit

y
rib

os
om

e

tr
an

sla
on

al
re
pr
es
sio

n

m
RN

A
de

gr
ad

a
on

? ?

ne
ar

pe
rfe

ct
co

m
pl

em
en

ta
rit

y

m
RN

A
5’

AA
AA

gu
id

e 
st

ra
nd

pa
ss

en
ge

rs
tr

an
d

de
gr

ad
e

Ar
go

na
ut

e

m
RN

A
ta

rg
et

 se
le

c
on

(s
ee

d
se

qu
en

ce
)

tr
an

sc
rip

on

Fi
g
.6

.1
S
in
gl
e
m
iR
N
A
s
ar
e
tr
an
sc
ri
be
d
fr
om

ge
no

m
ic
D
N
A
by

R
N
A
po

ly
m
er
as
e
II
(p
ri
-m

iR
N
A
).
D
ro
sh
a-
D
G
C
R
8
pr
oc
es
se
s
th
e
pr
i-
m
iR
N
A
to

pr
e-
m
iR
N
A
.E

xp
or
tin

-5
m
ov
es

th
e
pr
e-
m
iR
N
A
to

th
e
cy
to
pl
as
m

w
he
re

it
is
re
co
gn

iz
ed

an
d
cl
ea
ve
d
to

cr
ea
te
a
m
iR
N
A
du

pl
ex

by
th
e
D
IC
E
R
co
m
pl
ex
.T

he
du

pl
ex

un
w
in
ds

an
d
th
e
m
at
ur
e
m
iR
N
A
as
se
m
bl
es

in
to

R
IS
C
.
T
he

m
iR
N
A

gu
id
e
st
ra
nd

ba
se
-p
ai
rs

w
ith

ta
rg
et

m
R
N
A

an
d
de
te
rm

in
es

ge
ne

si
le
nc
in
g
vi
a
m
R
N
A

cl
ea
va
ge

or
tr
an
sl
at
io
n
re
pr
es
si
on

de
pe
nd

in
g
on

th
e
de
gr
ee

of
ho

m
ol
og

y
be
tw
ee
n
th
e
m
iR
N
A

“
se
ed
”
to

th
e
30

U
T
R
ta
rg
et
se
qu

en
ce

of
th
e
m
R
N
A

76 G. Iacomino et al.



miRNAs are often encoded by multiple loci,
some of which are structured in co-transcribed
clusters. The pri-miRNA exhibits an exclusive
structure which is represented by a hairpin and
three spiral turns, flanked by a single-stranded
RNA. This arrangement can be recognized by
an enzymatic complex containing the
RNA-binding cofactor DiGeorge Syndrome Crit-
ical Region 8 (DGCR8, Pasha) and the RNase III
Drosha (a double-strand endonuclease). The
resulting processing produces a 60–70 nucleotide
long precursor miRNA (pre-miRNA) that,
interacting with Exportin-5 and Ran GTPase, is
exported to the cytoplasm, where it is subse-
quently processed by the enzyme Dicer RNase
III that cuts pre-miRNA into 19–24 nucleotide
long mature miRNA duplex (Okada et al. 2009).

The duplex is then unwound and only one
strand produces the mature sequence that is
integrated into the RISCs’ (RNA-induced silenc-
ing complexes) ribonuclear complexes
containing the Argonaute (AGO) family
proteins, that target mRNAs by complementary
base pairing, resulting in a posttranscription gene
silencing either by translation repression or deg-
radation of the target transcript (Xiong et al.
2015). When the miRNA and the target mRNA
are fully complementary Ago2 activity cuts the
target RNA between nucleotides complementary
to positions 10 and 11 of the guide strand (Pratt
and MacRae 2009). Otherwise, as with almost all
miRNA–target interactions, RISC promotes a
cascade of inhibitory steps that lead the targets
to canonical degradation pathways (Filipowicz
et al. 2008).

For some exonic miRNAs, such as miR-22,
miR-155, and miR-146a, both spliced and
unspliced transcripts may act as primary miRNA
transcripts. Since these are partly localized in the
cytoplasm they are not completely accessible for
handling. The integration of splicing and trans-
port to the cytoplasm may denote an extra mech-
anism for the modulation and functioning of
exonic miRNA (Pawlicki and Steitz 2008).
Genetic and somatic mutations in miRNA motifs
can disrupt the interactions between miRNAs and
their targets. However, mutations can also make

the miRNA able to interact with a set of new
targets, rewiring the miRNA regulatory networks.

Detection of miRNAs

A variety of approaches have been developed to
determine miRNAs in biological samples using
different technologies including Next-Generation
Sequencing (NGS), microarray, and reverse
transcription-quantitative PCR (Mestdagh et al.
2014). Characterization of miRNAs is generally
more difficult to perform compared to mRNA
profiling, because techniques should be able to
discriminate miRNAs that differ by as little as one
nucleotide, also taking into account variations
between mature miRNAs and their precursors.
Likewise, the profiling of circulating miRNAs
may be complex due to low concentration, unde-
sirable inhibitors that may interfere with down-
stream quantification procedures (i.e.,
hemoglobin in blood-derived samples) and, even-
tually, cellular components which may lead to an
additional bias. Consequently, the inconsistencies
identified among different studies maybe at least
partly explained by different extraction and detec-
tion procedures, experimental setup, and finally,
data analysis, emphasizing the need for well-
standardized procedures (El-Khoury et al. 2016).

miRNAs Target Prediction

Due to multiple target recognition, the identifica-
tion of a miRNA interaction with a target mRNA
remains a challenge (Riffo-Campos et al. 2016;
Seitz 2017). This difficulty is usually
circumvented through bioinformatics tools,
aimed at a subsequent bench validation of
predicted interactors. Computational methods
identify miRNA targets, typically selecting bind-
ing sites that have been retained evolutionarily. A
partial list of the in silico prediction tools for
miRNA targets identification is reported in
Table 6.1. Existing approaches, however, often
uncover difficulties in achieving effective
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Table 6.1 Relevant “web-based” tools for miRNAs analysis

Tool URL Description

Diana Tools http://diana.imis.athena-innovation.
gr/DianaTools/index

Databases and software for interpreting and archiving data
in a systematic framework ranging from the analysis of
expression regulation from deep sequencing data, the
annotation of miRNA regulatory elements and targets to
the interpretation of the role of ncRNAs in various diseases
and pathways.

MirGeneDB https://mirgenedb.org/ A catalog of miRNA genes that have been validated and
annotated.

miRTar http://mirtar.mbc.nctu.edu.tw/human/ A complete toolbox for identifying the biological function
and regulatory relationships between a group of known or
putative miRNA and their targets. It also provides an
integrative pathway analysis.

miRandola http://mirandola.iit.cnr.it/index.php A comprehensive manually curated classification of
different extracellular circulating noncoding RNA types.

miRanda http://www.microrna.org/microrna/
getGeneForm.do

A comprehensive resource of microRNA target
predictions and expression profiles.

miRò2 http://microrna.osumc.edu/miro/ A computational knowledge base for the inference of
miRNA associations.

miRSystem http://mirsystem.cgm.ntu.edu.tw/ A database that integrates well-known miRNA target gene
prediction programs: DIANA, miRanda, miRBridge,
PicTar, PITA, rna22, and TargetScan.

HMDD http://www.cuilab.cn/hmdd A human miRNAs disease database which contains
miRNA names, disease names, dysfunction evidences, and
relative literature.

PROGmiR http://xvm145.jefferson.edu/progmir/ A prognostic database for cancers based on their miRNA
expression signature.

VIRmiRNA http://crdd.osdd.net/servers/virmirna/ A viral RNA database including functional targets.
miRIAD https://www.bioinfo.mochsl.org.br/

miriad/
A web search tool designed to help users to access
integrated information concerning intragenic miRNAs and
their host genes.

Exocarta http://www.exocarta.org/ ExoCarta, an exosome database, provides with the
contents that were identified in exosomes in multiple
organisms.

microPIR http://www4a.biotec.or.th/micropir/ An integrated database of miRNA targets within human
promoters.

miRNAtools3 http://mirnatools.eu/index.html A catalog of utilities for miRNA analysis.
miRDeep http://www.australianprostatecentre.

org/research/software/mirdeep-star
An integrated standalone application useful for the
prediction of miRNAs from small RNAseq data.

Ingenuity®
Pathway

https://www.qiagenbioinformatics.
com/products/ingenuity-pathway-
analysis/

An integrated web server for identifying miRNA–target
interactions. Commercial software.

miR2GO http://compbio.uthsc.edu/miR2GO/
home.php

Comparative functional analysis for microRNAs.

miRTargetLink
Human

https://ccb-web.cs.uni-saarland.de/
mirtargetlink/

Detailed information on human microRNA–mRNA
interactions in the form of interactive interaction networks.

mirDIP http://ophid.utoronto.ca/mirDIP/
searchSummary.jsp

Find miRNAs that target a gene, or genes targeted by a
miRNA, in Homo sapiens.

miRmine http://guanlab.ccmb.med.umich.edu/
mirmine/index.html

Human miRNA expression database.

miTALOS2 http://mips.helmholtz-muenchen.de/
mitalos/#/search

Localize miRNA targets within cell signaling pathways.

(continued)
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performance given the high false-positive and
false-negative rates of discovery (Liu et al. 2014).

miRNA in Obesity
and Obesity-Associated Comorbidities

miRNAs are useful tools in clinical applications
(Keller and Meese 2016), with the majority of
reports focusing on “circulating”miRNAs as can-
cer theranostic biomarkers (Pratt and MacRae
2009; Filipowicz et al. 2008; Pawlicki and Steitz
2008; Mestdagh et al. 2014; El-Khoury et al.
2016; Riffo-Campos et al. 2016; Seitz 2017; Liu
et al. 2014; Keller and Meese 2016; Calin and
Croce 2006; Matsuzaki and Ochiya 2017; Torres
et al. 2020). Yet, recent studies have
demonstrated that changes in miRNA profiles of
various tissues (e.g., pancreas, adipose tissue, and
liver) are also related to obesity (Fig. 6.2) (Kunej
et al. 2013) and several metabolic diseases (Jiang
et al. 2009; Dumortier et al. 2013).

miRNAs are affected by nutrition and lifestyle
factors (Slattery et al. 2017), and many
microRNA families have been associated with
dietetic interventions (Palmer et al. 2014). Lastly,
dietary miRNAs have been supposed to survive
gastrointestinal digestion (Liang et al. 2014).
However, the role and ability of food-related

miRNAs to interfere with cross-species mRNA
remains puzzling (Pastrello et al. 2016).

Role of miRNAs in Adipose Tissue

The first evidence of a role for miRNAs in fat
cells originated from a study of miR-14 function
in Drosophila, negatively affecting the fat metab-
olism by targeting p38 and MAPK (Xu et al.
2003). Then, a wide-ranging spectrum of
miRNAs activities in regulating glucose and
lipid metabolism was recognized, by mediating
adipocyte differentiation, regulating cell mass and
insulin-signaling pathways in physiological and
pathological conditions in humans (Arner and
Kulyte 2015; Hartig et al. 2015).

There are many elements involved in
regulating the multiple steps of adipogenesis and
emerging evidence support miRNAs’ contribu-
tion to adipose tissue development and patho-
physiology (Yi et al. 2020). Nowadays,
adequate information regarding miRNAs acting
mechanisms remains still limited (Zhang et al.
2013a). As a working example, it has been
shown that the miRNAs reported in Fig. 6.3a
interfere with adipocytes differentiation, while
others promote adipogenesis (Fig. 6.3, panel b)
(Price and Fernandez-Hernando 2016).

Table 6.1 (continued)

Tool URL Description

miRGator mirgator.kobic.re.kr/ miRNA portal encompassing miRNA diversity,
expression profiles, target relationships, and various
supporting tools.

miRDB http://mirdb.org/miRDB/ An online database for miRNA target prediction and
functional annotations.

PITA https://genie.weizmann.ac.il/pubs/
mir07/mir07_prediction.html

PITA test the UTR for potential miRNA targets.

TargetScan http://www.targetscan.org/vert_71/ Predicts biological targets of miRNAs by searching for the
presence seed region of each miRNA.

PhenomiR http://mips.helmholtz-muenchen.de/
phenomir/

Provides information about differentially regulated
miRNA expression in diseases and several biological
processes.

GeneTrail2 https://genetrail2.bioinf.uni-sb.de/
start.html

Statistical analysis of molecular signatures. Enrichment
analysis based on miRNA categories like miRDB or
miRTarBase, or map miRNAs to gene targets.
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miR-107
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miR-126
miR-130a/b
miR-133
miR-143
miR-145
miR-146b
miR-155
miR-200
miR-210
miR-221
miR-320
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Let-7
miR-7
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miR-16
miR-34a
miR-96
miR-103
miR-107
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miR-143
miR-146
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miR-1
miR-24
miR-29a
miR-106
miR-133
miR-181
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miR-208
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skeletal muscleliver

miR-27b
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Fig. 6.2 Changes in miRNA profiles in different tissues are linked to obesity and metabolic diseases
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B) adipogenesis promo�ng miRNAs
miRNA reference
miR-17 [192]
miR-21 [107]
miR-26b [100]
miR-30 [193]
miR-103 [194]
miR-143 [195]
miR-146b [196]
miR-148a [197]
miR-181 [198]
miR-199a [199]
miR-204 [200]
miR-210 [84]
miR-320 [201]
miR-371 [202]
miR-375 [95]
miR-378 [203]
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A) an�adipogenic miRNAs
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miR-224 [216]
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Fig. 6.3 Emerging evidence supports miRNAs’ contribution to adipose tissue development and physiopathology. A
restricted example is here reported with some miRNAs interfering with adipocytes differentiation (panel a) while others
promoting adipogenesis (panel b)
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Adipogenesis Pathways

miR-130 and miR-143 are the best studied of
adipogenesis-related miRNAs. miR-143 and
miR-145 are frequently analysed together
because they are closely located and can be
co-transcribed. miR-143 was recognized as a pos-
itive human adipocyte differentiation regulator
acting through ERK5 signaling. Expression of
miR-143 and miR-145 is also increased in the
liver of a mouse model of obesity; miR-143
overexpression adversely affects insulin-
stimulated AKT activation and homeostasis of
glucose. Besides, mice missing the
miR-143–145 cluster do not develop insulin resis-
tance associated with obesity (Jordan et al. 2011).

Another remarkable example is represented by
miR-27a and miR-130a, overexpression of which
suppresses adipocyte differentiation through
PPARγ downregulation (Qin et al. 2010; Lee
et al. 2011). Lower levels of miR-130a and
-130b have been documented in abdominal sub-
cutaneous adipose tissue of obese women (Ortega
et al. 2013). Furthermore, circulating miR-130b is
higher in obese children (Prats-Puig et al. 2013).
A study from Wang et al. documented miR-130b
as a potential biomarker for overweight,
hypertriacylglycerolemia, and metabolic syn-
drome, suggesting a mechanism connecting obe-
sity and obesity-related metabolic diseases,
through a circulating miRNAs crosstalk between
adipose and muscle tissues (Wang et al. 2013a).

The authors also established that the addition
of TGF-β to mature adipocytes (3T3-L1) signifi-
cantly increased the level of miR-130b in the
culture medium and slightly decreased intracellu-
lar level, confirming that this miRNA is released
from adipocytes during adipogenesis. Other
miRNAs affect lineage determination. As an
example, miR-124 has a pro-adipogenic effect
by targeting Dlx5, a pro-osteogenic transcription
factor that governs cell fate in human bone
marrow-derived mesenchymal stem cells (Qadir
et al. 2013). The best-characterized polycistronic
miRNA cluster is miR-17-92 (encoding for
miR-17, miR-18a, miR-19a, miR-20a, miR-19b-
1, and miR-92a), essential for many developmen-
tal and pathogenic processes (Concepcion et al.

2012). This cluster is overexpressed in the clonal
expansion of adipocytes and acts by directly
targeting the RB family Rb2/p130 so controlling
the cell checkpoint mediated by RB-E2F. In the
same path, miR-363 inhibits the differentiation of
adipocytes by targeting E2F and simultaneously
reducing C/EBPα and PPARγ (Chen et al. 2014).

Let-7 miRNA and Diabetes Prevention

Let-7 was the first identified human miRNA. It
belongs to a well-conserved family of 11members
connected with numerous critical cell functions
such as apoptosis, proliferation, and cell cycle
checkpoints. Members of this miRNA family
directly regulate oncogenes such as RAS and
HMGA2 and play a key role in developmental
processes and pathogenesis of metabolic diseases,
being important regulators of glucose metabolism
and peripheral insulin resistance by addressing
IGF1R, insulin receptor (INSR), and insulin
receptor substrate-2. Also, let-7 negatively
controls adipogenesis by modulating the expres-
sion of the high mobility group AT-hook2.

Let-7 is upregulated in the model of 3T3-L1
adipogenesis. The ectopic introduction of let-7 in
3T3-L1 and 3T3-F442A reduced the cell clonal
expansion as well as the terminal differentiation
(Sun et al. 2009). This miRNA serves as an anti-
adipogenic factor regulating the transition from
clonal expansion to terminal differentiation.
Moreover, let-7 is directly involved in the metab-
olism of glucose and insulin resistance by acting
on the insulin/IGF-1R pathway (Zhu et al. 2011).
Knockout mice with reduced expression of let-7
do not develop insulin resistance despite a diet-
induced obesity, supporting the potential of let-7
in developing new therapeutic strategies for dia-
betes (Frost and Olson 2011).

Other Tissue-Specific miRNAs
and Metabolic Diseases

miR-375 has been reported to promote adipocyte
differentiation through its ability to concurrently
induce C/EBPα, PPARγ2, the adipocyte fatty
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acid-binding protein (aP2), and, ultimately, to
promote triglycerides accumulation. Conversely,
miR-375 suppresses phosphorylation of ERK1/
2 (Ling et al. 2011).

Many papers reported the central role of
miR-206 in the growth and development of the
skeletal muscle by promoting myogenic differen-
tiation. Besides, it has been correlated to several
diseases, including heart failure, chronic obstruc-
tive pulmonary disease, Alzheimer’s disease, and
some cancers (Novak et al. 2014). Interestingly,
miR-206 is downregulated in most of these
conditions, suggesting a role of this miRNA as a
“disease-avoiding” molecule (Novak et al. 2014).
This miRNA is highly expressed in brown
adipocytes but missing in white adipocytes
(Walden et al. 2009). miR-206 suppresses the
liver X receptor α (LXRα), a key target of
PPAR, thus inhibiting lipogenesis and
modulating lipid metabolism (Zhong et al. 2013).

miR-26b inhibits human preadipocytes differ-
entiation (Nishimura et al. 2008; Song et al.
2014), while knockdown of miR-26b improves
adipocyte differentiation with an establishment of
adipocyte-specific transcripts and lipid droplets.

Recent findings indicate that miR-146b is
markedly expressed during adipogenesis (Ahn
et al. 2013). Sirtuin 1 (SIRT1) is negatively
regulated by miR-146b. SIRT1 controls gene
activity by deacetylating various transcription
factors, including forkhead box O1 (FOXO1).
Forkhead box O transcription factor family
converts the multiplicity of extracellular stimuli,
including growth factors, nutrients, and oxidative
stress, into different biological responses through
modulation of specific genes. SIRT1, by
interacting with PPARγ co-repressors N-CoR
and SMRT, inhibits PPARγ and precludes
adipogenesis (SIRT1 level is reduced during
adipogenesis). Accordingly, overexpression of
miR-146b induces differentiation of 3T3-L1
cells, while inhibition of miR-146b reduces adi-
pocyte differentiation (Jing et al. 2007).

The highly conserved miR-8/miR-200 family
consists of a single ortholog (miR-8) in Drosoph-
ila melanogaster, and of five members
(miR-200a, miR-200b, miR-200c, miR-141, and
miR-429) in vertebrates (Trumbach and Prakash

2015). miR-8/miR-200 have been reported as
repressors of the evolutionarily conserved
Wnt/Wingless pathway in Drosophila eye and in
mouse mesenchymal stem cells, controlling the
eye size and the differentiation of the mesenchy-
mal stem cells into adipocytes, correspondingly
(Kennell et al. 2008). Drosophila miR-8 and
human miR-200 family also prevent the expres-
sion of an inhibitor of the insulin/phosphoi-
nositide-3 kinase (PI3K) signaling in adipose
and liver cells, thus affecting cell growth and
proliferation (Hyun et al. 2009). Overexpression
of members of this miRNA family increases the
level of the fatty acid-binding protein 4 (FABP4),
promotes lipid accumulation and, finally, induces
adipogenesis.

In 3T3-L1 cells, the expression of miR-210
increases significantly during adipogenesis
(Liang et al. 2013). Transfection of miR-210
miRNA mimics into cells resulted in the expres-
sion of adipogenic markers through activation of
the PI3K/Akt pathway by addressing SHIP1, a
negative regulator of the pathway, and in the
terminal differentiation. Moreover, ectopic inhi-
bition of the endogenous miR-210 during
adipogenesis halts adipocyte differentiation
(Liang et al. 2013). Similarly, miR-21 signifi-
cantly promotes 3T3-L1 adipocyte differentia-
tion, increasing adiponectin expression, and
decreasing AP-1 protein level. Also, miR-21
may enhance differentiation of human adipose-
derived stem cells by directly inhibiting TGF-β
receptor 2 expression (Kim et al. 2009b).

Adipose Tissue Cross Talk and miRNAs

Recently, Thomou et al. identified new potential
implications of adipose tissue in the mechanism
of the cell crosstalk (Thomou et al. 2017). Mice
with an adipose-tissue-specific knockout of Dicer
miRNA-processing enzyme, as well as humans
with lipodystrophy, show a significant decrease in
circulating miRNA levels. White and brown adi-
pose tissue transplantation can restore levels of
many circulating miRNAs, an event associated
with increased glucose tolerance and decreased
hepatic fibroblast growth factor 21 (FGF21)
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mRNA and circulating FGF21. This factor plays a
major role in stimulating the oxidation of fatty
acids in the liver and the absorption of glucose in
adipocytes. Interestingly, FGF21 levels are sig-
nificantly increased in patients with T2D, nonal-
coholic fatty liver disease, and are correlated with
BMI, so indicating obesity as a possible FGF21-
resistant condition (Thomou et al. 2017).

Intercellular Message Signaling

Li et al. found that adipose tissue-secreted extra-
cellular vesicles (containing miRNAs) deliver
intercellular signaling. miR-221-3p mediates a
mechanism by which perivascular adipose tissue
triggers early-stage vascular remodeling in the
context of obesity-associated inflammation
(Li et al. 2019).

Role of miRNAs in the Pancreas

A decrease in β-cell function/mass has been
linked to falling levels of insulin in T2D (Butler
and Dhawan 2015). Dedifferentiation and cell
identity processes of β-cells can likewise contrib-
ute to the decline in insulin production. The first
indication of the relevance of miRNAs in hor-
mone secretion came from a cloning approach
of small RNAs from the β cell-derived cell line
MIN6 (Poy et al. 2004). It has been recognized
that miR-124a2 and miR-375 are involved in
regulating the differentiation and establishment
of pancreatic islets (Kaviani et al. 2016;
Sebastiani et al. 2017), and high levels of miR-7
and miRNA-375 are expressed during pancreatic
development. A panel of 40 miRNAs primarily
expressed in islets has been identified, comparing
islet-cell miRNAs profile with those of other
human tissues (van de Bunt et al. 2013).

miR-375 is the most abundant miRNA in pan-
creatic islets and its presence is mandatory for
normal tissue differentiation. The wide expres-
sion of miR-375 is observed during the develop-
ment of pancreatic islet cells, while β-cell activity
is connected to its reduction (Wei et al. 2013).
During pancreas development, miR-375 targets

various genes associated with cell growth
(Joglekar et al. 2009) in addition to many tran-
scription factors such as PDX1, HNF6, and
INSM1, which are involved in the functioning
of islets (Avnit-Sagi et al. 2009). Notably, the
transcription factor neurogenin3 (Ngn3), which
had a prominent role in the development of pan-
creatic islet (Gu et al. 2002) also interferes with
miR-375 expression. miR-15a, miR-15b,
miR-16, and miRNA-195 likewise target Ngn3.
Of note, miR-375 has been reported to be
involved in modulating insulin secretion in
stimulated cell line MIN6 (Poy et al. 2004),
whereas other miRNAs (let-7, miR-103, and
-107) have an impact on rodent insulin sensitivity.

miR-375 decreases glucose-stimulated insulin
secretion by downregulating mRNA of
myotrophin (involved in insulin-granules cell
membrane fusion) and thus inhibits exocytosis.
miR-375 simultaneously affects insulin expres-
sion by targeting the phosphoinositide-dependent
kinase-1 in INS1-E cells (El Ouaamari et al.
2008). Besides, Sedgeman et al. found that pan-
creatic beta-cells export miR-375-3p to HDL, and
that this process is inversely related to insulin
secretion (Sedgeman et al. 2019).

Additional miRNAs expressed in pancreatic
islets, such as let-7 and miR-143, are connected
to glucose homeostasis by targeting key
components of the insulin signaling pathway
(Zhu et al. 2011). There is evidence for miR-7
involvement in pancreas development (Kredo-
Russo et al. 2012), and high levels of miR-7 are
detectable in the pancreas both in the developing
and adult phases. Overexpression of miR-7 in
pancreatic progenitors has been shown to impair
the differentiation of α- and β-cells and is
connected with the repression of Pax6. On the
contrary, knockdown of miR-7 during early
embryonic life determines a downregulation of
insulin production, a reduction in the number of
β-cells, and the post-natal onset of glucose intol-
erance. Additionally, the in vitro inhibition of
miR-7 promotes β-cell death in explanted pancre-
atic buds. In brief, dysregulation of the miR-7
signaling network in response to metabolic stress
or cellular insults contributes to the loss of β-cell
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identity and T2D progress (Martinez-Sanchez
et al. 2016).

Other miRNAs, such as miR-34a and
miR-146a, are overexpressed in the pancreas
only during the differentiation processes, and par-
tially contribute to cytokine-mediated adjacent
cell dysfunction in nonobese diabetic (NOD)
mice, during the first stage of type 1 diabetes
(Dumortier et al. 2013).

Additional Pancreatic
Activities of miRNAs

miR-96 and miR-124a control the expression of
proteins involved in insulin exocytosis and affect
β-cell secretion (Lovis et al. 2008). miR-124a is
upregulated during the late pancreas develop-
ment. This miRNA targets the cAMP-responsive
element-binding protein 1 (Creb1) and the
forkhead box protein A2 (Foxa2) mRNAs. The
last transcriptional factor modulates the expres-
sion of the insulin gene in multiple pathways
responsible for the secretion of this hormone,
primarily through the regulation of pancreatic
and duodenal homeobox 1 (Pdx1) which is criti-
cal for glucose balance and pancreas development
and, together with Ngn3, is indispensable for
β-cell differentiation. Furthermore, miR124a
promotes SNAP25, Rab3A, and synapsin-1A
levels and decreases those of Rab27A and Noc2,
key components involved in the exocytotic
release of insulin granules (Lovis et al. 2008).

Noteworthy, Islet-specific miRNAs remain of
singular interest for identifying islet stress or
damage. It has been shown that during prediabe-
tes, islets undergo stress and release miRNAs
with consistent miRNA signatures specific to dif-
ferent stages (Vasu et al. 2019).

Role of miRNAs in the Muscle

Striated muscle tissue is the largest consumer of
glucose in the human body since skeletal muscle
makes up to 40% of the total body mass,
contributing to nearly 75% of insulin-mediated
glucose adsorption. Regular physical activity

and fitness lead to successful improvements in
health status partly due to positive effects on
insulin resistance and T2D.

Several miRNAs, known as myomiR family,
display enriched expression in the skeletal muscle
and operate as modulators of skeletal and cardiac
myogenesis, proliferation, metabolism, exercise
as well as hypertrophy. MyomiRs include
miR-1, miR-133a, miR-133b, miR-206,
miR-208a, miR-208b, miR-486, miR-499 and
are under the transcriptional control of myogenic
regulatory factors (McCarthy 2011).

miR-206 is expressed primarily in the skeletal
muscle, while miR-208a is cardio-specific; how-
ever, most of these miRNAs are co-expressed in
the cardiac and skeletal muscles (Kirby and
McCarthy 2013). MyomiRs directly target
pathways that control skeletal muscle homeosta-
sis. Their deregulation occurs in several muscular
disorders and wasting, but is also as biomarker of
muscle status, regeneration, and therapy effect
(Polakovicova et al. 2016).

Reduced expression of miR-133 was
established in cardiac hypertrophy models of
mouse and human models (Feng et al. 2010).
Acute exercise leads to an increase in the levels
of miR-1, miR-133a, and miR-206 (Gomes et al.
2014), relevant miRNAs that potentially contrib-
ute to cell-to-cell communication.

Insulin Resistance

miR-29a induces insulin resistance by addressing
PPARδ in skeletal muscle cells in rodents. The
overexpression of miR-29a inhibits PPARδ
finally affecting the expression of its PGC-1α
coactivator. PPARδ/PGC-1α-dependent signal-
ing results in a reduction in glucose transporter
levels 4, the main transporter of glucose in the
skeletal muscle, along with a reduction in
insulin-dependent glucose intake and adenosine
triphosphate (ATP) levels (Zhou et al. 2016).
Analogously, miR-29a levels are noticeably ele-
vated in diabetic mice (db/db) liver.
Overexpression of this miRNA leads to an atten-
uation of insulin action on phosphoenolpyruvate
carboxykinase (PEPCK) expression in the liver, a
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phenomenon connected to an unrestrained
hepatic glucose output. A predominant insulin
action in the liver is the inhibition of gluconeo-
genesis by a cascade of events that terminates
with a diminished PEPCK activity, an occurrence
that has been shown to be abolished in diabetes,
leading to an uncontrolled hepatic glucose output
(Pandey et al. 2011). High fat diet induces the
expression of miR-29a in myocytes, an event that
impairs the insulin signaling pathway and glucose
uptake through a pronounced decrease in insulin
receptor substrate 1 (IRS-1), suggesting that
upregulation of miR-29a by saturated fatty acids
(SFA) is causally associated with the develop-
ment of muscle insulin resistance (Yang et al.
2014).

miR-106b was associated with muscle insulin
resistance and T2D. miR-106b is highly expressed
in the diabetic subjects’ muscle. High level of this
miRNA provokes mitochondrial dysfunction and
insulin resistance in C2C12 myotubes by
addressing mitofusin-2 (a mitochondrial mem-
brane protein participating in mitochondrial fusion
in mammalian cells, induced during myogenesis
and involved in the maintenance of the mitochon-
drial network). Remarkably, expression of
miR-106b is improved after treatment with
TNF-α, suggesting that its increased expression
under chronic low-grade inflammation could be a
link between mitochondrial alteration and T2D
(Zhang et al. 2013b).

Myocardial Metabolism

An interesting field of research is the pleiotropic
regulatory functions of miR-208a, a heart-specific
miRNA that also affects glucose metabolism and
energy homeostasis. Cardiac muscle tissue helps
to regulate systemic energy homeostasis through
MED13 (Baskin et al. 2014), a subunit of the
Mediator complex, which governs transcription
by the thyroid hormone and additional nuclear
hormone receptors (Baskin et al. 2015). MED13
level is negatively controlled by miR-208a.
Oligonucleotides anti-miR-208 provide resistance
to diet-induced obesity and improve glucose toler-
ance in the mouse model (Grueter et al. 2012).

Role of miRNAs in the Liver

miR-122 is a dominant hepatocyte-specific
miRNA representing about 75% of total miRNA
expression in hepatocytes with about 135,000
copies, making it one of the highly expressed
miRNAs in humans. Levels of miR-122 are con-
trolled by liver-enriched transcription factors
(LETFs), including hepatocyte nuclear factor
(HNF) 6 and 4a. The miR-122 regulatory network
has been involved in many functions in the liver,
ranging from cholesterol metabolism, stress
responses, viral infection, cancer, and circadian
hepatic gene regulation (Szabo and Bala 2013;
Tsai et al. 2012). This miRNA also plays a role
in metabolic syndrome and other liver disorders,
such as alcohol-related liver inflammation, auto-
immune processes, and the development of liver
fibrosis in both humans and in animal models.
Pathological suppression of miR-122 has been
identified in hepatocellular carcinoma (Burchard
et al. 2010), nonalcoholic steatohepatitis (Cheung
et al. 2008), and liver cirrhosis (Szabo and Bala
2013). Due to its role in the metabolism of cho-
lesterol, this miRNA is intensively investigated.
Inhibition via antisense of miR-122 in healthy
mice results in lower rates of serum cholesterol,
LDL and serum triglyceride, increased oxidation
of hepatic fatty acids, and decreased expression of
key genes involved both in the metabolism of
fatty acids and biosynthesis of cholesterol, includ-
ing the rate-limiting enzyme 3-hydroxy-3-
methylglutaryl-CoA-reductase (Esau et al.
2006). Antisense inhibition of this miRNA in
chimpanzee results in a reduction in plasma cho-
lesterol supporting its central role in maintaining
liver metabolism (Elmen et al. 2008). miR-122
can also be detected in blood, and circulating
miR-122 has been suggested as a liver injury
biomarker in hepatitis B and C, nonalcoholic
fatty liver disease, and drug-induced liver disease
(Bandiera et al. 2015).

miR-33, whose coding sequence is embedded
within an intron of the SREBP gene, has been
shown to regulate cholesterol metabolism, fatty
acids metabolism, and glucose metabolism/insu-
lin signaling (Davalos et al. 2011). miRNA
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targets include molecules involved both in cho-
lesterol transport to HDL/reverse cholesterol
transport and the transport of cholesterol to bile.

Additional miRNAs

miR-27b controls lipid metabolism and is
impaired in dyslipidemia, so disrupting both
heart and liver functions (Vickers et al. 2013).
miR-27a is considered a critical post-
transcriptional hub interconnecting different
components of the lipid metabolism, being able
to target RXRα, ABCA1, FASN, SREBP1,
SREBP2, PPARα, PPARγ, ApoA1, ApoB100,
and ApoE3 (Vickers et al. 2013).

miR-34a affects hepatic levels of SIRT1, and
miR-34a upregulation with a concomitant
decrease in Sirt1 levels has been reported in
fatty livers of mice with diet-induced obesity
(Lee et al. 2010). In addition, miR-370 targets
carnitine palmitoyl transferase, a mitochondrial
enzyme involved in the transport of long-chain
fatty acids across the membrane, and concomi-
tantly controls lipid metabolism (Iliopoulos et al.
2010).

Circulating miRNAs

While miRNAs were first detected in cells, a
growing number of miRNAs are found in high
concentrations in blood and other body fluids
such as in serum, plasma, urine, saliva, and mater-
nal milk (Turchinovich et al. 2011). Stability in
blood and body fluids has been questioned in the
past (Cortez and Calin 2009), given the ubiquity
of nucleases. Nevertheless, this finding stimulated
interest in the possibility that changes in cell-free
miRNAs could be used as noninvasive
biomarkers (Kim 2015). Because of their avail-
ability, the most typical miRNA sources are
whole blood, serum, and plasma (Grasedieck
et al. 2013).

Anti Nuclease Protection

Circulating miRNAs (c-miRNAs) are not, as pre-
dictable, naked molecules and two major
mechanisms to shield them from nuclease activity
have been identified. The first one consists in the
formation of complexes of specific proteins, such
as Argonaute 2 (AGO-2) (involved in the RNA
silencing complex) (Arroyo et al. 2011), with
high-density lipoproteins (Vickers et al. 2011),
or with nucleophosmin-1 (NPM-1)
(an RNA-binding protein involved in the nuclear
export of ribosomes) (Wang et al. 2010). The
second proposed mechanism stems from the
detection of c-miRNAs inside circulating
microvesicles or exosomes (Mittelbrunn et al.
2011), originating either from the cell plasma
membrane or from the endosomal compartments
(Camussi et al. 2011). While a defined mecha-
nism for the release of miRNAs from donor cells
remains largely unknown, growing evidence
supports the possibility that extracellular
miRNAs, organized in either exosomes or protein
complexes, can be transferred to recipient cells
where they can regulate the translation of the
target/s gene/s (Weber et al. 2010).

Circulating miRNA in Obesity, Diabetes
and Associated Conditions

Differential c-miRNA profiles have been
identified in subjects with obesity and T2D
(Guay and Regazzi 2013) and levels of specific
c-miRNAs vary from one setting to another.
miR-126 is reduced in T2D (Zampetaki et al.
2010); elevated serum levels of microRNAs
192 and 194 are associated with incident T2D
(Jaeger et al. 2018); miR-1, miR-21, miR-133a,
and miR-208 are enriched in the plasma after
myocardial infarction (Zile et al. 2011);
miR-122 is increased in hepatic injury and
steatosis (Cermelli et al. 2011), in addition to
let-7e in hypertension (Li et al. 2011).
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A meta-analysis by Zhu and Leung showed
that miR-29a, miR-34a, miR-103, miR-107,
miR-132, miR-142-3p, miR-144, and miR-375
represent potential circulatory biomarkers for
T2D (Zhu and Leung 2015). In the same analysis,
miR-199a-3p and miR-223 were found as poten-
tial tissue biomarkers of T2D. An additional
meta-analysis reported that levels of circulating
miR-27a, miR-29a, miR-142-3p, miR-222,
miR-320a, and miR-375 were increased and
levels of miR-17, miR-20b, miR-197, and
miR-652 decreased in individuals with T2D
(Villard et al. 2015).

Diabetic subjects are known to exhibit
increased platelet activity. Platelet-derived
miRNAs could be exploited as biomarkers in
inflammatory diseases, including T2D and CVD,
given the abundance of platelets in the blood and
their wide contribution to the c-miRNAs pool
(Pordzik et al. 2018). In a study by Stratz et al.
(2014) miRNA relative levels between the T2D
cohort and controls were not significantly differ-
ent in platelets; nevertheless, functional
implications of these molecules can be relevant
in the pathogenesis of T2D (Pordzik et al. 2019).

Recently, Ghai et al. identified several
miRNAs encapsulated in circulating extracellular
vesicles that were affected by metformin treat-
ment in T2D patients, suggesting that these
miRNAs may serve as possible biomarkers for
assessing drug treatment response (Ghai et al.
2019).

Besides, miR-191 was positively associated
with glycemic impairment and progression in
the high-risk Asian Indian ethnic group; con-
versely, miR-122, miR-15a, miR-197,
miR-320a, miR-423, miR-486 exhibited an
inverse relationship with odds for glycemic pro-
gression after 2.5 years compared to those who
remained stable (Flowers et al. 2015).

Blood Glucose, Blood Pressure
and Metabolic Syndrome

In a large population-based study (n ¼ 871),
levels of miR-144-5p, miR-122-5p, miR-148a-
3p, miR-589-5p, and let-7a-5p were associated
with glycemic status (Mononen et al. 2019). In

the same study, miR-144-5p and miR-148a-3p
were linked to glucose levels, while miR-144-
5p, miR-122-5p, miR-184, and miR-339-3p
were associated with insulin levels and HOMA-
IR score. miR-148a-3p, miR-15b-3p, miR-93-3p,
miR-146b-5p, miR-221-3p, miR-18a-3p,
miR-642a-5p, and miR-181-2-3p were linked to
HbA1c levels.

Besides, high blood pressure was associated
with circulating miR-130a and miR-195
(Karolina et al. 2012). Changes in circulating
miR 23a, miR 27a, miR 130, miR 195, miR
197, miR 320a, and miR 509-5p were associated
with metabolic syndrome (Karolina et al. 2012;
Deiuliis 2016). c-miRNA profiles showed a
sex-specific association with metabolic syndrome
(Wang et al. 2013b). Moreover, it was proposed
that let-7b, miR-143, and miR-221 control both
atherogenic and adipogenic progressions
(Hulsmans et al. 2011).

Bariatric Surgery

Ortega et al. identified a significant increase in
circulating miR-140-5p, miR-142-3p, miR-222,
and decrease of miR-532-5p, miR-125b,
miR-130b, miR-221, miR-15a, miR-423-5p, and
miR-520c-3p in morbidly obese patients. Bariat-
ric surgery resulted in a significant reduction in
circulating miR-140-5p, miR-122, miR-193a-5p,
and miR-16-1, and an increase in miR-221 and
miR-199a-3p levels (Ortega et al. 2013). Besides,
levels of circulating miR-17-5p and miR-132
were decreased in obesity, reflecting the pattern
of expression of miRNAs in omental fat from the
same group of obese people (Heneghan et al.
2011).

Pediatric Protocols

Differential c-miRNAs signatures occur in over-
weight/obese children and adolescents as com-
pared to normal weight (Prats-Puig et al. 2013;
Iacomino et al. 2016, 2019; Can et al. 2016;
Thompson et al. 2017; Iacomino and Siani
2017). Accordingly, our group has reported that
a panel of miRNAs is differentially expressed in
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overweight/obese European children, miR551a
and miR-501-5p resulted upregulated; miR-10b-
5p, miR-191-3p, miR-215-5p, and miR-874-3p
resulted downregulated (Iacomino et al. 2019).
In a further analysis by Oses et al. miR-122 and
miR-34a, were overexpressed in obese children
and nonalcoholic fatty liver disease (NAFLD)
and/or insulin resistance (Oses et al. 2019).

Mounting evidence was also found in
newborns, pregestational maternal obesity, and
gestational obesity (Carreras-Badosa et al.
2015). Among babies born to obese or lean
mothers, the rates of some c-miRNAs, including
miR-155, miR-181a, and miR-221, differ signifi-
cantly. Such miRNAs were also suggested as
useful predictors of obesity and increased risk of
developing disorders in children born to obese
women (Mendez-Mancilla et al. 2018).

Several c-miRNAs were found down- and
upregulated in pregestational and gestational obe-
sity; some were associated with pregnancy weight
gain, others were closely associated with meta-
bolic parameters during gestation and were inde-
pendent predictors of pre- and post-natal growing
(Carreras-Badosa et al. 2015). Also, levels of
some c-miRNAs were associated with gestational
diabetes, especially in prepregnancy overweight
women (Wander et al. 2017). Recent data showed
that the supply of miRNAs in maternal milk was
likewise altered in overweight/obese lactating
mothers, pointing to a plausible molecular com-
munication between mother and infant through
miRNAs (Zamanillo et al. 2019).

Other studies also investigated how diet, exer-
cise, weight loss, and bariatric surgery impact
miRNAs profiles in obese patients. A significant
modulation of specific c-miRNAs was observed
in overweight/obese subjects after low or high
glycemic index diet and low-fat diet (Giardina
et al. 2019). Moreover, miR-21, miR-126,
miR-130b, miR-221, and miR-222 are
upregulated in both obese and normal-weight
subjects following acute aerobic exercise (Bao
et al. 2018). Several studies have shown that
gastric bypass deeply impacts c-miRNA levels
from the preoperative baseline with time-
dependent changes (Alkandari et al. 2018). The
combination of gastric bypass surgery with exer-
cise likewise affected the pattern of several

c-miRNAs (Nunez Lopez et al. 2017). A sum-
mary of several bariatric surgery studies was
recently reported in a meta-analysis from Langi
et al. (2019).

Translational Considerations

miRNA related drugs have been synthesized and
systemically administered for therapeutic
purposes, and one of them, the small-interfering
RNA (siRNA) agent Patisiran (Onpattro,
Alnylam Pharmaceuticals, Cambridge, MA,
USA), was FDA approved for a rare
polyneuropathy caused by hereditary
transthyretin-mediated amyloidosis. Given the
ability of miRNA mimics to overexpress the tran-
script, and of miRNA repressors to silence it, they
are well-positioned to modulate peripheral tissues
regarding genetic/epigenetic derangements.
Indeed, it is estimated that 60% of human
protein-coding genes are targeted or regulated
by miRNAs. In this sense, several trials are
going on to develop additional drugs for benign
and malignant diseases, including oncological
chemoresistance in certain cancer modalities
(Hanna et al. 2019).

Ordinary diabetes and obesity have not been
given similar attention, perhaps because there are
comparatively simple and well-established treat-
ment options in the market. Nevertheless,
applications for metabolic disease screening,
prognosis, and early diagnosis of complications
are envisaged. As mentioned, selected miRNAs
can be detected years before conventional
markers become positive. In this sense, miRNA-
based predictive algorithms could be adopted in
the near future, to improve patient management in
the clinical routine (Jiménez-Lucena et al. 2018).
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Abstract

Obesity is a complex disease with multifacto-
rial etiology requiring cause-specific treatment
approaches. Among the various causes, obe-
sity due to microbial infections has been
reported since 1982, linking several microbes
to obesity. Among them, avian adenovirus
SMAM-1 and the human adenovirus Ad36
have been extensively studied for the past
25 years. Experimental Ad36 infection causes

obesity in animal models, yet paradoxically
improves glycemic control. The E4orf1 gene
of Ad36 has been shown to be necessary and
sufficient for adipogenesis and also responsi-
ble for better glycemic control. Animal models
show that E4orf1 may be a candidate to treat
type 1 or type 2 diabetes or nonalcoholic fatty
liver disease. Collectively these studies show a
causational and correlational link of Ad36 to
animal and human obesity. Overall, develop-
ing vaccines to prevent virus-induced obesity
and harnessing the antihyperglycemic poten-
tial of E4orf1 are the two long-term goals of
this line of investigation.
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Introduction

The prevalence of obesity worldwide has nearly
tripled since 1975 and continues to grow at a
pandemic rate (Collaboration NCDRF 2016,
2017). Since 2013, obesity has been recognized
as a disease by the American Medical Association
(AMA) (Pollack 2013). The AMA declaration
makes it more effective to address this complex
disease and associated comorbidities, as obesity
substantially increases the risk of metabolic
diseases (for example, type 2 diabetes mellitus
(T2D) and fatty liver disease), cardiovascular
diseases (hypertension, myocardial infarction,
and stroke), musculoskeletal disease (osteoarthri-
tis), Alzheimer disease, depression, and some
types of cancer (breast, ovarian, prostate, liver,
kidney, and colon).

The fundamental cause of obesity is consid-
ered as an energy imbalance between calories
consumed and calories expended. Hence, the
core treatment recommendations rely almost
exclusively on eating less and moving more to
create a negative energy balance for inducing
weight loss. However, at the individual level,
weight-loss interventions aimed at reducing calo-
rie intake and increasing energy expenditure are
frequently not successful in the long term.
Besides eating and physical activity, there are
several putative factors such as infection, epige-
netic changes, increased maternal age, endocrine
disruptions, and intrauterine effects that might
contribute to obesity (McAllister et al. 2009).
This highlights that obesity has a multifactorial
etiology, yet its current treatment is not cause-
specific. For example, sleep disorders or sleep
apnea is linked with obesity (Bayon et al. 2014),
so an effective and comprehensive weight-loss
treatment should address sleep as well. It is
known that infections can influence obesity and

obesity can influence susceptibility to or severity
of infections (Dhurandhar et al. 2015). This chap-
ter describes a novel translational journey from
the identification and characterization of an
adipogenic adenovirus Ad36, to exploiting its
unique antidiabetic property for therapeutic
application.

Infectobesity

Studies from several laboratories over the past
30 years have indicated that certain infections
might promote the development of obesity,
which is termed as “Infectobesity,” (Dhurandhar
2011; Akheruzzaman et al. 2019) or obesity of
infectious origin. Induction of obesity in mice
experimentally infected with canine distemper
virus was the first report of Infectobesity (Lyons
et al. 1982). Since then, several animal and
human viruses, bacteria, parasites, and scrapie
agents have been reported to cause obesity in
insects, chickens, rodents, and nonhuman primate
models (Pasarica and Dhurandhar 2007). In a
longitudinal birth cohort study, it was shown
that infection, but not antibiotic use, during
infancy is associated with a risk of childhood
obesity (Li et al. 2017). Several additional
microbes including Chlamydia pneumoniae
(Dart et al. 2002), Selenomonas noxia (Goodson
et al. 2009), Helicobacter pylori (Arslan et al.
2009), the gut microflora (Ley et al. 2006), and
a collective load of infection with herpes simplex
virus 1 or 2, enterovirus and C. pneumoniae
(Fernandez-Real et al. 2007) are all associated
with human obesity. The mechanism by which
these microbes impose their adipogenic action
varies, ranging from an effect on the central ner-
vous system (canine distemper virus, Borna dis-
ease virus), to metabolism (gut microbiota), and
adipose tissue (adenoviruses) (Pasarica and
Dhurandhar 2007). The only human pathogens
causatively and correlatively linked with animal
and human obesity, respectively, are
adenoviruses that directly influence the adipose
tissue.
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SMAM-1 Adenovirus

The first adipogenic adenovirus identified was an
avian adenovirus, SMAM-1. Experimental
SMAM-1 infection of chickens increased adipos-
ity, yet reduced serum cholesterol and triglyceride
levels compared to uninfected controls
(Dhurandhar et al. 1990, 1992). Another set of
uninfected chickens sharing cages with SMAM-1
infected chickens acquired infection and
increased adiposity. Screening for the presence
of SMAM-1 antibodies as an indicator of past
SMAM-1 infection in humans, found 20% sero-
positivity (Dhurandhar et al. 1997). This was a
surprising finding as humans are not considered
susceptible to avian adenovirus infection. Pheno-
typically, the SMAM-1 seropositive subjects had
significantly greater body mass index (BMI) as an
indicator of adiposity, but lower serum choles-
terol and triglyceride levels. The similarities
found among animal and human studies
suggested a causative role of SMAM-1 for
increasing adiposity in humans, without conclu-
sively establishing such a role.

Human Adipogenic Virus: Adenovirus
36

Human adenovirus 36 (Ad36) was the first human
adipogenic virus reported, which was earlier
isolated from the fecal sample of a girl suffering
from enteritis (Wigand 1980). The presence of
neutralizing antibodies is an indication of current
or past infection with the virus. Compared with
other human adenoviruses, Ad36 is antigenically
distinct, which generates neutralizing antibodies
that are specific to Ad36 infection. This greatly
helps in specifically identifying past Ad36 infec-
tion in humans. A series of different experiments
in animal models including chickens, mice, rats,
and marmosets showed that Ad36 increases adi-
posity (Dhurandhar 2002; Dhurandhar et al.
2000, 2001, 2002; Pasarica et al. 2006; Na and
Nam 2012). About 60–100% of the animals
experimentally infected with Ad36 develop

obesity (adiposity >85th percentile) compared
with the uninfected control group. Ad36 infected
animals have about 35–60% greater adipose tis-
sue mass, a level of fat gain which is very similar
to that increased by many genetic models of obe-
sity (Chida et al. 2006; Butler et al. 2000; Lang
et al. 2008). In rodents, Ad36 infection showed
significantly greater adiposity in just 4 days post
inoculation (Pasarica et al. 2008a), which
persisted even 6–7 months later (Pasarica et al.
2006; Dhurandhar et al. 2002). In chow-fed mice,
the adipogenic effect of Ad36 is evident; how-
ever, in mice on 60% fat diet, Ad36 infection did
not increase adiposity over that induced by the
high fat diet in control mock, uninfected mice
(Krishnapuram et al. 2011). Ad36 infection and
obesity can be transferred from an infected set of
animals to uninfected recipients, thus fulfilling a
Koch’s postulate (Dhurandhar et al. 2001).

Ad36 Improves Glycemic Control

Rats experimentally infected with Ad36 gained
adipose tissue, yet improved systemic glycemic
control by lowering fasting serum insulin levels
compared to control, and improved insulin sensi-
tivity as determined by lower HOMA-index
(Pasarica et al. 2006). In chow-fed and high-fat-
fed mice, Ad36 infection improved glycemic con-
trol by lowering fasting serum insulin levels
(Krishnapuram et al. 2011). Ad36 in fact
inhibited the proximal insulin signaling and yet,
increased the distal insulin signaling leading to
increased cellular glucose uptake (Fig. 7.1). In
adipose tissue, skeletal muscle, and liver, Ad36
infection selectively activated the Ras-PI3K path-
way (distal insulin signaling) by increasing the
abundance of glucose transporters (GLUT 4 and
GLUT 1) in skeletal muscle and adipose tissue
and their translocation to the cell membrane. In
the liver, Ad36 attenuated GLUT2 expression,
which suggested reduced hepatic glucose release.

This in vivo finding supported the in vitro
study which demonstrated reduced glucose
release in Ad36-infected hepatocytes
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(Krishnapuram et al. 2011; Rogers et al. 2008a;
Wang et al. 2008). Thus, Ad36 appears to
improve systemic glycemic control by increasing
cellular glucose uptake in skeletal muscle and
adipose tissue, and by decreasing hepatic glucose
output, thereby reducing circulating glucose
levels. A similar signaling mechanism was
observed when human skeletal muscle cells
(HSKM) and adipose tissue explants were exper-
imentally infected in vitro (Wang et al. 2008;
Rogers et al. 2008b). Interestingly, Ad36-infected
high-fat-fed mice significantly lowered hepatic
lipid content and increased glycogen compared
to control (Krishnapuram et al. 2011) indicating
that Ad36 infection protects the liver from hepatic
steatosis and inflammation. Ad36 reduced hepatic
glucose release, lipogenesis, inflammation
(downregulated inflammatory markers IL-6,
INFγ, TNF-α), insulin resistance, and fibrosis

and upregulated lipid oxidation and export in the
livers of mice (Krishnapuram et al. 2011).

Mechanism of Ad36 Action

The adipogenic effect of Ad36 is evident in the
visceral adipose tissue of Ad36-infected rats,
showing 3–60-fold greater expression of
adipogenic genes compared to that in uninfected
rats matched for body fat (Pasarica et al. 2006).
Studies revealed that Ad36 infects resident stem
cells/stromal cells from adipose tissue and
induces adipogenic commitment, replication,
and differentiation in these cells leading to
increased lipid accumulation (Rogers et al.
2008a; Vangipuram et al. 2004; Rathod et al.
2009; Pasarica et al. 2008b) (Fig. 7.2). Thus,
Ad36 appears to increase adipose tissue

Fig. 7.1 Ad36/E4orf1 enhances cellular glucose uptake
independent of insulin signaling. Ad36 and its E4orf1
protein increases cellular glucose uptake by increasing
GLUT1 and GLUT4 gene expression and protein abun-
dance, which appears to be mediated via Ras-activated PI
3-kinase pathway and independent of insulin signaling.
More specifically, Ad36/E4orf1 expression blocks the

proximal insulin signaling by increasing serine phosphor-
ylation of insulin receptor and insulin receptor substrate
1/2 (IRS1/2), while increasing cellular glucose uptake by
activating Ras/PI3K mediated phosphorylation of
PKB/Akt leading to translocation of Glut4 from the cyto-
plasm to the cell membrane, collectively known as the
distal insulin signaling
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hyperplasia and hypertrophy to increase adipos-
ity—a hypothesis that was indirectly tested in
humans. Adipocyte progenitors obtained from
human subjects had about eight-fold greater
potential to differentiate into adipocytes, when
the cells harbored Ad36 DNA in their adipose
tissue, compared to their counterparts without
the viral DNA (Pasarica et al. 2008b). This
indicated an association of Ad36 infection with
greater adipogenic potential in humans. Ad36
increases lipid accumulation only in the infected
cells as observed in human adipose-derived stem
cells (Pasarica et al. 2008b) (Fig. 7.3).

Adenoviral genes are divided into early genes,
denoted by the letter E and late genes, denoted by
the letter L. The early genes are transcribed earlier
in virus replication, and the late genes are for
structural proteins. The early gene 4 open reading
frame 1 (E4orf1) of Ad36 was identified as to be
necessary and sufficient for the Ad36 mediated
induction of adipogenesis (Rogers et al. 2008a).

Virus-Induced Obesity: A Causative
Role in Humans

Obesity has an insidious onset and progress,
which makes it challenging to determine when
an individual might have been infected. Also,
obesity can have multiple etiological factors,
which makes it difficult to identify one single
cause. It is possible that for an individual, a com-
bination of infection with other factors may be
involved in obesity development. Lastly, while
animal experiments convincingly demonstrated
that Ad36 increases adiposity, experimental
Ad36 infection of humans is not possible due to
ethical considerations. For these reasons, it is
challenging to establish a causative role for
Ad36 in human obesity. Instead, a framework
has been proposed to indirectly assess such a
role of Ad36 (Dhurandhar 2011).

One key component is to test the hypothesis
that humans who are naturally infected with Ad36

Fig. 7.2 Mechanism of Ad36 action. Ad36 infects resi-
dent stem cells/stromal cells (adipogenic progenitors) from
adipose tissue and induces adipogenic commitment, repli-
cation, and differentiation in these cells, leading to

increased glucose uptake, de novo lipogenesis, and lipid
accumulation. Collectively this causes increased adiposity
accompanied with enhanced glucose clearance
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will exhibit a phenotype similar to that observed
in animals that are experimentally infected with
Ad36. In Ad36 infected animals, the major phe-
notypic changes include greater adiposity, yet
better metabolic profile including lower serum
cholesterol and triglycerides, better glycemic con-
trol, and less hepatic steatosis (Pasarica and
Dhurandhar 2007; Pasarica et al. 2006; Na and
Nam 2012; Krishnapuram et al. 2011). Interest-
ingly, natural Ad36 infection appears to mirror
associations with these phenotypes in humans.
Nearly a dozen studies from Korea (Na et al.
2010, 2012), Italy (Trovato et al. 2009), and the
United States of America (Dhurandhar 2011)
have reported the association of Ad36 with over-
weight and/or obesity in adults and children. A
study of 1400 Caucasian, Black, or Hispanic men,
women, or children from four separate cohorts
showed significantly better glycemic control and
lower hepatic fat levels in individuals who were
naturally infected with Ad36 (Krishnapuram et al.
2011). The association between Ad36 infection

and obesity has been conclusively shown in a
series of meta-analysis studies. Yamada et al.
showed that Ad36 infection was positively
associated with significantly higher BMI and obe-
sity (Yamada et al. 2012). Two other meta-
analysis studies with 5739 and 10,191 subjects
respectively, also showed the association between
Ad36 infection and increased risk of obesity
(Xu et al. 2015; Shang et al. 2014).

Most twins share very similar body profiles
due to their shared genetic makeup. Therefore,
twins who are discordant for Ad36 infection
could provide evidence about the possible
adipogenic role of Ad36 in humans. Twins with
natural Ad36 infection had significantly greater
BMI and body fat, compared to their co-twins
who were uninfected (Atkinson et al. 2005).

Associations do not establish causations. A
10-year follow-up of over 1400 Hispanic men
and women, those who were naturally infected
with Ad36 at baseline, showed significantly
greater percent body fat at baseline and a

Fig. 7.3 Ad36 infection induces lipid accumulation in
human adipose-derived stem/stromal cells (hASC). Lipid
accumulation is observed specifically only in Ad36-
infected hASC. (a) shows DAPI stain for nuclei of multi-
ple cells (blue), and (b) Ad36 hexon protein antibodies are

seen in one infected cell (red). (c) Lipid-specific BODIPY
stain shows cellular lipid accumulation (green), (d) only in
the Ad36-infected cell (merge) 6 days post inoculation
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significant gain in adiposity and better glycemic
control over 10 years. Natural Ad36 infection was
also positively associated with obesity but nega-
tively associated with nonalcoholic fatty liver
disease (NAFLD) in Italian populations (Trovato
et al. 2009, 2010, 2012) (Table 7.1).

The implications for identifying and
characterizing Ad36 induced obesity is that
unique prevention and treatment strategies can
be identified. Additionally, these strategies could
be beneficial for the treatment of other adipogenic
pathogens. For example, a long-term goal of this
line of investigation is to develop a vaccine to
prevent obesity that is specifically caused by
Ad36 infection.

Exploiting the Antidiabetic Property
of Ad36

In vitro studies identified E4orf1, a 125 amino
acid protein of Ad36, as required and essential for
the observed beneficial effects with Ad36. In vitro
studies show that E4orf1 increases glucose uptake
in pre-adipocytes, adipocytes, and myoblasts,
while reducing glucose release from hepatocytes
(Dhurandhar et al. 2011a). E4orf1 selectively
bypasses the proximal insulin signaling and
upregulates the distal insulin signaling pathway
via increased expression of PI3K, PKB/AKT, and
GLUT4 translocation to increase cellular glucose
uptake (Na et al. 2016a; Shastri et al. 2018).
Inflammatory cytokines generally impair
glycemic control. However, E4orf1 improves cel-
lular glucose uptake even in the presence of
inflammatory cytokines (Na et al. 2016b). In
hepatocytes, E4orf1 reduces glucose output and
de-novo lipogenesis, increases complete fatty
acid oxidation, and promotes lipid transport,
which are considered the key determinants of
hepatic lipid storage (Dhurandhar et al. 2012).

Collectively, these in vitro studies show that
E4orf1 can improve cellular glucose metabolism
even in the presence of insulin resistance,
impaired insulin signaling, and inflammation.

Cell signaling studies also indicated that
E4orf1 reduces de-novo lipogenesis, and
promotes fatty acid oxidation and the export of
lipid from hepatocytes (Dhurandhar et al. 2012),
which may explain its contribution to reduced
hepatic steatosis in mice (McMurphy et al.
2017; Kusminski et al. 2015). Functionally,
Ad36 or E4orf1 increase glucose uptake in
preadipocytes, adipocytes, myocytes, and reduce
glucose release from hepatocytes (Dhurandhar
et al. 2011a, 2012; Krishnapuram et al. 2013;
Na et al. 2013), which likely collectively
contributes to better glycemic control induced
by E4orf1 in vivo (McMurphy et al. 2017;
Kusminski et al. 2015; Hegde et al. 2016).

Ad36 or E4orf1 robustly upregulate the
expression of PPAR-gamma and adiponectin in
adipocytes, which in turn may help enhance cel-
lular glucose uptake (Rogers et al. 2008b;
Dubuisson et al. 2011). However, E4orf1 is capa-
ble of enhancing cellular glucose uptake indepen-
dently of peroxisome proliferator-activated
receptor (PPAR) gamma (Dubuisson et al.
2011). Based on what was known about E4orf1
action and our findings, the molecular events that
lead to E4orf1-induced glucose uptake can be
surmised as follows (Dhurandhar et al. 2011a, b,
2012; Kusminski et al. 2015; Frese et al. 2003;
Kong et al. 2014; Kumar et al. 2014): E4orf1
protein is synthesized in a cell, after Ad36 infec-
tion, hence it is unlikely to have a cell surface
receptor. In its interaction with the insulin signal-
ing pathway, it bypasses proximal insulin signal-
ing, which includes the binding of insulin to its
cell receptor and the signal transduction through
tyrosine phosphorylation of insulin receptor
substrates (IRS). In fact, E4orf1 inhibits the

Table 7.1 Similarity between animal and human studies of Ad36

Experimental infection Natural exposure in humans

(a) Adiposity and adipogenesis (a) Obesity and greater body fat gain
(b) Better glycemic control (b) Better glycemic control
(c) Less liver fat (c) Less liver fat
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proximal insulin signaling by reducing
tyr-phosphorylation of IRS, and by increasing its
ser-phosphorylation. Instead, E4orf1 enters insu-
lin signaling at the level of phosphatidyl inositol
3-kinase (PI3K) activation.

E4orf1 has a PDZ domain-binding motif
(PBM) at the C-terminal. Through its PBM, the
peptide binds to PDZ proteins, which are scaf-
folding proteins that facilitate protein–protein
interactions. E4orf1 requires its PBM to bind to
Dlg (Drosophila disc large)-1 protein. After the
binding, the complex travels to the cell mem-
brane, where it activates Ras and subsequently,
upregulates PI3K. E4orf1 requires intact PBM for
Ras induction, and for the activation of PI3K-
AKT signaling, leading to greater membrane
translocation of Glut4, and glucose uptake
(Fig. 7.1). This understanding prompted efforts
to therapeutically exploit the properties of E4orf1.

Possibilities for Therapeutic
Administration

Being an exogenous, virus-derived protein,
E4orf1 does not have any endogenous cellular
receptors, and delivering it in vivo is challenging.
Hence, the efficacy of E4orf1 was tested in vivo
using different approaches: (1) Retrovirus
mediated expression, (2) Adeno-associated vector
expressing E4orf1, and (3) Transgenic mice with
adipose tissue-specific inducible expression of
E4orf1. All three approaches conducted in sepa-
rate laboratories improved glycemic control in
mice models (McMurphy et al. 2017; Kusminski
et al. 2015; Hegde et al. 2016).

Retrovirus-mediated expression of E4orf1 in
mice reproducibly improved glucose clearance
following a glucose challenge despite a high-fat
diet (Hegde et al. 2016). Further, E4orf1 also
improved tissue-specific molecular signaling in
mice, mainly greater protein expression of
adiponectin, p-AKT, and glucose transporter
Glut4. Hepatic expression of AAV-E4orf1 in a
genetic model of diabetes (db/db mice), dietary
model of insulin resistance (DIO mice), and
normoglycemic animals (wild-type mice),
completely alleviated hyperglycemia and
robustly improved glycemic control without

significantly increasing liver fat accumulation or
hepatic steatosis (McMurphy et al. 2016). Trans-
genic expression of E4orf1 in the adipose tissue
of mice upon doxycycline induction improved
glucose clearance, despite a high-fat diet chal-
lenge, by enhancing the Ras-ERK-MAPK signal-
ing in transgenic adipocytes (Kusminski et al.
2015).

Glucose and insulin responses to glucose load
were determined at the same time in these mice,
which showed near lack of insulin response in the
E4orf1 group, indicating that the enhanced glu-
cose disposal by E4orf1 seems to reduce the need
of endogenous insulin (Kusminski et al. 2015).
This phenomenon is termed as the “insulin
sparing effect” of E4orf1 (Dhurandhar 2013).
Hydrodynamic gene delivery of E4orf1 with an
adipocyte-targeting sequence (ATS-E4orf1) in
the liver of high-fat-fed and streptozotocin-
injected mice (disease models of type 2 and type
1 diabetes, respectively), improved the ability of
these mice to eliminate excess glucose from the
blood and ameliorate liver function in both dis-
ease models.(Yoon et al. 2017; Voss et al. 2015)
Therefore, E4orf1 expression, systemic or tissue-
specific, in mice improves glycemic control inde-
pendent of high-fat diet intake and impaired prox-
imal insulin signaling, by reducing insulin levels
in vivo.

This highlights that E4orf1 is not an insulin
secretagogue or insulin mimetic, rather it displays
endogenous insulin sparing action to clear glu-
cose. This insulin-independent ability of
E4orf1and its protection of liver against lipid
accumulation makes it a novel and effective ther-
apeutic candidate for type 2 diabetes, type 1 dia-
betes, and NAFLD.

Summary

Either the E4orf1 protein itself or its small mole-
cule analogs may be useful for developing as
therapeutic agent(s) to improve hyperglycemia.
An appropriate delivery mechanism, such as
nanoparticle-mediated delivery of E4orf1 protein
or small molecule analogs, is needed to effec-
tively and specifically deliver E4orf1 to targeted
tissues, in order to harness its therapeutic effects.
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Abstract

Based on the genetic etiology, obesity could be
divided into two main categories: polygenic
and monogenic (syndromic and

non-syndromic) forms. The polygenic form
of obesity is caused by a combination of envi-
ronmental factors and several genetic variants,
with minor effects. The monogenic forms are
caused by mutations in single genes with
major effects. We focus on the recent advances
and future perspectives in the field of genetic
obesity, to provide a comprehensive review
covering the underlying mechanisms involved
in the development of obesity.
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Introduction

Obesity can cause adverse health effects due to its
association with several diseases, such as type
2 diabetes (T2D), hypertension, metabolic syn-
drome, cardiovascular diseases, and some cancers
(Garvey et al. 2016; WHO 2019). These
comorbidities associated with obesity contribute
to reducing lifespan, and are responsible for three
million deaths per year (Finucane et al. 2011; De
Lorenzo et al. 2016).

Globally, 650 million adults and 124 million
children and adolescents (aged 5–19 years) were
obese in 2016. Currently, the global prevalence is
13% and will reach 20% by 2025, if the post-2000
trends continue (Garvey et al. 2016; WHO 2019).
One of the major contributors to population
weight gain is energy imbalance, caused by the
ingestion of high-calorie foods that exceeds
energy expenditure. However, not all subjects
with obesogenic lifestyle develop this disorder,
suggesting a strong genetic component (Pigeyre
and Meyre 2018). The percentage of obesity that
can be attributed to genetics ranges from 40 to
70%, according to previous studies using mono-
zygotic and dizygotic twins (Wardle et al. 2008).

The etiology of obesity is extremely complex,
being influenced by multiple interactions among
environmental, hormonal, lifestyle, metabolic,
nutritional, and genetic factors (De Lorenzo
et al. 2016). Common forms of obesity are multi-
factorial and polygenic, caused by an interaction
of environmental factors with multiple genetic
variants with minor effects. However, rare mono-
genic forms were identified in humans and mice,
which are caused by mutations with major effects
in a single gene (Fig. 8.1) (da Fonseca et al.
2017). Several genes have been associated with
human obesity, in which they could be related to
either polygenic, monogenic, or both forms
(Locke et al. 2015; Saeed et al. 2015; Hasnain
2016; Tunç et al. 2017).

Monogenic Obesity

Monogenic forms of obesity are caused by a loss-
of-function mutation in a single gene
(Albuquerque et al. 2015). These single-gene
disorders result from variants of disturbing
genes that encode receptors or ligands involved
in appetite and satiety regulation as well as
metabolism (da Fonseca et al. 2017). They can
be divided into two different groups: syndromic
obesity is usually associated with cognitive delay,
dysmorphic characteristics and, organ-specific
developmental abnormalities; whereas mono-
genic non-syndromic obesity is associated with
intense hyperphagia, early-onset severe obesity
and in some cases neuroendocrine dysfunctions.
These forms can have a Mendelian autosomal
(dominant and recessive) or X-linked inheritance
(Pigeyre and Meyre 2018). Although monogenic
forms of obesity are rare in humans, the identifi-
cation of affected individuals allows for
personalized clinical management, genetic
counseling and, in some cases, specific pharma-
cological therapy.

Homeostatic Pathways Involved
in the Regulation of Appetite
and Satiety

In the early 1900s, clinical and experimental stud-
ies have postulated the involvement of the hypo-
thalamus in the regulation of satiety, appetite, and
body weight. Firstly, mice and cats were submit-
ted to chemical and electrical experiments that
damaged their hypothalamus, which result in an
increase or loss of bodyweight depending on the
size and region of the lesion (Hetherington and
Ranson 1940; Anand and Brobeck 1951). In
humans, patients with brain tumors in the hypo-
thalamic area can become obese (Daousi et al.
2005). Later, the existence of a specific system
in the hypothalamus that can regulate energy
homeostasis called leptin-melanocortin pathway
was discovered (Fig. 8.2) (Cone 2005; Morton
et al. 2006; Larder et al. 2014).
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The brain controls energy balance through
obtaining information about the energy stock by
peripheral hormones, and then it is used to regu-
late the neuronal circuit into the hypothalamus
(Cone 2005; Larder et al. 2014). During fasting
and low energy stock, the stomach secretes
ghrelin that binds to its receptor in the orexigenic
neurons, stimulating the expression of neuropep-
tide Y (NPY) and agouti-related protein (AgRP).
Orexigenic neurons project from the arcuate
nucleus (ARC) to the paraventricular nucleus
(PVN) of hypothalamus, stimulating food intake,
and suppressing energy expenditure (Cone 2005;
Vetter et al. 2010; Sutton et al. 2016). However,
leptin is secreted by white adipose tissue when the
body accumulates adiposity and/or energy
replacement occurs. It crosses the blood–brain
barrier and binds to leptin receptor (LEPR),
localized in the ARC.

Leptin acts suppressing NPY and AgRP
expression as well as inducing the proopiomela-
nocortin (POMC), cocaine, and amphetamine-
related transcript production in anorexigenic
neurons (Vetter et al. 2010; Albuquerque et al.
2015; da Fonseca et al. 2017). POMC is cleaved
and processed by prohormone convertase 1/3
(PC1/3, encoded by proprotein convertase subtil-
isin/kexin type 1 [PCSK1] gene), which produces

α-melanocyte-stimulating hormone (α-MSH)
(Freemark 2018). These products bind to the
melanocortin-4 receptor (MC4R) in the PVN,
resulting in a decreased energy intake and an
increased basal energy expenditure (Vetter et al.
2010; Larder et al. 2014; da Fonseca et al. 2017;
Freemark 2018). Interestingly, genetic variants
involved in leptin-melanocortin pathway have
been associated with the development of severe
early-onset obesity (Wabitsch et al. 2014; Saeed
et al. 2015; da Fonseca et al. 2019b).

Non-syndromic Form of Obesity

Over the past two decades, a large number of
different genetic variants in the ligands or
receptors, which disrupt the signaling of the
leptin-melanocortin pathway were identified,
resulting in hyperphagia, severe obesity in early
childhood and in some cases, endocrine and
immune disorders (Asai et al. 2013; Tunç et al.
2017). All these mutations were found in thirteen
genes, including LEP, LEPR, POMC, PCSK1,
and MC4R (Table 8.1). The non-syndromic form
of obesity can affect up to 2–5% of the severely
obese subjects and is transmitted under Mende-
lian autosomal recessive or dominant category

Fig. 8.1 Polygenic obesity
occurs due to a combination
of multiple genetic variants
with common, low, and rare
frequency that have to low
up to intermediate effect.
However, monogenic
obesity is caused by rare or
very rare mutations with
high effects
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(da Fonseca et al. 2017; Freemark 2018; Saeed
et al. 2018).

Leptin Gene Aberrations

Congenital leptin deficiency (OMIM#614962) is
a very rare autosomal recessive disorder caused
by homozygous mutation in LEP gene on chro-
mosome 7q31.3. In 1997, Montague and
collaborators described for the first time a
human leptin deficiency caused by a frameshift
homozygous mutation (c.398delG; p.
Gly133_fs*14). This variant was identified in
two severely obese children who are cousins,
within a highly consanguineous family of
Pakistani origin. The same mutation was reported

in another two children of Pakistani origin but
unrelated to the earlier found patients (Farooqi
et al. 2002; Gibson et al. 2004). Eleven other
pathogenic mutations have since been reported.
These genetic variants were identified in patients
from consanguineous families in Colombia,
Pakistan, German, Turkey, India, and Egypt and
from a non-consanguineous family in Austria.
With the exception of two mutations (p.
Asn103Lys and p.Arg105Trp), all pathogenic
LEP variants found are population specific and
have not been identified in other ethnic groups
(Saeed et al. 2015; Hasnain 2016).

To date, less than 50 subjects have been
described to be homozygous for loss-of-function
mutations in LEP gene. These patients usually
exhibit very low or undetectable leptin levels

Fig. 8.2 Schematic presentation of hypothalamic leptin-
melanocortin pathway. Leptin is secreted by adipose tissue
and binds to its receptor located in two sets of neurons in
the arcuate nuclei of hypothalamus. Leptin activates the
anorexigenic pathway and inhibits orexigenic system,
resulting in decreased food intake and increased basal
energy expenditure. In contrast, ghrelin is produced by
stomach and activates the orexigenic neurons, increasing

the caloric intake and suppressing the energy expended.
LEPR, receptor of leptin; GHSR, growth hormone secre-
tagogue receptor; NPY, neuropeptide Y; AGRP, agouti-
related protein; NPY1R, neuropeptide Y receptor Y1;
POMC, proopiomelanocortin; CART, cocaine and
amphetamine-related transcript; MC4R, melanocortin-4
receptor

110 A. C. P. da Fonseca et al.



Ta
b
le

8.
1

P
at
ho

ge
ni
c
m
ut
at
io
ns

id
en
tif
ie
d
in

L
E
P
,L

E
P
R
,P

O
M
C
,a
nd

P
C
SK

1
ge
ne
s

G
en
e/
P
at
ho

ge
ni
c
m
ut
at
io
ns

n
E
th
ni
ci
ty

T
yp

e
of

m
ut
at
io
n

S
am

pl
e

C
on

sa
ng

ui
ni
ty

A
na
ly
si
s
m
et
ho

d
R
ef
er
en
ce
s

L
E
P

c.
1-
44

de
l4
2

1
P
ak
is
ta
ni

S
pl
ic
in
g
de
fe
ct

C
hi
ld

Y
es

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

S
ae
ed

et
al
.(
20

15
)

c.
10

4_
10

6d
el
T
C
A

(p
.

Il
e3
5d

el
)

2
P
ak
is
ta
ni

In
fr
am

e
C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

F
at
im

a
et
al
.(
20

11
),
S
ae
ed

et
al
.(
20

12
)

c.
16

3C
>
T
(p
.G
ln
55

S
to
p)

1
In
di
an

N
on

se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

T
ha
ku

r
et
al
.(
20

14
)

c.
27

2T
>
C
(p
.L
eu
72

S
er
)

1
A
us
tr
ia
n

M
is
se
ns
e

C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

F
is
ch
er
-P
os
ov

sz
ky

et
al
.(
20

10
)

c.
29

8G
>
T
(p
.A
sp
10

0T
ry
)

1
T
ur
ki
sh

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

W
ab
its
ch

et
al
.(
20

14
)

c.
30

9C
>
A
(p
.A
sn
10

3L
ys
)

2
E
gy

pt
ia
n

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
az
en

et
al
.(
20

09
)

1
P
ak
is
ta
ni

N
A

P
C
R
–
R
F
L
P

H
as
na
in

(2
01

6)
2

G
er
m
an

S
an
ge
r
se
qu

en
ci
ng

W
ab
its
ch

et
al
.(
20

15
)

c.
31

3C
>
T
(p
.A
rg
10

5T
rp
)

3
T
ur
ki
sh

M
is
se
ns
e

C
hi
ld
/a
du

lt
Y
es

S
an
ge
r
se
qu

en
ci
ng

S
tr
ob

el
et
al
.(
19

98
)

2
P
ak
is
ta
ni

C
hi
ld

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

S
ae
ed

et
al
.(
20

15
)

c.
35

0G
>
A
(p
.C
ys
11

7T
yr
)

1
P
ak
is
ta
ni

M
is
se
ns
e

C
hi
ld

Y
es

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

S
ae
ed

et
al
.(
20

15
)

c.
35

0G
>
T
(p
.C
ys
11

7P
he
)

2
C
ol
om

bi
an

M
is
se
ns
e

A
du

lt
Y
es

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

Y
up

an
qu

i-
L
oz
no

et
al
.(
20

19
)

c.
39

8d
el
G

(p
.

G
ly
13

3_
fs
*1

4)
22

P
ak
is
ta
ni

F
ra
m
es
hi
ft

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

an
d

ne
xt

ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

M
on

ta
gu

e
et
al
.(
19

97
),
F
ar
oo

qi
et
al
.

(2
00

2)
,G

ib
so
n
et
al
.(
20

04
),
F
at
im

a
et
al
.(
20

11
),
S
ae
ed

et
al
.(
20

12
,2

01
5)

c.
48

1_
48

2d
el
C
T
(p
.

L
eu
16

1f
s*
17

)
1

P
ak
is
ta
ni

F
ra
m
es
hi
ft

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

F
at
im

a
et
al
.(
20

11
)

L
E
P
R

c.
23

96
-1
G
>
T

4
P
ak
is
ta
ni

S
pl
ic
in
g
de
fe
ct

C
hi
ld

Y
es

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

S
ae
ed

et
al
.(
20

14
,2

01
5)

(c
on

tin
ue
d)

8 Genetic Profiles in the Obese Population 111



Ta
b
le

8.
1

(c
on

tin
ue
d)

G
en
e/
P
at
ho

ge
ni
c
m
ut
at
io
ns

n
E
th
ni
ci
ty

T
yp

e
of

m
ut
at
io
n

S
am

pl
e

C
on

sa
ng

ui
ni
ty

A
na
ly
si
s
m
et
ho

d
R
ef
er
en
ce
s

c.
25

97
+
1G

>
A

3
A
lg
er
ia
n

S
pl
ic
in
g
de
fe
ct

C
hi
ld

an
d

ad
ul
t

Y
es

S
in
gl
e-
st
ra
nd

ed
co
nf
or
m
at
io
n-
de
pe
nd

en
t

po
ly
m
or
ph

is
m

(S
S
C
P
)

C
le
m
en
te
t
al
.(
19

98
)

4-
bp

de
le
tio

n
in

co
do

n
22

3
B
an
gl
ad
es
hi

F
ra
m
es
hi
ft

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
b)

c.
93

G
>
A
(p
.T
rp
31

*)
3

S
ou

th
er
n

E
ur
op

ea
n

N
on

se
ns
e

A
du

lt
Y
es

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
b)

11
-b
p
de
le
tio

n
in

co
do

n
70

2
T
ur
ki
sh

F
ra
m
es
hi
ft

A
do

le
sc
en
t

an
d
ad
ul
t

Y
es

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
b)

66
-b
p
de
le
tio

n
in

co
do

n
51

4
1

Ir
an
ia
n

F
ra
m
es
hi
ft

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
b)

c.
47

9d
el
A

(p
.

H
is
16

0L
eu
fs
*9

)
2

S
ud

an
es
e

F
ra
m
es
hi
ft

C
hi
ld

Y
es

W
ho

le
ex
om

e
se
qu

en
ci
ng

G
ill

et
al
.(
20

14
)

c.
55

6d
el
T
(p
.

C
ys
18

6A
la
fs
*2

7)
1

G
ui
ne
an

F
ra
m
es
hi
ft

C
hi
ld

Y
es

W
ho

le
ex
om

e
se
qu

en
ci
ng

G
ill

et
al
.(
20

14
)

c.
94

6C
>
A
(p
.P
ro
31

6T
hr
)

2
E
gy

pt
ia
n

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
az
en

et
al
.(
20

11
)

c.
12

26
C
>
A

(p
.A
la
40

9G
lu
)

1
T
ur
ki
sh

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
b)

c.
16

75
G
>
A
(p
.T
rp
55

8*
)

2
P
ak
is
ta
ni

N
on

se
ns
e

C
hi
ld

Y
es

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

S
ae
ed

et
al
.(
20

14
,2

01
5)

c.
18

10
T
>
A
(p
.C
ys
60

4S
er
)

2
P
ak
is
ta
ni

M
is
se
ns
e

C
hi
ld

Y
es

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

S
ae
ed

et
al
.(
20

15
)

c.
18

10
T
>
G
(p
.C
ys
60

4G
ly
)

1
F
re
nc
h

M
is
se
ns
e

A
du

lt
Y
es

S
an
ge
r
se
qu

en
ci
ng

H
uv

en
ne

et
al
.(
20

15
)

c.
18

71
du

p
(p
.

A
sn
62

4L
ys
*2

1)
2

F
re
nc
h

S
pl
ic
in
g
de
fe
ct

C
hi
ld

an
d

ad
ul
t

N
o

S
an
ge
r
se
qu

en
ci
ng

L
e
B
ey
ec

et
al
.(
20

13
),
H
uv

en
ne

et
al
.

(2
01

5)
c.
19

92
G
>
C
(p
.T
rp
66

4A
rg
)

1
N
or
w
eg
ia
n

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
b)

c.
20

51
A
>
C
(p
.H
is
68

4P
ro
)

1
U
ni
te
d

K
in
gd

om
M
is
se
ns
e

C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
b)

c.
23

57
T
>
C
(p
.L
eu
78

6P
ro
)

1
P
or
tu
gu

es
e

M
is
se
ns
e

A
du

lt
Y
es

S
an
ge
r
se
qu

en
ci
ng

H
uv

en
ne

et
al
.(
20

15
)

c.
24

91
G
>
A
(p
.

A
sp
83

1A
sn
)

1
T
ur
ki
sh

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

H
uv

en
ne

et
al
.(
20

15
)

Δ
ex
on

6–
8
(p
.

P
ro
16

6C
ys
fs
*7

)
5

F
re
nc
h

(R
eu
ni
on

Is
la
nd

)

L
ar
ge

de
le
tio

n
C
hi
ld
,

ad
ol
es
ce
nt

an
d
ad
ul
t

N
A

S
an
ge
r
se
qu

en
ci
ng

H
uv

en
ne

et
al
.(
20

15
)

112 A. C. P. da Fonseca et al.



Δ
ex
on

6–
8
(p
.

P
ro
16

6C
ys
fs
*7

)
an
d

c.
16

04
–
1G

>
A

1
F
re
nc
h

(R
eu
ni
on

Is
la
nd

)

L
ar
ge

de
le
tio

n
an
d

sp
lic
in
g
de
fe
ct

A
do

le
sc
en
t

N
A

S
an
ge
r
se
qu

en
ci
ng

H
uv

en
ne

et
al
.(
20

15
)

1-
bp

de
le
tio

n
in

co
do

n
15

an
d
c.
18

35
G
>
A
(p
.

A
rg
61

2H
is
)

1
U
ni
te
d

K
in
gd

om
F
ra
m
es
hi
ft
an
d

m
is
se
ns
e

A
du

lt
Y
es

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
b)

c.
12

64
T
>
C
(p
.T
yr
42

2H
is
)

an
d
c.
21

31
du

p
(p
.

T
yr
71

1A
sn
fs
*1

8)

2
F
re
nc
h

M
is
se
ns
e
an
d

F
ra
m
es
hi
ft

A
du

lt
N
o

S
an
ge
r
se
qu

en
ci
ng

H
uv

en
ne

et
al
.(
20

15
)

c.
94

6C
>
A
(p
.P
ro
31

6T
hr
)

an
d
c.
19

38
G
>
C
(p
.

T
rp
64

6C
ys
)

1
T
ur
ki
sh

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

A
nd

ir
an

et
al
.(
20

11
)

c.
16

04
-8
A
>
G
(p
.

L
ys
59

7S
er
fs
*3

4)
an
d
p.

V
al
59

6A
sp
fs
*3

1
D
ut
ch

S
pl
ic
in
g
de
fe
ct

A
do

le
sc
en
t

N
A

W
ho

le
ex
om

e
se
qu

en
ci
ng

H
an
ne
m
a
et
al
.(
20

16
)

c.
17

53
–
1d

up
G
(p
.

M
et
58

5A
sp
fs
*2

)
an
d

c.
21

68
C
>
T
(p
.S
er
72

3P
he
)

1
D
ut
ch

S
pl
ic
in
g
de
fe
ct

C
hi
ld

N
A

W
ho

le
ex
om

e
se
qu

en
ci
ng

H
an
ne
m
a
et
al
.(
20

16
)

13
22

bp
in
cl
in
tr
on

3
an
d

58
85

7b
p/
in
cl
ex
on

4–
18

sm
al
l
in
se
rt
io
ns

1
P
ak
is
ta
ni

C
N
V

C
hi
ld

Y
es

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

S
ae
ed

et
al
.(
20

15
)

P
O
M
C

c.
-1
1C

>
A

1
G
er
m
an

O
ut
-o
f-
fr
am

e
tr
an
sl
at
io
n
in
iti
at
io
n

co
do

n

C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

K
ru
de

et
al
.(
19

98
)

1
N
et
he
rl
an
d

N
A

K
ru
de

et
al
.(
20

03
)

1
S
co
tti
sh
-

G
er
m
an

Y
es

A
sl
an

et
al
.(
20

14
)

c.
64

de
lA

1
T
ur
ki
sh

F
ra
m
es
hi
ft

C
hi
ld

Y
es

U
nk

no
w
n

Ö
ze
n
et
al
.(
20

15
)

c.
13

3-
2A

>
C

2
Ir
aq
i

S
pl
ic
in
g
de
fe
ct

C
hi
ld

Y
es

U
nk

no
w
n

O
zs
u
an
d
B
ah
m

(2
01

7)
c.
20

2C
>
T
(p
.G
ln
68

T
er
)

1
E
gy

pt
ia
n

N
on

se
ns
e

C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

C
ir
ill
o
et
al
.(
20

12
)

c.
20

6d
el
C
(p
.

P
ro
69

L
eu
fs
*2

)
2

T
ur
ki
sh

F
ra
m
es
hi
ft

C
hi
ld

Y
es
/n
o

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

06
),
Ç
et
in
ka
ya

et
al
.

(2
01

8)
c.
22

3d
up

C
1

N
or
th

A
fr
ic
an

F
ra
m
es
hi
ft

A
do

le
sc
en
t

Y
es

S
an
ge
r
se
qu

en
ci
ng

C
lé
m
en
te
t
al
.(
20

08
)

c.
23

1C
>
A
(p
.T
yr
77

T
er
)

1
H
is
pa
ni
c

N
on

se
ns
e

C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

M
en
di
ra
tta

et
al
.(
20

11
)

c.
25

6C
>
T
(p
.A
rg
86

T
er
)

1
In
di
an

N
on

se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

H
un

g
et
al
.(
20

12
)

(c
on

tin
ue
d)

8 Genetic Profiles in the Obese Population 113



Ta
b
le

8.
1

(c
on

tin
ue
d)

G
en
e/
P
at
ho

ge
ni
c
m
ut
at
io
ns

n
E
th
ni
ci
ty

T
yp

e
of

m
ut
at
io
n

S
am

pl
e

C
on

sa
ng

ui
ni
ty

A
na
ly
si
s
m
et
ho

d
R
ef
er
en
ce
s

c.
-1
1C

>
A

an
d

c.
40

3_
40

4i
ns
G
G

(p
.

L
ys
13

6A
la
fs
*2

3)

2
S
w
itz
er
la
nd

O
ut
-o
f-
fr
am

e
tr
an
sl
at
io
n
in
iti
at
io
n

co
do

n
an
d

F
ra
m
es
hi
ft

N
A

S
an
ge
r
se
qu

en
ci
ng

K
ru
de

et
al
.(
20

03
)

c.
-1
1C

>
A

an
d
c.
25

1G
>
A

(p
.T
rp
84

T
er
)

1
U
nk

no
w
n

O
ut
-o
f-
fr
am

e
tr
an
sl
at
io
n
in
iti
at
io
n

co
do

n
an
d
no

ns
en
se

C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

A
ni
si
m
ov

a
et
al
.(
20

16
),
Ç
et
in
ka
ya

et
al
.(
20

18
)

c.
15

1A
>
T
an
d
c.
29

9d
el
C

1
S
lo
ve
ni
an

M
is
se
ns
e
an
d

F
ra
m
es
hi
ft

N
A

S
an
ge
r
se
qu

en
ci
ng

K
ru
de

et
al
.(
20

03
)

c.
31

3G
>
T
an
d
c.
43

3d
el
C

1
U
nk

no
w
n

F
ra
m
es
hi
ft
an
d

m
is
se
ns
e

C
hi
ld

N
A

S
an
ge
r
se
qu

en
ci
ng

K
ru
de

et
al
.(
19

98
)

P
C
SK

1

c.
10

95
+
1G

>
T

1
T
ur
ki
sh

S
pl
ic
in
g
de
fe
ct

A
do

le
sc
en
t

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
10

95
+
1G

>
A

1
T
ur
ki
sh

S
pl
ic
in
g
de
fe
ct

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
54

4–
2A

>
G

1
T
ur
ki
sh

S
pl
ic
in
g
de
fe
ct

C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

H
är
te
r
et
al
.(
20

16
)

c.
2T

>
C
(p
.M

et
1?
)

2
A
ra
b

S
ta
rt
lo
st

C
hi
ld

an
d

ad
ol
es
ce
nt

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
23

8C
4T

(p
.A
rg
80

*)
3

F
re
nc
h

N
on

se
ns
e

C
hi
ld

an
d

ad
ul
t

N
o

N
ex
t
ge
ne
ra
tio

n
se
qu

en
ci
ng

(c
an
di
da
te

ge
ne
s)

P
hi
lip

pe
et
al
.(
20

15
)

c.
69

3C
>
G
(p
.T
yr
23

1*
)

1
T
ur
ki
sh

N
on

se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
92

0C
>
T
(p
.S
er
30

7L
eu
)

1
L
ib
ya
n

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

F
ar
oo

qi
et
al
.(
20

07
a)

c.
92

7C
>
G
(p
.A
sn
30

9L
ys
)

1
A
ra
b

M
is
se
ns
e

C
hi
ld

Y
es

E
xo

m
e
se
qu

en
ci
ng

W
ils
ch
an
sk
i
et
al
.(
20

14
)

c.
10

09
C
>
T
(p
.G
ln
33

7*
)

1
T
ur
ki
sh

N
on

se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
12

13
C
>
T
(p
.A
rg
40

5*
)

2
A
fr
ic
an

N
on

se
ns
e

C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
12

69
C
>
A

(p
.A
sn
42

3L
ys
)

1
C
an
ad
ia
n

M
is
se
ns
e

A
do

le
sc
en
t

N
o

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
13

50
de
lG
G
A
T
(p
.

V
al
45

0f
s*
1)

1
A
ra
b

F
ra
m
es
hi
ft

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
16

43
T
>
C
(p
.P
hr
54

8S
er
)

1
T
ur
ki
sh

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
17

77
G
>
A
(p
.G
ly
59

3A
rg
)

1
H
is
pa
ni
c

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

c.
62

0+
4A

>
C
an
d

c.
17

77
G
>
A
(p
.G
ly
59

3A
rg
)

1
N
A

S
pl
ic
in
g
de
fe
ct
an
d

m
is
se
ns
e

A
du

lt
N
A

S
in
gl
e-
st
ra
nd

ed
co
nf
or
m
at
io
n-
de
pe
nd

en
t

po
ly
m
or
ph

is
m

(S
S
C
P
)

Ja
ck
so
n
et
al
.(
19

97
)

114 A. C. P. da Fonseca et al.



c.
74

8G
>
T
(p
.G
lu
25

0*
)
an
d

c.
63

8_
64

0d
el
C
A
G

(p
.

A
la
21

3d
el
)

1
C
au
ca
si
an

N
on

se
ns
e
an
d

in
fr
am

e
C
hi
ld

N
o

S
an
ge
r
se
qu

en
ci
ng

Ja
ck
so
n
et
al
.(
20

03
)

47
4
kb

de
le
tio

n
in
cl
ud

in
g

th
e
en
tir
e
ge
ne

an
d

c.
10

24
de
lT

(T
rp
34

2G
ly
fs
*9

2)

1
N
A

W
ho

le
ge
ne

de
le
tio

n
an
d
fr
am

es
hi
ft

C
hi
ld

N
A

S
an
ge
r
se
qu

en
ci
ng

F
ra
nk

et
al
.(
20

13
)

c.
62

5G
>
A
(p
.G
ly
20

9A
rg
)

an
d
c.
77

2C
>
A

(p
.

P
ro
25

8T
hr
)

1
In
di
an

M
is
se
ns
e

C
hi
ld

Y
es

S
an
ge
r
se
qu

en
ci
ng

M
ar
tín

et
al
.(
20

13
)

N
ot
e:
N
A
,n

ot
av
ai
la
bl
e

8 Genetic Profiles in the Obese Population 115



into the circulation as a result of impairment in
either synthesis or secretion of this adipocytokine
(Saeed et al. 2015; Hasnain 2016). However,
Wabitsch and collaborators (2014, 2015)
described three probands carrying different
homozygous LEP mutations (p.Asp100Tyr and
p.Asp103Lys) with hyperleptinemia. In these
cases, the mutant leptin is produced and secreted
but is not functional.

Leptin Receptor Disorders
Leptin receptor deficiency (OMIM#614963) is
another autosomal recessive disorder, caused by
homozygous/compound heterozygous mutations
in LEPR gene on chromosome 1p31. Clement and
collaborators (1998) reported the first cases of
LEPR deficiency in three siblings with early-
onset morbid obesity from a consanguineous fam-
ily of Kabilian origin (north of Algeria). After
that, several LEPR pathogenic mutations have
been reported in probands from European, Egyp-
tian, Pakistani, and Turkish origin (Gill et al.
2014; Saeed et al. 2014, 2015; Huvenne et al.
2015).

Gill et al. (2014) have performed whole-
exome sequencing in five individuals with
extreme obesity of four consanguineous families
(four probands and one affected sibling). They
identified two novel LEPR frameshift mutations
(p.His160Leufs*9 and p.Cys186Alafs*27),
resulting in a truncated receptor that lacks the
domain required for leptin signal transduction.
Interestingly, one novel large deletion was
observed in six unrelated subjects with early-
onset morbid obesity from Reunion Island
(Indian Ocean, France), suggesting a founder
effect. Due to the high frequency of this large
deletion, a quantitative real-time PCR was devel-
oped to detect heterozygous carriers in this popu-
lation (Huvenne et al. 2015).

Clinical Profile
Since LEPR deficiency also disrupts leptin signal-
ing, clinical hallmarks of affected patients are
similar to those with homozygous LEPmutations.
These patients had typical features including
severe early-onset obesity, hyperphagia,
hypogonadotropic hypogonadism, impaired

immune system, and neuroendocrine/metabolic
dysfunction (Le Beyec et al. 2013; Gill et al.
2014).

Selected LEP-deficient probands could be
pharmacologically treated with recombinant lep-
tin (metreleptin/Myalept), leading to reduction in
food intake, fat mass, and metabolic and endo-
crine abnormalities (Wabitsch et al. 2014; Roth
et al. 2018). However, the drug is not approved
for this indication, just for lipodystrophy.

LEPR deficiency patients usually have ele-
vated circulation leptin concentrations, reflecting
the loss of sensitivity of the receptor. There is no
evidence that metreleptin could be useful; how-
ever, Setmelanotide is currently undergoing
advanced clinical trials for such indication,
reportedly meeting all defined endpoints
(Globenewswire.com 2019).

The Melanocortin Pathway

Proopiomelanocortin Gene
Similarly to LEP and LEPR, rare pathogenic
mutations described in POMC and PCSK1 were
associated with severe early-onset obesity, trans-
mitted under Mendelian autosomal recessive.
POMC gene is located on chromosome 2p23.3
and encodes a complex pro-peptide which is
processed post-transcriptionally to produce sev-
eral bioactive peptides (adrenocorticotropin
[ACTH], β-endorphin, and α-,β-, γ- MSH).
These peptides bind to melanocortin receptors
and act on energy balance, skin pigmentation,
adrenal steroidogenesis, and thermoregulation.
Alpha- and beta-MSH activate MC3R and
MC4R as well as antagonize the action of
AgRP, involved in the control of satiety and
appetite (Cawley et al. 2016). Homozygous or
heterozygous pathogenic mutations have been
reported in 17 probands from Netherland, Slove-
nian, German, Switzerland, Indian, Turkish, Iraqi,
and Hispanic origins (Anisimova et al. 2016;
Ozsu and Bahm 2017; Çetinkaya et al. 2018).

The first cases of severe obesity due to POMC
deficiency (OMIM#609734) were observed in
two unrelated children from Germany. The first
proband carried compound heterozygote variants
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(c.433delC and c.313G>T), which disrupt the
corrected synthesis of ACTH and α-MSH, and
the second proband was homozygous for a muta-
tion in the splice site (c.-11C>A) that eliminates
POMC translation. Both children presented
severe early-onset obesity, adrenal insufficiency,
and red hair pigmentation. Later, the same group
described three new cases with similar clinical
phenotype (Krude et al. 2003). The
hypopigmentation is due to inadequate activation
of MC1R by POMC peptides in the skin. How-
ever, Farooqi et al. (2006) identified a novel
POMC homozygous frameshift mutation
(c.206delC) in a 2-year-old male proband with
severe obesity, hypocortisolism, and brown hair
with dark red roots. This result suggests that
patients with severe early-onset obesity and adre-
nal insufficiency should be evaluated to POMC
mutations even in the absence of red hair pigmen-
tation (Mendiratta et al. 2011). Despite POMC
deficiency being a rare disorder, several studies
have reported that the defective allele in the het-
erozygous state may contribute to the obesity
susceptibility (Farooqi et al. 2001; Challis et al.
2002; Lee et al. 2006; Samuels et al. 2013).

Proprotein Convertase Gene
Congenital proprotein convertase (PC1/3) defi-
ciency (OMIM#600955) is caused by loss-of-
function mutations in the proprotein convertase
subtilisin /kexin type 1 (PCSK1) gene located on
chromosome 5q15 (Frank et al. 2013; Martín
et al. 2013; Härter et al. 2016). PC1/3 is a member
of the serine endoproteases family, which is
expressed in endocrine and neuronal cells. In the
hypothalamus, PC1/3 is involved in the POMC
processing, which results in the production of
α-MSH (Smith and Funder 1988; Tao 2005;
Vetter et al. 2010). Homozygous and compound
heterozygous mutations in the PCSK1 gene were
described in several patients with hyperphagia,
severe malabsorptive diarrhea, central diabetes
insipidus, growth hormone deficiency, primary
hypogonadism, and other endocrines
abnormalities (Frank et al. 2013; Martín et al.
2013; Wilschanski et al. 2014; Härter et al.
2016). The functional consequences of PCSK1

mutations may have an important role in the
severity and variety of the clinical phenotype
(Martín et al. 2013). Interestingly, Philippe et al.
(2015) reported a novel nonsense heterozygous
mutation in PCSK1 that was co-segregate with
obesity in a French family, following a dominant
mode of inheritance. Therefore, rare pathogenic
mutations in PCSK1 may be associated with an
autosomal dominant or recessive form of Mende-
lian obesity (Martín et al. 2013; Philippe et al.
2015).

Melanocortin Receptor Genes
Melanocortin 4 receptor (MC4R) deficiency
(OMIM#618406) is the most common cause of
non-syndromic monogenic obesity. This disorder
is caused by heterozygous, heterozygous com-
pound, and homozygous deleterious variants in
MC4R gene, located on chromosome 18q21.32
(Doulla et al. 2014; da Fonseca et al. 2017;
Drabkin et al. 2018). Several rare pathogenic
variants were identified in the MC4R gene,
which could lead to partial or complete loss of
receptor function (Collet et al. 2017). MC4R
variations are inherited in an autosomal codomi-
nant model, with a high degree of expressivity
and penetrance in heterozygous carriers (Farooqi
et al. 2003; Farooqi 2015). Previous studies have
reported that patients with heterozygous
mutations have a less severe phenotype compared
to homozygous carriers (Farooqi et al. 2003;
Drabkin et al. 2018). MC4R is expressed in the
PVN and is the receptor for α-MSH, regulating
appetite and satiety. Consistent with this role,
loss-of-function MC4R variants are associated
with hyperphagia and severe early-onset obesity.
Moreover, some patients can also exhibit severe
hyperinsulinemia and increased linear growth
(Farooqi et al. 2003; Melchior et al. 2012; Doulla
et al. 2014; da Fonseca et al. 2019b).

Recently, our group described for the first time
a Brazilian case withMC4R start lost mutation (p.
Met1?). This variant was identified in a 29-years-
old female patient with childhood-onset obesity,
moderate binge-eating disorder, and high caloric
intake (4900 calories per day) (da Fonseca et al.
2019b). Since pharmacological agents are being
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developed to treat patients with MC4R defi-
ciency, it is extremely important to assess the
sequence of this gene in severe early-onset obe-
sity individuals in order to identify pathogenic
variations that would benefit from this treatment
(Chen et al. 2015; Collet et al. 2017).

Setmelanotide has entered two phase III clini-
cal trials in 2017, including pro-opiomelanocortin
(POMC) deficiency obesity, besides leptin recep-
tor (LEPR) deficiency obesity, with encouraging
results (Globenewswire.com 2019).

Other Genes
Besides MC4R protein, BDNF haploinsuf-
ficiency has also been associated with severe
early-onset obesity. This protein is a member of
the nerve growth factor family, involved in the
proliferation, survival, and differentiation of
neurons (Tapia-Arancibia et al. 2004). A previous
study has also indicated that BDNF acts on leptin-
melanocortin pathway and may be a downstream
target of MC4R signaling (Xu et al. 2003). Gray
et al. (2006) reported a child harboring a de novo
chromosomal inversion (46, XX, inv
(11) (p13p15.3), which disrupts one copy of
BDNF gene located on chromosome 11p13.
Additionally, deletion of entire BDNF gene in a
mother and a child were associated with severe
obesity and developmental delay (Harcourt et al.
2018). However, data regarding point pathogenic
mutations in the BDNF are scarce in the literature.
Recently, Serra-Juhé et al. (2019) have analyzed
463 severe early-onset obese patients and
480 controls from the Spanish population. They
identified three rare variants in four patients and
none in normal-weight individuals. Two of these
mutations were predicted to be pathogenic (p.
Ile123Val and p.Cys141Gly) by in silico
analyses. These probands presented obesity and
mild to severe hyperphagia. Two of these patients
also exhibited liver steatosis and insulin resis-
tance with dyslipidemia. None of them showed
congenital and behavioral issues.

Syndromic Form of Obesity

Syndromic forms of obesity are used to describe
obese subjects with particular phenotypes, such
as mental retardation, dysmorphic features, and
organ-specific developmental abnormalities. At
least four rare syndromes are associated with
severe hyperphagia and obesity, caused by chro-
mosomal abnormalities and genetic variations in
genes that are involved in appetite and satiety
control, suggesting an origin at the level of the
central nervous system (Bell et al. 2005).
Syndromic obesity includes Prader Willi
(OMIM#176270), Bardet-Biedl
(OMIM#209900), Alstrom (OMIM#203800),
and Cohen (OMIM#216550) syndromes
(Albuquerque et al. 2015). The genetic basis of
these syndromes is extremely heterogeneous, and
may be inherited in either an autosomal dominant
or a recessive fashion.

Prader Willi Syndrome
Prader Willi syndrome (PWS) is the most com-
mon form (1 in 10,000–15,000 live births), affect-
ing an estimated 350,000–400,000 individuals in
the world (Irizarry and Haqq 2018). PWS is an
autosomal dominant disorder characterized by
peculiar facial features, infantile hypotonia, hypo-
thalamic hypogonadism, short stature, mild men-
tal retardation, and behavioral problems and
hyperphagia resulting in severe obesity. Most of
the cases are caused by a paternally inherited
deletion at the chromosomal region 15q11–q13
(~70%) and less frequently by maternal uniparen-
tal disomy 15 (~20–30%). Additionally, rare
cases (~5%) are affected by imprinting defects
and chromosome 15 translocations or
rearrangements (Bell et al. 2005; Butler 2011;
Irizarry and Haqq 2018).

The responsible gene(s) for PWS development
as well as hyperphagia and obesity phenotype in
these patients is still unknown, though several
candidate genes have been reported. Interestingly,
patients with PWS exhibit high plasma levels of
ghrelin at any age, suggesting an interaction
among increased appetite, obesity, and leptin-
melanocortin pathway (Feigerlová et al. 2008).
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However, ghrelin-reducing agents do not dimin-
ish hyperphagia or body mass in subjects with
PWS (De Waele et al. 2008). Recently, Burnett
and colleagues performed an elegant study
showing that neuroendocrine PWS-associated
phenotypes may be a result of reduced expression
of prohormone convertase 1, which impacts on
the processing of proinsulin, pro-GH releasing
hormone and proghrelin (Burnett et al. 2017).
Further studies are necessary to clarify the role
of PC1 in PWS cases.

Bardet–Biedl Syndrome
Bardet–Biedl syndrome (BBS) is a rare disorder
(1 in 125,000–160,000 in Europe) characterized
by early-onset obesity, progressive rod-cone dys-
trophy, polydactyly, learning disabilities, pro-
gressive renal dysfunction, hypogonadism, and
genital abnormalities (Irizarry and Haqq 2018).
It has a typically a autosomal recessive inheri-
tance, but some families may have a triallelic
mode of transmission (i.e., interaction of two or
more loci) (Beales et al. 2003; Khan et al. 2016).
BBS is a genetically heterogeneous disorder
caused by mutations in at least 19 loci (also called
BBS genes), all of which have a key role in ciliary
development or intraflagellar transport (Fan et al.
2004; Khan et al. 2016; Irizarry and Haqq 2018).

Previous functional studies in single-cell
organisms have shown that certain BBS genes
are specific to ciliated cells, which are important
for mammalian development, contributing to
correctly position the organs in the body. Dys-
function in these ciliated cells may explain the
alterations in pigmentary epithelial and structural
abnormalities; however, the exact mechanisms
leading to the obesity phenotype are still
unknown (Irizarry and Haqq 2018). Experimental
studies have shown that BBS mice are leptin
resistant with decreased expression of POMC,
suggesting that BBS genes may have an impor-
tant role in maintaining leptin sensitivity in
POMC neurons localized into the hypothalamus.
These results might suggest that BBS genes can
impact on the anorexigenic pathway leading to
hyperphagia and obesity (Rahmouni et al. 2008).

Alstrom and Cohen Syndrome
Alstrom syndrome (AS) is an extremely rare auto-
somal recessive disorder caused by mutations in
the ALMS1 gene on chromosome 2p13. As cases
exhibit progressive cone-rod dystrophy leading to
juvenile blindness, sensorineural hearing loss,
and early-onset obesity (Maffei et al. 2017).
Screening for ALMS1 gene in these affected
patients showed a strong clustering of pathogenic
mutations in exons 8, 10, and 16. Moreover, the
majority of disease-causing mutations were non-
sense or frameshift, which result in premature
protein truncation (Irizarry and Haqq 2018). Sim-
ilar to BBS, AS is caused by mutations disrupting
neuronal cilia function, which may impact on
appetite and satiety responses (Davenport et al.
2007).

Finally, Cohen syndrome is also an autosomal
recessive disease caused by mutations in COH1
gene (also called VPS13B) located at chromo-
some 8q22 (Albuquerque et al. 2015). This gene
encodes a transmembrane protein that has an
important role in the development and function
of eye, hematological system, and central nervous
system. The mechanism by which abnormalities
in this protein lead to the Cohen syndrome phe-
notype is still unknown; however, the affected
patients show mental retardation, obesity, hypo-
tonia and craniofacial, ocular, and limb
abnormalities. Pathogenic mutations in COH1
are rare around the world, but it is overrepre-
sented in some populations, such as Finnish, Jap-
anese, Caucasian, and Jewish (Rodrigues et al.
2018).

Polygenic or Common Obesity

The common form of obesity is multifactorial and
polygenic, caused by an association between
environmental factors and multiple genetic
variants that have a slight effect on body weight.
Several approaches have been used to find genetic
variants associated with obesity or obesity-related
traits, particularly genome-wide association study
(GWAS). This approach evaluates a huge number
of polymorphisms across the genome in a large
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sample and through statistical analysis, it allows
identifying the loci associated with shifts of BMI
or other anthropometric measurements (for exam-
ple, the waist–hip ratio [WHR]) (Albuquerque
et al. 2015; da Fonseca et al. 2017). To date,
GWAS discovered more than 100 obesity-
associated loci, in which genetic variants explain
only a small portion of heritability in obesity
(Speliotes et al. 2010; Locke et al. 2015; Wu
et al. 2018).

Recently, Wu et al. (2018) performed GWAS
for BMI and WHR using 242 monozygotic and
140 dizygotic twin pairs. A total of 291 loci were
nominally associated with BMI-WHR, playing an
important role in different pathways, such as
homeostasis, olfactory transduction, and platelet
production. Despite the robust studies and the
vast number of obesity-associated loci, most of
the genetic variability in BMI remains
unexplained.

Relevant Candidates

Among the loci identified by GWAS, FTO gene
has been consistently associated with obesity in
different populations (Frayling et al. 2007;
Albuquerque et al. 2013; da Fonseca et al.
2019a). FTO is a nucleic acid demethylase that
has an important role in energy homeostasis,
suggesting that this enzyme influences obesity at
the epigenetic level (Gerken et al. 2007). Interest-
ingly, polymorphisms in the intron 1 of FTO may
have an effect on appetite/satiety, food choices,
expended energy, and body weight (McCaffery
et al. 2012; Qi et al. 2014; Magno et al. 2018;
Rivas et al. 2018). Additionally, several common
genetic variants of BDNF gene were associated
with obesity or obesity-related traits (Beckers
et al. 2008; Thorleifsson et al. 2009; Speliotes
et al. 2010). A polymorphism (rs4074134) near
BDNF gene was associated with the reduction of
BMI and waist circumference in the Northern
Han Chinese ancestry (Han et al. 2013). This
polymorphism was also associated with obesity
in the Japanese population; however, this result
was not observed in a Brazilian population (Hotta
et al. 2009; da Fonseca et al. 2019a). The

discrepancy of the results may be explained by
differences in the genetic background of the
populations.

Besides FTO and BDNF, GWAS have also
identified other obesity-associated loci that are
expressed or known to act in the central nervous
system, involved in regulation of food intake and
energy expenditure. Several of these genes have
been previously associated with severe early-
onset obesity (MC4R, POMC, SH2B1, and
BBS4), suggesting an overlap of the genetic back-
ground between monogenic and polygenic form
of obesity (Speliotes et al. 2010; Locke et al.
2015).

Ongoing Studies and Future
Perspectives

The use of genetic knowledge to predict subjects
at high risk of developing obesity, especially in an
obesogenic environment, may be useful in
preventing this disease (Srivastava et al. 2016).
Currently, patients with suspicion of monogenic
obesity (syndromic and non-syndromic) can be
screened based on diagnostic hypothesis using
chromosomal microarray analysis, candidate
gene sequencing, whole genome/exome sequenc-
ing, conventional cytogenetic, and/or fluores-
cence in situ hybridization. Theses analyses can
contribute to identifying the causal variants
allowing molecular diagnosis, clinical manage-
ment, genetic counseling, and in some cases, spe-
cific treatment (Pigeyre et al. 2016).

Obesity treatment based on genotype
(personalized medicine) is being pursued in
patients with congenital leptin deficiency, and
especially leptin receptor deficiency. caused by
pathogenic mutations in LEPR gene.

The MC4R agonist (Setmelanotide) has been
shown to decrease food intake and body weight in
patients POMC deficiency as well. This agonist
binds to MC4R in these patients, replacing the
missing αMSH activity in the leptin-melanocortin
system (Kühnen et al. 2016; Collet et al. 2017).
Kühnen et al. (2016) have treated two POMC
deficient subjects using subcutaneous injection
of setmelanotide. Both patients showed a
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substantial reduction in hunger and weight loss
(patient 1: 51.0 kg after 42 weeks; patient 2:
20.5 kg after 12 weeks), improving their quality
of life. In addition, setmelanotide can also reduce
body weight in MC4R deficient patients
(on average 0.6 kg/week). It is speculated that
setmelanotide may be effective in treating other
genetic obesity disorders, including PCSK1 defi-
ciency and Prader-Willi syndrome (Kühnen et al.
2016).
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Abstract

While individual behaviour and genetics are
major risk factors for obesity, for health pre-
vention it is important also to consider
upstream influences on obesity, stemming
from the urban physical and social environ-
ment. Environmental features such as urban
sprawl, food deserts, and varying access to
exercise and greenspace, affect both activity
and diet, and hence bodyweight. Thus many
studies show environmental impacts on

obesity, and on related outcomes such as dia-
betes, with these impacts being socially and
spatially differentiated: with worse food and
exercise access in lower income areas. Analyt-
ical frameworks for the obesity epidemic
should reflect wide geographic differences in
incidence and prevalence between regions and
small areas, including spatial clustering. A
case study of changing obesity in US counties
shows widening inequalities and persistently
high obesity clustering in some regions.
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Introduction: The Obesity Epidemic

The obesity epidemic continues across the world,
and is now recognised as a major public health
issue, though this recognition is only relatively
recent (James 2009). In the United States, the
prevalence of obesity in 2015–2016 was 40%,
affecting about 93 million adults, though the
upward trend is irregular (Flegal et al. 2012).
The trend extends to the third world, with an
estimating doubling in global obesity levels
since 1980 (Bhurosy and Jeewon 2014; Fox
et al. 2019). Obesity is a major risk factor for
cardiovascular disease, diabetes, and hyperten-
sion, and hence a major factor for increased health
care costs (Biener et al. 2017).

While genetic factors, possibly linked to eth-
nicity, and adverse health behaviours, influence
susceptibility to obesity (Stryjecki et al. 2018;
Riveros-McKay et al. 2019), they cannot in them-
selves account for the rapid increases in obesity.
Instead, behavioural changes linked to changes in
the food and exercise environments are also rele-
vant to increased obesity (Faith and Kral 2006;
Caballero 2007; Cummins and Macintyre 2006;
Egger and Swinburn 1997). Physical activity is
declining, and sedentary behaviour increasing,
both in developed societies, and lower and
middle-income countries (Gaskin and Orellana
2018). Dietary changes, such as growing fast
food consumption and the “nutrition transition”
(Popkin 2015) are also relevant.

Comorbidities of Obesity

Obesity is a risk factor for increased morbidity
and mortality, particularly for cardiovascular dis-
ease, diabetes, and hypertension, but also for can-
cer and other chronic diseases, including liver and
kidney disease and osteoarthritis. The impact of

obesity and overweight on health and mortality is
recognised in disease burden studies (Must et al.
1999).

Regarding overall mortality, there is some
debate about the impacts of overweight (BMI
25–<30) and grade 1 obesity (BMI 30–<35),
with Flegal et al. (2013) reporting excess mortal-
ity only at obesity grades 2 and above. However,
the study by the Global BMI Mortality Collabo-
ration (2016) reports no mortality benefit from
any grade of overweight or obesity, and finds a
log-linear increase in mortality as BMI increases
compared to a reference BMI of 20–25.

Among the diseases linked to obesity, the
recent spread of diabetes has been most evident,
and like obesity has been characterised as an
epidemic (e.g. Zimmet 2017; Unnikrishnan et al.
2017). The diabetes epidemic affects low and
middle-income countries, such as India and
China, as well as higher-income developed
societies. In the United States, around 9% of
adults (or 30 million) have diabetes according to
a report by CDC (2017), and similar levels are
reported in China (Yang et al. 2010) and India
(Health Issues India 2019). In LMIC countries
diabetes is generally higher in urban settings,
and hence is associated with urbanisation
(Gassasse et al. 2017; Ramachandran et al. 1999).

The impact of obesity on the risk of diabetes,
particularly type 2 diabetes (T2D), is well-
established, though diabetes is multifactorial,
and many other risk factors than obesity or BMI
per se are relevant. For example, among normal-
weight subjects, diabetes incident risk is espe-
cially related to waist size (Carnethon et al.
2012). Population ethnic composition is also rel-
evant to variations of diabetes risk. Thus raised
diabetes risk among south Asian groups has been
attributed to increased insulin resistance, even
adjusting for adiposity (McKeigue et al. 1991).
There is also increased research on diabetes risk
through epigenetic changes that can be transmit-
ted from one generation to another thus
reinforcing increases in diabetes.

Despite such qualifications, the majority of
T2D subjects are obese, and higher obesity grades
elevate the risk of diabetes, as does longer
established obesity. Abdullah et al. (2010) report
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an overall relative risk (RR) of 7.2 for diabetes
among obese persons compared to those of nor-
mal weight, and for overweight a RR of 3.0.
Among different obesity indices, the waist-to-
height ratio may offer better predictions of diabe-
tes risk than waist circumference or BMI
(Ashwell and Browning 2011). Potential bio-
physical mechanisms include:

• Abdominal obesity causing fat cells to release
pro-inflammatory reducing sensitivity to
insulin.

• Obesity triggering metabolic changes that
cause adipose tissue to release increased
amounts of fatty acids, glycerol, hormones,
and pro-inflammatory cytokines involved in
developing insulin resistance.

Environment and Obesity

A major research effort has focused on the
impacts on obesity of the urban built environment
and its obesogenic aspects. Thus Cummins and
Macintyre (2006) refer to the “over-emphasis on
the role of individual health behaviours, which
has tended to ignore the influence of the complex
social and physical contexts in which individual
behavioural decisions are made. Such critiques
have led to a new focus on ‘environmental’
exposures that encourage excessive food intake
and discourage physical activity”. Environmental
exposures are partly invoked to explain wide
contrasts in obesity prevalence between income
groups. Prominent themes in this work are the
impacts of urban sprawl, of food deserts and
access to healthy food outlets, and of inequity in
access to exercise opportunities.

Sprawl

Impacts of the built environment on both physical
activity and diet have been framed, especially in
terms of neighbourhoods with high walkability
and connectivity, as opposed to car-dependent
environments associated with urban sprawl.

Sprawl relates to land use patterns associated
with recent suburban car-dependent development,
though the concept has many facets and varying
definitions. Thus a literature and conceptual
review of sprawl by Galster et al. (2001) found
no common definition and relatively few attempts
at operationalisation. These authors posit eight
distinct dimensions: density, continuity, concen-
tration, clustering, centrality, nuclearity, mixed
uses, and proximity.

Thus sprawl is generally characterised as
low-density suburban development, with low
connectivity, car dependence, low walkability,
and discouraged physical activity. This land-use
pattern is distinct from that in more central city
areas, or in compact mixed-use development,
with relatively high connectivity and walkability,
and high levels of active commuting (Kashef
2011). As examples of land-use effects on obesity
(and diabetes), Creatore et al. (2016) find adverse
trends in these outcomes in less walkable Ontario
neighbourhoods over the period 2001–2012, but
no such trends in the most walkable
neighbourhoods; while Flint and Cummins
(2016) find obesity linked to car-only commuting.

Food Access

The food environment and access to healthy food
outlets are another feature of the urban environ-
ment that has been linked to growing obesity, and
also to sprawl (Mead 2008; Hamidi 2019). Food
type is relevant to the concept of food deserts,
typified as areas with low access to supermarkets,
and hence to fresh fruit and vegetables, and more
likely to be deprived or ethnic majority areas
(Fleischhacker et al. 2011). For example, Larsen
and Gililand (2008) find low-income residents of
inner-city neighbourhoods in London (Ontario)
had poorer access to supermarkets than high-
income residents, and that inequalities in access
to supermarkets had increased.

A concomitant concept is that of “food
swamps” (Cooksey-Stowers et al. 2017) whereby
low-income areas have food access biased to fast
food outlets and convenience stores offering
especially foods high in fat, salt, or sugar
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(HFSS) (Food Foundation 2019). For child obe-
sity, school location in relation to fast food outlets
is therefore potentially important (Aviola et al.
2014).

Consumption of healthy food in deprived areas
is also affected by relative costs of healthy food as
against HFSS foods (Drewnowski and Specter
2004). Thus Jones et al. (2014) report that since
2002, healthier foods have been consistently
more expensive than less healthy ones, with a
growing gap between them.

Exercise Access and Physical Activity

Access to exercise opportunities and natural
space is associated with greater physical activity
and improved health; for example, Angraal et al.
(2019) show an adverse impact on cardiovascular
mortality of diminished access to exercise
opportunities. However, access to such
opportunities is socially and spatially unequal.
Thus the location of urban green space and
parks is typically biased to areas containing
higher income and white ethnic groups. In partic-
ular, in the United States, nonwhite and
low-income groups generally live in the urban
core or in inner suburbs where green space is
limited and/or poorly maintained, while upper-
income groups live on the suburban periphery
with more abundant green space (Wolch et al.
2014). Regarding exercise opportunities (and
hence levels of physical activity vs. sedentary
behaviour), Timperio et al. (2010) show that
BMI among older children is reduced by a higher
density of public open spaces designated for sport
or recreation.

Neighbourhood Social Environment

Neighbourhood impacts on obesity and diabetes
extend to the social environment, including area
deprivation, social capital, crime perceptions, and
neighbourhood safety (Lee et al. 2019a). Thus
impacts of area deprivation may occur even after
controlling for adverse impacts of lower individ-
ual socio-economic status (Diez-Roux et al.

1997), sometimes described as “deprivation-
amplification” (Cummins and Macintyre 2006).
The widespread adoption of multilevel
perspectives is based on a premise that
characteristics of communities are potentially
related to cardiovascular outcomes, and risk
factors, independently of individual-level
variables. Hence one should seek to elucidate
their independent and combined effects.

Regarding crime, there are plausible pathways
through which neighbourhood crime levels influ-
ence obesity, with impacts on activity and seden-
tary behaviour acting as mediating or
intermediate variables in the association
(Richardson et al. 2017; An et al. 2017).

Regarding social capital, Wu et al. (2018) find
that adults with higher network diversity and high
generalized trust have lower obesity risk, while
social capital also impacts obesity-related
behaviours, including smoking, diet, and physical
activity. Social capital is generally lower in
deprived areas, and social capital may mediate
the typically negative relationship between
neighbourhood deprivation and self-rated health
(Verhaeghe and Tampubolon 2012).

Environment and Diabetes

Given the downstream obesity response to envi-
ronmental factors, similar environmental impacts
on diabetes have been reported, though with some
specificity also.

Thus Bravo et al. (2019) consider quality of
the built environment as a potential influence on
T2D, beyond the usual research focus on food
and physical activity access. Environmental qual-
ity is likely to mediate the impact of area depriva-
tion on obesity and diabetes prevalence.

Den Braver et al. (2018) also mention urban
residence per se (as opposed to rural residence) as
a risk factor for diabetes. This may be related to
adverse impacts of the urban physical environ-
ment, especially pollution, on diabetes risk
(Rajagopalan and Brook 2012; O’Donovan and
Cadena-Gaitán 2018). Migration to city areas
may also enhance diabetes risk (Ruiz-Alejos
et al. 2018).
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Other studies report similar risk factors in
environment-diabetes ecological studies as in
environment–obesity studies. Thus Dendup et al.
(2018) refer to walkability, physical activity
resources, and access to green space as protective
factors reducing diabetes risk.

Spatio-Temporal Aspects of Obesity

Trends to higher levels of obesity are highly dis-
parate at subnational levels. For example, at the
state level in the United States, adult obesity rates
in 2018 range nearly twofold, from 39.5% in
Mississippi to 23% in Colorado. Variations at
small area scales, such as county or zip code
level, are much wider.

In addition, many studies show spatial cluster-
ing in obesity (and related outcomes) at small area
levels (e.g. Huang et al. 2015; Schuurman et al.
2009), and such spatial concentrations tend to be
persistent (Joost et al. 2016). Such spatial cluster-
ing reflects clustering in risk factors, namely
sociodemographic aspects of different areas
(compositional impacts in the terminology of
multilevel studies), and contextual effects, such
as food and exercise access, and sprawl patterns
(Schneider et al. 2017).

From a spatio-temporal perspective, one may
be interested in the persistence of high obesity

risk in certain areas ((Joost et al. 2016), in future
spatial predictions (Guo et al. 2019), and the role
of collective vs. individual behaviour in the obe-
sity epidemic (e.g. Gallos et al. 2012).

To exemplify spatial clustering and persistent
clustering, we consider obesity prevalence data
for 3141 US counties from the Behavioral Risk
Factor Surveillance System (BRFSS) for four
periods, 2005–2007, 2008–2010, 2011–2013,
and 2014–2016. Figure 9.1 maps out obesity
prevalence in the final period (for the US conti-
nental counties), with break points at quintiles.

We first consider spatial clustering in
2014–2016 using the local Moran statistic as a
local index of spatial association or LISA
(Anselin et al. 2006). In particular, this assesses
which areas can be classed as the centre of “high-
high” clusters, whereby both the area itself and
the areas surrounding it have significantly raised
obesity. Figure 9.2 shows the location of these
clusters as well as other possible cluster types
under the LISA cluster scheme. Figure 9.2
shows that whereas county clusters with high
obesity concentrate in southeast United States,
clusters with low obesity tend to be in the west
and mountain states.

To exemplify spatio-temporal modelling of the
obesity epidemic in the United States, we use a
Bayesian disease mapping approach (Lawson and
Lee 2017) in BUGS (Lunn et al. 2009). Denote

Fig. 9.1 Obesity prevalence, US continental counties (2014–2016)
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age-standardised obesity rates in county i (¼1,
. . ., 3141) and period t (¼1, . . ., 4) as rit. These
are modelled as

rit ¼ β0 þ si þ dit þ uit,

where β0 is the intercept, and si are spatially
correlated effects measuring the obesity level in
period 1, as in the scheme of Besag et al. (1991).
The di are spatially correlated linear growth rates,
while the uit are iid normal errors. This is an
analogue of the varying intercepts, varying slopes
model used in analysing longitudinal and multi-
level data, but allows for spatial clustering
(as evident in Figs. 9.1 and 9.2).

Figure 9.3 maps out the estimated growth rates
di, and shows that the highest growth in obesity to
be in the same counties which have the highest
obesity according to Figs. 9.1 and 9.2. This
suggests both persistent spatial inequalities in
obesity, and a widening of such inequalities.

Conclusion: Unresolved Issues
and Future Perspectives

There is by no means a consensus in the literature
about the impacts of the urban environment on
obesity and related outcomes, and debate
continues. For example, on the fundamental

Fig. 9.2 US continental
counties, obesity
2014–2016, cluster patterns

Fig. 9.3 Obesity
prevalence growth rates
(%), US continental
counties, 2005–2007 to
2014–2016
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question of the relative importance of diet and
physical activity, some studies emphasize physi-
cal activity (Fisher et al. 2013: Blair et al. 2013),
while some stress dietary changes (Malhotra et al.
2015; Luke and Cooper 2013).

Regarding debate on specific environmental
impacts, and in particular the impact of sprawl,
Eid et al. (2008) consider panel survey data on
obesity status and particularly the role of propen-
sity to obesity. They characterise the sprawl effect
in terms of levels of mixed use, and find a nega-
tive correlation between mixed-use and obesity,
after controlling for observable individual
characteristics. However, they report that “once
we take advantage of the panel dimension of our
data to control for unobserved propensity to be
obese, the correlation between obesity and mixed-
use also vanishes”. In related work considering
self-selection of residential location, Plantinga
and Bernell (2007) find that individuals who
move to denser locations lose weight, but that
BMI affects the choice of a dense or sprawling
location, such that dense locations are unlikely to
be selected by high BMI individuals.

Regarding food access and location of healthy
as against unhealthy food outlets [a supply side
influence], sceptical studies have instead focused
on the reliance on observational data to establish
the role of the food environment (Hall 2018), and
on demand differences between income groups.
Thus Allcott et al. (2017) considered supermarket
location, and concluded that “the causal impact of
unhealthful food supply is small, relative to either
the overall obesity rate or the nutrition-income
relationship.” Other studies have reported equiv-
ocal findings on the impact of access to fast food
outlets, with Fraser et al. (2010) reporting
“conflicting results between obesity/overweight
and fast food outlet availability”. Snowdon
(2018) found a lack of evidence to support official
policies (in the United Kingdom) to restrict loca-
tion of fast food outlets near schools. In a review
of 74 studies of the relationship between the den-
sity and proximity of fast food outlets and the
prevalence of obesity, Snowdon reports that
only fifteen (20%) found a positive association
between the proximity and/or density of fast food
outlets and obesity/body mass, while 44 (60%)
found no positive association.

Therefore future research has a role in
clarifying such unresolved aspects of the
environment–obesity nexus. In terms of
quantitative analysis of obesity, especially its
spatio-temporal aspects, there is more scope to
investigate geographic heterogeneity, for exam-
ple in terms of spatially varying impacts of eco-
logical factors on obesity prevalence and obesity-
related mortality (Lee et al. 2019b; Wen et al.
2010). Spatio-temporal modelling might also be
used to analyse the varying pace of the obesity
epidemic, and the considerable national variation
in obesity levels (Hruby and Hu 2015).
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Abstract

The pathophysiology of inflammation has
emerged as a player in the quest to understand
the fundamental functions involved in obesity-
enabled diseases. The dysregulated adipose
tissue homeostasis and its endocrine function
due to the excessive consumption of high-
calorie diet, compounded with a modern sed-
entary lifestyle and predisposing effects of
environmental and genetic factors, result in
the initiation and the development of
low-grade chronic inflammation in obese and
overweight patients. The increased inflamma-
tory cytokines and chemokines further compli-
cate the already challenged physiology of the
person with obesity and manifest into several
associated comorbidities, including T2DM,
heart diseases, cancer, and early aging. This
chapter discusses the intricate association
among obesity, inflammation, and their resul-
tant and associated comorbidities. Addition-
ally, some of the current and conventional
therapeutic approaches and potential future
interventional strategies targeting newer
molecular players are also addressed.

Keywords

Obesity · Chronic low-grade inflammation ·
High-calorie diet · Comorbidities · Body mass
index · Therapeutic targets

Introduction

A sustained high-calorie diet intake leads to the
modification of the adipose tissues (AT), where
hypertrophy and hyperplasia of the adipocytes are
observed (Jo et al. 2009). This modification leads
to alteration in the functions of the adipocytes,
and contributes to the recruitment of the immune
cells, which then secrete inflammatory cytokines

and chemokines (Kumari et al. 2019; Kumari and
Yadav 2018). Inflammation of adipocytes results
in chronic low low-grade local inflammation,
which ultimately becomes systemic (Reilly and
Saltiel 2017).

Inflammation & Innate Immunity

Inflammation is the defensive reaction of the
body in face of toxic effects, in conjunction with
a healing process to restore damaged tissue. Sev-
eral factors like microbial invasion, tissue injury,
and many exogenous and endogenous antigens
cause inflammation (Takeuchi and Akira 2010).
Classically, there are five cardinal signs of inflam-
mation: heat (calor), pain (dolor), redness
(rubor), swelling (tumor), and loss of tissue func-
tion ( functio laesa). In the fifth century BC,
Hippocrates coined terms such as edema
(swelling), which are still used to describe inflam-
mation, and also observed inflammation in the
early stage of the healing process after tissue
damage.

Enhanced vascular endothelium permeability
allows serum outflow and immune cell extravasa-
tion. Under ideal conditions, the inflammatory
response rapidly proceeds and tissue damage is
repaired. Nevertheless, if it lasts for an extended
period, inflammation could lead to multiple
complications and even death.

Inflammation engages immune cells, including
macrophages and dendritic cells (DCs) and non-
immune cells, including epithelial cells, endothe-
lial cells, and fibroblasts, which play important
roles and contribute to innate immunity (Hamada
et al. 2019). Proinflammatory cytokines inclusive
of tumor necrosis factor-alpha (TNF-α) and
interleukin-1 (IL-1), facilitate leukocyte extrava-
sation by growing leukocyte adhesion molecules
in endothelial cells. Innate immune cells, includ-
ing DCs, macrophages, and neutrophils, are
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activated at the site of infection or injury, remove
foreign particles and host debris by phagocytosis,
plus secrete cytokines that activate the slower,
lymphocyte-mediated adaptive immune response
(Newton and Dixit 2012). Germline-encoded
receptors of pattern recognition (PRRs) sense
the existence of a structurally conserved area of
microbial species known as pathogen-associated
molecular patterns (PAMPs). Current findings
suggest that PRRs also identify endogenous
molecules secreted from damaged cells, called
damage/danger-associated molecular patterns
(DAMPs) (Singh et al. 2019).

There are currently listed four diverse classes
of PRR families. These families are toll-like
receptors (TLRs) and C-type lectin receptors
(CLRs), which are transmembrane proteins,
while the other two are cytoplasmic proteins,
retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs) and NOD receptors (NLRs).
These receptors are found in other nonprofes-
sional immune cells apart from macrophages
and DCs. PRR senses PAMPs or DAMPs and
upregulates gene transcription involving inflam-
matory responses, except for certain NLRs. Such
genes encode proinflammatory cytokines,
chemokines, type I interferons (IFNs), and anti-
microbial proteins involved in the regulation of
many uncharacterized proteins and signals for
PRR. The inducible gene expression patterns dif-
fer among activated PRRs. Inflammatory
cytokines, for instance, TNF-α, IL-1, and IL-6
control inflammatory response. Such
pro-inflammatory mediators are pleiotropic
proteins that control inflammatory tissue apopto-
sis, modify endothelial vascular permeability, use
inflamed tissue blood cells, and induce the devel-
opment of acute-phase proteins (Kim et al. 2016).

Intertwined Relation of Obesity
and Inflammation

Elevated levels of proinflammatory adipokines
and cytokines including resistin, leptin, IL-6,
TNF-α in the visceral adipocytes, and associated
immune cells contribute to obesity pathophysiol-
ogy. Inflammation of the white adipose tissue

(WAT) correlates with the obese or overweight
phenotype (Ellulu et al. 2017). WAT, a physio-
logical storage site of lipids, is recognized as a
dynamic contributor in several physiological and
pathophysiological processes such as insulin
resistance (IR), decreased glucose tolerance, and
diabetes. Obese WAT is infiltrated by
macrophages, which may be a significant source
of locally produced pro-inflammatory cytokines
(Lauterbach and Wunderlich 2017). WAT macro-
phage infiltration is diminished with a reduction
of body weight in obese or overweight patients.

Intestinal Dysbiosis and Obesity

Obesity is also associated with chronic low-grade
inflammation and endotoxemia originated in the
gut. It is thus akin to a disease state with a com-
plex interaction of genetic and environmental
factors. A high-calorie diet has a profound effect
on the gut microflora. The lipopolysaccharide
(LPS), a pathogen-associated molecular pattern
(PAMP), and a principal constituent of the
Gram-negative bacterial cell wall, in physiologi-
cal conditions, is found to be hiked in the intesti-
nal lumen and low or nil in the plasma (Gnauck
et al. 2016). In case the LPS concentration
increases in the plasma, it has a direct effect on
the gut barrier function, enhancing tight junction
permeability in the enterocyte cells of the intes-
tine by expression and localization of CD14 and
TLR-4 in the plasma membrane of those epithe-
lial cells (Guo et al. 2013). Further, LPS-induced
tight junction permeability has been reported to
act via LPS/TLR-4/FAK/MyD88 signaling axis
(Guo et al. 2015). Thus, being an endotoxin, LPS
mediates gut barrier dysfunction via
incorporation of focal adhesion kinase (FAK)
and MyD88 adapter proteins.

TLRs are upregulated with inflammation in the
tissues, and in addition to intake of dietary lipids
that are influenced by the action of the gut micro-
flora, help in stimulating the innate immune
response arm (Schoeler and Caesar 2019). There
is evidence that inflammation caused by the gut
microbiota can help in the activation of the sig-
naling pathways of IKKβ, JNK, and PI3K,
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thereby regulating the progression of obesity,
inflammation of the AT, and resistance to insulin
(Hullar and Fu 2014; Miro-Blanch and Yanes
2019; Ramos-Molina et al. 2019).

High-Calorie Diet and Inflammation

High-calorie Western diets have also been
reported to induce residential immune cells of
the gut, specifically macrophages, and alter their
phenotype from tolerogenic to inflammatory.
This phenotype change has further been
implicated in the loss of Tregs cell population
and function (Bain and Schridde 2018; Wang
et al. 2019). The immune cells of the innate
immune system are prone to transcriptional and
epigenetic modulation in order to show a trained
immune response, thus enhancing the immune
response. The same is true even in the case of a
sterile immunogen derived from a high-calorie
diet (Netea et al. 2016).

Nonbacterial Dietetic Immunogens and
Inflammation

Plenty of sterile bioactive molecules are now
known that activate the innate immune response
such as oxidized LDL, urate crystals, and choles-
terol crystals. A high-calorie diet is linked to
increased levels of oxLDL in circulation
(Chatauret et al. 2014). In a study, Bekkering
et al. showed that peripheral blood monocytes
from healthy individuals, when treated with exog-
enous oxLDL, had a modulation in their function
and phenotype. Furthermore, these cells showed a
foamy appearance with enhanced production of
cytokines such as TNFα, IL-6, IL-8, and IL-18
(Bekkering et al. 2014). This observation was
further confirmed by Varghese et al., who
implicated the role of a transcription factor sterol
regulatory element-binding protein-1 or SREBP-
1 in the enhancement of proinflammatory and
foam cell phenotype of the U937 monocytes-
derived macrophages (Varghese et al. 2019).

The oxLDL has also been implicated to mod-
ulate the innate immune response and generate a

proinflammatory phenotype through the activa-
tion of the NLRP3 inflammasome (Liu et al.
2014; Sheedy et al. 2013; Singh et al. 2019).
Inflammasomes are critical immune sensors that
perceive environmental agents in the form of
PAMPs and DAMPs and cause a release of
proinflammatory cytokines. Uric acid and choles-
terol crystals could activate the NLRP3
inflammasome complex and ultimately, the
release of the proinflammatory cytokines
(Beydoun et al. 2018; Stodle et al. 2018). Christ
et al. have recently shown that the high-calorie
diet sets off an innate immune response in Ldlr-/-

mice, via NLRP3 inflammasome complex activa-
tion. The infiltration of myeloid cells like
monocytes in the obese adipocytes, specifically
the WAT, indicates the same fact (Christ et al.
2018). The infiltrating monocytes and their site-
specific differentiation into macrophages are yet
another cause of an inflammatory phenotype evi-
dent in obese people (Bai and Sun 2015)
(Fig. 10.1).

Factors Responsible for Inflammation
in Obesity

Genetic and Epigenetic Factors

In modern civilizations, where high-calorie food
consumption and lack of physical activity, along
with controlled climate encourages weight gain,
polygenic obesity is the most prevalent modality
(Alam et al. 2012; Heo et al. 2018; Raffan et al.
2016). However, in early severe obesity in chil-
dren, monogenic forms are not uncommon. Even
though genetic and epigenetic mechanisms
mostly respond to nonspecific inflammatory
changes, a more direct contribution is envisaged
for epigenetics (Raghuraman et al. 2016), possi-
bly involving gut microbiota (Ramos-Molina
et al. 2019).

MicroRNAs

MicroRNAs (miRNA) are endogenous small
single-stranded noncoding RNA molecules
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(containing ~22 nucleotides), and their function is
to regulate gene expression post-transcriptionally.
They have also been involved in obesity and dia-
betes, by targeting various pathways of the meta-
bolic function or adipocyte differentiation. miR-21
functions in the human AT and is related to BMI.
miRNAs can act as modulators of the inflamma-
tory reaction by selectively suppressing NF-kB
pathway components. miR-146b-5p, which is
known to regulate inflammatory signaling
cascades, is reduced in obese and Type 2 diabetes
mellitus (T2DM) individual monocytes. miR-107
inhibition caused by toll-like receptor 4 (TLR4) is
dysregulated in obesity, resulting in an increased
inflammatory response in macrophages (Olivieri
et al. 2013). In peripheral blood mononuclear
cells, gene overexpression for miR-103 and
miR-143 was shown in a T2DM rat model
(Vatandoost et al. 2015).

Both miRNAs were related to dysregulated
adipogenesis, affecting (AT) development in the
case of abundance of substrates, and miR-193b
regulated adipocyte secretion of chemokine
CCL2, reflecting a pathway seen in macrophages.
LncRNA E33 overexpression was connected
with the increased expression of several
pro-inflammatory genes in RAW 264.7 cells,
while the silencing of lncRNA E33 reversed
these effects (Reddy et al. 2014).

Cellular Links Between Obesity
and Inflammation

AT includes various types of cells, including
pre-adipocytes, adipocytes, fibroblasts, and endo-
thelial cells. The cell–cell cross talk that takes
place, both locally with associated immune cells,
and also systemically with other organs, is
mediated not only by intercellular contact, but
also by cytokines, chemokines, and other
biomolecules (Liu and Nikolajczyk 2019).

Adipocytes

During obesity, the distance between adipocytes
and AT vasculature increases due to adipocyte
enlargement, potentially resulting in hypoxia.
Hypoxia leads to the activation of hypoxia-
inducible factor 1 (HIF-1) expression in
adipocytes, to protect the AT from hyperplasia-
related programmed cell death. It also causes
the secretion of differentiation cues for the resi-
dent immune cells. When macrophages infiltrate
these hypoxic ATs to clear the apoptotic and
necrotic cells, they further amplify the inflamma-
tory response via the production of IL-6 and
TNF-α locally. Hypoxic ATs release differential
signals acquired by residential or infiltrating

Fig. 10.1 Schematic representation of High-calorie diet-
induced obesity and chronic low-grade inflammation.
Development of an obese/overweight phenotype

occurs upon chronic consumption of a high-calorie diet
and leads to development of chronic low-grade inflamma-
tion in the body
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macrophages, resulting in an overall change from
the M2 anti-inflammatory pattern, to M1
pro-inflammatory macrophage cells.

An elevated M1-like macrophage count and
their secretome are found to be positively
correlated with IR during obesity. AT inflamma-
tion has also been associated with a change in the
T lymphocytes (Dam et al. 2016). The T lympho-
cyte subpopulation change includes an activation
state of the CD8+ T cells, a reduction of the Tregs
and Th2 cells, an elevation in the number of Th1
and Th17, all being the hallmark of
proinflammatory milieu shift. During obesity-
induced hypoxic conditions, it has been reported
that the Th17/Treg ratio gets modulated (Liu and
Nikolajczyk 2019). One of the proposed
mechanisms is the proteasomal degradation of
Foxp3, that leads to the activation of RORγt
protein, an essential molecule for Treg develop-
ment. Thus, Treg cells’ development gets
suppressed aiding in the inflammation of the
adipocytes. HIF-1 also induces IFNγ secretion
from Th1 cells. This is followed by an activation
event of transcription factors such as STAT3.
STAT3 is further reported to be a major transcrip-
tion factor for TH17 activity (Raphael and
McGeachy 2018).

Activation of CD8+ T cells is also an occur-
rence in the inflammatory response to obesity that
results in activation/infiltration of M1-like macro-
phage in AT. The population of both effector
CD8+ T cells and memory cells is found to be
increased in visceral adipose tissue (VAT), in
comparison to subcutaneous adipose tissue.
Under the hypoxic WAT microenvironment, the
influx of CD8+ T cells is related to enhanced
expression of HIF-1. This information indicates
that hypoxic adipocyte microenvironment
regulates an infiltration of CD8+ T cells before
M1 phenotype changes in the macrophages.

Treg Cells

Tregs cells are anti-inflammatory T cells that are
comparatively common in lean and their num-
bers decrease with the development of obesity.
VAT-resident Tregs express IL-10, which prevents
proinflammatory IL-6, RANTES (Regulated on

activation, normal T Cell produced and secreted),
SAA-3 (Serum amyloid A3) and MMP-3 (Matrix
metalloproteinase-3) from being produced via
TNF-α. IL-10 also establishes the phosphorylation
of insulin receptor substrate (IRS)-1 and thus
recovers glucose transporter GLUT4 expression
in adipocytes, following TNF-α administration.
In VAT, IL-33 receptor regulates IL-33 ligand
Tregs-ST2 (also known as IL1RL1 and IL-1
IL1RAP receptor accessory protein). IL-33 also
contributes to the stimulation of innate lymphoid
cells type 2 (ILC2) and eosinophilic aggregation in
murine VAT, indicating that these functions work
in tandem with VAT-associated Treg anti-
inflammatory impact (Han et al. 2015; Kolodin
et al. 2015; Liu and Nikolajczyk 2019;
McLaughlin et al. 2014).

Adipocyte lipid metabolites, stressed by grow-
ing fatty acids content in obesity, deliver antigens
present in CD1 lymphocytes, which stimulate
iNKT cells to reduce AT inflammation. Adipose
iNKTs can also help Tregs by supplying IL-2,
consistently with the results that CD1d knockout
mice lowered the production of IL-2 in AT, and it
was related to lean AT Tregs during interim high-
fat diet (HFD) eating (Park et al. 2018; Satoh and
Iwabuchi 2018).

gd T Cells

γ-T cells express the surface T cell receptor
(TCR) genes, and are mostly found among
intestinal intraepithelial lymphocytes. In mice
fed a HFD to induce obesity, there is a reduction
in both ordinary αβ and γδ lymphochytes.
Diet-induced weight loss restores both categories,
and also improves outcome in experimental coli-
tis. Thus both types of lymphocytes seem to
enhance inflammation, when underexpressed in
obesity.

The Treg population in AT is negatively
regulated by IL-17, which originated from M1
macrophages and lymphocytes. IL-17 and other
pro-inflammatory cytokines, including interleu-
kin-1β (IL-1β), tumor necrosis factor α, and IL-6
which are associated with the progression of sim-
ple obesity toward metabolic syndrome. Cytolytic
functions, involving CD8+ T cells, may also help
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prevent malignancy in obesity (Le Menn et al.
2018; Singh et al. 2016).

B Lymphocytes

B cells are known to infiltrate the growing AT,
where they secrete cytokines and autoreactive
antibodies (IgG), that interfere in the inflamma-
tory microenvironment. B cell subtypes comprise
B1 and B2 cells, which are subdivided addition-
ally into unknown regulatory B cells (Bregs)/B10
subsets. The development of IL-10 and a variety
of surface markers also define them. Each of these
subpopulations of B cells has been involved in
AT inflammation associated with obesity (Liu
and Nikolajczyk 2019). The secreted antibodies
from the B cell subsets have different functions:
B1 cells are found to secrete anti-inflammatory or
natural antibodies (IgM) and B2 cells the
proinflammatory autoreactive IgG.

Natural antibodies are in reverse association
with circulating levels of MCP-1 (CCL2).
MCP-1 is related to Th2 response and controls
the chemotaxis of macrophages, thereby
regulating chronic inflammation (Engin 2017;
Frasca and Blomberg 2017; Lu et al. 2019).

B cells provide antigens to T cells and thereby
trigger macrophages as well as DCs. Even though
B cells’ secretion of obesity-related cytokines is
less, their participation in inflammation is
enhanced by having unique antigen concentration
capability, via epitope-targeted acceptance/
processing to control the function of T cells.
Also, in obesity/T2DM, B cells regulate anti-
inflammatory Treg cells. B cell-knockout mice
on HFD show rare CD4+ and CD8+ T cells
generating IFNα, indicating that other
mechanisms may affect the consequence of B–T
cell signaling in obesity (Liu and Nikolajczyk
2019).

Myeloid Cells

Myeloid dendritic cells and macrophages are the
most capable antigen-presenting cells (APCs). At
first, local AT macrophages network with naive

CD4+ T cells through Class II MHC molecules.
Subsequently, a defined inflammatory milieu
brings CD11c+ macrophages into AT which, in
effect, stimulates traditional T cells to multiply
and thus maintain adaptive immune response,
which leads to AT inflammation. Chronic high-
calorie diet intake leads to the modulation of the
adipocyte functioning further, interfering with β
catenin and PPARγ, important protein responsi-
ble for adipocyte homeostasis. It was shown that a
reduction in the expression levels of PPARγ
and β-catenin in conventional DCs of AT leads
to the prevalence of a proinflammatory state
(Macdougall et al. 2018).

Molecular Mediators of Obesity
and Inflammation

TNF-a

The chronic low-grade inflammation, features
release of proinflammatory cytokines such as
TNF-α, IL-6, and IL-1β, along with the
dysregulated secretion of proinflammatory
adipokines such as resistin and lipocalin-2 from
the adipocytes. These are risk factors for the
development of type 2 diabetes as well (Saltiel
and Olefsky 2017).

In obese individuals, specifically in males, the
level of TNF-α has been found to be elevated in
plasma (El-Haggar and Mostafa 2015). TNF-α is
known to enhance the phosphorylation of insulin
receptor substrate (IRS)-1 and aggravate
IR. Further, in the visceral adipocytes, TNF-α
triggers IR via activation of JNK1/2 and its cross
talk with the IRS signaling pathway (Fernández-
Veledo et al. 2009). Since peripheral IR also
characterizes T2DM in skeletal muscle, AT and
liver, the prevalence of chronic low-grade inflam-
mation in these organs may lead to IR, metabolic
syndrome, and diabetes (Honka et al. 2018).

IL-1b

Obesity induces danger signals such as glucose
and free fatty acids, and causes defective cell
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organelle function such as that of mitochondria,
which ultimately result in reactive oxygen species
(ROS) generation. The increased level of ROS
activates NLRP3 inflammasome complex in the
peripheral tissues such as adipocytes, skeletal
muscle, islets cells, and also in macrophages
(Sharma et al. 2018). IL-1β is released,
contributing to IR. Further, IL-1β induced expres-
sion of suppressor of cytokine signaling protein
further suppresses insulin-dependent β cell
survival.

There are several factors associated with
obesity-linked inflammation, which include
cytokines and adipokines, which propel the
development of cardiovascular diseases, diabetes,
neurodegenerative diseases, and several types of
cancer (Han and Lean 2016).

Adiponectin and Leptin

Adiponectin prevents atherosclerosis owing to its
protective action on the function of the endothe-
lial cells. Since it is evident that reduced bioavail-
ability of endothelial NO synthase (eNOS) causes
an increased leukocyte adhesion and platelet acti-
vation, it ultimately leads to compromised endo-
thelial cell barrier function (Siragusa and Fleming
2016). It was shown that adiponectin induced NO
production in the endothelial cells via AMPK
mediated expression of the eNOS gene, thus
improving the endothelial dysfunction in cardio-
vascular diseases (Deng et al. 2010).

Leptin induced expression of TNF-α and IL-6
is thought to promote endothelial cell dysfunction
and ultimately cardiovascular diseases
(Tahergorabi and Khazaei 2015). In a study by
Lee et al. of this cascade, IL-6 and TNF-α were
implicated in oxidative stress-induced coronary
endothelial cell dysfunction in obese rodents
(Lee et al. 2017).

Secreted Frizzled-Related Protein 5

Secreted frizzled-related protein 5 (Sfrp5) is a
soluble anti-inflammatory adipokine. Similar to
adiponectin, the expression of Sfrp5 has also

been found to diminish in obesity and cardiovas-
cular diseases (Tong et al. 2019). Sfrp5 is a nega-
tive modulator of the secreted Wnt proteins,
specifically Wnt5a, which is known to induce
macrophages to produce proinflammatory
cytokines. However, non-canonical Wnt5a-
mediated JNK1 signaling cascade is suppressed,
maintaining a Th2 type anti-inflammatory profile.
Wnt5a has been found to promote inflammation
in the endothelial cells and found present in ath-
erosclerotic lesions, and Sfrp5 could participate in
retarding obesity, IR, and atherosclerosis. It is
questioned whether Wnt5A noncanonical signal-
ling pathways are the only ones, as the canonical
β-catenin pathway can also be activated with
receptor availability. Inflammation is a common
substrate of obesity, T2DM, and CVD, which
makes it possible for Sfrp5 to be at the crossroad
between such conditions (Wang et al. 2020).

Obesity, Inflammation and Cancer

Liver Cancer

Elevated levels of TNF-α/IL-6 during obesity
and consequent low-grade chronic inflammation
promote the IKK/JNK and AMPK/TORC-1
signaling cascades that underlie the obesity-
induced inflammatory liver damage. Along with
other insults, engaging diet and microbiome
aberrations, the development of nonalcoholic
fatty liver disease and nonalcoholic
steatohepatitis embodies a dysfunctional state of
the hepatocytes, which then ultimately die due to
the prolonged insult, and trigger the regeneration
mechanism of the liver (Kholodenko and
Yarygin 2017). Thus, the obese phenotype and
accumulation of resultant pro-inflammatory
cytokines released by the adipocytes and
infiltrated immune cells via a portal vein in the
liver, may ultimately lead to the development of
hepatocellular carcinoma (HCC). Moreover, the
same low-grade inflammation with the constant
buildup of adipokines, cytokines, and growth
factors can fuel tumorigenesis in the peripheral
tissues.
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Pancreatic Cancer

Cohort-based studies have directly implicated an
increased mortality rate of obese individuals
with pancreatic ductal adenocarcinoma (PDAC)
(Genkinger et al. 2015). Bariatric surgery could
be protective in such patients (Xu et al. 2018).
Owing to the chronic low-grade inflammation in
obese individuals, elevated levels of IL-6 and
TNF-α (Kern et al. 2018) and other cytokines
and chemokines are found in the circulation.
IL-6 is known to be the activator of JAK-STAT
(signal transducers and activator of transcription)
pathway. Development of obesity-induced IR via
accumulation of visceral fat and inflammation is
thought to be via IL-6/JAK/STAT signaling.
PDAC is thought to involve KRAS oncogene
expression, which further activates STAT3 and
NF-κB signaling cascades leading to the develop-
ment of PDAC (Ling et al. 2012; Pramanik et al.
2018). Furthermore, STAT-3 activation is
implicated to be necessary for the development
of PDAC (Fukuda et al. 2011; Lesina et al. 2011).
Moreover, obesity-induced recruitment of Tregs
cells in the pancreas with neoplasia causes the
suppression of the immune clearance of the
malignant cells and promotes tolerance of neo-
plastic cells aiding to PDAC complications (Cox
and Olive 2012).

Colorectal Cancer

Obesity is associated with colorectal cancer
(CRC), most common form of malignancy in
men and women (White et al. 2018). The
connecting link could be partly related to
adipokine and cytokine levels, specifically that
of adiponectin, leptin, IL-6, and TNF-α, even
though the participation of dysbiosis and gut
epithelial barrier dysfunction should not be
overlooked. Adiponectin, being anti-
inflammatory, is also an anticancer in nature
(Monks et al. 2019). Adiponectin-knockout mice
were found much more susceptible to

inflammation-induced CRC as compared to their
wild-type counterparts (Saxena et al. 2012).
Mechanistically it is known to suppress mTOR
protein via AMPK activation and thus reduces
cell growth in human colorectal cancer cells.
Leptin, a pro-inflammatory adipokine that is
overexpressed in obese individuals, induces cell
proliferation and anti-apoptotic properties via
p42/44 mitogen-activated protein kinase
(MAPK) and PI3K/Akt/mammalian target of
rapamycin (mTOR) axis. In colorectal cancer
specimens, leptin receptor (LEPR) expression
was associated with tumor stage, neoangiogenesis
index, regional and distant metastases (Vuletic
et al. 2019).

IL-6 is a potential driver of several
malignancies, including IL-6 driven PDAC, and
also involves CRC. It is overexpressed in both
obese and CRC patients (Zeng et al. 2017).
TNF-α is overexpressed in animal models of
high-fat diet-induced obesity (Wu et al. 2016).
The role of TNF-α in IL-6 production and devel-
opment of CRC has been anticipated (Chung et al.
2017) (Fig. 10.2).

Therapeutic Approaches for Obesity
and Inflammation

The therapeutic approaches currently in practice
involve pharmacological approaches, probiotic/
prebiotics, phytochemicals, gene therapy and
stem cell-based therapy. Some of these
approaches are discussed below briefly.

Probiotics and Phytochemicals

Some Lactobacillus sps (L. rhamnosus, and
L. plantarum) and Bifidobacterium (B. infantis
and B. longum) are being used in probiotic
formulations for obesity treatment. Some species
of probiotic bacteria, including Lactobacillus and
Bifidobacterium genera have the capabilities to
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decrease body weight while other species might
have deleterious effects. Prebiotics and probiotics
are endowed with antiobesity and antidiabetic
properties as shown in multiple animal models.
However, outcomes of human trials are still not
sufficiently robust to be endorsed in official
guidelines and recommendations (Cerdó et al.
2019).

Plant-derived phytochemicals are also
promising as anti-inflammatory molecules in
the treatment of obesity. Curcumin experimen-
tally modulates different cellular pathways and
could act as an anti-inflammatory agent in obe-
sity and associated comorbidities (Kandhari
et al. 2018; Balaji et al. 2016; Firdous 2014.
Nevertheless, a meta-analysis failed to confirm
benefits for inflammatory markers in various
contexts, including metabolic syndrome (White
et al. 2019). Resveratrol has been shown to
reduce levels of COX-2, IL-6, and TNF-α in
adipocytes. Other flavones like apigenin and
luteolin can reduce the TNF-α induced expres-
sion of NF-κB, and thus can be potential drugs
in decreasing inflammation in obesity-related

and other metabolic complications (Koh et al.
2018).

Cell-based Therapy

Cell-based approaches including brown adipose
tissue transplantation, cell lysates, exosomes, and
stem cell administration are currently being
investigated in the treatment of obesity and
related complications (Payab et al. 2018). Immu-
nomodulatory potential of adipose tissue stem
cells (ASCs) derived exosomes were also
analyzed in one study on C57BL/6 male obese
mice. ASCs derived exosomes polarized
macrophages to M2 phenotype and further
decreased inflammation in WAT. In one study,
mice treated with adipose tissue-derived stem
cells (ADSCs) exhibited lower WAT inflamma-
tion and obesity progression (Shang et al. 2015;
Zhao et al. 2018). Mesenchymal stem cells
isolated from human AT were helpful in
regulating metabolic dysregulation induced by a
high-fat diet in obese mice (Shree et al. 2019).

Fig. 10.2 Schematic representing association of obesity,
chronic low-grade inflammation, and cancer. Several
mechanisms are involved in the development of different
forms of cancers owing to obesity and chronic low-grade
inflammation (FAA free fatty acid, IGF-1 Insulin-like

growth factor-1, TNF tumor necrosis factor, AMPK aden-
osine monophosphate-activated protein kinase, IL-6
Interleukin-6, Signal transducer and activator of transcrip-
tion 3, Tregs T regulatory cells)
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Abstract

During metabolic disorders, the adipocytes
increase in number and size along with the
alteration in their functions. They secrete vari-
ous types of chemical factors which contribute
to inflammation and various physiological
dysregulations. The adipose tissue acts as a
reservoir of the immune cells such as
macrophages, T-cells, and B-cells that
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maintain the homeostasis of body’s metabolic
processes. However, the dysfunctional
adipocytes and overpopulated immune cells
secrete various cytokines and chemokines
which promote low-grade chronic inflamma-
tion in the body causing the development of
several metabolic diseases including diabetes,
vascular diseases, and cancer.

Keywords

Adipose tissue · Obesity · Insulin resistance ·
Inflammation · Macrophage · Adipocytokines

Introduction

The adipose tissue comprises of resident
preadipocytes which differentiate into mature
adipocytes throughout their lifespan, and thus
keep expanding the adipose tissue based on
nutritional status and increased storage
requirements. Mature adipocytes have a tendency
to expand in size to accommodate storage
demands and in overnutrition situation, they
become hypertrophic. Adipocytes lack uniformity
and vary in terms of size and population based
on the localization in the body, capacity to
secrete adipocytokines, as well as the cellular
compositions, number of immune cells, blood
vessels, and stromal cells forming it (Coelho
et al. 2013).

Adipose tissue is both morphologically and
physiologically differentiated, for example, mam-
malian adipose tissue is present in two forms:
white adipose tissue (WAT) and brown adipose
tissue (BAT). Mostly, the WAT is represented as
a reservoir of energy whereas BAT is widely
present in human neonates and is involved in
regulating the body temperature via thermogene-
sis (Villarroya et al. 2019). WAT comprises of
preadipocytes (adipocytes that are not yet lipid-
loaded), fibroblasts, endothelial cells, and
leukocytes, most importantly macrophages.
WAT has a range of functions, which include
release of hormones such as resistin, visfatin,

and adiponectin. Along with this, cytokines such
as interleukin (IL)-6 and tumor necrosis factor-α
(TNF-α) released from WAT are involved in
modifying insulin sensitivity and inflammatory
processes, WAT also releases leptin and angio-
tensin which participate in controlling the
nutritional uptake (Coelho et al. 2013).

Apart from these, several micro RNAs (miRs)
have been found dysregulated in WAT during
obesity, and establish a close association with
metabolic disorders associated with obesity. The
miRs are small noncoding around 20–22 nucleo-
tide long RNA sequences, which bind to their
target mRNA at 3’UTRs and regulate the transla-
tion of mRNA. Some miRs are also involved in
regulating inflammation in WAT. For example,
miR-221 and miR-222 have been reported to have
a positive correlation with the expression of
TNF-α released by WAT. The exosomal release
of the miRs from adipose tissues such as miR-99b
also regulates the metabolism of other tissues.
MiR-99b induces suppression of hepatic Fgf21
by binding to its 3’UTR. Fgf21 is primarily
involved in maintaining the metabolic regulation
in obese and diabetic models by increasing insu-
lin sensitization and lowering glucose levels
(Tezze et al. 2019).

Brown adipocytes are comparatively smaller
than WAT. They are abundant with cytoplasmic
content, possess varied cytoplasmic lipid droplets
and numerous mitochondria which are involved
in release of heat via oxidation of stored fatty
acids. BAT is characterized by extensive vascu-
larization, and the blood vessels assist the deliv-
ery of components for storage and oxidation, as
well as disperse the heat generated to different
parts of the body (Coelho et al. 2013). Under
obese conditions, release of exosomal miRs
from BAT such as miR-325 and miR-743b is
presumed to target the uncoupling protein
1 (UCP-1) expression, and miR-98 targets perox-
isome proliferator-activated receptor-gamma
coactivator alpha (PGC1α), both these proteins
are involved in adaptive thermogenesis. They
contribute towards the metabolic syndrome by
whitening of the BAT (Tezze et al. 2019).
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Adipose Tissue as a Source
of Inflammation

Obesity influences the quantity, nature, and
subtypes of the immune cells that are harboured
in adipose tissue and thus the later has emerged as
an active immunological organ (Grant and Dixit
2015).

Adipose tissue secretes a variety of adipokines
and cytokines which may be both pro- (TNF-α
and IL-1β) and anti-inflammatory (IL-10) in
nature. Approximately 30% of circulating IL-6,
a proinflammatory cytokine, originates from
adipose tissue. With increased adiposity, the
level of IL-6 increases, and is further stimulated
by TNF-α and IL-1β (Grant and Dixit 2015).
In obese condition, adipose tissue is poorly
oxygenated due to proportional reduction of
blood flow. This hypoxic condition activates
HIF-1α and NF-κB followed by alteration in
the expression of several proinflammatory
adipokines (Ge et al. 2014). These molecules
have the ability to affect insulin sensitivity of
adipose tissue and promote insulin refractoriness,
participating in the development of type-2-diabe-
tes mellitus (T2DM), cardiovascular diseases
(CVDs) and other metabolic disorders.

Tumor Necrosis Factor a

Adipocytes synthesize a 26 kDa transmembrane
protein pro-TNF-α, which upon stimulation by
various oxidative and inflammatory stimuli gets
cleaved by matrix metalloproteinases (MMPs)
into a soluble and active form of TNF-α, a
17 kDa protein, and released into circulation.
It is known to increase serum glucose
concentrations and induce insulin resistance in
in vivo experimental models of obesity. TNF-α
is also a potential activator of NF-κB-mediated
proinflammatory signaling pathway, which is
implicated in numerous inflammatory diseases.
Increased levels of TNF-α, have been attributed
to the presence of adipose tissue-residing
macrophages especially the M1 type. As shown
in Fig. 11.1, insulin impairment in the presence of
TNF-α is mediated via activation of c-Jun-N-ter-
minal kinase (JNK) or inhibitor of NF-κB kinase

(IKK) and increased expression of suppressor of
cytokine signaling (SOCS3), which then inhibits
the signaling via insulin receptor substrate (IRS).

MiR-155 expressed in obese individuals
inhibits the transcripts of proteins which act as
repressors of TNF- α (Fig. 11.1). Transgenic
mouse models with an overexpression of
miR-155 exhibit enhanced production of TNF-α.
Similarly, under hyperglycemic conditions, an
increased expression of miR-155 and miR-146a
is responsible for activation of TNF-α/TGF-β1/
NF-κB proinflammatory signaling pathway
(Marques-Rocha et al. 2015). Another regulatory
pathway for TNF- α production involves
miR-145-mediated activation of p65, an integral
part of NF-κB complex. Along with this miR-145
downregulates the expression of protease
ADAM17, leading to an increased membrane
bound fraction of biologically active form of
TNF-α (Marques-Rocha et al. 2015).

Interleukin-6

IL-6 along with the other proinflammatory
cytokines is secreted by the NK cells residing in
the adipose tissue (Lu et al. 2016). Elevated

Fig. 11.1 Schematic diagram showing cytokines produc-
tion from adipocyte and its effect on inflammation and
insulin resistance. Adipocytes during obesity secrete
proinflammatory cytokines (TNF-α and IL-6) which
induce inflammation via accumulation of macrophages
and insulin resistance via JNK/NF-κB-mediated SOCS3
activation. Adipocytes also express miR-155 that regulates
the release of both TNF-α and IL-6. Further, decreased
levels of miR-223 during obesity results in increased IL-6-
mediated STAT signaling leading to activation of NF-κB
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circulating level of IL-6 in obese subjects is
strongly correlated with insulin resistance
(Varghese et al. 2018). IL-6 levels also positively
correlate to the body mass and plasma free fatty
acids in the patients with T2DM. IL-6 participates
in glucose homeostasis and regulation and activa-
tion of the immune system (Kurauti et al. 2017).
IL-6 directly inhibits the signal transduction of
insulin receptor thereby inhibiting insulin activ-
ity, leading to insulin resistance (Zand et al.
2017). IL-6 acts on the insulin signaling by
upregulating SOCS3 expression, which impairs
the insulin-induced receptor and phosphorylates
the IRS-1 in hepatocytes and adipocytes
(Fig. 11.1). It is also actively involved in regula-
tion of insulin-degrading enzyme (IDE), an
important molecule involved in insulin clearance
in the body. Low level of IL-6 leads to decreased
expression and activity of IDE which could result
in hyperinsulinemia (Kurauti et al. 2017).

Blocking the IL-6 signaling leads to deprecia-
tion of larger adipocytes replaced by smaller
adipocytes. In addition to this, IL-6-mediated sig-
naling promotes the chemotaxis and infiltration of
macrophages into the adipose tissue as well as
their polarization into the M1 type (Kraakman
et al. 2015). As observed in TNF-α regulation,
miR-155 also plays an important role in
mediating increased expression of IL-6 by
potentiating TLR signaling, via negatively
regulating SH2 domain-containing inositol-5-
phosphatase 1 (SHIP1) and suppressor of cyto-
kine signaling 1 (SOCS1) (Marques-Rocha et al.
2015). IL-6/STAT3 (signal transducers and
activators of transcription 3) is responsible for
complex inflammatory pathways, where IL-6
promotes phosphorylation and activation of
STAT3. IL-6 promotes STAT3 by inhibiting
miR-223, a negative regulator of STAT3
(Marques-Rocha et al. 2015).

Monocyte Chemoattractant Protein-1
(MCP-1)

A member of CC chemokine superfamily, this
cytokine recruits and activates circulating
monocytes during angiogenesis and acute

inflammation. MCP-1 levels are augmented in
obese individuals, and gene expression of
MCP-1 is elevated in both visceral and subcuta-
neous adipose tissues. Elevated MCP-1 attracts
more leukocytes to the inflammatory site, which
further aggravates inflammation by secreting
excessive levels of TNF-α and IL-6, contributing
to insulin refractoriness and diabetes. Infiltration
of monocytes into the adipose tissue is also
contributed by the adipocytes, i.e., by secreting
MCP-1 along with macrophage inflammatory
protein-1α (MIP-1α), macrophage colony-
stimulating factor (M-CSF), macrophage migra-
tion inhibition factor (MIF-1), and chemokine
CCL5 (RANTES), thereby facilitating the diver-
sification and maturation of monocytes into
macrophages (Fig. 11.2) (Coelho et al. 2013).
Thus, inclining the polarization of macrophages
into M1 type, increased plasma levels of MCP-1
via CCR2 stimulate the phosphorylation of
ERK1/2. Activated ERK is then responsible for
decreased tyrosine phosphorylation of IR-β and
increased serine-based phosphorylation of IRS-1,
leading to insulin resistance in hepatocytes and
skeletal muscles (Chen et al. 2015).

When elevated, miR-467b is found to target
and inhibit MCP-1 and TNF-α via
downregulating lipoprotein lipase. However,
downregulated expression of miR-467b in
macrophages under obese conditions leads to an
enhanced expression of MCP-1 (Tian et al. 2012).
Another miR identified to target MCP-1 secretion
in macrophages is miR-125-5b-5p, which is

Fig. 11.2 Schematic representation of MCP-1-mediated
pathway in adipocyte. MCP-1 released from adipocyte
during obesity causes leukocyte accumulation, which fur-
ther leads to IL-6 and TNF-α production. MCP-1 also
activates Erk1/2 signaling leading to insulin resistance.
Further, adipocytes also cause M1 macrophage accumula-
tion via M-CSF, MIF-1, and RANTES production
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also found to be downregulated under obese
conditions. This miR targets beta lactamase pro-
tein (LACTB), an active-site serine protein,
involved in maintaining metabolic circuit thereby
regulating the levels of MCP-1. However, the
downregulation of miR-125-5b-5p leads to
upregulation of LACTB, followed by increased
MCP-1 secretion in macrophages (Lu et al. 2016).

Adipocytokines: A Linking Mediator
Between Adipose Tissue,
Inflammation, and Immunity

Adipocytokines encompass molecules like leptin,
resistin, visfatin, and adiponectin. Other
cytokines released by the adipose tissue (IL-1,
IL-6, MCP-1, and TNF-α) are not considered as
adipocytokines, even though taking part in the
immune modulation. Granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-4, and
IL-13, which induce proliferation of
macrophages, should also be added to the list
(Braune et al. 2017), as certain chemokines
including CCR5, C-X-C motif chemokine
12 (CXCL12), and semaphorin 3E promote mac-
rophage infiltration and recruitment.

Blocking IL-6-induced signaling cascade does
not completely abrogate insulin resistance or
obesity-induced weight gain (Kraakman et al.
2015). This indicates the role of other cytokines
and adipokines in the obesity-related pathogene-
sis. Further, IL-6 signaling also assists the reten-
tion of macrophages by macrophage-adipocyte
adhesion, and this inhibits conversion of WAT
to beige adipose tissue (Chung et al. 2017), thus
continues to promote adipose tissue-mediated
inflammation.

Normal vs. Sick Fat

Adipocytes from lean individuals, akin to
normal fat, preferably secrete adipokines that are
anti-inflammatory in nature, which include
transforming growth factor beta (TGF-β), IL-10,
IL-4, IL-13, and IL-1 receptor antagonist. In
contrast to this, adipose tissue from obese
individuals, sick fat, secretes proinflammatory

cytokines such as TNF-α, visfatin, resistin, plas-
minogen activator inhibitor 1, leptin, and IL-6,
which promote inflammatory condition and
pathogenesis (Ouchi et al. 2011). The
proinflammatory adipokines modulate insulin
sensitivity directly or indirectly via stimulation
of inflammatory pathways which affects insulin-
mediated signaling. For example, phosphoryla-
tion of serine residue of the IRS by the adipokines
through the JNK and I-kappa B kinase β (IKKβ)/
NFκB pathway, disrupts the insulin signaling
leading to insulin resistance.

Orchestration of Inflammatory
Responses

Inflammation in the adipose tissue induces
upregulation of proinflammatory adipocytokines.
The connection between adipocytokines and
miRs appears to be reciprocal where cytokine
signaling has an impact on the miRs production.
Likewise, the miRs also target mRNA of
cytokines and cytokine signaling. For example
IL-1β and TNF-α are critical stimulators of
miR-155 and miR-146a while IL-6-mediated sup-
pression of miR-200c directs the indispensable
activation of inflammatory signaling cascade
(Marques-Rocha et al. 2015). In general
miR-185, miR-103, miR107, and miR143 get
downregulated in obese individuals whereas
they are upregulated in lean subjects (Marques-
Rocha et al. 2015).

Immune Cell Recruitment

Neutrophils, eosinophils, basophils, mast cells, B
and T cells infiltrate and reside in the adipose
tissue. The immune cell population and their
associated response may vary based on various
factors such as diet, cold exposure, body weight,
feeding and fasting (Grant and Dixit 2015). The
in vivo experiment in mice model showed that in
high-fat diet (HFD) fed animals, adipose tissues
were infiltrated by neutrophils within 3 days,
followed by macrophages in 2 weeks, and recruit-
ment of B and T cells by the end of 4 weeks
(Winer et al. 2011; Talukdar et al. 2012).
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The cells tend to change their number and
characteristics based on different conditions and
microenvironment in the tissue. Insulin resistance
and obesity are certain conditions that have the
ability to skew the adipocyte-residing immune
cells, from anti-inflammatory subtype to the
proinflammatory type. This also includes the mac-
rophage polarization where M2 type of cells trans-
form into M1 type, which is also accompanied by
the loss of regulatory T cells (Fig. 11.3).

Macrophages

Approximately 50% of the immune cells residing
in the obese adipose tissue are macrophages,
while in lean individuals it accounts for about
10%. The tissue macrophage population is
directly correlated to the total adiposity and adi-
pose cell size and are involved in secreting the
majority of inflammatory cytokines. Chemokines
secreted by the adipocytes such as MCP-1,

Fig. 11.3 Schematic diagram showing interaction of
macrophages and other immune cells with adipose tissue.
Various adipocytokines (IL-6, MCP-1, IL-1β, TNF-α)
released from adipocytes and adipose-residing immune
cells during obesity increases inflammation-mediated

metabolic dysregulation. These inflammatory mediators
attract and activate various immune cells which further
secrete various chemokines and cytokines causing exces-
sive inflammation and metabolic complications
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MIF-1, chemokine CCL5 (RANTES), and
M-CSF, attract and facilitate the infiltration of
monocytes into the adipose tissue where they
eventually transform into macrophages (Coelho
et al. 2013). As observed in the obese mice
models, macrophages when infiltrated in the adi-
pose tissue, undergo transformation of phenotype
from M2 type with cluster of differentiation
(CD)-206, arginase (Arg)-1, and CD301 markers,
to proinflammatory M1 phenotype with expres-
sion of nitric oxide synthase (NOS)2, TNF-α, and
integrin alpha X chain protein (Itgax) (Appari
et al. 2018; Rondini and Granneman 2020).

The M1 type prominently expresses inducible
nitric oxide synthase (iNOS), IL-1β, and CD11c
on the cell surface whereas the M2 macrophages
express IL-10, Arg, and chitinase-like protein
Ym-1. This switching of macrophages from M2
to M1 type is at the very core of adipose tissue. In
obese conditions, the presence of M1 type of
adipose tissue macrophages reflects the futile
clearance of dead adipocytes. Generally, efficient
efferocytosis is accompanied with the presence of
M2 type of macrophages, establishing an anti-
inflammatory microenvironment (Boutens and
Stienstra 2016). Under obese conditions, it is the
M1 macrophages that populate the adipogenic
clusters, facilitating adipogenesis and angiogene-
sis as well as activation of the proinflammatory
signaling needed for efficient adipogenesis
(Boutens and Stienstra 2016).

The adipose tissue inflammation and resultant
resistance to insulin, lipid oxidation, and mito-
chondrial biogenesis are regulated by PPARγ
and PPAR coactivator-1β (PGC1β). Knockdown
of PPARγ specifically exacerbates the inflamma-
tion in macrophages and promotes HFD-induced
obesity (Odegaard et al. 2007). Adipose tissue-
residing macrophages derived from obese
mice have the tendency to induce systemic
glucose tolerance and insulin resistance by
downregulating PPARγ (Ying et al. 2017). Obe-
sity induces lysosome biogenesis in macrophages
residing in the adipose tissue and inhibition of the
lysosome function impairs the lipid metabolism
in the cells thus, reducing the whole adipose
tissue lipolysis (Xu et al. 2013).

Increased content of lipids in the cells and
alteration in lipid metabolism are associated
with a low-grade inflammation during obesity
(Xu et al. 2013). One of the critical signaling
pathways that controls lipid metabolism in
the macrophages is AMPK. It is an antagonist
of the biosynthetic pathways, i.e., it suppresses
fatty acid synthesis as well as increases their
oxidation via phosphorylation of acetyl-CoA
carboxylase (ACC) (Pearce and Everts 2015).
The AMPKβ1-deficient macrophages lead to
increase in the levels of diacylglycerol and
inflammatory markers, and suppress the expres-
sion of mitochondrial enzymes and phosphory-
lation of ACC. This conducts to increased lipid
accumulation (Galic et al. 2011).

In AMPKβ1�/� mice, administration of HFD
enhanced inflammation of adipose tissue residing
macrophages, with subsequent insulin resistance
(Galic et al. 2011). Presence of saturated fatty
acids such as palmitate instigates the signal trans-
duction pathways pertaining to inflammation and
lipid metabolism. These saturated fatty acids bind
to cell surface receptors such as TLRs followed
by proinflammatory signaling cascade activation,
excessive inflammatory cytokine production, and
internalization of palmitate. This is subsequently
followed by activation of p62 and PPARγ
proteins, which promote the metabolic phenotype
of macrophages (Kratz et al. 2014). Studies state
that deficiency of fatty acid synthase (FAS)
prevents the recruitment of macrophages in the
adipose tissue. It is also associated with the reten-
tion of cholesterol in the plasma membrane and
disruption of Rho GTPase trafficking, which
modulates cell adhesion, activation, and migra-
tion (Wei et al. 2016).

Macrophage transcriptome studies indicate
that adipose tissue-residing macrophages in the
obese adopt a peculiar metabolic program,
which includes glycolysis and oxidative phos-
phorylation (Boutens et al. 2018). Inflammation-
induced excessive glycolysis in macrophages
contributes to increased production of inflamma-
tory cytokines. Inhibition of glycolysis with
2-deoxyglucose (2-DG) reduced lactate produc-
tion and glucose oxidation by macrophages
(Boutens et al. 2018).
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Dendritic Cells (DCs)

In obese mice models depletion of adipose-
residing DCs resulted in recovering the insulin
sensitivity and decrease in the levels of
proinflammatory cytokines (Zand et al. 2017).
High-fat diet skews the DCs towards the
proinflammatory phenotype with an increase in
the secretion of IL-1β and expression of IL-1R,
toll-like receptor (TLR) 4 and caspase-1. The
proinflammatory phenotype of DCs and their
secretions attract more inflammatory immune
cells into the adipose tissue. Further, increased
levels of caspase-1 and IL-1β promote pyroptotic
cell death, releasing more danger molecules in the
milieu which add significantly to ongoing
onslaught of inflammatory bursts. Unlike the con-
ventional type, the plasmacytoid DCs (pDCs)
possess a low capacity of processing soluble anti-
gen. pDCs recruitment in the adipose tissue induces
obesity and insulin resistance, whereas its depletion
is followed by reduced metabolic complications
(Ghosh et al. 2016; Hannibal et al. 2017).

The cDCs residing in the visceral adipose tis-
sue (VAT) have the ability to acquire a
tolerogenic phenotype, i.e., antigen-specific acti-
vation of T-cell tolerance. This phenomenon in
cDCs is attributed to the activation of peroxisome
proliferator-activated receptor gamma (PPARγ)
and β-catenin pathways (Macdougall et al. 2018).
Inhibition of the β-catenin and PPARγ pathways
does not affect the phenotypical features of the
animal such as adipose tissue content, food
intake, or weight gain, however it aggravates the
local inflammatory responses and obesity-
induced insulin resistance (Macdougall et al.
2018). Tolerogenic properties of adipose tissue-
residing cDCs serve as inflammation check points.
cDCs are likely to undergo phenotypical and func-
tional changes based on the level of obesity,
providing a foundation to authenticate the role of
cDCs in obesity and associated metabolic disorders.

Lymphocytes

Genes of lymphocytes involved in recombination
and diversity for antibody production are

metabolically active. Recombination-activating
gene (RAG)-1-deficient mice tend to develop
insulin resistance (Winer et al. 2009). Approxi-
mately 5–10% of the total immune cell popula-
tion is composed of T cells which mainly reside in
the subcutaneous and visceral adipose tissue, and
act as a major hub for memory T cells inducing
proliferation and effectiveness (Han et al. 2017).
In obese mice, the population of T cells increases
specifically when the subset CD8+ population is
greater than the CD4+ in the adipose tissue. Insu-
lin resistance is attributed to the presence of CD8+

cells. Infiltration of these cells into adipose tissue
is followed by the recruitment and accumulation
of macrophages. Genetic depletion of CD8+ T
cells depreciates inflammation of adipose tissue
and ameliorates insulin resistance (Nishimura
et al. 2009).

Regulatory T (Treg) Cells

Treg population keeps a check on the inflamma-
tion in the adipose tissue. These cells are gener-
ally found in fat depots in normal states and their
numbers tend to strikingly reduce under the obese
conditions. Apart from the role of T cells, B cells
also play a significant role in adipose tissue.
Depleting B cells in HFD-fed mice improved
tolerance towards glucose as well as reduced adi-
pose tissue inflammation (Winer et al. 2011). B
cells tend to secrete more proinflammatory
cytokines such as interferon gamma (IFN-γ),
IL-6, and IL-8, than anti-inflammatory cytokines
which include IL-10 and IL-5. B cells exert detri-
mental effects by producing pathogenic IgG type
of antibodies.

Nutrient rich microenvironment in the adipose
tissue instigates Treg cells to take up lipids. This
property is generally not seen in the conventional
or lymphoid-residing Treg cells. The PPAR-
γ-mediated fatty acid metabolism is a critical factor
that regulates the phenotype of adipose tissue-
residing Treg cells, depicting a PPARγ-dependent
expression of forkhead box P3 (Foxp3) and
GATA3 (Cipolletta et al. 2012). Lipid metabolism
gets augmented in Treg cells in the presence of
pioglitazone, a synthetic agonist of PPARγ. This
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leads to an increase in the expression of fatty acid
transporters CD36, enzymes involved in fatty acid
synthesis (Slc27a2, Stearoyl-CoA desaturase (Scd)
1 and Lipe), triglyceride synthesis (Dgat1), fatty
acid oxidation (Cpt1a), and lipid droplet-associated
protein (Plin2) (Cipolletta et al. 2012). Thus, it is
possible that Treg cells could store lipids by
regulating the lipolysis to generate free fatty acids
for both anabolic and catabolic purposes. These
findings go hand in hand with the fact that Tregs
preferably utilize lipid oxidation for energy in com-
parison to effector T-cells that utilize the energy
generated from glycolysis (Michalek et al. 2011).

Treg cells are attuned to the local microenvi-
ronment while residing in the adipose tissue, and
this affects the metabolic profile, function, and
phenotype. However, some features of adipose
Treg cells are similar to Treg cells residing in
other microenvironments. For example, signaling
pathway that controls the Treg metabolism is
mediated via the lipid phosphatase (PTEN)
(Newton et al. 2016). Native CD4+ T-cells
undergo transformation into Treg cells when
PTEN is overexpressed, leading to the formation
of Foxp3+ Treg cells in adipose tissue (Kalin et al.
2017). Studies state that deletion of PTEN leads
to a hyper-glycolytic state, which disrupts the Treg
lineage affecting the CD25 and Foxp3 expression.

A subtype of B cells, i.e., adipose tissue regu-
latory B (Breg) cells, are observed to restrain the
inflammation of adipose tissue and positively
affect the insulin sensitivity. These cells are
involved in the survival and homeostasis of the
adipose tissue by releasing IL-10, CXCL12, and
free fatty acids (Nishimura et al. 2013).

Unconventional Lymphocytes

Unconventional lymphocytes include the invari-
ant natural killer cells (iNKT), γδ T cells,
mucosal-associated invariant T (MAIT) cells,
and innate lymphoid cells.

iNKT Cells
A significant number of invariant natural killer
cells (iNKT) are present in the adipose tissue.
These are innate T cell types and represent

15–20% of the entire T cells. Mice that lack
iNKT cells show metabolic derangements includ-
ing weight gain, insulin resistance, larger
adipocytes, and fatty livers. Increasing the num-
ber of iNKT cells improves the condition of
weight loss and metabolism. iNKT cell-mediated
amelioration of insulin sensitivity is attributed to
its association with Th2 type cytokine production
(Lynch et al. 2012). Adipose iNKT cells have a
unique transcriptional signaling with an
overexpression of mitogen-activated protein
(MAP) kinase phosphatase Dusp1 and Nur77, a
nuclear transcription factor, which then regulates
inflammation, cell growth, glucose metabolism,
and insulin resistance (Lynch et al. 2015).

Unlike iNKT cells that are found in other
tissues and express poxvirus finger transcription
factor, the adipose tissue iNKT cells express the
basic leucine zipper transcription factor E4
promoter-binding protein 4 (E4BP4) which
controls the production of IL-10. Enrichment of
regulatory iNKT cells in adipose tissue controls
inflammation and maintains it in quiescent state,
and regulates the homeostasis of other anti-
inflammatory immune cells such as Treg and
M2 macrophages (Lynch et al. 2015).

gd T Cells
These are unconventional type of T cells and
represent 1–10% of the entire circulating T cells,
in mice as well as humans. They are reduced in
obese patients and have a negative correlation
with the body mass index (Costanzo et al.
2015). They inhibit the differentiation of
preadipocytes 3T3-L1 to mature adipocytes, and
impair glucose uptake in mature adipocytes
(Zuniga et al. 2010). These cells are preferably
accumulated in the adipose deposits of the ingui-
nal, colon, and small intestine.

Innate Lymphoid Cells (ILCs)
ILCs have a classic lymphoid morphology, how-
ever they are identified by the expression of
cytokines and functional molecules released by
them (ILC1 and ILC2) (Artis and Spits 2015).
During obesity and T2DM, the ILC2 in VAT
secretes IL-5 and IL-13, which regulate the levels
of eosinophils and alternatively activated
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macrophages, thereby controlling insulin resistance
and HFD-induced obesity (Hams et al. 2013;
Molofsky et al. 2013). Adipose tissue in obese
subjects exhibited a reduced number of ILC2s
(Brestoff et al. 2015). Anti-inflammatory cytokine
IL-25 elicited ILC2 response regulates metabolic
homeostasis, by controlling lower weight gain
when subjected to HFD (Hams et al. 2013).

In contrast, IFN-γ induces the ILC to polarize
towards ILC1 type, where they contribute
towards insulin resistance in HFD-induced obe-
sity (O'Sullivan et al. 2016). Decreasing their
number results in reduced cytotoxicity via alter-
ation in the conversion of proinflammatory
macrophages to anti-inflammatory population.
Metabolic disorders are exacerbated in cases
where there is an adoptive transfer of ILC1 popu-
lation of cells (Boulenouar et al. 2017).

In mouse models, HFD appreciably increases
the number of neutrophils and macrophages.
Expression of neutrophil-derived elastase and
myeloperoxidase increases when a HFD is
administered along with neutrophil infiltration.

Metabolic Regulation of Adipose
Tissue-residing Immune Cells in
Different Disease Conditions

In adipose tissue of obese organisms,
macrophages with a much more complex
immunophenotype are observed which does not
conform to the traditional M1 and M2 polariza-
tion type (Kratz et al. 2014). This morphology is
induced by external stimuli such as glucose, insu-
lin, and palmitate that get elevated during meta-
bolic disorders. Metabolic markers follow, such
as Perilipin 2(Plin2) and ATP-binding cassette
transporter (Abca) 1, along with release of
proinflammatory cytokines TNF-α and IL-1β
(Kratz et al. 2014). Dead adipocytes capable of
inducing the expression of IL-1β and IL-6, are
cleared by the macrophages, with inhibition of
inflammation in obesity (Coats et al. 2017).

Since macrophages are smaller than
adipocytes, they clear the adipocytes via lyso-
somal exocytosis, driven via NADPH oxidase
2 (Coats et al. 2017). Lysosomes biogenesis

occurs during obesity, and inhibition of the mac-
rophage lysosome function may increase the lipid
content in macrophages, reducing adipocyte
lipolysis (Xu et al. 2013). Macrophages contrib-
ute towards dysregulated lipid metabolism inde-
pendent of their phenotype.

Arterial Hypertension

Many hypertensive patients are not obese, how-
ever they present the features of metabolic
dysregulation. Visceral adipose tissue (VAT)
inflammation can be identified, partaking in the
pathogenesis of vascular dysfunction
(Mikolajczyk et al. 2016). Loss of protective
function of the VAT triggers a loss of
endothelium-dependent vasodilation and leads to
stiffness of blood vessels (Nosalski and Guzik
2017). Morphological alterations induce a more
proinflammatory VAT, which dedifferentiates
and becomes metabolically active. Increased
levels of resistin and visfatin and decreased levels
of adiponectin and leptin can be observed. Addi-
tionally, increased production of chemokines
such as RANTES or CXCL10, a key molecule
for recruitment of activated CD8+ T cells,
monocytes, and macrophages, are also implicated
(Nosalski and Guzik 2017).

Atherosclerosis

Augmented levels of adipokines such as vaspin,
leptin, visfatin, and chemerin due to VAT dys-
function are associated with the development of
atherosclerosis. At the early stages, immune cells
such as macrophages, dendritic cells, and T cells
infiltrate the adipose tissue that surrounds the
vasculature (Skiba et al. 2017). This is followed
by endothelial dysfunction and induction of oxi-
dative stress. Endothelial dysfunction is a critical
event in the atherosclerotic plaque formation
(Patel et al. 2019). These conditions, however,
can be reversed by targeting metabolic functions
of proteins such as Angiotensin (Ang) 1–7 (Skiba
et al. 2017). Adipose tissue inflammation is con-
tinuously observed over various stages of the
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disease. Aged ApoE�/� mice showed high num-
ber of leukocytes in the aorta, which is indicative
of advanced atherosclerosis. Along with this, T
cell population could be correlated with the lesion
size, as their depletion has been shown to prevent
atherosclerosis (Meng et al. 2016). Epicardial
adipose tissue is a depot of paracrine-acting
adipokines and can contribute towards vascular
atherogenesis.

Insulin Resistance and Diabetes

Elevated numbers of M1 type macrophages affect
insulin signaling, and are attributed to the
increased CD8+/CD4+ ratio and a decrease in
Treg cells. This population tilt is mediated via
the regulation of signal transducer and activator
of transcription3 (STAT3) signaling (Priceman
et al. 2013). Neutrophils, though present in
small numbers, can impair insulin signaling as
well. Neutrophil elastase induces glucose intoler-
ance and insulin resistance via increased degrada-
tion of insulin receptor substrate-1. Inhibition or
genetic knockdown of this enzyme reverses the
adversity. Its inhibition also ameliorates the
inflammation in adipose tissue by decreasing
TLR4-dependent expression of proinflammatory
markers (Talukdar et al. 2012).

During obesity and diabetes, mast cells secrete
IL-6 and IFN-γ, which also promote and contrib-
ute to proinflammatory effect. The pathogenic
response receptors such as TLR4, and the NLR
family inflammasome such as cryporin/NLRP3,
induce the secretion of active IL-1β and IL-18 in
macrophages that recognize the ligands
upregulated during obesogenic conditions
(Varghese et al. 2019). The downstream effect
of this activation includes the regulation of
inflammatory intracellular lipids such as
ceramides and sphingolipids, which are then
responsible for inducing insulin resistance and
diabetes (Summers 2010).
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Abstract

Diabetes has become one of the foremost
diseases worldwide, even though growth and
prevalence are geographically heterogeneous,
according to such variables as ethnic profile,
diet, and selected lifestyle variables. Tradition-
ally a concern of the affluent Western society,
it is rapidly spreading to developing societies,
with potentially disastrous public-health
consequences. In recent decades, the regions
with the steepest elevation of prevalence were
the Eastern Mediterranean, Africa, and South
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East Asia. In contrast, Europe and particularly
the USA, perhaps on account of long experi-
ence and more abundant healthcare resources,
have achieved more success in curbing the
epidemic. Both modifiable and nonmodifiable
risk factors are operative. Obesity and
unhealthy lifestyle are prominent in the first
modality, whereas aging deserves attention
among nonmodifiable precipitants, as the
world population is becoming older. Given
the possibility of 600 million diabetics in
2045, from current 422 million, the need for
implementation of preventive policies cannot
be overemphasized.

Keywords

Diabetes mellitus · Epidemic · Comorbidities ·
Prevalence · Medical care · Costs · Economy ·
Health policy · Predictive preventive
personalised medicine

Introduction

Diabetes mellitus (DM) affects 422 million peo-
ple in all continents (WHO 2019). The outlook is
becoming worse, as regions and age brackets that

were relatively free from the disease, especially
children, are progressively becoming involved, in
tandem with lifestyle changes and longer life
expectations (Fig. 12.1). A relevant example is
children and teenagers, whose glucose homeosta-
sis deteriorates in parallel with overweight and
obesity (Golubnitschaja 2013). Such young
patients will eventually pay a high price in the
form of cardiovascular disease, cancer, neurolog-
ical disorders, and premature death
(Golubnitschaja 2013).

Global Profile of the Diabetes
Epidemic

A worldwide evaluation encompassing 34 years
(1980–2014) (World Health Organization 2016)
revealed that few regions were able to curb dis-
ease growth (Fig. 12.2). Growth accelerates most
in less-affluent areas like the Eastern Mediterra-
nean, with a 2.3 times jump in prevalence
between 1980 and 2014, and Africa, with a simi-
lar proportion of elevation. (Duarte et al. 2018)

South-East Asia region does not come far
behind, with a 2.1 times stronger prevalence in
2014. In contrast, the illness is nearly under con-
trol in Europe, with a comparatively modest 1.4

Fig. 12.1 Single asterisks are applied to prognoses from
the 1980s, and double ones for those of the early 2000s.
Actual prevalence figures, collected in recent years (in red)
are even more worrisome (Golubnitschaja 2013).

Reprinted with Permission from Duarte AA, Mohsin S,
Golubnitschaja O. Diabetes care in figures: current pitfalls
and future scenario. EPMA J 2018; 9(2): 126–131
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times elevation in the observed period. Differ-
ently from Latin America, the Caribbean, and
Canada, where the increase is robust, thus
influencing the global profile of the Americas,
the USA featured a reduction in the incidence of
diabetes in the last decade. According to certain
authors, this could be due to immigration of youn-
ger populations (Benoit et al. 2019).

Decreased Diabetes Incidence
in the USA

The announcement comes from the Centers for
Disease Control and Prevention (CDC). After
peaking in 2009, with 1.7 million new cases a
year, the incidence of diabetes in the USA shrunk
by 35%, to 1.3 million in 2017. Prevalence
remained stable during this period, a finding
attributed to longer survival for such populations
(Benoit et al. 2019; Media Relations 2019).

Does that mean that at least in the context of
richer countries, with countrywide diabetes pre-
vention programs, the tide of diabetes can be
stemmed? There are both favorable and ominous
evidence. All-cause and cardiovascular mortality
in Americans with diabetes are following the same
positive trend (International Diabetes Federation
2017). In turn, obesity spread is unrelenting,

among nearly all social classes and age groups,
which strongly impacts the future of type 2 diabetes
(International Diabetes Federation 2017).

The Elderly Population

Life expectancy is improving in most countries, a
finding consistent with more diabetic cases
(World Health Organization 2016). The 2.1
times anticipated growth of the condition in the

Fig. 12.2 Prevalence of
DM on a global scale:
retrospective comparative
analysis in the period of
time from the year 1980 to
2014 (NCD Risk Factor
Collaboration (NCD-RisC)
2016). Reprinted with
Permission from Duarte
AA, Mohsin S,
Golubnitschaja O. Diabetes
care in figures: current
pitfalls and future scenario.
EPMA J 2018; 9(2):
126–131

Fig. 12.3 The entire DM patient’s pool (in million of
patients) stratified by the age as registered in the year
2015; prognostic estimations for the corresponding
age-groups are made for the year 2040 (International Dia-
betes Federation 2015). Reprinted with Permission from
Duarte AA, Mohsin S, Golubnitschaja O. Diabetes care in
figures: current pitfalls and future scenario. EPMA J 2018;
9(2): 126–131
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old-age population (65–79 years) till 2040, actu-
ally exceeds by 50% of the prognosis for those in
the 20–64 age bracket (Fig. 12.3) (International
Diabetes Federation 2017). Younger people are
currently the clear majority, however, the oppo-
site is predicted for 2040, with more than
two-thirds of that population being represented
by the elderly people (68.8%) (International Dia-
betes Federation 2017).

Gender and Social/economic Profiles

Type 2 diabetes (DM2) is a multifactorial disor-
der, driven by both genetic and environmental
factors. The impact of obesity is the most
highlighted, with its accompanying array of
sedentarism, lack of physical exercise, and high-
fat (Western) diet, yet other predisposing factors
point toward diabetes. Besides aging, as alluded
to, smoking and alcohol addiction should be men-
tioned (Luo et al. 2018). The alluded to epigenetic
factors could act in the aging process and there-
fore contribute to the diabetes predisposition (Luo
et al. 2018). Differences in prevalence regarding
gender and financial income, partially reflect the
summed-up effects of the mentioned
circumstances.

Demographic Patterns

Demographic patterns of diabetes are still
conflicting in the literature, depending on geogra-
phy, ethnic background, economic status, and
other characteristics, yet a global forecast for
2040 addressing the living environment has
already been outlined (Fig. 12.4) (International
Diabetes Federation 2015).

Such a progressive concentration of the dis-
ease in the city milieu is consistent with the global
urbanization trend, even though rural obesity is
not a novelty anymore. Indeed, pediatric obesity
rates in certain peripheral locations can be higher
than in urban areas (Hosseini and Yilmaz 2019).

Significantly, gender shifts in the diabetes
trend for the next two decades are unlikely (Inter-
national Diabetes Federation 2017). Even though

data on diabetes registered a higher prevalence
among men (Fig. 12.5), women were more obese
or overweight than men. Only in the age group of
70–79 women have a higher prevalence of diabe-
tes than men (International Diabetes Federa-
tion 2017). The higher the income of the country,
the higher were the rates of overweight and obe-
sity, which are strong well-known risk factors for
diabetes (World Health Organization 2016).

Current (2017) statistics reveal a higher and
increasing prevalence of the disorder in
populations aged 20–64 years. The prognosis for

Fig. 12.4 DM patient distribution profiles (in million)
between the urban and rural areas as documented for the
year 2015 and prognosed for the year 2040 (World Health
Organization 2016; International Diabetes Federation
2017, 2015). Reprinted with Permission from Duarte
AA, Mohsin S, Golubnitschaja O. Diabetes care in figures:
current pitfalls and future scenario. EPMA J 2018; 9(2):
126–131

Fig. 12.5 Gender-related patient distribution profiles
(in million): actually (year 2015) registered patients versus
prognoses for the year 2040 (International Diabetes Feder-
ation 2017). Reprinted with Permission from Duarte AA,
Mohsin S, Golubnitschaja O. Diabetes care in figures:
current pitfalls and future scenario. EPMA J 2018; 9(2):
126–131
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the prevalence of diabetes in the range of 65–79
years of age will be more than double in 2045,
with a prevalence shift toward the elderly popula-
tion (International Diabetes Federation 2015).

Worldwide Estimations for 2040

In most of the Western Asia-Pacific and South-
East Asia regions, until just a couple of decades
ago, diabetes was a secondary concern (Duarte
et al. 2018). Now it is forecasted that they will
carry the largest burden on the planet, at least in
absolute numbers, responding for 56% of the
diabetes population (World Health Organization
2016).

Projections are less ominous for Europe, and
even less for the USA, as already signaled (World
Health Organization 2016). Yet the region of
North America and the Caribbean will continue
to deteriorate, predominantly on account of the
contribution of Mexico, but also of Canada and
some Caribbean islands (World Health Organiza-
tion 2016; Benoit et al. 2019).

Concerning expansion compared to current
burden, no area will suffer more than
Sub-Saharan Africa, followed by North Africa,
and Middle East, with 3.0 and 2.4 elevation,
respectively, until 2040 (Duarte et al. 2018)
(Fig. 12.6).

Public Health Challenges

As emphasized in Table 12.1, the USA and West-
ern European countries still have to deal with
large numbers of diabetics, requiring major finan-
cial and labor investments (Statista 2019). Yet the
speedometer is moving faster in the South and
East of the planet, with non-Western countries
being predominantly overwhelmed by the epi-
demic (International Diabetes Federation 2015).
This could partly be due to the susceptibility of
South Asians, and possibly Asians in general, to
lesser degrees of obesity, acquiring precocious
comorbidities, particularly type 2 diabetes
(Pomeroy et al. 2019). Atavic low lean mass is
an ethnic feature of some of these populations,

Fig. 12.6 Prognosis of diabetes prevalence in 2040 (International Diabetes Federation 2017, 2015). Reprinted with
Permission from Duarte AA, Mohsin S, Golubnitschaja O. Diabetes care in figures: current pitfalls and future scenario.
EPMA J 2018; 9(2): 126–131
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and could underlie early deterioration of glucose
homeostasis, when exposed to the Western diet
and lifestyle (Pomeroy et al. 2019).

The unrelenting demands for massive
diabetes-related budgets in those regions, poten-
tially threatening the whole healthcare economy,
are illustrated by Chinese figures. In 1993, only
0.07% of the gross domestic product (GDP) was
channeled to diabetes. Figures 15 years later
underwent a 300% jump (0.21% of GDP in
2008) (Mao et al. 2019). Specifically for China,
this was no calamity, as the period coincided with
an excellent industrial performance of the country
(Mao et al. 2019). For nations with fragile
economies and less impressive GDP growth,
consequences can be more unsettling.

Diabetes Complications

Micro- and macrovascular troubles are notorious,
along with neurodegenerative and oncological
comorbidities (International Diabetes Federation
2017). Retinopathy potentially leading to blind-
ness, and nephropathy with attending needs for
hemodialysis and transplantation in advanced
cases, can further contribute to heavy acute as
well as lifelong expenses (International Diabetes
Federation 2015). Chronic leg ulcers and
impaired wound healing, besides demanding
occasional surgery and amputation, further

interfere with health budgets and quality of life
(WHO 2019).

Ischemic heart disease is traditionally listed as
one the most frequent, and remains among the
most costly complications, both in Western and
Eastern countries (Gerdtham et al. 2009; Ward
et al. 2014; ADA 2018). Fatal myocardial infarc-
tion incurs a USD 4067 bill in Taiwan (Cheng
et al. 2018). Less common, however, expensive
disorders include ischemic stroke, with an annual
event cost of 42,119 USD in the USA (Ward et al.
2014), end-stage renal disease, reaching 28,551
dollars annual costs in Australia (Clarke et al.
2008), and leg amputation, with annual
expenditures of 14,949 euros in Sweden
(Gerdtham et al. 2009) and USD 7677 in Taiwan
(Cheng et al. 2018). It has been estimated that
complications respond for 25% and 45%, respec-
tively, of the expenses of treating diabetes in
emergency and nonemergency settings (ADA
2013).

Direct and Indirect Costs

Another way of financially analyzing the impact
of diabetes on society is by adding indirect costs,
to the better known disbursements involving
screening, diagnosis, therapy, and long-term
management of the illness and its direct
complications (Seuring et al. 2015). Such less
prominent, however, no less tangible items

Table 12.1 Top ten countries regarding diabetes in 2017

Country Millions of adult diabetic patients

China 114.4
India 72.9
United States of America 30.2
Brazil 12.5
Mexico 12.0
Indonesia 10.3
Russian Federation 8.5
Egypt 8.2
Germany 7.5
Pakistan 7.5

Statista (2019)
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encompass absenteeism, reduced productivity for
the labor sector, as well as for those unemployed,
however, active in household and other informal
activities, disease-related disability, and prema-
ture deaths triggering lost productivity (Seuring
et al. 2015).

As displayed in Table 12.2, estimates signifi-
cantly differ among countries, as a consequence
of disparate cost- of- living, healthcare practices,
and computed variables, such as just drug con-
sumption, or also hospitalization, diagnostic
work-up, and rehabilitation, among direct costs
for instance (Seuring et al. 2015). Nevertheless,
the numbers are almost always substantial, nota-
bly for poor countries. The most striking
discrepancies concern indirect costs, as there is
less consensus about how to define and quantify
those values. Usually lower than direct costs, in
some studies, they come out higher (Seuring et al.
2015).

In the USA, diabetes-related costs including
medical expenses and diminished productivity
were roughly 300 billion USD in 2010. A 71%
increase until 2025 (514 billion USD) is
anticipated, more conspicuous than expected
inflation or GDP shifts in the period (ADA
2013). The same growth curve, projected for
2040, would render a USA bill of 772 billion,

and a worldwide expense of 8.5 trillion, assuming
650 million diabetics at that time (Duarte et al.
2018). Such values are unfeasible, particularly in
the developing world, forecasting a crisis in the
management of the diabetes population.

According to the American Diabetes Associa-
tion (ADA), not less than USD 237 billion direct
and 90 billion indirect costs, were incurred by the
USA in 2017 with the disease (ADA 2018). This
amounts to one-fourth of the healthcare budget
for total expenditures, or half as much for specific
diabetes costs (ADA 2018)

In other words, each diagnosed patient
requires a total disbursement around USD
16,750 per year, and 57% corresponds to specific
diabetes costs (USD 9600 per capita) (ADA
2018). Such outcomes exceed the average results
obtained by Seuring et al. (2015), and displayed
for that country in Table 12.2.

Outlook for the Next 30 Years

The growth of obesity continues uncurbed in the
entire world, including the USA. This means that
despite the respite in the American diabetes epi-
demic (Benoit et al. 2019; Media Relations 2019),

Table 12.2 Per capita diabetes-related direct and indirect costs

Country Direct Indirect

USA 4221–9346 518–4050
Spain 907–4690 556–3379
Italy 4588 208
Netherlands 2780 195
Sweden 1507–2855 2174–2606
Norway 2061 650
Paraguay 2587 245
Jamaica 2439 549
Nicaragua 2145 1105
Iran 2142 2199
Serbia 1610 187
India 1557 305
Thailand 1082 649
Latin America/Caribbeana 1011–1677 4628–6560
Mexico 263–1072 64–7135
Pakistan 620 65

In US dollars (Seuring et al. 2015)
aEstimated range for the entire region
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the future for much of the planet still looks bleak.
The increase in lifespan is another negative vari-
able concerning diabetes, as old age is detrimental
to pancreas physiology, consistent with an eleva-
tion of new-onset cases. At the same time, as
existing diabetics live longer, prevalence will be
impacted, even if incidence remains the same. As
a consequence, the number of diabetics in the
USA could double or triple till 2050, affecting
as many as one-third of the population, from 10%
of current population (CDC 2019).

In synthesis, there is no way of avoiding the
fact that type 2 diabetes is a catastrophic enemy,
one that has eluded eradication, even though
responding to an arsenal of glucose-lowering
drug and lifestyle therapies. One death in seven
is attributed to the disease, which is also behind
the majority of instances of blindness (<75 years
of age), renal failure, and nontraumatic lower
limb amputations (CDC 2019).

The same way that in politics, the price of
liberty is eternal vigilance, diabetes explosive
growth will only be curtailed employing sensible,
incremental steps, aiming to act on preventive and
predictive strategies, avoiding complications and
promoting quality of life, possibly benefiting
from advances in artificial intelligence, machine
learning, databanks, microbiomics, and all other
omics (multi-omics), integrated into the innova-
tive concept of predictive, preventive, and
personalized medicine (3PM or PPPM)
(Golubnitschaja 2013).

Improved Screening, Diagnosis,
and Prognosis

In 2019, Issa et al. investigated a possible predic-
tive marker for the risks and complications of
DM2, namely angiopoietin-like protein-8 -
(ANGPTL-8) (Issa et al. 2019). The role that
this liver-secreted amino acid plays has been sub-
ject of investigation, controversy, and lack of
consensus in the past decades (Issa et al. 2019).
This study confirmed that high ANGPTL-8 levels
are a risk factor for having DM2 (four times risk

[OR 4.03 unadjusted; 6.26 adjusted]). Another
interesting finding was a strong correlation
between ANGPTL-8 levels and impaired kidney
function, possibly predicting diabetic nephropa-
thy. Larger follow-up studies are needed to vali-
date this association (Issa et al. 2019).

Wang et al. (2019) developed in Central China
an affordable and personalized method to predict
the diabetes risk of patients and to analyze the
relationship between the studied risk factors and
DM2. The 3-year cohort was composed of 5557
nondiabetic patients, with a validation cohort of
1870 (Wang et al. 2019). The so-called nomo-
gram was based on age, blood pressure, blood
sugar, and cholesterol levels. Simple instruments
like these can generate large scale identification
of individuals at-risk in a suboptimal health status
(SHS) (Wang et al. 2019; Ge et al. 2019). There-
fore, health policies are better implemented and
resources can be wisely used in a targeted manner
for a specific population. The above-mentioned
method can be easily implemented in multiple
countries creating immense databanks that can
be further useful globally (Wang et al. 2019).

China is the country with the highest absolute
number of individuals with DM2, and urban dis-
ease increase in the last two decades (Ge et al.
2019). Ge et al. (2019) used a screening question-
naire assessing the suboptimal health status con-
dition which is characterized by fatigue and lack
of energy for 3 months or more, through such
variables as fatigue, organ systems, and mental
status (suboptimal health status questionnaire-25,
SHSQ-25), indicating that SHS could be a strong
predictor of DM2 (Ge et al. 2019). Unhealthy
lifestyle habits and physical inactivity were defin-
itive factors contributing to a worse suboptimal
health state.

The most prominent approach to reverse cur-
rent trends in the diabetes epidemic is the inno-
vative concepts of predictive, preventive, and
personalized medicine (PPPM or 3PM), promoted
by EPMA and EPMA Journal (Golubnitschaja
2013). This translates into predictive diagnostics,
targeted prevention, and person- tailored treatments
in the context of so-called suboptimal health status,
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which is the state before the onset of the disease,
thus preventing complications of NCDs (noncom-
municable diseases) and particularly diabetes
(Golubnitschaja 2013; Duarte et al. 2018).
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Abstract

Langerhans published in 1869, the thesis entitled
“Contributions to the microscopic anatomy of
the pancreas” (translated from German). In a
healthy adult man, the islet mass is usually
1–2% of the pancreas mass, and can reach
500,000–1 million islets with 50–250 μm of
diameter. Nowadays, at least five types of cells
were identified in the pancreatic islets, which are
responsible for the secretion of hormones: alpha,
beta, delta, PP, and epsilon cells. Although pan-
creatic progenitor cells can be differentiated
from stem cells, progenitor cells treated with
some combinations of signaling factors can gen-
erate different cell types. Beta-cells are hard to
produce, and people should be informed on how
important it is to have a healthy lifestyle, in order
to avoid exposing beta cells to the toxicity of
sustained hyperglycemia. In the future, beta-cell
neogenesis could repopulate the injured islets of
the diabetic individual.

Keywords

Alpha-cell · Beta-cell · Diabetes · Obesity ·
Insulin signaling

The Pancreatic Islet

The year of 2019 corresponds to the 150th anni-
versary of the description of the pancreatic islet
by Paul Langerhans (1847–1888). In February
1869, Langerhans presented his thesis entitled
“Beiträge zur mikroskopischen Anatomie der
Bauchspeicheldrüse” (Contributions to the micro-
scopic anatomy of the pancreas) (Langerhans
1869), in which he described the presence of
“islets” of clear cells throughout the gland, with
staining properties different from the surrounding
tissues. However, Langerhans did not suggest any
function, except for the erroneous assumption that
the islets might be like lymph nodes (Barach
1952). After 150 years, the pancreatic islets are
better known, and cell composition and secretions
in physiological and pathological situations were
determined (Mandarim-de-Lacerda 2019).

It was Gustave-Edouard Laguesse
(1861–1927) in Lille who named in 1893, the
“islets of Langerhans,” and postulated that they
could act in digestion. Laguesse also
hypothesized that the model of diabetes found in
the pancreatectomized dog could be explained by
the absence of these islets, which suggests their
intervention in an internal secretion. Laguesse
created the term “endocrine” (endo ¼ inside,
and krino ¼ I secrete), to designate this type of
cells pouring in the circulating blood to their
product of synthesis (Wémeau et al. 2018).

A thin layer of connective tissue surrounds the
islets, and separates them from the exocrine pan-
creas. In mature mammals, the islet mass is usu-
ally 1–2% of the pancreas mass and, in a healthy
adult man, that can mean 500,000 to 1 million
islets, with 50 to 250 μm in diameter (Hellman
1959a). The tail of the pancreas concentrates a
higher density of islets than the head and body of
the pancreas (Hellman 1959b).

Cytoarchitecture, Vascularization,
Innervation, and Paracrine
Interactions

The human and rodent islets differ substantially
by several characteristics, including architecture,
cell composition, gene expression, and some
aspects of insulin secretion. Pancreatic islets of
mice are highly vascularized, with endothelial
and endocrine islet cell interactions essential for
islet cell differentiation and function. Human
islets have five times fewer vessels per island
than islets of mice (Brissova et al. 2015).

Five types of cells could be identified in the
pancreatic islets, responsible for the secretion of
hormones. Considering rodent islets, we can find
the following subsets of endocrine cells: (Kim
et al. 2009)

1. Alpha-cells (releasing glucagons), correspond
to 20%;

2. Beta-cells (insulin and amylin / islet amyloid
polypeptide), cosecreting these molecules with
an amylin-insulin ratio of 1: 100, (Adeghate
and Kalasz 2011) correspond to 70%;
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3. Delta-cells (producing somatostatin), repre-
sent less than 10%;

4. Epsilon-cells (generating ghrelin) amount to
less than 1%;

5. PP cells (also known as gamma-cells or F
cells, providing pancreatic polypeptide), rep-
resent less than 5%;

6. Additionally, serotonin-producing enterochro-
maffin cells are present in pancreatic islets of
mammals, at least at a given stage of develop-
ment (Wierup et al. 2014).

The human islets have insulin-immunoreactive
beta-cells, glucagon-immunoreactive alpha-cells,
and somatostatin-containing delta cells dispersed
in the islet (Brissova et al. 2005; Folli et al. 2018).
Rodent islets exhibit a predominance of insulin-
producing beta-cells located in the islet core,
while the periphery has some numbers of alpha-,
delta-, and PP cells (Abdulreda et al. 2016). The
human islets contain proportionately fewer beta-
cells and more alpha-cells. In human islets, most
beta-, alpha-, and delta-cells are aligned along the
blood vessels, without any order or arrangement,
indicating that islet microcirculation probably does
not determine the order of paracrine interactions
(Fig. 13.1) (Cabrera et al. 2006; Leung 2010).

In smaller human islets (<60 μm diameter),
beta-cells are in the islet core, while alpha-cells

are peripherally located, parallel to the vessels. In
larger human islets, alpha-cells are also found
along the vessels that enter and branch within
the islets. A three-dimensional analysis showed
that the islet cells are distributed in an organiza-
tion of trilaminar epithelial plaques, surrounded
by vessels on both sides. In the islet core, the ratio
between beta- and alpha-cells is higher than in the
periphery, and decreases with increasing islet
diameter (Bosco et al. 2010). In epithelial
plaques, beta-cells are frequently located in a
central position, however, generally display cyto-
plasmic extensions between peripheral nonbeta-
cells (Baetens et al. 1979).

The vascularization and innervation of the islet
are highly interconnected, and are essential for
intercellular communication. Both participate in
control of blood flow, a vital role for endocrine
secretion (Penicaud 2017). Sympathetic innerva-
tion is necessary for the formation of pancreatic
islets, as well as their functional maturation.
Ablation of sympathetic innervation or beta-
adrenergic signaling during development, results
in a change in islet architecture with reduced
insulin secretion, and impaired glucose tolerance
in mice (Borden et al. 2013).

The beta-cells in the islet show excellent com-
munication with each other via gap junctions, and
with other cell types via diffusible chemical

Fig. 13.1 The
vascularization of the
pancreatic islet. Arterial
branches ultimately derived
from the celiac artery reach
the pancreas, and one or
more arterioles nourish the
islet from its central part,
subsequently undergoing
capillarization (the
capillaries of this region are
fenestrated). The blood is
collected by small venules
that eventually reach the
portal vein (modified from
Leung 2010)
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messengers (Benninger and Hodson 2018). The
islet endocrine cells use a sophisticated system of
endocrine, paracrine, and autocrine signals to
synchronize their activities, which allows rapid
and accurate control not only of hormone release,
but also of cell differentiation and survival. More-
over, the different categories of paracrine/auto-
crine signals are complemented by
neurotransmitters and neuropeptides, which are
controlled by long noncoding RNAs (lncRNA
transcripts with lengths exceeding
200 nucleotides, not translated into protein)
(Esguerra and Eliasson 2014) (Fig. 13.2).

Like neurons, endocrine cells synthesize,
accumulate, and release neurotransmitters in the
islets, and have receivers capable of decoding
these signals (Di Cairano et al. 2016). Several
neurotransmitters have been proposed to function
as islet paracrine signals, but most of them have
not yet met the criteria to be considered authentic
paracrine signals, especially in human islets (the
results of other species cannot be directly trans-
lated into the human context) (Caicedo 2013).

Postnatal Pancreas

During fetal and early postnatal life, rapid beta-
cell proliferation results in daily doubling of their
population, associated with vascular growth
(Nikolova et al. 2006). In the human fetus, beta-
cells already secrete insulin in response to
secretagogues (Adam et al. 1969), however in
rodents, this occurs only after birth (Kervran
et al. 1979). At birth, the islet architecture appears
similar to adult animals, while their total popula-
tion continues to increase. Beta- and alpha-cells
continue rapidly growing between days 4 to
10 after birth, until day 28, due to demand for
insulin. Most islet cells develop in the tail and the
dorsal pancreas (Dhawan et al. 2007).

Apoptosis, as well as proliferation, modulates
the development of the endocrine pancreas. Apo-
ptosis of beta-cells is rare during embryogenesis,
however not after birth, with islet remodeling and
changes in beta-cell maturation. The frequency of
apoptotic beta-cells in adult rats is approximately
0.5%, with reduction until 6 months after birth
(Scaglia et al. 1997).

Mitochondria play a role in islet protection,
preventing apoptosis against oxidative stress.
Also, insulin-like growth factor 2 (IGF2), a sur-
vival factor that potentiates beta-cell growth, mat-
uration, and function, is another growth factor
that prevents apoptosis of beta-cells, expressed
in beta-cells at the beginning of rodent life
(Reusens and Remacle 2006). Besides, neuropep-
tide Y (NPY) receptors play a role in the control
of beta-cell mass. Activation of the NPY receptor
functionally protects the islets, by restoring glu-
cose reactivity after chemical-induced damage.
Thus, NPY receptor activation might attenuate
beta-cell apoptosis, preserving functional beta-
cell mass, and lessening hyperglycemia pheno-
type in a low-dose streptozotocin diabetes model
(Franklin et al. 2018).

There is a balance between the growth of new
beta-cells and the loss of old beta-cells, which can
be evaluated through the assessment of the total
mass (Marinho et al. 2019a). There are various
sources for the endogenous production of new
beta-cells from existing cells. Beta-cells, long

Fig. 13.2 The beta-cell. Schematic representation of the
beta-cell, highlighting the channels and membrane
receptors that act on cell function, and the production of
insulin and amylin. We see that three types of Ca++

channels are present (T-type or low-voltage, L-type or
voltage-dependent, and P/Q-type or high-voltage). All
are controlled by long noncoding RNAs (lncRNAs) that
play epigenetic regulatory roles in key molecular
processes (gene expression, genetic imprinting, histone
modification, chromatin dynamics), interacting with all
kinds of molecules (modified from Esguerra and Eliasson
2014)
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considered postmitotic, have demonstrated the
potential for regenerative capacity. Likewise, the
presence of facultative endocrine progenitor cells
of the pancreas has been established. Also, the
malleability of cell identity has enabled the gen-
eration of beta-cells from other differentiated cell
types (Nichols et al. 2014).

The expansion of the beta-cell mass in adults
continues, as their ability to regenerate decreases
with age, and involves three possible
mechanisms: (Soggia et al. 2011) (a) the prolifer-
ation of preexisting beta-cells; (b) neogenesis
from progenitor cells or undefined adult stem
cells; (c) transdifferentiation from end-stage
cells (especially in association with conditions
such as obesity and pregnancy) (Fig. 13.3).

Role of Nonbeta Islet Cells

Alpha-cells usually produce glucagon, however
when beta-cells are damaged, alpha-cells also
provide glucagon-like peptide type 1 (GLP-1), a
beta-cell growth and survival factor (Habener and
Stanojevic 2013). In the mouse, some glucagon-
producing alpha-cells and somatostatin-
producing delta-cells become insulin-expressing
cells, after the ablation of insulin-secreting beta-
cells, thus promoting the recovery from diabetes.

Therefore, islet nonbeta-cells (alpha-cells and
polypeptide-producing gamma-cells) can be
reprogrammed by transcription factors, to pro-
duce and secrete insulin in response to glucose.
Once transplanted into diabetic mice, converted
human alpha-cells reverse diabetes and continue
to produce insulin, even after 6 months
(Furuyama et al. 2019). Also, transformed
alpha-cells acquire the electrophysiological
characteristics of beta-cells, and conduct insulin
secretion stimulated by glucose. Pathways
regulated by aristaless-related homeobox (Arx)
protein, and by DNA methyltransferase-1
(Dnmt1) enzyme, are enough to achieve the
targeted generation of beta-cells from adult pan-
creatic alpha-cells (Chakravarthy et al. 2017).

Beta-cell Proliferation

About 1–2 g is the beta-cell mass in the adult
human pancreas, essential for glucose homeosta-
sis (Saisho et al. 2013). In early life, beta-cells are
primarily derived from precursor cells, after
which the proliferation of beta-cells speeds up to
generate functional beta-cell mass (Jiang et al.
2018). Increment of beta-cell mass is noted to
peak within the first 2 years of life, and then to
rapidly decrease in childhood (Mezza et al. 2014).

Fig. 13.3 Expansion of
the beta-cell mass in adults:
possible mechanisms
(modified from Nichols
et al. 2014)
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After birth, approximately 3% of beta-cells are in
the active cell cycle, whereas in adults, human
beta-cell proliferation is low (Mezza et al. 2014).

Transforming growth factor-beta (TGFbeta)
isoforms are potent regulators of growth and dif-
ferentiation. Moreover, TGFbeta receptor signal-
ing pathway is involved in pancreatic
development (Daneshmandi et al. 2017), promot-
ing endocrine cell differentiation and maturation,
and inhibiting acinar cell growth in embryogene-
sis. Beta-cell proliferation might occur after pan-
creatic duct ligation, depending on infiltrating
macrophages releasing TGFbeta1 to upregulate
SMAD 7 protein, an antagonist of the TGFbeta
receptor signaling pathway. The inflammation-
induced beta-cell proliferation is linked to the
enhanced levels of Cyclin D1 and Cyclin D2
proteins, as well as nuclear exclusion of p27

protein (regulated by SMAD 7) (Xiao et al.
2014). TGFbeta1, SMAD 2, and SMAD 3 are
expressed in adult islets, while SMAD 7 is not
observed in insulin, glucagon, and somatostatin
cells in healthy individuals; however, it is
overexpressed after pancreatic injury (Xiao et al.
2016).

Figure 13.4 illustrates the canonical TGFbeta/
SMAD signaling pathway. On the cell membrane,
TGFbeta binds to type II receptors, recruiting
type I receptors, then it phosphorylates SMAD
2 and SMAD 3. Notably, translocation from the
cytoplasm to the nucleus regulates downstream
gene expression, after forming a complex with
SMAD 4 (Jiang et al. 2018). Besides, the
TGFbeta receptor signaling pathway interferes
on noncanonical pathways, involving mitogen-
activated protein kinase (MAPK) pathways, and

Fig. 13.4 PI3K / AKT insulin signaling pathway in pan-
creatic beta cells. Physiologically, in the postprandial
period, insulin binds to its receptor on the alpha subunit,
leading to the phosphorylation of its membrane receptor
beta subunit. The phosphorylation of tyrosine residues
activates IRS1, leading to AKT phosphorylation and

FOXO2 transcription, which in turn triggers PDX1 tran-
scription. In fasting periods, AKT-p promotes FOXO1
transcription, which inhibits PDX1 transcription.
Abbreviations: AKT, protein kinase B; FOXO2, human
Forkhead box protein O2; IRS1, insulin receptor substrate
1; PDX1, pancreatic and duodenal homeobox 1
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the phosphatidylinositol 30-kinase (PI3K)/protein
kinase B (AKT) pathway (Hamidi et al. 2017).

The WNTs are part of a family of secreted
signaling proteins, that perform their functions
through autocrine and paracrine mechanisms.
These proteins interact with receptors and trigger
a cascade reaction, resulting in the accumulation
of beta-catenin in the cytoplasm. The postnatal
activation of beta-catenin in beta-cells, results in
increased proliferation of this cell type, whereas
increased expression of Axin 2 (WNT/beta-
catenin pathway antagonist) has an opposite
effect (Rulifson et al. 2007).

Insulin Synthesis

Preproinsulin is a high molecular weight mole-
cule, consisting of four different domains:
C-peptide, A and B chains (insulin), and a signal
peptide, which is responsible for its rapid pene-
tration into the endoplasmic reticulum (Suckale
and Solimena 2010). In the rough endoplasmic
reticulum, the preproinsulin undergoes cleavage
of its signal peptide, giving rise to proinsulin. The
proinsulin molecule consists of two chains, the
alpha-carboxyterminal and the beta-
aminoterminal, joined by peptide C. The align-
ment of the disulfide bonds that bind the two
chains is the primary function of peptide C,
allowing adequate molecular folding and cleav-
age. Microvesicles transport proinsulin to the
Golgi complex, an ATP-dependent process
(Vakilian et al. 2019).

Within the Golgi complex, up to the formation
of secretory granules, proinsulin is converted into
insulin by cleavage of the C-peptide (predomi-
nantly at the junction with the beta chain), by
specific endopeptidases (proconvertases 2 and
3), and an exopeptidase (carboxypeptidase H)
(Liu et al. 2014). Once separated, insulin and C
peptide are packed into secretory granules. Insu-
lin molecules, in the presence of zinc and acidic
pH, aggregate and form hexamers, initiating the
crystallization process. Under normal conditions,
95% of the secreted hormone is insulin, and 5%
proinsulin (Fig. 13.5) (Liu et al. 2018).

Insulin Output Modulation

The beta-cell can modulate the synthesis and
secretion of insulin according to metabolic
demand. Increases in the extracellular concentra-
tion of glucose, neurotransmitters, nutrients, and
hormones stimulate the synthesis of proinsulin;
however, glucose concentration does not affect its
conversion into insulin. The glucose threshold to
enhance insulin synthesis is between 2 and
4 mmol/L and, to boost its secretion, 4–6 mmol/
L. Among the nutrients that can stimulate insulin
synthesis, ribose, and some amino acids like
leucine are involved (Suckale and Solimena
2010).

Growth hormone, cortisol, glucagon, GLP-1,
gastric inhibitory polypeptide (GIP), secretin,
cholecystokinin, gastrin, situations such as preg-
nancy and obesity stimulate insulin synthesis.
Somatostatin and epinephrine inhibit insulin
secretion, but somatostatin does not affect proin-
sulin synthesis. In the case of excessive produc-
tion of insulin by the beta-cell, the granules are
degraded by lysosomes, through proteolytic
action, a process that is known as crinophagia
(Liu et al. 2014).

Signaling Pathways Related to Insulin

There are several pathways of insulin signaling:
the phosphatidylinositol 3-kinase (Pi3k) pathway,
with formation of the CAP/Cble complex, and the
RAS pathway—Mitogenic Activated Protein
Kinase (RAS-MAPK). The Pi3k path is the
most important, leading to metabolic actions
such as glucose transport, glycolysis, glycogen
synthesis, lipid metabolism, and protein synthe-
sis, besides cell growth and inhibition of apopto-
sis. Inhibition of Pi3k blocks almost all metabolic
responses stimulated by insulin (Saad et al. 1992).

Pi3k is an enzyme composed of two subunits,
one regulatory (p85) and one catalytic (p110).
The catalytic subunit is unstable and only
detected in association with the regulatory sub-
unit. It plays an essential role in cell differentia-
tion and mitogenesis. The regulatory subunit
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contains two SH2 domains, which allow its bind-
ing to the YMXM and YXXM sites (Y ¼ tyro-
sine, M ¼ methionine, and X ¼ any amino acid),
phosphorylated by the insulin receptor substrate
(IRS) proteins, activating the associated catalytic
domain (Lietzke et al. 2000). The enzyme
catalyzes the phosphorylation of phosphoi-
nositides at the 3-position of the inositol ring,
producing phosphatidylinositol-3-phosphate,
phosphatidylinositol-3,4-diphosphate, and
phosphatidylinositol-3,4,5-triphosphate (PIP3).

PIP3 recruits other serine/threonine kinases for
the plasma membrane, such as phosphoinositol-
dependent kinase 1 (a protein homologous to the
murine thymoma v-AKT viral oncogene) (Kim
and Park 2018). In pancreatic beta-cells, insulin
and insulin growth factor 1 (IGF-1) activate AKT
in a manner dependent on the activation of Pi3k.

In the Pi3k/AKT insulin pathway, the insulin
receptor substrate type 1 (IRS1), is the primary
substrate of the insulin receptor in the beta-cells.
When IRS1 expression decreases in insulin resis-
tance, this substrate can be partially offset by the
increase of IRS2 (Kim et al. 2007).

The binding of insulin to the alpha subunits of
its membrane receptor activates the beta subunits,
promoting autophosphorylation, which in turn
enables the intrinsic tyrosine kinase function that
catalyzes the phosphorylation of IRS1, which
interacts with Pi3k, stimulating the recruitment
of the significant molecule of the cascade, AKT
(Brunet et al. 1999). The AKT protein, once
phosphorylated, positively regulates Forkhead
transcription factors (FOX), whereas FOXO2
inhibits FOXO1 (Katoh and Katoh 2004). With
the decrease of AKT expression, FOXO2 drops

Fig. 13.5 Insulin synthesis
and processing. The mature
insulin hormone is
produced from the
processing of its
preprohormone, called
preproinsulin. The initial
cleavage of a 23 amino acid
amino-terminal amino acid,
called the signal sequence,
and the formation of
hydrogen bridges,
culminating in the
production of proinsulin.
The removal of C peptide
(C chain) by proteolysis
produces insulin with its A
and B chains
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and FOXO1 is more expressed, with consequent
reduction of the pancreatic and duodenal homeo-
box 1 transcription factor (PDX1), controlled by
the earliest identified gene in the embryonic
development of the pancreas, characterizing a
state of cellular dysfunction (Kitamura et al.
2002). PDX1 is a crucial transcription factor,
that is expressed at several stages of pancreatic
development and in the process of differentiation
of beta-cells. The expression of PDX1 is linked to
the preservation of pancreatic beta-cell function,
and clinical studies have shown a decrease in
PDX1 expression during insulin resistance
(Yang et al. 2012).

Glucose Transporters

Glucose transporters (GLUT) are also critical
factors in the response of insulin secretion. In
physiological conditions, GLUT2, present in the
cytoplasm of pancreatic beta-cells, is stimulated
to translocate into the plasma membrane by the
increased concentration of extracellular glucose,

allowing the entry of glucose into the cell, with
the consequent participation of this molecule in
energy metabolism (Beamish et al. 2017). Glu-
cose serves as a substrate in the glycolysis path-
way, producing pyruvate molecules that
participate in the tricarboxylic acid cycle, and
the electron transport chain in the mitochondria,
generating adenosine triphosphate (ATP—), the
chief energy coin that leads to the closure of
voltage-dependent potassium channels.

These in turn act by causing depolarization of
the plasma membrane over the calcium channels,
leading to the influx of this ion into the cyto-
plasm, which promotes the conversion of proin-
sulin into insulin, regulating the secretion of this
hormone (Dai et al. 2012). The CAP/Cbl pathway
is also required for insulin to stimulate glucose
transport (Cbl is a proto-oncogene, which is
associated with CAP adapter protein). The
CAP-Cbl complex is phosphorylated, migrates
to the cell membrane, and promotes a second
signal for the translocation of GLUT4, parallel
to the Pi3k pathway (Fig. 13.6) (Chiang et al.
2001).

Fig. 13.6 Canonical TGFβ/SMAD signaling pathway.
On the cell membrane, TGFβ binds to type II receptors,
recruiting type I receptors, then phosphorylates SMAD2
and SMAD3 to form a complex with SMAD4. The com-
plex translocates to the nucleus, regulating downstream

gene expression. Abbreviations: SMAD, refer to the
homologies to the C. elegans SMA (“small” worm pheno-
type) and Drosophila MAD (“Mothers Against
Decapentaplegic”) family of genes; TGF, transforming
growth factor
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Islet Transplantation and Stem-cell
Differentiation

Insulin-secreting beta-cells and glucagon-
secreting alpha-cells cooperate to regulate blood
glucose levels. Destruction or dysfunction of
beta-cells is known to lead to diabetes, and
hence problems with insulin production. Unfortu-
nately, no treatment yet can permanently stop the
progression of diabetes and its various
complications, even though relatively prolonged
remission is possible with intensive lifestyle
interventions, as well as bariatric/ metabolic sur-
gery in a proportion of cases (Taylor et al. 2019).

Islet transplantation can often normalize blood
glucose levels for several years, and thus prevent
complications from diabetes, in insulin-
dependent patients (Wojtusciszyn et al. 2019).
The procedure is minimally invasive or mini-
surgical, involving purified islets which are
infused through the portal vein of the liver. The
procedure often needs to be repeated, so that the
individual no longer needs long-term insulin.

Stem Cell Sources

Pancreatic islets for transplantation are scarce.
Stem cell-derived cells could be an alternative.
Differentiation of stem cells into mature alpha-
cells and beta-cells is one of the principal
challenges, besides subsequent isolation, purifica-
tion, and arrangement in islet-like structures for
transplantation (Anazawa et al. 2019).

Stem cell unicellular RNA sequencing
(scRNA-seq) at each stage of differentiation,
helps in the identification of the types of subse-
quently generated cells, thus guiding the progres-
sion of pancreatic progenitor cells into specific
cell lines (Schiebinger et al. 2019). Efficiency of
current approaches to achieve the desired aims is
not ideal because of cell heterogeneity, and insuf-
ficient knowledge of all the necessary molecular
signaling factors (Theis and Lickert 2019).

Pancreatic progenitor cells can be
differentiated from stem cells, and subsequently
to hormone- and nonhormone-expressive cell

types (Veres et al. 2019), confirming that parental
cell specification is the key to produce the
targeted cell types. The desired endocrine cell
subtypes should be isolated, purified, and then
reassembled into pseudo-islets, to provide mature
stem cell-derived islet cells. A simple dissociation
and reassembly procedure, can remove most
nonendocrine proliferative cells from cell culture
(Balboa et al. 2019). Stem cell-derived pancreatic
progenitor cells have already been transplanted to
patients with type 1 diabetes. However, they need
to further differentiate into beta-cells and insulin,
upon glucose stimulation (Clinicaltrials 2017).
Alpha-cells should be transplanted as well, as
they control hormone secretion, and contribute
to glucose regulation (Veres et al. 2019).

Alpha-cell Plasticity

Insulin production is stimulated in nonsmoothed
alpha-cells, when the combination of beta-cell
loss or inhibition of insulin signaling, and
gamma cell inactivation or mild inhibition of
alpha-cells occurs (Chera and Herrera 2016). Ani-
mal studies have shown that after ablation of
almost all beta-cells in the pancreas of adult
mice, 1–2% of alpha-cells expressing glucagon,
and gamma cells expressing somatostatin, spon-
taneously secrete insulin, leading beta-cell mass
to significant regeneration and normoglycemia
(Chera et al. 2014). The mechanism that fully
controls insulin expression is unknown; however,
studies have identified insulin signaling pathways
in alpha-cells and surprisingly also in gamma
cells, as regulators of alpha-cell identity and con-
version into insulin-producing cells (Thorel et al.
2011).

It seems that maintaining cellular identity is an
active, constant process mediated by repressive
signals, that are released by neighboring cells,
and prevent cells from differentiating after adult-
hood (Thowfeequ 2007). Half a century of
research into the determination and maintenance
of cell identity, has revealed that adult cells are
not terminally differentiated but retain some
potential for plasticity, even in higher organisms
(Chera et al. 2014). The spontaneous conversion
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of adult cells is considered a sporadic event,
which is highly regulated and activated exclu-
sively after injury, and whose efficiency
correlates with mechanisms that preserve a spe-
cific cellular identity. In contrast, knowledge of
the regulation of “brake signals” responsible for
maintaining the integrity of adult cells is still
limited (Thowfeequ 2007).

Regenerative Medicine

The fate of a cell and its functionality are
regulated by genetic and epigenetic factors, that
become “blocked” due to self-regulatory feed-
back, or through the action of regulatory signals
from the microenvironment in which the cells
reside, namely neighboring cells and extracellular
matrix (Chera and Herrera 2016; Chera et al.
2014). Thus, it is these factors that determine the
plasticity of a cell. Changes in the identity of adult
cells, mainly if triggered by stress responses, are a
basis for regenerative medicine (Jessen et al.
2015). Studies with stem cells have helped to
clarify what happens inside and outside the cell,
for this plasticity to occur (Chakravarthy et al.
2017).

Massive beta-cell damage may lead to the
release of local signals, that act as modulators of
change or maintenance of alpha-cells, causing a
small amount of these cells to assume the function
of lost cells (Pagliuca et al. 2014). Thus, the
stability of cellular identity is context-dependent,
and has several levels of control over changes in
phenotype (Thorel et al. 2011). Maintaining cel-
lular status is an active process of repressive
signals released from neighboring cells, blocking
an intrinsic tendency of cells to modify their
phenotype and functional characteristics
(Holmberg and Perlmann 2012).

The Beta-cells Mass

In insulin-resistant states, pancreatic islets often
respond by increasing insulin secretion to main-
tain normoglycemia, a process called beta-cell
compensation (Zimmet et al. 2001), and it is

evident from rodent studies that both the expan-
sion of beta-cell mass, and the increased function
of these cells are essential (Korc 2019). In experi-
mental studies, it is possible to quantify beta-cell
mass and monitor pancreatic islet injury or recov-
ery (Mandarim-de-Lacerda 2019; Marinho et al.
2019a). Stimulating factors related to beta-cell
mass development include increased nutrient sup-
ply (mainly glucose and fatty acids), insulin, and
other growth factor signals, and increased levels
of sensitivity to incretin hormones such as GLP-1
(Chen et al. 2016). Increasing the enteric
nutrients, particularly in the form of fat, may
also result in the expansion of beta-cell mass, by
increasing GLP-1 produced from L cells in the
gut (Nauck and Meier 2018).

Beta Cell Mass Increase

As mentioned (Fig. 13.3), a variety of sources can
originate the endogenous production of new beta-
cells from existing cells: (a) beta-cells (long
thought to be postmitotic) are now considered to
have potential for regeneration, (b) pancreatic fac-
ultative endocrine progenitor cells, and
(c) generating beta-cells from other differentiated
cell types (Nichols et al. 2014). In mice, alpha and
delta cells can be lineage-traced and
reprogrammed by the transcription factors PDX1
and MAFA, to produce and secrete insulin in
response to glucose (Furuyama et al. 2019).

Pancreatic Islets in Obesity
and Intermittent Fasting

The prevention of obesity-induced type 2 diabetes
mellitus (T2D) by dietary modifications, includ-
ing daily calorie restriction and intermittent
fasting, has been described in human clinical
trials (Tuomilehto et al. 2001). Caloric restriction
regimens are still the most common dietary
strategies, reducing energy intake by 20–50%
of the needs (Omodei and Fontana 2011).
Figure 13.7 illustrates the islet modification due
to obesity and intermittent fasting.
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For many, intermittent fasting seems to require
less effort than ordinary calorie restriction diets, is
cost-effective, and is a useful tool in promoting
weight loss and maintenance (Das et al. 2007).
Intermittent fasting has shown promise in achiev-
ing weight loss goals, and can prevent and cure
rodent models of T2D (Mattson et al. 2017).
Intermittent fasting differs from caloric restric-
tion, as it only requires an individual to restrict
energy 1–3 days to a week, and allows for free
food consumption on the nonrestriction days
(Varady 2011). When C57BL/6 mice are fed a
high-fat diet ad libitum, they develop
hyperinsulinemia, obesity, and systemic inflam-
mation (Fraulob et al. 2010), all of which are
prevented by intermittent fasting (Marinho et al.
2019b). Interestingly, the antidiabetic effect is not
due to caloric restriction, because mice of the
intermittent fasting group consume the same
amount of food as control mice fed ad libitum
(Mattson et al. 2017).

Fasting and Glucotoxicity

Beta-cells are highly sensitive to nutrient avail-
ability. They are endowed with a low rate of

replication, and neogenesis rarely occurs in the
adult pancreas. Thus, beta-cell depletion and the
consequent loss of insulin secretion, represent a
severe stage of diabetes (Meier et al. 2008). In
islets of mice with T2D, irreversible beta-cell
damage can be elicited by chronic exposure to
supraphysiological glucose concentrations
(glucotoxicity) (Robertson et al. 2003).

The cellular and molecular mechanisms by
which intermittent fasting treats diabetes involve
increased sensitivity of insulin receptor signaling.
Thus, insulin more readily stimulates glucose
uptake by muscle, hepatocytes, and other cell
types, including neurons (Sequea et al. 2012).
Different signaling pathways might be affected
by intermittent fasting: (a) reductions of mTOR
signaling and up-regulation of cAMP-responsive
element-binding protein (Hatori et al. 2012);
(b) improved mitochondrial function (Descamps
et al. 2005); (c) stimulation of mitochondrial bio-
genesis (Cheng et al. 2016); (d) brain-derived
neurotrophic factor (Yuen and Sander 2014);
(e) autophagy pathways (Longo and Mattson
2014).

Cellular Effects

Another feature of diabetic beta-cell failure is the
dedifferentiation of beta-cells, which results in
increased nonhormone-producing cells within
pancreatic islets (i.e., cells producing neither
insulin nor glucagon, known as nonalpha/beta)
(Talchai et al. 2012). Intermittent fasting can
improve the markers of transitional alpha-to-beta
or beta-to-alpha-cells that coexpress both alpha-
(i.e., glucagon) and beta biomolecules (i.e.,
PDX-1 and insulin). Also, differentiated or
committed cells can be diminished, followed by
the induction of transitional cells, and significant
increases in the proliferation and quantity of
insulin-generating beta-cells (Cheng et al. 2017).

Neurogenin 3 (NGN3—expressed by 2–10%
of acinar and duct cells in the healthy adult human
pancreas), is a marker for progenitors giving rise
to beta-cells, and intermittent fasting preserves or
restores beta-cell function, once NGN3-driven
beta-cell regeneration occurs in diabetic mice

Fig. 13.7 Adaptation of the pancreatic islet and cells.
Obesity represents a stress factor for the pancreatic islet,
which increases in size, and the beta-cell is stimulated to
produce more insulin to maintain blood glucose control.
The beta-cell undergoes hyperplasia, hypertrophy, and
progenitor cells are recruited. With time and established
insulin resistance, there is depletion of beta-cells. Weight
loss improves pancreatic islet stress, which tends to regain
cell arrangement and function

186 F. Ornellas et al.



(Wei et al. 2018). Also, autophagic flux causing
cell death is enhanced, stimulating progenitor, or
other cells to regenerate beta-cells in order to
reverse the beta-cell loss, despite continued
high-fat intake in an experimental model, thus
improving glucose tolerance by enhancing
glucose-stimulated insulin secretion and NGN3
expression (Liu et al. 2017).

Fasting and Refeeding Sequence

Intermittent fasting promotes FOXO-1 and its
transcriptional targets in pancreatic islets, transi-
tionally inducing the expression of progenitor cell
marker NGN3+ upon refeeding, which leads to
beta-cell regeneration, and changes in a wide
range of cytokines associated with beta-cell
recovery (Chakravarthy et al. 2017; Cigliola
et al. 2018). Thus, intermittent fasting and
refeeding generate the complex and highly coordi-
nated conditions, required for the generation of
stable insulin-producing beta-cells, and reversion
of severe beta-cell depletion (Cheng et al. 2017). It
not only suppresses the circulating cytokines
associated with beta-cell damage (e.g.,
TNF-alpha and IL-12), but also increases those
associated with regeneration (e.g., IL-2 and
IL-10) (Dirice et al. 2014). Inflammation
decreases, and a cytokine profile beneficial for
the restoration of insulin secretion and the reversal
of hyperglycemia is achieved (Cheng et al. 2017).
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Abstract

Options currently being used for the treatment
of obesity abound, however, few have success-
fully and sustainably reversed the disease and
its comorbidities. This has led to the search for
alternative approaches. Targeting of the sig-
naling of the soluble and endogenous secretory
receptors for advanced glycation end pro-
ducts (sRAGE and esRAGE) could be the
cornerstone, in the management of obesity
and its associated complications. This chapter
critically reviews available evidence and
interventions in this field.

Keywords

Obesity · Metabolic dysfunction · Receptor for
advanced glycation end products · Advanced
glycation end products · Nutrition

Abbreviations
AGEs Advanced glycation end products
Aβ1–42 Amyloid β1-42
esRAGE Endogenous secretory receptor for

advanced glycation end products
IKKβ Inhibitory kappa B (IκB) kinase β
MAPKs Mitogen-activated protein kinases
MCP-1 Monocyte chemoattractant peptide 1
NFκB Nuclear factor kappa-light-chain-

enhancer of activated B cells
NADPH-
oxidase

Nicotinamide adenine dinucleo-
tide phosphate oxidase

RAGE Receptor for Advanced Glycation
End products

Ros Reactive oxygen species
sRAGE Soluble receptor for advanced

glycation end products
TNF- α Tumor necrosis factor alpha
T2DM Type 2 diabetes mellitus
4-HNE 4-hydroxy-nonenal

Introduction

Few therapies have been able to reverse obesity
and its complications (Eleazu et al. 2019). Given

the increasing rates of this condition (Chowdhury
et al. 2016), different avenues have been pursued.
Targeting of the signaling of the soluble and
endogenous secretory receptors for advanced
glycation end products (sRAGE and esRAGE)
could be promising (Eleazu et al. 2019).

Concept of Obesity

Obesity results in hyperplasia and hypertrophy of
the adipocytes (Eleazu et al. 2019), engaging
endogenous and environmental mechanisms
(Emami et al. 2016; Eleazu et al. 2019).

Type 2 Diabetes Mellitus

One of the closest associations for excess body fat
is the risk of type 2 diabetes mellitus (T2DM),
also known as “diabesity” (Leitner et al. 2017).
Obesity induces increased release of free fatty
acids (FFAs) and secretion of proinflammatory
cytokines, such as interleukin 6 and TNF-α from
visceral fat, with a high lipolytic rate, and possi-
bly abdominal adipose depots as well, which trig-
ger insulin resistance, desensitizing cells to
insulin response following hepatic glucose pro-
duction, and leading to increased rate of glucose
production. On the muscle, the increased free
fatty acids also inhibit pancreatic insulin secretion
and derange glucose uptake (Boden, 2008). A
BMI as low as 22 kg/m2 can induce diabetes
(Someya et al. 2019).

Hypertension, Dyslipidemia,
and Cardiovascular Disease

A BMI above 26 kg/m2 can be followed by 2–3
times more risk for hypertension. An elevation in
stroke volume, along with hypertrophy of the left
ventricle, can aggravate cardiovascular morbidity
and mortality. With systemic vascular resistance
unchanged or elevated, blood pressure rises. Insu-
lin resistance can also enhance sympathetic tone,
andrenal sodium, and water reabsorption. Genetic
risk is also worth mentioning (Dlamini et al. 2019).
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Atherosclerotic Cardiac Disease

Visceral adipose tissue is linked with
increased plasma triacylglycerol (TAG),
decreased HDL cholesterol, increased production
of VLDL cholesterol, impaired clearance of TAG
rich lipoproteins, and higher lipolysis in the adi-
pose tissue. Lipolysis can also precipitate fatty
liver (Sarwar et al. 2018).

Insulin resistance favors expression of
proinflammatory adipokines including
interleukin-6, IL-1β, and tumor necrosis factor-
α, further worsening insulin resistance, promoting
increased flux of FFAs into the liver, mitochon-
drial dysfunction, reactive oxygen species pro-
duction, hepatic inflammation, and fibrogenesis
(Lambertucci et al. 2018; Divella et al. 2019).

Cancer

At least one cancer in five is more frequent among
the obese (Wolin et al. 2010; Roberts et al. 2010),
perhaps as a consequence of insulin resistance
and systemic inflammation, along with fatty
liver disease (Divella et al. 2019). Disturbed sex
steroid signaling, along with insulin/insulin-like
growth factors are also related to cell proliferation
(Roberts et al. 2010).

Other Comorbidities

Kidney disease (Navarro et al. 2016) and prema-
ture death, primarily from cardiovascular diseases
are currently well recognized in obesity. Over-
weight carries a milder danger (Kyrouu et al.
2018). BMI is obviously a major determinant of
metabolic syndrome (He et al. 2014; Miranda
et al. 2017; Miranda et al. 2018), whereas visceral
fat seems more relevant for cardiovascular risk
than BMI (Ferrier 2014; Eleazu et al. 2019).

Lifestyle, Pharmacotherapy,
and Surgery

Lifestyle and pharmacotherapy are standard
approaches for milder cases (Ferrier 2014; Eleazu

et al. 2019, Apovian et al. 2015), contrasting with
bariatric surgery, reserved for class II or III obe-
sity. (Ferrier 2014; Eleazu et al. 2019).

The Advanced Glycation End Products
(AGEs)—Receptor for Advanced
Glycation End Products (RAGE) System

AGEs are toxic compounds that are formed
through nonenzymatic glycoxidation reactions,
induced by the nucleophilic addition of free
amino groups from proteins, lipids or nucleic
acids to the carbonyl groups of monosaccharides
(Yamagishi et al. 2015; Nowotny et al. 2015;
Eleazu et al. 2019). The Maillard reaction leads
to the generation of reversible Schiff base adducts
that spontaneously rearrange to form more stable,
covalently bound Amadori products, which prog-
ress to AGEs (Nowotny et al. 2015; Kehm et al.
2019; Eleazu et al. 2019). AGEs can be derived
from sugars, lipids, and amino acids (Uribarri
et al. 2015) (Fig. 14.1).

Cross-linked products between AGEs in base-
ment membrane of extracellular matrix (ECM)
and AGE-RAGE binding can damage collagen,
vitronectin, and laminin, potentially inducing vas-
cular stiffening and myocardial dysfunction
(Cheng et al. 2017).

Oxidative Damage

Nuclear factor kappa-beta (NFκB) and nicotin-
amide adenine dinucleotide phosphate oxidase
(NADPH-oxidase) can be part of the negative
response, with elevated oxidative stress
(Luevano-Contreras and Chapman-Novakofski
2010; Vlassara and Uribarri 2014). Further
inflammation, apoptosis and metabolic dysfunc-
tion can be the result (Cheng et al. 2017; Yang
et al. 2018) (Fig. 14.2).

Dietary Imbalance

Diet supplies not only substrates, but also AGEs
themselves (carbohydrates, lipids, and proteins).
About 10% of exogenously derived AGEs are
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absorbed, and two-thirds are retained (Yamagishi
et al. 2015). Lipoxidation and glycation are
features of excessive body weight, including
malondialdehyde (MDA), acrolein, 4-hydroxy-
nonenal (4-HNE), and glycation products
(glyoxal and methyl glyoxal) (Aldini et al.
2007). Insulin resistance and diabetes are nega-
tively impacted (Eleazu et al. 2019; Vasudevan
et al. 2011).

The RAGE Family

RAGE is a cell-surface immunoglobulin, includ-
ing soluble molecules, full spelling RAGE
(F-RAGE), (Chiavaroli et al. 2012) and soluble
RAGE (sRAGE) (D’Adamo et al. 2011). RAGE,
is considered as a pattern-recognition receptor
(PRR), linking with AGEs, amyloid β-peptide,
DNA-binding protein high mobility group box-1
(HMGBl)/amphoterin), and S100/calgranulins
(Eleazu et al. 2019; Chuah et al. 2013).

RAGE occurs in kidney, neurons, skin, and
lungs (Eleazu et al. 2019; Chuah et al. 2013),
promoting transduction of kinases, and inducing
oxidative stress via NFκB and NADPH-oxidase
(Kehm et al. 2019). Increased ROS also increases
AGEs formation, which further activates NFkB,

and cytokines, which could form a vicious cycle
for AGEs (Nowotny et al. 2015; Chiavaroli et al.
2012; Giannini et al. 2012; Pierine et al. 2014;
Miranda et al. 2018; Eleazu et al. 2019)
(Fig. 14.2).

esRAGE and sRAGE Signaling

Soluble receptors for AGEs attract extracellular
RAGE ligands (Yang et al. 2018), inhibiting
RAGE formation via “decoy receptors”. This
phenomenon along with RAGE antagonists or
antibodies could antagonize deleterious clinical
developments (Eleazu et al. 2019; Miranda et al.
2018). Less AGE binding to full length receptor
(F-RAGE) (Lue et al. 2009) counteracts RAGE
formation (Younessi and Yoonessi 2011; Eleazu
et al. 2019).

Correlation with Comorbidities

In the experience of Falcone et al. (2005) reduced
sRAGE could signal cardiovascular disease.
According to D’Adamo et al. (2011), low
esRAGE and sRAGE were markers of fatty liver
in prepubertal obesity. Low esRAGE coexists

Advanced glyca�on end 
products

Reac�ve carbonyls eg. 
glyoxal, methylglyoxal

Reducing sugars + R-NH2 Schiff base Amadori  products eg. glycated Hb

Glycoly�c 
intermediates

Lipids
(oxida�on)

Amino acids
(Oxida�on)

Ac�vated neutrophils
eg. NAD(P)H oxidase, Myeloperoxidase

Fig. 14.1 Formation of advanced glycation end products
(AGEs) from different pathways. AGEs are formed
through the initial reaction between reducing sugars and
the free amino group of a protein going through the stages
of Schiff base and Amadori product formation. Other

pathways through lipid oxidation or activated neutrophils
may also lead to the formation of AGEs, even in the
absence of glucose. Sources: Mostafa et al. (2007),
Uribarri et al. (2015), Eleazu et al. (2019)
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with depressed adiponectin and higher
thromboxane-dependent platelet activation,
which can lead to elevated cardiovascular and
metabolic risk (Vazzana et al. 2012).

sRAGE concentrations point toward metabolic
syndrome components in male, however, not in
female subjects (He et al. 2014; Eleazu et al.
2019). Also Guclu et al. (2016) found a negative
relationship between sRAGE level and metabolic
syndrome.

Obesity and Diabetes

Diminished sRAGE and T2DM are a recognized
pattern (Miranda et al. 2017), analogously to
excessive body weight (Dozio et al. 2017;
Miranda et al. 2017; Miranda et al. 2018). Total
sRAGE is endowed with similar properties
(Dozio et al. 2017; Miranda et al. 2017; Miranda
et al. 2018). During weight loss esRAGE values
recover (Miranda et al. 2018).

AGEs

F-RAGE IKKβ/NFkB
ac�va�on

sRAGE, 
esRAGE

Pro inflammatory 
cytokines 

IL-1β
TNF-α
IL-6

NADPH oxidase

Modifica�on of 
structural proteins 

Vascular 
s�ffening

Metabolic 
dysregula�on

ROS

Apoptosis

NADPH 
oxidase

MAPKS

(1)

(2)

(12)

(6)

(3)

(4)

(6)

(5)

(7)

(7)

(8)
(9)

(9)

(14) (15)

(10)

(11)

(13)

(16)

Fig. 14.2 Mechanism of action of advanced glycation
end products (AGEs) and interaction between AGEs and
soluble receptor AGE (sRAGE). F-RAGE- Full Length
RAGE; sRAGE-soluble receptor for advanced glycation
end products, esRAGE-endogenous secretory receptor for
advanced glycation end products; MAPKS-Mitogen-
activated protein kinases. (1) Binding of AGEs to full
spelling (F-RAGE), (2) triggers the activation of IKKβ/
NFkB pathway. (3) Activation of NFkB further transcribes
and activates other (4) inflammatory cytokines including
interleukin-1 beta, interleukin-6, tumor necrosis factor,
(5) leading to the formation of ROS or (6) it activates
NADPH oxidase, (7) generating reactive oxygen species
in the process. (8) Increased ROS formation could affect
the integrity of the membrane, triggering apoptosis,
(9) leading to metabolic dysregulation. (10) Increased
ROS also increases AGEs formation through a feed for-
ward mechanism, which further activates NFkB. This acti-
vation increases the expression of proinflammatory
cytokines such as interleukin-6, tumor necrosis factor

alpha (TNF- α), and in addition to RAGE itself, thereby
intensifying the inflammatory response and leading to
metabolic dysregulation. (11) Activation of F-RAGE can
also promote the activation of phosphatidyl inosito-3-
kinase (PI3K)/protein kinase B (Akt) and the mitogen-
activated protein kinase (MAPKs), (12) generating inflam-
matory mediators, ROS, apoptotis, and metabolic
dysregulation. (13) AGEs formation could also promote
the modification of structural proteins like collagen,
vitronectin, and laminin, weakening the integrity of vas-
cular structure and leading to vascular stiffening (14),
myocardial dysfunction, and (15) metabolic dysregulation.
(16) Endogenous secretory receptor for AGEs (esRAGE)
and soluble receptor for AGEs (sRAGE) bind to AGEs,
removing them from circulation and making them unavail-
able for binding to full length RAGE to trigger
AGE-RAGE proinflammatory signaling and pathological
effects. By this, they downregulate the expression of
RAGE and attenuate AGEs/RAGE-mediated metabolic
dysfunction (Nowotny et al. 2015)
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Therapeutic Interventions

RAGE and sRAGE agonists have been used in
Alzheimer’s disease combined with diabetes/
insulin resistance. Azeliragon (vTv Therapeutics,
High Point, NC, USA) crosses the blood-brain
barrier (Bongarzone et al. 2017), antagonizing
the linking of sRAGE to amyloid β1-42
(Aβ1–42). An ongoing trial addresses Alzheimer’s
disease and high HbA1c.

Many other potential applications have been
envisaged in cell and animal models encompassing
diabetic vascular dysfunction, cardiovascular dis-
ease, some modalities of cancer, rheumatoid arthri-
tis, inflammatory bowel disease, endotoxemia, and
shock (Hudson and Lippman 2018); however,
clinical studies are lacking so far.
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Abstract

The exact changes in physiology of
individuals undergoing metabolic surgery are
still under investigation. According to the fore-
gut hypothesis, surgical bypass of certain parts
of the gastrointestinal (GI) tract leads to the
downregulation of biological factors that are
secreted by the upper GI system, and compete

against incretin actions (anti-incretins). Those
molecules have a negative effect on insulin
secretion, action, and sensitivity. Various
biological factors have been hypothesized
to exert anti-incretin properties, including
dopamine, ghrelin, enterostatin, and
oxyntomodulin. Disruption of the balance
between incretins and anti-incretins could be
considered as a pathway leading to the devel-
opment of obesity and insulin resistance.
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Introduction

Incretins are gut hormones which play a key role
in the preservation of glucose homeostasis in
humans. Gastric inhibitory polypeptide (GIP)
and glucagon-like peptide-1 (GLP-1) amplify
the glucose-dependent secretion of insulin by
the pancreatic beta-cells, presenting at the same
time extrapancreatic actions. GLP-1 is known to
inhibit postprandial glucagon secretion and delay
gastric emptying, duodenal, and small intestine
motility, thus resulting in delayed sugar absorp-
tion (Seino et al. 2010; Karras et al. 2012).
Incretins mediate the well-described incretin
effect, according to which orally digested glucose
triggers a stronger insulin response than that
resulting from the intravenous administration of
the same amount of glucose (Rehfeld and Stadil
1973). The incretin effect has been recognized to
be reduced in people with type 2 diabetes (T2D)
compared with healthy controls, although it is
debated whether this is a cause or a consequence
of the diabetic state (Knop et al. 2007).

Changes in incretin biodynamics have been
recognized as part of the mechanisms explaining
the positive effects of metabolic surgery on obe-
sity and T2D. Several studies have established
increased concentrations of both GLP-1 and GIP
after bariatric surgery procedures (Bose et al.
2010; Honka et al. 2018), related to improved
insulin secretion and lower insulin resistance
(IR). However, the exact changes in the physiol-
ogy of individuals undergoing metabolic surgery
are still under investigation and intensive research
is currently being conducted to elucidate the full
spectrum of the implicated mechanisms (Karras
et al. 2019).

According to the foregut hypothesis (Rubino
and Gagner 2002), surgical bypass of certain parts
of the gastrointestinal (GI) tract leads to the
downregulation of biological factors that are
secreted by the upper GI system, and compete
with incretins actions (anti-incretins). Those
molecules have a negative effect on insulin secre-
tion, action, and sensitivity (Rubino and Amiel
2014).

The Anti-incretin Theory

The anti-incretin theory suggests that the presence
of food in the GI tract, apart from activating the
cascade of incretin-related biological actions, also
stimulates a negative feedback adaptation, which
is the release of anti-incretins (Kamvissi et al.
2010). Anti-incretins aim to balance the glucose-
lowering effects of incretins, in order to prevent
excessive insulin release, potentially leading to
hypoglycemia (Rubino and Gagner 2002;
Kamvissi et al. 2010; Rubino and Amiel 2014).

Incretins also stimulate beta-cell proliferation
(Lavine and Attie 2010; Lindqvist et al. 2014). A
similar phenomenon occurs with modern GLP-1
analogues such as liraglutide, which inhibits beta-
cell apoptosis through stimulation of PI3-kinase-
dependent AKT

phosphorylation (Kapodistria et al. 2018).
Albeit protective (Lavine and Attie 2010),
these responses might be potentially harmful in
case of unlimited proliferation, due to the
absence of appropriate regulatory mechanisms.
Animal studies have showed that Roux-en-Y
gastric bypass (RYGB) results in increased
beta-cell mass postoperatively (Lindqvist et al.
2014), suggesting that RYGB abolishes
gut-derived signals that prevent excessive
growth of beta-cells, in face of elevated incretins
(Rubino and Gagner 2002; Holst 2007; Rubino
and Amiel 2014).

Early Response to Dysglycemia after
Bariatric Surgery

Up to 89% of bariatric patients experience early
T2D remission (Wickremesekera et al. 2005).
As this appears during the first postoperative
days, weight loss cannot play a significant role.
Surgical exclusion of specific parts of the GI
tract from nutrient transit, could abolish anti-
incretin signals, thus resulting in improved insu-
lin action and sensitivity (Rubino and Gagner
2002; Kamvissi et al. 2010; Rubino and Amiel
2014).
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Post-bariatric Hypoglycemia

On the other hand, postprandial hypoglycemia
possibly linked to unrestrained beta-cell prolifer-
ation, occasionally occurs after RYGB
(Cummings 2005). It is also postulated that
Western-pattern diets or food additives might
promote the overexpression of anti-incretins and
through this pathway, to deteriorate beta-cell
function and sensitivity (Rubino and Gagner
2002; Kamvissi et al. 2010). Figure 15.1
summarizes current knowledge about these shifts.

Potential Pathways and Molecules

Any anti-incretin should gather a number of
features, including: (a) downregulation of insulin
production and release from the pancreatic beta-
cells, (b) production by an enteroendocrine source
as a result of exposure to nutrients, and
c. response to fasting or carbohydrate restraint
(Alfa et al. 2015).

Dopamine

Dopamine exerts regulatory effects on glucose
metabolism, given that it has the ability to
downregulate incretin-mediated enhanced
glucose-dependent phosphoprotein signaling
procedures, as well as to inhibit in vitro GLP-1-
promoted islet and beta-cell proliferation (Maffei
et al. 2015). Tyrosine hydroxylase, the rate-
limiting enzyme of dopamine synthesis, is highly
expressed in parietal and ileal epithelial cells, as
well as Lieberkuhn crypts (Kozicz and Arimura
2002). Of note, D2-like receptors which are
believed to be the key mediators of dopamine-
related suppression of insulin secretion, are
expressed in beta-cells (Rubi et al. 2005). As
shown in a study conducted with a rodent beta-
cell line (INS-1 832/12), insulin secretion was
amplified following the knock-out of the afore-
mentioned receptors (Wu et al. 2008), further
supporting the implication of dopamine in an
autocrine circuit of neurotransmitter regulation,
which acts as a limiting factor of glucose-

Incre�ns An�-incre�ns

B. 
Incre�n

Up-regula�on of an�-
incre�ns

Increased insulin 
resistance

Diabetes 
development

A. 

Incre�n

Down-regula�on of an�-
incre�ns

Decreased insulin resistance
Improved insulin ac�on

Diabetes remission

Postprandial hypoglycemia
Uncontrolled beta-cell C. 

Fig. 15.1 A schematic overview of the balance between
incretins and anti-incretins. (A) The normal state, in which
the balance between the two mechanisms results in the
preservation of normal glucose homeostasis, (B) Type
2 Diabetes, where an exaggeration of the anti-incretin

effect could contribute to the development of insulin resis-
tance and hyperglycemia, (C) Following metabolic sur-
gery, where down-regulation of anti-incretins could lead to
diabetes remission, and rarely to postprandial hypoglyce-
mia and unrestricted beta-cell growth
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stimulated insulin secretion (Chaudhry et al.
2016). There is an experimental evidence that
diet-derived tyrosine, a precursor of L-DOPA
and dopamine, participates in postprandial glu-
cose homeostasis. This circuit could be involved
in protection against hypoglycemia via inhibition
of glucose-stimulated β-cell insulin secretion, a
response consistent with the anti-incretin hypoth-
esis (Korner et al. 2019).

Ghrelin

Ghrelin has been also postulated to play an anti-
incretin role, albeit relevant data are more limited
here. Ghrelin has been demonstrated to prevent
GLP-1-mediated stimulation of cyclic adenosine
monophosphate signaling and insulin secretion in
beta-cells (Damdindorj et al. 2012), and suppress
the production of adiponectin (Cummings 2009),
whereas synthetic ghrelin administration in
humans can restrain insulin secretion (Tong
et al. 2010). However, the effect of metabolic
surgery on ghrelin is controversial, with both
increase and stability being observed (Cummings
2009).

Other Molecules

The amino acid sensor G protein receptor
142 (GP142) integrates anti-incretin properties,
since it stimulates pancreatic glucagon secretion,
but also exerts adjusting effects on
insulin-mediated glucose uptake in fat and mus-
cle, and hepatic glucagon-mediated glucose pro-
duction (Lin et al. 2018).

Oxyntomodulin has been also reported to
upregulate glucagon secretion both in vitro and
in vivo (Baldissera et al. 1988), having at the same
time the ability to decrease glucagon secretion
through the activation of the GLP-1 receptor
(Holst et al. 2018a, b). Those GP142 and
oxyntomodulin actions could be considered as
part of the physiological response antagonizing
incretin-induced hypoglycemia and preserving
normal glucose levels, through the modulation
of glucagon hepatic production, peripheral

glucose utilization, and perhaps other
mechanisms (Karras et al. 2019).

Correlation with Diabetes and Obesity
Remission Following Metabolic
Surgery

Salinari et al. (2017) investigated the impact of
metabolic surgery (biliopancreatic diversion) on
glucose homeostasis variables. Participants with
obesity exhibited lower insulin sensitivity,
whereas in normal individuals, insulin sensitivity
was lower during oral compared to intravenous
glucose administration. The more robust differ-
ence between oral and intravenous insulin sensi-
tivity in obese individuals was attenuated
following biliopancreatic diversion. It was
predicted that hypoglycemia would occur during
an OGTT, in case insulin sensitivity remained in
the range of intravenous glucose administration,
particularly in case of obesity and IR. According
to the anti-incretin model, postprandial amplifica-
tion of IR protects against hypoglycemia, follow-
ing the elevation of insulin levels as a result of
food intake.

In an experimental study (Salinari et al. 2014),
nonobese, diabetic Goto-Kakizaki rats were
subjected to resection or bypass of various intes-
tinal segments. Duodenal-jejunal bypass (DJB) as
well as jejunectomy, although improving insulin
sensitivity, did not have an impact on GIP and
GLP-1 concentrations, indicating no role for ele-
vated incretin levels. Downregulation of specific
duodenum- and jejunum-derived molecules that
negatively affect insulin sensitivity might be
responsible instead. It could also be hypothesized
that an exaggerated anti-incretin effect is a com-
ponent of T2D pathophysiology, even in the
absence of obesity.

Enhancement of Pancreatic
Beta-cell Mass

Lindqvist et al. (2014) achieved improvements in
glycemic homeostasis following RYGB in a por-
cine model, driven by an increase in beta-cell
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mass, islet number, and number of extra islet
beta-cells, suggesting that the operation resulted
in the suppression of signals that inhibit beta-cell
proliferation. This is in agreement with the anti-
incretin theory, albeit different studies have failed
to demonstrate an increased beta-cell mass after
bariatric procedures (Meier et al. 2006). Inappro-
priately, improved beta-cell function, rather than
changes in beta-cell mass, might explain the post-
operative hypoglycemia occasionally seen in peo-
ple subjected to RYGB.

A different study (Salinari et al. 2013),
assessed the effects of protein extracts, derived
from the duodenum-jejunum conditioned-
medium (CM) of diabetic rodents on insulin sen-
sitivity, both in vitro and in vivo. Jejunal proteins
negatively affected muscle insulin signaling,
through promotion of Akt 473Ser phosphorylation
in L6 cells, possibly via mTOR Complex
2 (mTORC2) or TSC activation, and Akt recruit-
ment to plasma membrane. The authors indicated
the proximal small bowel of animals with diabe-
tes as a source of diabetogenic factors that have
the potential to impair peripheral insulin sensitiv-
ity; however, these interesting findings need to be
replicated by studies in humans.

Future Perspectives

The idea that T2D and obesity could be effec-
tively managed or even put into remission follow-
ing metabolic surgery is gaining popularity, due
to increasing evidence supporting the effective-
ness of surgical approaches, not only in reducing
weight loss and improving glucose outcomes
(Batterham and Cummings 2016), but also in
preventing obesity-related macrovascular
complications (Yan et al. 2019). The exact
mechanisms mediating the effects of bariatric
surgery are still hotly debated, as these are com-
plex and involve interactions between numerous
physiological and pathogenetic pathways (Karras
et al. 2019).

The anti-incretin theory provides an alternative
theoretical framework to explain the mechanisms
behind the effects of metabolic surgery on T2D,
and highlights the significance of the GI tract in
the homeostatic regulation of food intake and

energy balance in humans. Disruption of this
two-way feedback loop, could be considered as
an additional pathway leading to the development
of obesity and IR.

Obviously, the anti-incretin theory should be
studied in the context of other mechanisms that
explain the impact of bariatric surgery on meta-
bolic outcomes. For example, changes in incretin
bioavailability (Holst et al. 2018a, b), differentia-
tion of the vagus nerve anatomy (de Lartigue et al.
2014), altered expression of bile acids (Penney
et al. 2015), and modified gut microbiome (Liou
et al. 2013), have been all shown to contribute to
the metabolic benefits of bariatric surgery.

Anti-incretin molecules and pathways, as well
as genetic, molecular or biochemical markers able
to monitor such phenomenon in obesity and dia-
betes, are worthwhile topics for future research
(Karras et al. 2019).
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Abstract

Obesity has a strong inherited component
(40–75% of the risk is driven by genetic
factors), including monogenic syndromic or
not, oligogenic, and polygenic modalities.
Monogenic nonsyndromic/oligogenic genes
in the leptin-melanocortin pathway are
analyzed, as well as their role in energy bal-
ance. Early genetic testing along with tradi-
tional and ongoing attempts to clinically
handle several relevant categories is similarly
addressed.

Keywords

Obesity · Monogenic · Leptin/melanocortin
pathway · Genetic testing · Mereleptin ·
Setmelanotide

Introduction

Obesity is a serious pandemic and an often
neglected concern (NCD Risk Factor Collabora-
tion (NCD-RisC) 2017). It has nearly tripled in a
few decades to reach 650 million adults and
124 children in 2016 (NCD Risk Factor Collabo-
ration (NCD-RisC) 2017). Practically, all ages
and socioeconomic groups are affected. The dis-
ease is associated with the development of multi-
ple comorbidities: depression, sleep apnea,
osteoarthritis, diabetes, hypertension, cardiovas-
cular disease, and some cancer (Apovian 2016).
Obesity and its many comorbidities result in
poorer quality of life and reduced disability
adjusted life years and life expectancy (Ng et al.
2014). Current treatments are useful for selected
groups; however, they did not effectively change
the obesity epidemic (Bray et al. 2016). This
modest success in treating obesity may be

attributed to a “one size fits all” management
and may not be in the best interest of patients
who come from diverse ethnic, socioeconomic,
and health backgrounds (Bruce et al. 2007).

In 2010, Auffray et al. proposed the concept of
P4 (predictive, preventive, personalized, and par-
ticipatory), also known as precision medicine
(Auffray et al. 2010). Precision medicine is a
move away from standardized treatment, to the
one that adapts therapies to achieve the best
outcomes for individual patients (Auffray et al.
2010). Precision medicine proposes to make use
of an array of biological and ‘multi omics’ infor-
mation, such as patient genome, epigenome,
transcriptome, proteome, and microbiome, to
cite a few, for more precise prevention and care
(Auffray et al. 2010). This concept of treatment
may apply successfully to the management of
complex disorders such as obesity (Blakemore
and Froguel 2010).

Obesity is multifactorial in essence (Reddon
et al. 2016). Environmental risk exposures include
poor diet, lack of exercise, altered sleep patterns,
psychosocial stress, endocrine disruptors, phar-
maceutical iatrogenesis, and controlled ambient
temperatures (McAllister et al. 2009), while
biological factors such as in utero programing,
demographic variables, and comorbidities such
as depression, gut microbiome, epigenetics, and
genes also influence susceptibility to obesity
(Pigeyre et al. 2016). Up to 40–75% of genetic pro-
pensity toward fat accumulation emerges from
twin, family, and population studies (Stryjecki
et al. 2018; Yang et al. 2015a), and an array of
monogenic (i.e., Mendelian) syndromic,
nonsyndromic, oligogenic, and polygenic
transmissions are identified (Pigeyre et al. 2016;
Tam et al. 2018; Kaur et al. 2017).

At the individual level, nature and nurture
contribute to obesity in varying degrees, from
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predominantly environmental (e.g., Sumo
wrestlers) to purely genetic (e.g., monogenic con-
dition) origins (Kanehisa et al. 1998; Lunsky and
Meyre 2019). Nonsyndromic monogenic adipos-
ity could represent excellent targets for the appli-
cation of precision medicine (Blakemore and
Froguel 2010). Not only do monogenic defects
cause striking body weight gain, but also their
simple biological origin (i.e., partial/complete
inactivation of one gene) allows for actionable
and effective treatments for a subset of patients
(Blakemore and Froguel 2010; Lunsky and
Meyre 2019).

Leptin Deficiency

Leptin controls appetite and calorie balance. Lep-
tin deficiency is a rare autosomal recessive disor-
der, registered in different parts of the world
(Pigeyre and Meyre 2018; Yupanqui-Lozno
et al. 2019). Homozygous or heterozygous com-
pound loss-of-function mutations (LEP)
are observed in human populations. Truncated
transcription and virtual absence of leptin can be
the result (Montague et al. 1997; Haglund et al.
2018). Nonfunctioning protein without altering
circulating levels is another possibility (Haglund
et al. 2018; Wabitsch et al. 2015a). Hyperphagia
and severe early obesity are typical of complete
leptin deficiency (Montague et al. 1997;
Kohlsdorf et al. 2018). T-cell compromise and
immune deficiency are also featured (Farooqi
et al. 2002). Late puberty and aberrant hormonal
cycles can be observed (Strobel et al. 1998). Het-
erozygous carriers of LEP mutations can also
display increased body fat (Farooqi et al. 2001).

Leptin Receptor Deficiency

Loss-of-function coding mutations in the leptin
receptor (LEPR) gene have been documented in
human populations as leptin deficiency (Pigeyre
and Meyre 2018). LEPRb is the longest of the six
leptin isoforms coded by LEPR and most com-
monly contains the mutations triggering obesity
(Wasim et al. 2016). Disorders include severe and

precocious weight gain, along with immune defi-
ciency, hormonal changes, stunted growth, and
diabetes (Clement et al. 1998; Farooqi et al.
2007a; Hannema et al. 2016; Armagan et al.
2019; Niazi et al. 2018). Mutations in LEPR can
be relatively common among families with a high
inbreeding rate (Saeed et al. 2015). Heterozygous
mutations in LEPR are followed by comparable
BMI; however, body fat mass is more abundant
than that in control population (Farooqi et al.
2007a).

Proopiomelanocortin Deficiency
(POMC)

In certain circumstances, POMC is not translated,
or derived hormones (ACTH, α-MSH, and
β-MSH) are incorrectly formed (Krude et al.
1998; Clement et al. 2008; Farooqi et al. 2006).
Both homozygous and compound heterozygous
cases are described in literature (Pigeyre and
Meyre 2018; Hilado and Randhawa 2018).
Excessive weight gain is often detected shortly
after birth, along with diabetes and multiple hor-
monal dysfunctions (Krude et al. 1998; Clement
et al. 2008; Farooqi et al. 2006; Ozsu and Bahm
2017). Red hair, noticed in Caucasian individuals
with light skin (Clement et al. 2008; Cirillo et al.
2012), is putatively connected with the α-MSH
pathway. Excessive adiposity in heterozygotes
has also been reported (Farooqi et al. 2006;
Challis et al. 2002; Lee et al. 2006; Dubern
et al. 2008).

Proprotein Convertase 1 Deficiency
(PC1)

Failure of PC1 can be linked to major weight gain
after birth, deranged glucose homeostasis, intesti-
nal function and circulating hormones including
POMC (O’Rahilly et al. 1995). An initial affected
case was confirmed as heterozygous compound
for the PCSK1 gene encoding the PC1 protein
(Jackson et al. 1997), followed by additional
subjects (Pigeyre and Meyre 2018). PCSK1 is
therefore admitted as a monogenic recessive
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mechanism of uncontrolled weight gain, within
the PC1 pathway, triggering protean hormonal
and nonhormonal derangements (Jackson et al.
1997, 2003; Farooqi et al. 2007b; Martin et al.
2013; Frank et al. 2013). PC1 mutations impair
important hormone cascades; consequently, het-
erozygous mutations in PCSK1 precipitate both
oligogenic and monogenic dominant cases of ele-
vated body mass index (BMI) (Creemers et al.
2012; Philippe et al. 2015).

Melanocortin 3 Receptor Deficiency
(MC3R)

From Singapore (Lee et al. 2007, b) to Poland
(Demidowich et al. 1863), however not in the
USA (Ehtesham et al. 2019), partial or complete
mutations related to MC3R have been associated
with obesity, with a threefold elevation of the risk
on aveage (Ehtesham et al. 2019), consistent with
experimental results (Chen et al. 2000; Butler
et al. 2000). MC3R functions differently from
the melanocortin 4 receptor (MC4R), depending
on kinases including ERK1 and ERK 2 (Yang
et al. 2015b).

Melanocortin 4 Receptor Deficiency
(MC4R)

Mutations in the MC4R gene are the most often
recognized (0.2–5.8%) among cases with exces-
sive body weight (Lunsky and Meyre 2019).
Food intake is controlled via α-MSH and agouti-
related peptide (Farooqi and O’Rahilly 2008),
involving signals from POMC neurons (Farooqi
and O’Rahilly 2008). β-arrestin and MAPK are
equally emphasized in this context (Lotta et al.
2019). Homozygous and heterozygous com-
pound cases suffer from hyperphagia, preference
for high-fat instead of high-sucrose food, and
major shifts in body composition and arterial
pressure (Lunsky and Meyre 2019).
Heterozygotes suffer from less obvious
repercussions, depending on clinical and environ-
mental circumstances (Stutzmann et al. 2008;
Drabkin et al. 2018; Saeed et al. 2015).

Kinase Suppressor of Ras 2 Deficiency
(KSR2)

This biomolecule modulates a number of kinases,
(Frodyma et al. 2017) encompassing AMPK,
which is relevant for energy homeostasis
(Costanzo-Garvey et al. 2009; Guo et al. 2017).
Reduced energy expenditure despite hyperactiv-
ity, insulin resistance, and glucose intolerance is
observed in fully deficient laboratory animals
(Costanzo-Garvey et al. 2009; Brommage et al.
2008; Revelli et al. 2011), with less robust
responses upon milder deficiency (Revelli et al.
2011). Brain knockout conducts to similar how-
ever milder consequences than in systemic
knockout mice (Guo et al. 2017). Usual features
of KSR2 human mutation carriers encompass
weight gain shortly after birth, glucose homeosta-
sis changes, and diminished consumption of
energy substrates (Pearce et al. 2013).

Melanocortin 2 Receptor Accessory
Protein 2 (MRAP2) Deficiency

This predominantly brain protein is relevant for
MC4R and other receptors (Chan et al. 2009). In
mice, a codominant form of obesity is elicited by
the deficiency (Asai et al. 2013). Several MRAP2
mutations including E24X variant lead to
advanced obesity in humans (Asai et al. 2013).
Heterozygous carriers can be at risk as well
(Schonnop et al. 2016). The Q174R mutation
diminishes MC4R signaling in vitro (Schonnop
et al. 2016). Large-scale sequencing of MRAP2
exons along with functional assessment of 23 rare
MRAP2 variants confirmed that loss-of-function
heterozygous mutations precipitate monogenic
hyperphagic childhood and adult obesity, hyper-
glycemia, and hypertension (Baron et al. 2019).

Adenylate Cyclase 3 (ADCY3)
Deficiency

Common variants in the ADCY3 gene have been
associated with body mass index variations in
diverse human populations (Speliotes et al.
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2010; Wen et al. 2012; Monda et al. 2013). A
missense mutation in Adcy3 is associated with
body weight variation in rats (Keele et al. 2018).
Whereas Adcy3 deficiency in rodents favors
excessive adiposity, gain-of-function mutation
has the opposite effect (Pitman et al. 2014; Tong
et al. 2016). Homozygous loss-of-function
mutations in ADCY3, hyperphagia, and severe
obesity were confirmed in humans (Saeed et al.
2018). A founder essential splice mutation in
ADCY3 also resulted in higher BMI (Grarup
et al. 2018). Homozygous mutations in ADCY3
are not very rare in certain obese populations
(Saeed et al. 2018; Grarup et al. 2018;
Bjerregaard and Jorgensen 2013). ADCY3
colocalizes with MC4R, and impairment is
recognized as a factor for weight gain (Siljee
et al. 2018).

Steroid Receptor Coactivator-1 (SRC-1)
Deficiency

SRC-1 is secreted in the hypothalamus and
enhances POMC transcription via the STAT3
pathway (Yang et al. 2019). Complete SRC-1
deficiency in mice leads to reduced energy
expenditure and significantly higher weight
gain upon high-fat diet (Picard et al. 2002).
Concordantly, deletion of SRC-1 leads to
decreased POMC expression, increased food
intake, and high-fat diet induced obesity (Yang
et al. 2019; Wang et al. 2006). Fifteen heterozy-
gous missense mutations in SRC-1 were found in
cases with obesity at young age. Dysfunction of
the STAT3 and POMC reporter pathways was
detected (Yang et al. 2019). In contrast, four
missense mutations found in nonobese controls
did not impact SRC-1 function (Yang et al.
2019). In an experimental model of SRC-1
mutation (p.L1376P), exaggerated adiposity
coincided with defective POMC response
(Yang et al. 2019).

Semaphorin 3 Signaling Deficiency

Class 3 Semaphorins (SEMA3A-G) and their
receptors (PLXNA1-4; Neuropilin (NRP1-2))
are linked to GnRH neurons in the central ner-
vous system (Alto and Terman 2017). SEMA3
signaling contributes to melanocortin circuits and
energy balance (van der Klaauw et al. 2019). In
mouse models and also in vitro, it was found that
SEMA3s acting via NRP2 direct the development
of POMC projections in deep brain nuclei (van
der Klaauw et al. 2019). Deletion of NRP2
receptors in POMC neurons of mice disrupted
POMC projections, causing reduced energy
expenditure and weight gain (van der Klaauw
et al. 2019).

Experimental evidence confirms the role of
energy homeostasis of genes in the SEMA 3 sig-
naling pathway (van der Klaauw et al. 2019).
Among a cohort of European ancestry, 40 rare
variants of 13 genes related to SEMA3 signaling
were found in 573 cases with severe BMI eleva-
tion at young age (van der Klaauw et al. 2019;
Hendricks et al. 2017). Different molecular
mechanisms were identified (van der Klaauw
et al. 2019). Very rare (minor allele frequency
<0.025%) variants were prominently featured
by affected cases in this large series (van der
Klaauw et al. 2019).

An Overview of Current Treatments
of Obesity in Child and Adult
Populations

Lifestyle Modifications

Research has found that dietary changes along
with exercise are associated with less adiposity
in children and adults with high BMI
(Dombrowski et al. 2014; Peirson et al. 2014,
2015a). Lifestyle modifications also have a ben-
eficial impact on cardio-metabolic outcome,
lipid profile, and glucose homeostasis (Ho et al.
2013; Baillot et al. 2015). A significant problem
with these methods is poor adherence, which
ultimately hinders treatment effectiveness
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(Burgess et al. 2017). If weight loss is achieved
following lifestyle modifications, another chal-
lenge is to maintain this benefit in the long run
(Peirson et al. 2015b).

Behavioral Modifications

Behavioral interventions involve patients
learning to self-monitor nutrition and exercise,
identifying barriers to weight loss and supporting
one another on their journey (Jin 2018). These
interventions often last for 1–2 years and have
shown moderate treatment effects in terms of
lowering BMI (Peirson et al. 2015a; Jin 2018).
Furthermore, pairing these approaches with life-
style modification has shown to increase adher-
ence to the program and modestly improve
weight loss outcomes in children and adults
(Dombrowski et al. 2014; O’Connor et al.
2017). A benefit of these treatments is that they
involve minimal side effects and as such can be
easily applied into care settings (Peirson et al.
2015a; O’Connor et al. 2017). Another advantage
is the possibility to use media devices to promote
behavioral changes, even though the efficacy of
eHealth interventions has yet to be demonstrated
(Hutchesson et al. 2015). A notable concern is
that behavioral intervention effects may not
been maintained in the long run (Peirson et al.
2015a).

Pharmaceuticals

Orlistat prevents the uptake and digestion of
triglycerides. It is a widely used agent with a
good safety profile and has been shown to provide
clinically significant and ongoing decreases in
BMI when used in conjunction with a slightly
hypocaloric diet and exercise (Khera et al.
2016). Common side effects of orlistat are steat-
orrhea (i.e., excess of fat in feces) and diarrhea,
caused by the body’s limited absorption of dietary
fats in response to the drug (Bansal and Al Khalili
2019). Other side effects include abdominal pain
and fecal spotting (Smith et al. 2013).
Phentermine-topiramate is a drug combination

prescribed to severely obese adults. Phentermine
acts as an appetite suppressant, stimulating nor-
epinephrine and epinephrine release, while
topiramate increases the effect on gamma-
aminobutyric acid-A receptors, altering
sensations of satiety (Allison et al. 2012). Com-
mon adverse outcomes include dry mouth, con-
stipation, dysgeusia (i.e., distortion of the sense of
taste), and insomnia (Allison et al. 2012). Overall,
the pair demonstrates beneficial dose-dependent
effects on weight outcomes in obese adults after
1 year (Allison et al. 2012). Liraglutide is an
efficacious drug used to treat both obesity and
type 2 diabetes (T2D). It is a glucagon-like pep-
tide 1 receptor agonist, suppressing appetite and
energy intake in addition to delaying gastric emp-
tying (Astrup et al. 2009). The drug was found to
be more effective than orlistat in reducing weight
outcomes and blood pressure at all doses in addi-
tion to decreasing the prevalence of prediabetes in
patients (Astrup et al. 2009). Adverse events
aside from nausea and vomiting were often
short-lived with users of liraglutide, highlighting
its efficacy over others as a treatment for obesity
(Astrup et al. 2009). Lorcaserin is another drug
that acts on serotonin 5-HT2C receptors in the
central nervous system to inhibit appetite in obese
individuals (Fidler et al. 2011). Dizziness,
headaches, and nausea are common adverse
effects of the medication. Lorcaserin
administered alongside a lifestyle modification
program was found to provide the best weight
outcomes in adults (Fidler et al. 2011).

Bariatric Surgery

While these interventions are invasive and have
potential for mortality, this risk is relatively low
(0–1.5%) (Arterburn and Courcoulas 2014).
Information from randomized clinical trials has
shown bariatric procedures to be more effective
than other nonsurgical interventions (Noria and
Grantcharov 2013). Some studies also cite
improvements to quality of life measures in
those who were surgically treated (Moulla et al.
2018). Another benefit of bariatric surgery is its
ability to improve various obesity-associated
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comorbidities (Picot et al. 2009). Many patients
with T2D have reported normal levels of plasma
glucose following their surgeries and lowered
cardiovascular risk (Noria and Grantcharov
2013; Moulla et al. 2018; Picot et al. 2009).
Even though increasingly popular, this modality
is still not available to many candidates
(Arterburn and Courcoulas 2014; Noria and
Grantcharov 2013; Moulla et al. 2018; Picot
et al. 2009).

Diagnosis and Treatments
of Mendelian Forms of Obesity

Diagnosis of Nonsyndromic Monogenic
Obesity

Both dysmorphic, intellectually disabled and nor-
mal cases can be seen (Pigeyre and Meyre 2018).
LEP and LEPR mutations are associated with
more severe and precocious diseases, contrasting
with much more benign heterozygous MC4R
mutations (Kohlsdorf et al. 2018; Vazquez-
Moreno et al. 2019). In contrast, adults with het-
erozygous MC4R mutations present higher BMI
than nonmonogenic obese adults (Stutzmann
et al. 2008). Targeting children and adults with
moderate to extreme obesity is a priority. Clinical
and biochemical features along with family
assessment may guide the genetic diagnosis
(Pigeyre and Meyre 2018). Hypopigmentation
of hair and skin, intestinal dysfunction, and a
Mendelian recessive pattern of inheritance for
obesity may signal the presence of homozygous/
heterozygous compound mutations in the POMC
and PCSK1 genes (Choquet and Meyre 2010).
Leptin, ACTH, and cortisol should be monitored.
Leptin is low in congenital deficiency and can
substantially increase in mutations in LEPR.
(Montague et al. 1997; Clement et al. 1998;
Farooqi et al. 2007a). Inactive “normal” leptin
levels are possible in some circumstances
(Wabitsch et al. 2015b, c). ACTH deficiency
including clinical symptoms is a possibility in
POMC and PCSK1mutations. Tailored metabolic

and hormonal panels are being designed for some
of these cases, with wider coverage and reduced
costs (Shabana 2016).

Genetic sequencing, preferably addressing
complete exome panels, is the advised approach
in possibly monogenic cases. Major targets are
LEP, LEPR, POMC, PCSK1, MC4R, MC3R,
ADCY3, MRAP2, and KSR2, and explanatory
algorithms are available at www.acmg.net and
other sites. Variant prediction and pathogenicity
tools are also available (Creemers et al. 2012;
Vazquez-Moreno et al. 2019; Tarnanas et al.
2015). In vitro and in vivo functional
experiments, while labor- and resource-intensive,
remain the gold standards to assess the biological
consequences of mutations (Creemers et al. 2012;
Richards et al. 2015). Importantly, they often
provide divergent conclusions from in silico pre-
diction tools used alone (Heikkinen et al. 2009).
For monogenic obesity genes contributing to an
important burden of disease (e.g., MC4R), it may
be relevant to assess in vitro the functional
consequences of all possible missense variants
once and for all, as has been recently performed
for the PPARG gene (Meyre et al. 2019). Testing
of other family members to establish
cosegregation with obesity is recommended,
especially when a new pathogenic variant is
discovered.

Personalized Management
of Nonsyndromic Monogenic Forms
of Obesity

Lifestyle attention is crucial in monogenic obesity
mutation carriers. MC4R and POMC heterozy-
gous loss-of-function mutations are initially
responsive, even though a high risk of relapse
should be accounted for (Majithia et al. 2016;
Reinehr et al. 2009; Santoro et al. 2006). The
environment can contribute to penetrance
(Stutzmann et al. 2008). Better socio-economic
status is protective in some countries (Morell-
Azanza et al. 2019). However, this association is
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not observed in MC4R heterozygous mutation
carriers, suggesting that higher education is not
always beneficial for lifestyle (Stutzmann et al.
2008). Biologically driven hunger can be
overpowering (Newton et al. 2017).

Classic anti-obesity drugs such as sibutramine,
liraglutide, or serotonin and noradrenaline reup-
take inhibitor induce weight reduction and
improve cardiometabolic health risks in MC4R
mutation carriers (Kleinendorst et al. 2017;
Hainerova and Lebl 2013). Other targeted agents
are being evaluated as well (Fig. 16.1). Complete
POMC deficiency can respond to setmelanotide
(Iepsen et al. 2018), similar to LEPR homozygous
andMC4R heterozygous mutations (Kuhnen et al.
2016; Clement et al. 2018; Collet et al. 2017).

Bariatric Surgery in Monogenic Obesity

Homozygous LEPR and compound heterozygous
MC4R mutations (Le Beyec et al. 2013; Huvenne
et al. 2015; Aslan et al. 2011a; Jelin et al. 2016)
could be valid surgical candidates, as well as
heterozygous MC4R functional mutations, even
though with less favorable outcomes (Meyre et al.
2014; Moore et al. 2014; Censani et al. 2014;

Bonnefond et al. 2016; Elkhenini et al. 2014;
Hatoum et al. 2012; Aslan et al. 2011b).
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Abstract

Diabetic kidney disease (DKD) is a microvas-
cular complication of progressive renal decline
in patients with diabetes, which is the leading
cause of end-stage renal disease (ESRD) glob-
ally. Early epidemiological and genetic studies
demonstrated that DKD is a heritable condi-
tion, indicative of an underlying genetic com-
ponent for its increased susceptibility. Since
then, significant work has been conducted to
unravel causal genes implicated in DKD
development and progression. With the
advancement of genomic technologies,
genome-wide association studies (GWASs)
and next-generation sequencing (NGS)
approaches continue to expand our knowledge
of the genetic architecture of DKD and
uncover novel biological pathways implicated
in disease pathogenesis. Additionally, the
establishment of large international
collaborations has led to significantly
increased cohort sizes to improve overall sta-
tistical power to detect novel associations.

Keywords

Diabetic kidney disease (DKD) · End-stage
renal disease (ESRD) · Diabetes · Genetics ·
Genome-wide association studies (GWAS) ·
Rare variants

Introduction

The rise in incidence of diabetes and its micro-
and macrovascular complications, including dia-
betic kidney disease (DKD), have become a
financial and healthcare burden globally. DKD
is a progressive, microvascular complication that
affects 30–40% of patients with type 1 (T1D) or
type 2 (T2D) diabetes and is the leading cause of

end-stage renal disease (ESRD) (Gu, 2019, Alicic
et al., 2017, Li and Pezzolesi, 2018, Reutens,
2013). DKD initiation and progression arise
through metabolic dysregulation associated with
diabetes, e.g., hyperglycemia and hyperlipidemia,
and activation of the renin-angiotensin system
(Reidy et al., 2014, Alicic et al., 2017). Prescribed
medications, such as angiotensin-converting
enzyme inhibitors (ACEi) and angiotensin II
receptor blockers (ARBs), in conjunction with
intense glycemic control interventions, can
improve overall clinical outcomes (Brenner
et al., 2001). Despite the near universal imple-
mentation of renoprotective therapies, there has
been little reduction in the rate of DKD and
ESRD, and DKD continues to be associated
with excess morbidity and premature mortality
in patients with diabetes.

Early epidemiological studies demonstrated
that DKD is a heritable condition shown to aggre-
gate in families, which thereby provided a founda-
tion for studies aimed at examining the genetic
factors underlying its susceptibility (Borch-
Johnsen et al., 1992, Quinn et al., 1996, Seaquist
et al., 1989, Fioretto et al., 1999, Faronato et al.,
1997). Current estimates of the contribution of
genetics to the overall risk of DKD (i.e., heritabil-
ity or h2) range from 0.3 to 0.49 (Freedman et al.,
2007, Sandholm et al., 2017), suggesting that
genetic variation may contribute up to 49% of the
risk of DKD. Completion of efforts to sequence the
human genome, through the Human Genome Proj-
ect (Lander et al., 2001), and characterization of a
haplotype map of the genome, through the Inter-
national HapMap Project (Altshuler et al., 2005),
enabled investigators to begin examining sources
of genetic variation, such as single nucleotide
polymorphisms (SNPs), at a genome-wide scale
using genome-wide association studies (GWASs).

Early GWASs of DKD focused on the role of
common variation (i.e., SNPs with a minor allele
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frequency (MAF) > 5%) and identified several
SNPs strongly associated with DKD. More
recently, large-scale collaborative efforts have
led to improved GWASs of DKD, which include
larger sample sizes, and facilitated studies that are
better powered to detect robust and more repro-
ducible genetic signals. In addition to common
variation, which likely explains only a fraction of
the associated risk of DKD, next-generation
sequencing (NGS) studies involving whole
genome sequencing (WGS) and whole exome
sequencing (WES) are emerging to help explain
some of the ‘missing heritability’ of DKD
(Manolio et al. 2009).

Pathophysiology of DKD in T1D
and T2D

DKD patients present with numerous histological
and clinical phenotypes that vary with the type
and duration of diabetes. With regard to renal
histology in T1D DKD, glomerulopathy is appar-
ent with an expansion of the mesangium, base-
ment membrane thickening, and podocyte loss,
along with tubular atrophy and tubulointerstitial
fibrosis (Alicic et al., 2017; Reidy et al., 2014;
Fioretto et al. 2008). Furthermore, increasing pro-
teinuria and decreasing estimated glomerular fil-
tration rate (eGFR) occur in T1D DKD patients
with advanced glomerulopathy. Contrarily, renal
histology in T2D DKD patients is varied and
occasionally does not manifest the T1D DKD
phenotype. A subset of patients presents similar
histological patterns observed in T1D DKD
patients; others may, however, present with just
some or absent glomerulosclerosis.

Nondiabetic Kidney Deterioration

Early reports of nondiabetic forms of kidney dis-
ease (i.e., NDKD), including immunoglobulin A
(IgA) nephropathy, focal segmental glomerulo-
sclerosis, and other glomerulopathies, have been
reported in < 10% of T2D proteinuric patients
(Fioretto et al. 2008) yet, recent estimates from
multiple centers report the incidence of NDKD in

T2D patients from 33% to 73% (Anders et al.,
2018). Unfortunately, the only way to distinguish
DKD from NDKD in patients with diabetes is
through kidney biopsy and histological analysis.
This process is the “gold standard” for diagnosing
DKD, albeit physicians rarely perform kidney
biopsies on diabetic patients.

Instead, clinical biomarkers are used to assess
renal damage and functional decline in patients
with diabetes. By measuring urinary albumin
excretion and serum or urinary creatinine,
physicians can monitor the severity of renal injury
and functional impairment to renal insufficiency,
respectively. Measurements of progressive renal
damage include calculations of urinary albumin-
creatinine ratios (ACRs) and renal decline with
eGFR, where persistent macroalbuminuria/pro-
teinuria is defined as ACR> 300 mg/g and severe
kidney damage is defined by an eGFR <

30 mL/min/1.73m2 (Reutens, 2013).

Disease Trajectory

The natural history of DKD is thought to proceed
first with normal glomerular function or
hyperfiltration and then with urinary
microalbuminuria progressing into
macroalbuminuria, which is accompanied by
decreasing eGFR and, ultimately, results in
ESRD (Alicic et al., 2017, Macisaac et al., 2014,
Reutens, 2013) (Fig. 17.1). However, it is diffi-
cult to determine the degree of renal decline by
the presence of albuminuria alone. Progressive
renal impairment can occur without albuminuria
in T1D DKD patients who have advanced glo-
merular lesions (Caramori et al., 2003). In T2D
DKD patients, the absence of the transition from
microalbuminuria to macroalbuminuria and albu-
minuria without renal decline can occur
(Retnakaran et al., 2006, Gaede et al., 2004).
Additionally, individuals can revert to
normoalbuminuric status and still have renal
insufficiency (Perkins et al., 2010).

For extreme phenotypes, overt
macroalbuminuria indicates sustained renal dam-
age and a likely progression to ESRD. Because of

17 The Genetic Basis of Diabetic Kidney Disease 223



the dynamic presentation of albuminuria, eGFR
and its longitudinal trajectory (i.e., rate of renal
function decline) are considered better predictors
of progression of DKD (Skupien et al., 2012).
Importantly, patients with poor glycemic control
do not always progress or ever develop DKD,
suggesting that other influences, such as

individual genetic risk, may play a role in both
susceptibility and progression (Reidy et al.,
2014).

When designing genetic studies of DKD,
researchers primarily rely on ACR and eGFR
measurements to define cohorts and examine the
association of various albuminuria- or eGFR-

Fig. 17.1 Natural History of DKD. Graphical
representations demonstrating the progression of DKD
using clinical markers of (A) renal injury (albumin-
creatinine ratio, ACR) and (B) renal function decline
(estimated glomerular filtration rate, eGFR) in patients

with diabetes. Macroalbuminuria/proteinuria is defined as
ACR > 300 mg/g and severe kidney damage eGFR <
30 mL/min/1.73m2. Regression from microalbuminuria to
normoalbuminuria illustrates an example of the pheno-
typic heterogeneity that can occur with DKD
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based phenotypes with genetic variants (i.e.,
SNPs) (Fig. 17.2). Genetic studies typically
dichotomize patients based on these phenotypes
and perform case-control association analyses.
For example, DKD ‘case’ subjects could be
defined as those who have proteinuria or ESRD,
and the frequency of SNPs observed in these
patients could be compared with frequencies
observed in diabetic ‘control’ patients with
normoalbuminuria. Studies may also examine
associations between SNPs and quantitative traits
for ACR or eGFR, instead of dichotomizing cases
and controls for association analyses. Unfortu-
nately, no genetic analysis of renal function
decline has been conducted to date (Li and
Pezzolesi, 2018).

The Genetic Architecture of DKD
through GWASs

While early genetic studies employed positional
cloning and linkage analysis to identify potential
causal regions for DKD susceptibility, current
genetic approaches utilize GWASs to identify
susceptibility markers. GWASs detect
associations between the frequency of different
alleles of SNPs and a disease trait within a given
population and have been very powerful in com-
plex, common disease genetics. Generally,
GWASs analyze common SNP variation within
the genomes of unrelated individuals. Here, we
present the major findings from recent GWASs of
T1D and T2D DKD patients (Table 17.1).

Early GWASs of DKD were primarily
performed on T1D DKD cohorts, as there are
less compounding risk factors compared to T2D
DKD, such as cardiovascular health and age,

Fig. 17.2 GWASs of DKD. (A) Dichotomous
phenotypes examined in case-control-based approaches
with presented clinical parameters for each ACR-based,
eGFR-based, or combined phenotype in (B). (C) General
approaches for conducting a GWAS to identify candidate

DKD SNPs. NA, normoalbuminuria; MA,
microalbuminuria; PR, proteinuria; CKD, chronic kidney
disease; ESRD, end-stage renal disease; eGFR, estimated
glomerular filtration rate; DKD, diabetic kidney disease
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which can increase phenotypic heterogeneity.
One of the first T1D DKD GWASs identified
FRMD3 and CARS in 820 diabetic cases with
either persistent macroalbuminuria or ESRD
(Pezzolesi et al., 2009b). The original discovery
cohort signals did not reach genome-wide signifi-
cance (defined as a P-value < 5 � 10�8), most
likely due to its modest sample size. Associations
at these loci were reproducible in a cohort com-
posed of patients from the Diabetes Control and
Complications Trial/Epidemiology of Diabetes
Interventions and Complications Study (DCCT/
EDIC) (Pezzolesi et al., 2009b).

Another early GWAS analysis and a
subsequent replication study identified another
reproducible candidate DKD gene, ELMO1, in
both T2D and T1D study cohorts (Shimazaki
et al., 2005, Pezzolesi et al., 2009a). As genetic
associations at both FRMD3 and ELMO1 were
independently replicated, the functional roles of
both genes in DKD susceptibility have been
examined further. In a study by Martini et al.,
one SNP located in the promoter region of
FRMD3 was computationally and functionally
demonstrated to show increased binding of tran-
scription factors, which might downregulate
FRMD3 expression and lead to increased DKD
susceptibility (Martini et al., 2013). Interestingly,
for ELMO1, most functional studies have
demonstrated that increased renal expression of
ELMO1 occurs in DKD mice, overexpression of
ELMO1 can promote increased expression of
extracellular matrix proteins in vitro, and
increased expression can cause pathological
features of DKD such as glomerular changes
and urinary excretion of albumin (Shimazaki
et al., 2005, Hathaway et al., 2016). Contrarily,
another study challenged the role of ELMO1 in
DKD, demonstrating that introducing additional
ELMO1 mRNA in PDX1 morphant diabetic
zebrafish is renoprotective, by restoring structural
integrity in the pronephros (Sharma et al., 2016).

Since these early genetic studies, realizing that
common variants have modest impact on disease
risk (e.g., odd ratio (OR) typically 1.10–1.40) and
that larger sample sizes can improve detection of
these signals, collaborative efforts from
investigators across the world have empowered

larger GWASs. In 2012, the Genetics of
Nephropathy—an International Effort (GENIE)
consortium—identified two genome-wide signifi-
cant loci for associations with ESRD (an intronic
SNP rs7583877 in AFF3 and an intergenic SNP
rs12437854 located between RGMA and
MCTP2), in a meta-analysis of >12,000
individuals (Sandholm et al., 2012). Additionally,
although not genome-wide significant, a strong
association with diabetic nephropathy (defined
as persistent macroalbuminuria or ESRD) was
also seen (intronic SNP rs7588550 in the
ERBB4 gene).

In addition to increasing sample sizes, to over-
come limitations of these early GWASs due to
imprecise and variable phenotypic heterogeneity,
Sandholm et al. analyzed a range of ACR- and
eGFR-based subphenotypes, which span different
stages and severities of DKD in a meta-analysis
of 4 large cohorts (Sandholm et al., 2017). How-
ever, despite being well-powered to detect
variants with a MAF � 10% and an OR � 1.55,
no SNPs reached genome-wide significance in
this study. Suggestive associations for ESRD-
based phenotypes (“ESRD vs. no DKD” and
“CKD + DKD vs. eGFR >60,
normoalbuminuric”) were detected in CNTNAP2
(rs1989248), PTPN13 (rs61277444), and AFF3
(rs7562121). As many of the samples included in
this study overlap with those in the previous
GWAS from the GENIE consortium, this sugges-
tive association at AFF3 does not provide inde-
pendent replication of the previously reported
association. Interestingly, independent replication
was observed in this study for signals reported at
ELMO1 (Shimazaki et al., 2005), the MYO16-
IRS2 locus on chromosome 13q (Pezzolesi et al.,
2009b), and SIK1 (Sambo et al., 2014).

Combined Databases

Following a study design similar to that of
Sandholm et al. (Sandholm et al., 2017), the SUr-
rogate markers for Micro- and Macrovascular
hard endpoints for Innovative diabetes Tools
(SUMMIT) consortium performed the largest
T2D DKD GWAS composed of > 20,000 T2D
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patients using eight dichotomous and quantitative
DKD subphenotypes (van Zuydam et al., 2018).
To further increase sample size, a combined T1D
and T2D meta-analysis that included samples of
European and Asian ancestry was performed. In
total, the sample size of this analysis exceeded
40,000 subjects. Despite this, the yield for discov-
ery of novel loci was modest. One SNP,
rs2206136 in PLCB4, reached significance with
the “CKD” phenotype (P-value ¼ 2.1 � 10�8) in
discovery GWAS but not in replication analyses.
A novel signal at rs9942471, a position 7 kb
upstream of GABRR1, was associated with
increased microalbuminuria risk in European
subjects. Additionally, the combined meta-
analysis for eGFR identified a new genome-
wide association mapping near SSB. Interestingly,
as the authors note, while this study aimed to
overcome some of the limitations of earlier stud-
ies, its significantly larger sample size came with
increased phenotypic and, likely genetic, hetero-
geneity that may have impacted its ability to
detect additional genetic associations.

Coding vs Noncoding Variants

SNPs included in these studies mostly map to
nonprotein coding regions, which limits the inter-
pretation of the candidate SNP’s role in disease
susceptibility. Similarly, identified SNPs may be
in linkage disequilibrium with causal variants
some distance from the identified association,
e.g., a causal variant may localize to a gene sev-
eral hundred kilo-basepair away from the detected
association, thereby complicating investigations
into the functionality of an associated SNP.
Importantly, completion of the National Heart,
Lungs, and Blood Institute’s Exome Sequencing
Project led to the development of a new genera-
tion of commercially available genotyping arrays
that, in addition to common noncoding variation,
now includes coding or ‘exome’ variants with
MAFs as low as 0.5% across the genome (Auer
et al., 2016).

Using this technology, the Juvenile Diabetes
Research Foundation funded Diabetic Nephropa-
thy Collaborative Research Initiative (JDRF-

DNCRI) recently performed the largest T1D
DKD GWAS, with 19,406 T1D individuals with
and without kidney disease, and identified
16 novel genome-wide significant associations
with various dichotomous phenotypes (Salem
et al., 2019). The strongest association
(rs55703767, a common missense variant in
COL4A3) was a protective variant against DN,
linked to lower glomerular basement membrane
thickness. In contrast to the SUMMIT study,
which included T1D and T2D individuals of
European and Asian ancestry from 16 different
studies genotyped on various platforms, the
JDRF-DNCRI study benefited from uniform
genotyping, quality control procedures, and
standardized phenotype definitions. Adoption of
this study design, coupled with an increased sam-
ple size, helped foster the discovery of several
novel associations with DKD in this study.

Ethnic Patterns

Although the majority of genetic studies of DKD
have focused on subjects of European ancestry,
several studies have included individuals of dif-
ferent ethnicities and demonstrated potential
population-specific signals. The majority of
these efforts have, however, been in patients
with T2D. In the only trans-ethnic meta-analysis
of T2D DKD patients, conducted as part of the
Family Investigation of Nephropathy and Diabe-
tes (FIND) study, Iyengar et al. identified SNP
rs955333, located between SCAF8 and CNKSR3,
among patients of American Indian, Europeans,
and Mexican ancestries (Iyengar et al., 2015). No
SNP reached genome-wide significance in Afri-
can American T2D patients, although suggestive
associations were seen in APOL1 and MYH9
genes. As APOL1 is a well-known ESRD suscep-
tibility locus in African Americans, this signal
may be due to nonDKD influences.

In addition to early GWASs that first reported
associations at ELMO1, a more recent GWAS in
T2D DKD Japanese patients identified a genome-
wide significant association with rs56094641 in
FTO as a susceptibility marker for DKD (Taira
et al., 2018). The FTO locus has repeatedly been
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reported to be associated with obesity; however,
its association with DKD was not affected by
adjustment for BMI in this study. Interestingly,
this association was not replicated in European
T2D DKD patients. Many studies of T2D
attributed ESRD in African Americans have
reported additional significant loci, including
SLITRK3, ENPP7, GNG7, SFI1, and LIMK2
(Guan et al., 2019, Palmer et al., 2014). With
regard to T1D DKD, there have not been any
studies to date to address the genetics of T1D
DKD in African Americans; intense effort is
needed to expand this area of research.

Contributions of Low Frequency
and Rare Variations in DKD Patients

Similar to other common, complex diseases, most
of the variants identified through GWASs of
DKD only explain a small proportion of its over-
all risk. It has been proposed that some of this
‘missing heritability,’ which is not accounted for
by common variation, may be attributed to addi-
tional risk conferred by low frequency (0.5% �
MAF < 5%) and rare (MAF < 0.5%) variation
(Lee et al., 2014; Manolio et al. 2009). Although
next-generation GWASs are beginning to explore
their role in DKD susceptibility, challenges for
investigating low frequency and rare variation
persist in all complex disease genetics. Among
these, the sample size requirement needed to
detect a robust association with low frequency
and rare variation remains a major hurdle.

Statistical Challenges

For single variant association tests, the sample
sizes to achieve 80% power (at a significance
level of 5 � 10�8 with an OR ¼ 1.4) would
need to be 6400, 54,000, and 540,000 for variants
with MAFs ¼ 0.1, 0.01, and 0.001, respectively
(Lee et al., 2014). Unfortunately, current DKD
cohorts do not exceed 50,000 patients. Addition-
ally, while newer commercial genotyping arrays
do include as many as 200,000–250,000 low fre-
quency and rare variants, these arrays are limited

to the variants included in the array’s design, such
that novel variants and those not selected for
inclusion cannot be assessed. Finally, while
NGS-based approaches (e.g., WES and WGS)
are ideal for discovering and interrogating low
frequency and rare variation, these approaches
still remain costly at scale, despite their continu-
ous declining cost and, thereby, have had limited
utility in the field.

Despite these challenges, WES and GWASs
including low frequency and rare variants have
been utilized with some success to explore the
contribution of these classes of variants in DKD.
In 2017, Sandholm et al. performed WES in
997 T1D DKD subjects (Sandholm et al., 2017).
While no variants reached exome-wide signifi-
cance (P-value < 2.5 � 10�7) for single variant
and gene aggregation tests, nominal (P-value <

9 � 10�5) associations with rare missense alleles
were identified; the strongest association was
observed at an intronic SNP within NVL
(rs188427269, MAF ¼ 0.2%, and P-value ¼
3.3 � 10�7). Importantly, the lack of exome-
wide significance in this study is likely due to its
modest sample size, as 997 patients may not be
enough to detect significant associations with rare
variants. In the T1D DKD GWAS from the
JDRF-DNCRI, Salem et al. reported several
associations with low frequency variants included
on a commercial genotyping array associated
with ESRD, microalbuminuria, and DN (Salem
et al., 2019). The lowest P-value was observed at
low frequency intronic variants in PAPLN
(rs113554206, MAF ¼ 1.2%, and P-value ¼
5.39 � 10�7).

Given the excess rate of ESRD in African
Americans relative to European Americans,
Guan et al. evaluated the impact of
low-frequency variants in 47 candidate genes
involved in kidney structure (e.g., podocyte, glo-
merular basement membrane, and renal tubular
cell genes) with ESRD in approximately 5000
African American subjects (Guan et al., 2016).
After excluding carriers of APOL1 risk alleles,
statistically significant associations were
observed at two missense variants, located in
CLDN8 and COL4A3. A subsequent exome-
wide association study by the same group

17 The Genetic Basis of Diabetic Kidney Disease 231



identified suggestive associations at OTUD7B,
IFITN3, and DLGAP5 (Guan et al., 2018).

While these studies are the first to begin
investigating the role of low frequency and rare
variants in DKD, these associations should be
interpreted with caution due to an overall lack of
genome-wide significance due to their limited
sample sizes. These studies may suggest that
low frequency or rare variants do not contribute
significantly to the underlying genetic component
of DKD, as would be seen in monogenic
conditions, but may still modestly impact its
susceptibility.

From Genetic Causes of DKD
to Personalized Therapies

Although progress in personalized therapeutics in
DKD has been limited, genetic studies in DKD
have shown promise toward translating robust
findings to improved patient care. Pharmaco-
genomics examines how genetic variation can
impact beneficial or adverse reactions to therapies
and, using genetic data to predict therapeutic
response, is beginning to emerge in clinical prac-
tice (Roden et al., 2019). This approach has been
applied to evaluate reactions to therapies for DKD
patients.

One of the earliest studied pharmacogenomic
loci in DKD is the insertion-deletion polymor-
phism of the ACE gene (rs4646994), where the
insertion (I ) or deletion (D) of a 287 basepair Alu
repeat in intron 16 of ACE affects patient
responses to angiotensin converting enzyme
(ACE) inhibitors, a first-line treatment for DKD.
In T1D DKD patients, early reports indicated that
individual homozygous for the deletion allele
(DD) was more likely to progress to ESRD and
lacked a response to renoprotective therapies.
However, a study from the Steno Diabetes Center
demonstrated that there is no difference in the
renoprotective effects in either II or DD
individuals (Andersen et al., 2003).

Angiotensin Modulators

These conflicting results in T1D DKD patients
could result from the modest sample sizes of
these studies or the efficacies of the drugs exam-
ined. More recently, Wang et al. investigated the
renoprotective efficacy of valsartan, an angioten-
sin receptor blocker (ARB), in T2D patients car-
rying the ACE I/D polymorphism and reported an
increased risk of developing DKD among carriers
of the D allele (Wang et al., 2016). They also
observed a beneficial decrease in albuminuria
levels for patients with the ID and DD genotypes
when treated with valsartan. This observation is
likely due to decreased plasma ACE activity in
patients carrying this polymorphism.

While no genetic studies of DKD have
reported a significant association with CYP2C9,
two coding polymorphisms, *2 (Arg144Cys,
rs1799853) and *3 (Ile359Leu, rs1057910), can
influence CYP2C9 metabolism of ARBs. As
ARBs can improve renal function in DKD
patients, some studies have examined pharmaco-
logical responses with these variants. Lajer et al.
described that patients without the CYP2C9*3
polymorphism had a significant change in systolic
blood pressure after 4 months compared to *3
carriers. However, both *3 and non*3 carriers
had no significant difference in urinary albumin
excretion during the study period (Lajer et al.,
2007).

Future Directions

Overcoming DKD’s phenotypic heterogeneity
has proven to be among the most challenging.
As a progressive disease, the lack of consistent
findings across studies can, in part, be attributed
to the array of clinical definitions established by
different studies. Since most genetic approaches
are inherently cross-sectional, investigators typi-
cally examine multiple phenotypes that span all
stages and presentations of renal disease. This
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approach has drawbacks, as a patient’s renal sta-
tus could change over time (i.e., a
microalbuminuric patient reverts to
normoalbuminuria or, alternatively, progresses
to proteinuria or ESRD), leading to misclassi-
fication. Misclassification bias then could result
in a significant number of false-negative
associations. Indeed, longitudinal investigations
of DKD have shed new light on the natural his-
tory of this disease and its heterogeneous nature (
Perkins et al., 2010, Skupien et al., 2012,
Krolewski and Bonventre, 2012, Krolewski,
2015). Additionally, the rate of renal function
decline varies widely among DKD patients; per-
haps, genetic factors influence whether this
decline is slow, where ESRD is reached after
decades of diabetes, or decline is rapid and pro-
gression to ESRD occurs in as little as a few years
after the onset of diabetes (Skupien et al., 2012,
Krolewski and Bonventre, 2012, Krolewski,
2015). Because of the heterogeneity of the
subphenotypes of DKD, considering such dispa-
rate patients simultaneously likely poses
challenges to uncovering the genetic basis
of DKD.

Additionally, it is possible that a subset of
DKD patients have nondiabetic kidney disease
(NDKD) coincident with diabetes or concurrent
DKD and NDKD. Renal biopsies from patients
with diabetes and kidney disease suggest that as
many as 30–80% of patients diagnosed with
DKD actually had kidney disease attributed to
nondiabetic causes (Haider et al., 2011, Sharma
et al., 2013, Zhuo et al., 2013). Importantly, this
has major implications in terms of patient care,
monitoring, and family planning, as well as for
research studies aimed at understanding the
factors that contribute to DKD. To begin
investigating this, we have recently shown that a
subset of ‘DKD’ patients carry rare pathogenic
variants indicative of NDKD, e.g., variants in
COL4A3 (associated with focal segmental
glomerulosclerosis, thin basement membrane
nephropathy, and Alport Syndrome) and REN
(associated with autosomal dominant tubuloin-
terstitial kidney disease) (Lazaro-Guevara et al.,
2020).

Large research consortiums are now bringing
together investigators across the globe to combine
resources and enhance the cohort sizes of current
genetic studies, such as the Juvenile diabetes
research foundation-Diabetic nephropathy collab-
orative research initiative (JDRF-DNCRI) most
recent T1D DKD GWAS. Even though
establishing large cohorts increases statistical
power, how many samples are sufficient to accu-
rately identify all of the contributing genetic vari-
ation underlying DKD? Is there a sample size
threshold that diminishes any further efforts of
larger GWASs?

Epigenomics

In addition to variation at the DNA sequence
level, increasing research shows that epigenetic
and epigenomic mechanisms, i.e., heritable
changes in gene expression, including DNA
methylation and histone modifications, which do
not alter the sequence of DNA, are involved in
DKD pathogenesis (Kato and Natarajan, 2019).
Nucleic acid and chromatin histone complex
modifications elicit changes in gene expression
by affecting the binding of potential transcrip-
tional regulators. It has been demonstrated that
“metabolic memory” of previous metabolic
dysregulation exists, where patients with long-
standing diabetes can still experience
complications even after intense glucose control,
highlighting prolonged modification of gene
expression patterns in DKD risk (Reidy et al.,
2014). Therefore, identifying epigenetic
signatures could lead to new treatments and diag-
nostic biomarkers for DKD initiation and
progression.
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Abstract

Low-grade inflammation initiates even before
type 2 diabetes (T2D) is diagnosed. As a
response to change in inflammatory profile of
cells and tissues, epigenetics modifications

such as DNA methylation (DNAm) and non-
coding RNAs provide early cues about forth-
coming discord in the bodily system. Thus,
targeting epigenetic alterations that occur in
the initial phases leading to T2D can provide
therapeutics, which will prevent or halt the
cascade of T2D and associated long-term
complications. New biomarkers need to be
identified for prediction and monitoring the
progression of T2D. Early detection of
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diabetes or prediabetes will also protect
individuals from undesirable effects of chronic
inflammation and metabolic memory.

Keywords

Type 2 diabetes · Chronic inflammation ·
DNAm · Noncoding RNAs · Metabolic
memory

Introduction

The risk factors of type 2 diabetes (T2D) include
genetic predisposition, age, and ethnicity; how-
ever, environmental factors should similarly be
taken into account. T2D is characterized by
hyperglycemia and combination of insulin resis-
tance and/or insufficient insulin production by
beta cells, which leads to metabolic derangements
and widespread complications (Rawshani et al.
2017; Sladek 2018).

Chronic inflammation plays a role in T2D,
sometimes even before disease onset, even
though it is not clinically prominent in most
cases (Reddy et al. 2019; Tsalamandris et al.
2019). It is characterized by increased
pro-inflammatory cytokines, histological
changes, and immune shifts (Gregor and
Hotamisligil 2011; Hotamisligil 2017). “Self-
“antigens can emerge and promote autoimmune
activation. Insulin secretion and hyperglycemia
can also be further impaired.

Metabolic Memory

Prolonged low-grade inflammation could mediate
metabolic memory (Ceriello 2009; Testa et al.
2017) (Fig. 18.1). Intensive glycemic control is
often recommended for the management of glu-
cose homeostasis and microvascular
complications (Holman et al. 2008; Gaede et al.
2008).

Demonstrated genetic variants are not respon-
sible for more than 10% of the heritable risk for
T2D, while rare variants, gene–environment
interactions, gene–gene interactions, and epige-
netic factors (Kirchner et al. 2013) could be
underestimated. Epigenetic mechanisms such as
DNAmethylation (DNAm) and noncoding RNAs
regulate inflammatory gene expression and
should deserve much attention (Naidoo et al.
2018).

Adipose Tissue Changes and Cytokine
Expression

Obesity leads to changes in tissue cell distribution
and inflammatory activity, including
pro-inflammatory cytokines and chemokines
(Esser et al. 2014) (Fig. 18.1).

Both subcutaneous adipose tissue (SAT) and
visceral adipose tissue (VAT) are associated with
metabolic risk profile; however, the role of VAT
is far more relevant (Kwon et al. 2017).

Fig. 18.1 Simplified
depiction of development
of chronic inflammation
and “undesirable”
metabolic memory in
obesity and T2D.
Epigenetic alterations
provide early cues to
metabolic imbalance and
hence can be an ideal target
for early detection of
chronic inflammation in
obesity and T2D
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Macrophages, mast cells, neutrophils, and T and
B lymphocytes in VAT seem to be key players
(Mraz and Haluzik 2014). Adipose tissue
(AT) macrophages exhibit intense
pro-inflammatory (M1) characteristics (Verboven
et al. 2018).

Macrophage activation in AT could precipitate
insulin resistance (IR), along with M1 macro-
phage- or B-cell-mediated inflammation (Russo
and Lumeng 2018), with little interference by
subcutaneous fat (Verboven et al. 2018).

Chronic Inflammation and Insulin
Resistance

Chronic inflammation is associated with insulin
resistance in the primary insulin target organs,
mainly adipose tissue, muscle, and liver (Gregor
and Hotamisligil 2011; Reilly and Saltiel 2017).
Inflammatory cytokines compromise insulin sig-
naling in adipocytes by inducing inflammatory
pathways (Lee 2013). Dysregulation of
preadipocyte/adipocyte functions promotes
ectopic fat deposition and insulin resistance
(Samuel and Shulman 2012; Wu and Ballantyne
2017). Communication between M1 and M2
macrophage polarizing is detected in this context,
with predominance of the alternatively activated
macrophage (M2) phenotype and activation of
transcription molecules nuclear factor-kappa
beta (NF-κB) and activator protein 1 (AP1). Insu-
lin resistance-mediated epigenetic changes are
recognized in monocytes and macrophages
(Reddy et al. 2014; Hanson and Godfrey 2015).

Epigenetics of T2D

At least 144 genetic variants (not completely
independent) at 129 loci, identified by means of
genome wide association studies (GWAS), are
associated with T2D (Morris et al. 2012; Flannick
and Florez 2016). Novel 39 common variants and
4 rare variants should be added (Xue et al. 2018).
Gene expression of three genes, which play a role
in T2D pathogenesis, namely, CAMK1D,

TP53INP1, and ATP5G, was regulated by
DNAm associated with genetic variants (Xue
et al. 2018).

Age, obesity, diet, physical activity, and fetal
and early postnatal development are among the
environmental drivers that should not be
overlooked. Epigenetics modifications comprise
DNAm, histone modification, and noncoding
RNA, which regulate gene expression in a tissue
specific manner. Environmental influences and
DNA sequence variations or single nucleotide
polymorphisms (SNPs), such as CpG-SNP, struc-
tural variations, and gene–gene interactions, also
deserve to be mentioned.

Hyperglycemia and Epigenetics

Hyperglycemia can induce a variety of epigenetic
changes that can even persist after the normaliza-
tion of glucose levels, mainly through the
involvement of inflammatory genes (Reddy
et al. 2015; Al-Haddad et al. 2016). Hyperglyce-
mia can alter the activity of DNA
methyltransferases (DNAmet), with irreversible
changes over time. Epigenetic modifications
may explain the long-term harmful effects of
metabolic memory (Reddy et al. 2015).

DNAm is a well-characterized epigenetic
modification. Unlike genotypic variation,
DNAm intensity patterns are liable to change
over time, with age or following disease or other
exposure. Naidoo et al. (2018) elaborately
reviewed cell and tissue specific methylation
changes associated with inflammation and T2D.

Investigations in Twins

Monozygotic twins present an ideal model to
study epigenetic contributions to the disease, as
they are genetically the same and genetic
influences on epigenetic variations can be ruled
out. Because of tissue specificity of epigenetic
regulation, it is essential to investigate a homoge-
nous tissue or cell type from a target organ, which
is influenced by alterations due to diabetes. Ribel-
Madsen et al. (2012) investigated global DNAm
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differences in skeletal muscle and subcutaneous
adipose tissues from 12 monozygotic twins, dis-
cordant for type 2 diabetes. A total of 26,850
cytosine-guanine dinucleotide (CpG) sites in the
promoters of 14,279 genes were analyzed. Small
intratwin pair methylation differences between
diabetic and nondiabetics occurred; however,
promoters of genes PPARGC1A in muscle and
HNF4A in adipose tissue showed increased meth-
ylation in type 2 diabetes.

Increased expression of genes involved in
inflammation and glycan degradation was
observed in diabetes discordant monozygotic
twins, with most differentially expressed genes
being ELOVL6, GYS2, FADS1, SPP1 (OPN),
CCL18, and IL1RN (Nilsson et al. 2014). Signifi-
cant DNAm differences were modest; however,
1410 sites showed differential DNAm. Also
15,627 sites, representing 7046 genes including
PPARG, KCNQ1, TCF7L2, and IRS1, showed
differential DNAm in adipose tissue.

Genome-wide methylated DNA immunopre-
cipitation sequencing (MeDIP-seq) in monozy-
gotic twins reported hypermethylated DMRs in
diabetic groups, with high hypermethylation in
promoter of the MALT1 gene, involved in insulin
and glycemic pathways and related to
taurocholate levels in blood (Yuan et al. 2014).
Liu et al. (2015) conducted bioinformatics analy-
sis of DNAm differences in muscle tissues of
monozygotic twins, observing 38 differentially
methylated genes, including Sirtuin
1, N-acetyltransferase 6, phospholipase A2
group XIIB, and nuclear factor of activated T
cell calcineurin-dependent 1. Hwang et al.
(2018), reported ELOVL5 as an epigenetic bio-
marker for diabetes risk.

Epigenetic Wide Association Studies

Epigenetic modifications can precede disease
manifestation or occur as a result of disease diag-
nosis, and hence, prospective studies are better
suited for studying casual changes. In the large
epigenetic wide association study (EWAS) by
Demerath et al. (2015), 37 variable methylation
sites in leucocyte DNA were associated with

body mass index (BMI) and one with waist cir-
cumference (WC), including sites in genes
CPT1A, ABCG1, and SREBF1. Cross-tissue asso-
ciation study using adipose tissue DNA revealed
wide agreement in BMI– and WC–methylation
associations. Replication using blood DNA was
similarly achieved for 37 BMI probes and one
WC probe. Sixteen of these sites also replicated
in adipose tissue, including 15 novel methylation
findings near genes involved in lipid metabolism,
immune response/cytokine signaling, and other
diverse pathways, including LGALS3BP,
KDM2B, PBX1, and BBS2, among others. Addi-
tional EWAS showing link between DNAm and
T2D has also been reported (Yuan et al. 2014;
Nilsson et al. 2014; Dayeh et al. 2014)

In a recent study, Cardona et al. (2019)
identified 15 novel methylation variable positions
(MVPs) with significant associations with inci-
dent and prevalent T2D and also confirmed
three previously identified MVPs. The study
used whole blood DNA collected at baseline, up
to 11 years before T2D onset, to investigate early
epigenetic changes and their role in onset of T2D.
The research was an incident T2D case-cohort
study from the European Prospective Investiga-
tion into Cancer and Nutrition (EPIC)-Norfolk
cohort. Integration of genome –wide genetic
data with methylation data revealed one MVP,
cg00574958 at CPT1A, which could possibly
play direct casual role in T2D. Interestingly,
none of the genes with identified MVPs had
been identified by genetic association studies,
thus indicating use of novel mechanisms/
pathways for epigenetic alterations.

Noncoding RNA

Noncoding RNAs do not translate into proteins
but bring about epigenetic changes and function
to regulate gene expression at the transcriptional
and posttranscriptional level. Several microRNA
(miRNA) and long noncoding RNA (lncRNA)
have been implicated in beta cell development,
insulin sensitivity/resistance, insulin production/
secretion, and insulin signaling. Noncoding
RNAs are actively involved in early inflammation
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of the visceral adipose tissue and regulate inflam-
matory profiles of TNF-α, IL-1, IL-6, IL-18,
intercellular adhesion molecule 1, VCAM-1, and
plasminogen activator inhibitor 1 (Hamar 2012;
Marques-Rocha et al. 2015).

MicroRNAs in Type 2 Diabetes
and Inflammation

miRNAs are linked with obesity and inflamma-
tion, either directly or indirectly (through regu-
latory elements such as transcription factors)
(Arner and Kulyté 2015). Microarray analysis of
human WAT tissues revealed several potentially
relevant miRNAs (Heneghan et al. 2011; Keller
et al. 2011; Arner and Kulyté 2015).

To state few examples, miR-103 and miR-107
have been implicated in glucose homeostasis and
insulin sensitivity (Trajkovski et al. 2011);
miR-107 may also play a role in proinflammatory
events (Foley and O’Neill 2012); miR-221
promotes white adipose tissue inflammation and
decreases insulin sensitivity (Peng et al. 2018).
miR 122 is implicated in liver steatosis and eleva-
tion in plasma cholesterol levels, circulating
miR-122 is strongly associated with metabolic
syndrome and T2D (Willeit et al. 2017),
miR-146a expression is negatively correlated
with fasting blood glucose (FBG), HbA1c, insu-
lin resistance, proinflammatory signals such as
TRAF6 and NFκβ mRNA levels, and also
proinflammatory cytokines TNFα and IL-6
(Balasubramanyam et al. 2011), and finally,
decreased serum level of miR-146a is a sign of
chronic inflammation in T2D patients (Baldeón
et al. 2014).

A detailed literature survey by Yaribeygi et al.
(2018) reports different noncoding microRNAs
related to glucose metabolism and pathophysiol-
ogy of T2D. The authors propose four
mechanisms via which miRNAs may alter glu-
cose metabolism: beta cell development, insulin
sensitivity/resistance, insulin production/secre-
tion, and insulin signaling. Gottmann et al.
(2018) combined QTL, miRNA prediction, and
transcriptomics to design a computational frame-
work (miR-QTL-Scan) to identify miRNAs that

are regulated in obesity and T2D. The study dis-
covered 170 miRNA regulative elements in
human adipose tissue and blood cells.

Long Noncoding RNA in Type
2 Diabetes

Human β-cell transcriptome analysis has shown
dynamic regulation and abnormal expression of
lncRNAs in T2D (Saeidi et al. 2018). A recent
study addressed expression level of lncRNAs in
peripheral blood mononuclear cells (PBMCs).
Significantly increased levels of lncRNAs
HOTAIR, MEG3, LET, MALAT1, MIAT,
CDKN2BAS1/ANRIL, XIST, PANDA, GAS5,
Linc-p21, ENST00000550337.1, PLUTO, and
NBR2 were observed in T2D patients. lncRNA
expression patterns of THRIL and SALRNA1
diminished in T2D. The majority of altered
lncRNAs were positively correlated with poor
glycemic control, insulin resistance, and tran-
scriptional markers of senescence (Sathishkumar
et al. 2018).

Circulating lncRNA GAS5 less than 10 ng/μl
was found to predict twelve times higher odds of
having diabetes (Carter et al. 2015). Wang et al.
(2017) identified 55 lncRNAs and 202 mRNAs to
be differentially expressed in the blood samples
from T2D group. miRNAs were mainly
associated with immune regulation, inflamma-
tion, and insulin resistance. Newly emerged
research interestingly indicates the use of
exosomes miRNA and lncRNAs as potential
biomarkers for detection or treatments of diabetes
and diabetic complications (Chang and Wang
2019). Noncoding RNAs present an attractive
target for T2D detection at early stages and may
serve as clinical biomarkers.

Noncoding RNAs as Therapeutics
Targets

Several studies have reported the inhibition of
miRNAs for therapeutic purposes (Nunez Lopez
et al. 2016; Nigi et al. 2018; Jiménez-Lucena et al.
2018). Inhibition of miRNAs by antisense
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oligonucleotides in mice models has proved to
improve glucose homeostasis and insulin
sensitivity.

Inhibition of miR-103 and miR-107 by anti-
sense oligonucleotides in liver and in adipose
tissue of obese mice improved glucose homeosta-
sis and insulin sensitivity. In contrast, injections
in liver of an adenoviral vector expressing
miR-107 resulted in elevated fasting blood glu-
cose and insulin levels, impaired glucose toler-
ance, decreased insulin sensitivity, and increased
hepatic glucose production (Trajkovski et al.
2011). Antisense oligonucleotides also
demonstrated the potential therapeutic effects of
liver-specific miR-122 inhibition and
downregulation of miR-181a (Esau et al. 2006;
Zhou et al. 2012). Lucia La Sala et al. (2019)
demonstrated microRNA-21 as a biomarker for
early detection of prediabetes and glucose
imbalances. There was upregulation in impaired
glucose tolerance ( IGT) and in T2D subjects.
Inhibition of miR-200c and miR-21 has also
been suggested against T2D (Geach 2015; Seeger
et al. 2014).

Tissue-specific miR-199a-3p and miR-223 are
potential tissue biomarkers for pancreas and liver,
respectively, in the context of T2D (Zhu and
Leung 2015).

High Fat Diet and Polyphenols

Dietary modifications have also been shown to
indirectly modulate miRNA expression (Parra
et al. 2010). Experimental high fat diet increased
the expression of miR-103 and miR-107, with
reversal by plant-derived polyphenols. Dietary
polyphenols fed with high fat diet also decreased
the expression of miR-122, reduced weight gain,
liver steatosis, and insulin resistance (Joven et al.
2012).

Beta Cell Dysfunction

In the relationship between Insulin sensitivity and
Cardiovascular disease (RISC) cohort,
biomarkers of IGT/reduced β-cell glucose

sensitivity were mainly adiponectin, alpha-1-
antitrypsin (known to regulate adiponectin
levels), endocan, miR-181a, miR-342, and
miR-323. The proteins identified were
adiponectin, endocan, and sialoadhesin (Belongie
et al. 2017).

Despite success in animal models, techniques
for in vivo specific delivery of “therapeutic”
miRNAs will need to be tested and optimized,
in order to restore physiological levels of a
miRNA deregulated in a specific tissue. miRNA
combination therapy could be necessary to
address multiple dysregulated miRNAs
associated with T2D.

Early Detection/Relative Risk Tests

The International Diabetes Federation (IDF) has
estimated that among 642 million cases by 2040,
half of them will not be diagnosed (Ogurtsova
et al. 2017). Early detection tests/screening of
the general population are very important to facil-
itate risk identification and to curb the damage at
early stages. Selective or targeted screening of
T2D is performed in high risk cohorts selected
by age, body weight, or ethnic origin. Opportu-
nistic screening is conducted by health care
professionals, for any other reason, during routine
appointments. The most useful glucose homeo-
stasis test is still debated (Vatandoost et al. 2015).

According to Barry et al. (2017), glycated
hemoglobin A1c (HbA1c) was neither sensitive
nor specific for prediabetes; fasting glucose was
specific however not sensitive. Divergence
between the criteria of the American Diabetes
Association and WHO leads to identification of
different populations with limited overlap. The
study also suggested that “screen and treat”
policies alone are unlikely to halt the epidemic
of type 2 diabetes. In the experience of
Laiteerapong et al. (2019), newly diagnosed dia-
betes and an unstable initial 10-year HbA1c
predisposed to microvascular complications,
even after adjusting for HbA1c control in year 1.

Repeated measurements of fasting plasma glu-
cose seem to better predict diabetes than a single
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Table 18.1 List of ongoing clinical trials on T2D and epigenetics

Title of the study Type of study

Stage/
No. of
participants Major outcomes( epigenetics)

Location
(Country)

Epigenetic Contribution to the
Pathogenesis of Diabetic
Nephropathy in Qatari
Population

Observational/
prospective

Recruiting
N ¼240

Assessment of DNA methylation
in monocytes,
Assessment of urinary micro-
RNAs

Qatar

Network-based Epigenome-
Wide association Study in
Obesity precision Medicine:
NEWTON Clinical Trial

observational /
Case control/
prospective

Not yet
Recruiting
N ¼100

(a) A disease module
containing the crucial
differentially methylated genes in
obese patients and obese patients
with T2D compared to controls.
(b) Identification of
differentially expressed micro-
RNA and mRNA

Italy

Sex-specific Relationship of
Epigenetic-Based Modifications
in the Saliva and Blood With the
Occurrence of Type 2 Diabetes

Observational/
Prospective

Recruiting
N ¼224

Correlation of miRNAs in the
saliva with the amount of
intrahepatic liver fat, ectopic
lipids in the heart, and skeletal
muscle.

Austria

Unravelling the Role of
Mitochondrial DNAMethylation
in Type 2 Diabetes

Observational/
Prospective

Recruiting
N¼36

Mitochondrial DNA methylation
and D-loop changes in insulin
resistant states such as obesity
and type 2 diabetes

United
States

Impact of Metabolic Health on
Sperm Epigenetic Marks in
Humans.

Interventional/
Nonrandomized

Recruiting
N ¼40

Changes in epigenetic markers
(DNA methylation and
noncoding RNAs) in overweight
men with type 1 or type
2 diabetes with a 3 month
lifestyle intervention program.

United
States

Perturbation of Interactome
Through MicroRNA And
Methylome Analyses In Diabetes
Endophenotypes: the
PIRAMIDE Study Design

Observational/
case-control/
Prospective

Recruiting
N ¼35

(a) Identification of
differentially methylated genes in
both CD4+ and CD8+ cells from
T2D patients and controls.
(b) Identification of
differentially expressed
microRNA and mRNA target in
both CD4+ and CD8+ cells
isolated from T2D patients and
controls.
(c) Putative epigenetics
interactions in the presence or
absence of T2D-related
cardiovascular dysfunction.

Italy

Investigating the Underlying
Mechanisms of Exercise
Resistance in Individuals With
Type 2 Diabetes

Interventional/
nonrandomized.

Active
N¼33

Relationship between the basal
promoter methylation status of
key genes involved in fuel
metabolism and activated by
exercise in skeletal muscle tissue
and cells.

United
States

The Interaction Between Protein
Intake, Gut Microbiota, and
Type 2 Diabetes in Subjects With
Different Ethnic Backgrounds
(MICRODIET)

Interventional/
Randomized

Recruiting
N ¼120

Epigenetic modifications in
monocytes of patients at baseline
and end of dietary intervention

France

(continued)
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test (Inoue et al. 2012). In the opinion of Jackson
et al. (2017), a 50-g oral glucose followed by 1-h
glucose measurement is superior to other screen-
ing tests. If abnormal, an oral glucose tolerance
test could follow. Such strategy could be cost
effective in high risk populations.

Feldman et al. (2017) were able to diagnose
diabetes 4.6 years earlier, by screening asymp-
tomatic individuals, and these cases had a more
favorable clinical course than clinically detected
diabetes after diagnosis. Screening for both T2D
and prediabetes should begin at age 45–50, with
follow-up every 5 years, and targeted screening
appears to be more cost-effective compared to
routine evaluation (Einarson et al. 2017).

Ongoing Clinical Trials

Table 18.1 depicts a few ongoing clinical trials on
T2D and epigenetics. The recent research will
accelerate the interventions into clinical practice
and improve early detection of T2D and arrest of
associated complications.
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Abstract

Childhood obesity is reaching alarming rates
in many countries, posing an urgent and seri-
ous challenge. Adipose tissue is a key endo-
crine organ that releases several pro- or anti-
inflammatory adipokines that are involved in
the pathogenesis of obesity complications.
Moreover, it is suggested that gut microbiota
is also involved in the development of these
complications, including obesity-related liver
disease and metabolic syndrome.

Metabolomics has recently started to pave
the way to a better pathomechanistic under-
standing of hepatometabolic complications,
leading to a more efficient diagnosis and better
therapeutic approaches. Several metabolites
and metabolic pathways contribute to a com-
plex metabolic fingerprint of obesity, meta-
bolic syndrome, and obesity-related
non-alcoholic fatty liver disease (NAFLD).
Indeed, these conditions seem to have different
salivary and urinary metabolomic signatures.
The aim of this chapter is to provide an over-
view of these signatures, metabolomic-driven
findings, and perspectives for obesity and
obesity-related condition diagnoses and
treatments.

Keywords

Pediatric obesity · metabolic syndrome · non-
alcoholic fatty liver disease · metabolomics

Introduction

Obese children and adolescents are at high risk of
developing several metabolic disorders that were
previously considered to be “adult” diseases,
including insulin resistance (IR), metabolic syn-
drome (MetS), type-2 diabetes mellitus (T2DB),
hypertension, dyslipidemia, obstructive sleep
apnea (OSA), and non-alcoholic fatty liver dis-
ease (NAFLD) (Kumar and Kelly 2017; WHO
2016; Morales Camacho et al. 2019; Dietz and
Robinson 2005; Lakshman et al. 2012). This is
the first time in human history that we are meeting

these phenomena in pediatric populations, and the
effects on subsequent adulthood are not easily
predictable (Rosenbaum 2018).

Adipose tissue is a key endocrine organ that
releases several pro- or anti-inflammatory
adipokines, which are involved in the pathogene-
sis of obesity complications. Moreover, it is
suggested that gut microbiota is also involved in
the development of these complications, includ-
ing obesity-related liver disease and obesity itself
(Vajro et al. 2013a).

NAFLD is a clinical–pathological condition
characterized by abnormal lipid deposition in
hepatocytes in the absence of excess alcohol
intake. It includes a disease spectrum ranging
from isolated hepatic steatosis to more severe
forms (Non-alcoholic Steatohepatitis, NASH)
with inflammation, liver fibrosis, cirrhosis, and
eventually hepatocellular carcinoma (HCC)
(Tiniakos et al. 2010).

The majority of patients with NAFLD are
obese: the obesity-related chronic mild systemic
inflammation blocks insulin signaling pathways
and leads to insulin resistance, which plays a
likely role in the liver disease pathomechanism
(Sanyal et al. 2001; Fabbrini et al. 2010).

NAFLD is now considered as the hepatic man-
ifestation of MetS,(Abenavoli et al. 2017;
Buzzetti et al. 2016) that is essentially
characterized by the clustering of metabolic
abnormalities such as glucose intolerance, obe-
sity, dyslipidemia, and hypertension
(Hosseinpour-Niazi et al. 2019; Bussler et al.
2017).

While the pathogenesis of MetS and the role of
each of its components is complex and not
completely elucidated (Fig. 19.1), abdominal
obesity and insulin resistance are considered
important causative factors (Alberti et al. 2006).

The International Diabetes Federation (IDF)
provided the Worldwide Consensus definition of
MetS, identifying abdominal obesity (defined as
waist circumference) as a prerequisite of MetS
(Alberti et al. 2006; Zimmet et al. 2007). In addi-
tion, diagnosis is defined by the presence of at
least two of the following features: high blood
triglycerides (TG), reduced HDL cholesterol
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(HDL-C), increased blood pressure, or increased
fasting blood glucose (FBG) (Zafar et al. 2018).

Although there is no agreement on a MetS
definition for children and adolescents (Bussler
et al. 2017), prevalence is approximately 30%. A
current MetS definition in pediatric population is
based on the presence of 3 or more of following
criteria: (1) TG � 110 mg/dL or (WHO 2016);
HDL-C <40 mg/dL (Morales Camacho et al.
2019) ;FPG � 100 mg/dL (Genuth et al. 2003);
(Dietz and Robinson 2005) Systolic blood pres-
sure or diastolic blood pressure � 90th percentile
for sex, age, and height; and (Lakshman et al.
2012) WC � 90th percentile for age and sex
(Hosseinpour-Niazi et al. 2019; Kelishadi et al.
2007).

MetS severity in childhood has been
associated with type-2 diabetes and cardiovascu-
lar disease (CVD) in adulthood; therefore, it is
necessary to implement, during childhood,
interventions for a healthy lifestyle (Lakshman
et al. 2012; Eckel et al. 2005).

Metabolic profile analysis, also known as met-
abolic phenotyping, can be useful to characterize
metabolic patterns of cells, tissues, organisms,
and biological fluids. It allows the identification

of specific features (or biomarkers) of obesity and
MetS, in order to assess and track metabolic risk.
A good understanding of the biochemical
mechanisms underlying obesity and NAFLD is
required, to develop suitable screening strategies
(Spruijt-Metz 2011; Troisi et al. 2017; Bervoets
et al. 2018).

Metabolic Features of Pediatric
Obesity and MetS

Significantly different metabolome signatures
were identified in normal-weight and obese
adolescents’ biofluids. Using combined
untargeted and targeted metabolomics, it has
been demonstrated that inflammation-driven
insulin resistance, ammonia toxicity, and oxida-
tive stress could represent crucial metabolomic
signatures in obese adolescents (Troisi et al.
2019; Cho et al. 2017a).

A complex metabolic fingerprint characterizes
obesity, especially visceral obesity and obesity-
related NAFLD (Troisi et al. 2017). Pathogenesis
of MetS possibly depends on the interaction

Fig. 19.1 Pathophysiological changes related to insulin resistance in various organs
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between obesity, insulin resistance, and inflam-
mation (Wittcopp and Conroy 2016).

Accumulation of free fatty acids (FFA) in the
liver of pediatric obese subjects is responsible for
impaired insulin signaling and consequently insu-
lin resistance, reducing its effect on suppression
of glucose production (D’Adamo et al. 2009).
The consequence is hyperinsulinemia that
induces the liver to produce fat, therefore causing
hypertriglyceridemia. In addition adipocytes,
because of insulin resistance, induce an increase
in lipolysis, raising non-esterified fatty acids
(NEFA) levels in blood (Das et al. 2014).

Differences in metabolites observed in obese
children with and without NAFLD (Miccheli
et al. 2015), could also be related to the
microbiota and the gut–liver axis (GLA).

Different metabolites and their pathways
derived from mammalian and gut microbial
co-metabolism have been associated with
phenotypes of MetS, including diabetes, hyper-
tension, and obesity (Dumas et al. 2014). It is
widely believed that gut microbiota plays an
important role in obesity, MetS, and fatty liver
by increasing energy harvesting, when a condi-
tion of intestinal dysbiosis, and more rarely when
some instances of small intestinal bacterial over-
growth (SIBO) occur (Rutigliano et al. 2017;
Tresaco et al. 2005). Changes in the abundance
or composition of bacterial species of the gastro-
intestinal tract are reported in obesity and other
metabolic conditions (Vajro et al. 2013a). A dam-
aged intestinal barrier due to local or systemic
inflammation could establish a condition known
as “leaky gut,” in which the GLA can amplify the
common interactions between intestinal bacteria/
bacterial products and hepatic receptors
(Nejatinamini et al. 2015), promoting the portal
flow of a large number of metabolites (Goodson
et al. 2014).

Gut microbiota deeply changes among
individuals, and its composition varies with dif-
ferent conditions. In particular, obesity is
associated with significant variations in the struc-
ture of intestinal microbiota (Fig. 19.2), in

experimental circumstances changing the ratio
between the major bacterial phyla Bacteroides
and Firmicutes (Turnbaugh et al. 2006). More-
over, the gene richness of the intestinal
microbiome andMetS are correlated (Le Chatelier
et al. 2013) and can be modulated by diet,
reinforcing the role of intestinal ecology quality.

A class of metabolites, known as
methylamines, are produced by gut microbiota
via bacterial degradation of choline into
trimethylamine (TMA), later metabolized into
trimethylamine-N-oxide (TMAO) by flavin-
containing monooxygenase 3 (FMO3) and other
isoforms. This class of metabolites includes
TMA, TMAO, and dimethylamine (DMA),
identified as markers of NAFLD in murine
models (Dumas et al. 2006; Cobbold et al.
2009). In addition, elevated values of homeostatic
model assessment-insulin resistance (HOMA-IR)
(Tresaco et al. 2005) and of serum uric acid
(UA) (Nejatinamini et al. 2015) are associated
with MetS and/or hepatic steatosis.

Elevated urinary/blood levels of aromatic
amino acids (AAAs) and branched-chain amino
acids (BCAAs) occurred in samples from obese
patients, and appear to be correlated with IR and
the risk of developing obesity-related MetS
(Miccheli et al. 2015; Wiklund et al. 2014;
Wurtz et al. 2012; Newgard et al. 2009).

Also pertinent to NAFLD, gamma-glutamyl
dipeptides indicate increased glutathione (GSH)
synthesis as part of an oxidative stress response
(Soga et al. 2011).

Lipid metabolism, tyrosine (Jin et al. 2016),
alanine, and the urea cycle (Martos-Moreno et al.
2014), acylcarnitine catabolism with and without
changes in nucleotides, lysolipids, and inflamma-
tion markers are also reported in obesity and
related disorders (Butte et al. 2015).

MetS and obesity share a pro-inflammatory
state (Wisse 2004; Dandona et al. 2005). Insulin
features anti-inflammatory properties, and insulin
resistance could contribute to elevated mediators
such as TNF-alpha, C-reactive protein, and IL-6
in MetS (Wahba and Mak 2007).

252 J. Troisi et al.



Urine and Salivary Pathways
and Biomolecules

Saliva Production

Saliva is an exocrine solution in which water
represents almost 99%, while the remaining 1%
consists of a variety of electrolytes and proteins
(de Almeida et al. 2008). It is also made up of a
complex mixture of secretory products (organic
and inorganic molecules) that originated from the
salivary glands. Saliva compounds come from the
oropharynx, upper airways, gastrointestinal
reflux, gingival sulcus fluid, food deposits, and
blood-derived compounds (Dodds et al. 2005).
The inorganic part includes weak and strong
ions (Na+, K+, Cl-, Ca2+, HCO3, Mg2+, and
NH3); the organic part contains components
such as body secretion molecules (urea, uric
acid, and creatinine), lipids like cholesterol and
fatty acids and more than 400 types of protein.
The most important proteins have a glandular
origin (alpha-amylase, lysozyme, mucins, and
proline-rich proteins) or are plasma-derived

(albumin, secretory immunoglobulin A, and
transferrin) (Hofman 2001).

Saliva is a mirror of the normal internal
characteristics and disease state of an individual
(Pfaffe et al. 2011; Nunes et al. 2015; Desai and
Mathews 2014; Garrett et al. 1998; Chiappin et al.
2007) and can be defined as a natural filtrate of
blood containing potentially diagnostic and prog-
nostic “omic” features such as small molecules,
metals, proteins, and DNA.

It can be conveniently and noninvasively col-
lected, it is easy to store, and its collection, com-
pared to that of other biological fluids, such as
blood, are not expensive.

Urine Production

Urine production involves two processes: renal–
glomerular filtration and tubular reabsorption,
commanded by systemic hydration, and electro-
lyte balance. The glomerulus represents the site of
formation of the primary urine while the tubule is
involved in the transformation of pre-urine in
urine (Ogobuiro and Tuma 2019).

Fig. 19.2 Pictured are the differences in the gut barrier of lean and obese individuals

19 Salivary and Urinary Metabolome in Pediatric Obesity and Metabolic Syndrome 253



Salivary and Urinary Metabolome

Salivary Metabolome

Pediatric obesity, its related liver disease, and
MetS seem to have different salivary
metabolomic signatures. The differences can be
primarily found in metabolites involved in
energy, amino acids, and organic acids metabo-
lism, along with intestinal bacteria metabolism,
all of which could be influenced by diet,
microbiota, and intestinal mucins (Troisi et al.
2019).

Salivary metabolic distinguish children with
reduced numbers of MetS criteria, from those
with many indexes, who are at higher risk of
hepato-metabolic complications (Troisi et al.
2019).

A partial least squares discriminant analysis
(PLS-DA) model can be devised to classify the
patient classes based on their salivary
metabolomic signature, paving the bases for
their use for both early disease diagnosis and
monitoring in those with MetS (Troisi et al.
2019). Moreover, it is shown that salivary testing
of uric acid (UA), glucose, insulin, and HOMA
together with selected anthropometric parameters,
may help to noninvasively screen obese children
with hepatic steatosis and/or having MetS
components (Troisi et al. 2018). Similarly to
adults (Goodson et al. 2014; Mussavira et al.
2015; Fekete et al. 1993) and adolescents
(Hartman et al. 2016), glucose and insulin are
higher in the saliva of obese subjects with or
without MetS than in healthy controls. Insulin
resistance (IR) is associated with the components
of MetS among obese children and adolescents
(Nejatinamini et al. 2015; Cho et al. 2017b), and
seems superior to glucose for MetS characteriza-
tion (Costa et al. 2012).

In addition, data of salivary HOMA index
(calculated by substituting the glucose and insulin
serum values with the corresponding salivary
values), indicated that values for obese subjects
were higher than those for controls, and the trend
is amplified when obesity was complicated by a

fatty liver rather than by the number of MetS
components.

Even though salivary UA levels were higher in
obese patients, no differences were observed with
or without a fatty liver. A close relationship seems
to exist between UA levels and MetS; in fact,
despite hyperuricemia not representing one of
the components of MetS, it is demonstrated that
UA levels tend to increase in parallel with the
number of MetS components. Saliva of obese
children had higher levels of palmitic acid,
myristic acid, urea, N-acetyl galactosamine, malt-
ose, gluconic acid and isoleucine, and lower
levels of hydroxybutyric acid and malic acid,
which appear prevalent in patients without
steatosis. On the other hand, lauric acid, maltose,
and methyl maleic acid were featured by those
with steatosis (Troisi et al. 2019).

The levels of valine, mannose, acetopyruvic
acid, palmitic acid, triethylene glycol, gluconic
acid, citric acid, scyllo-inositol, deoxyglucose,
psicopyranose, myoinositol, and cycloserine
were higher in obese patients. On the contrary,
normal-weight patients showed higher levels of
1,2,3-butanetriol, 2-oxovaleric acid,
2-palmitoylglycerol, di-n-octyl phthalate,
itaconic acid, methyl galactoside, stearic acid,
2-piperidinone, maltose, 2-deoxy-D-ribose, pen-
tane dioic acid, glycerol, pentitol, glyceric acid,
methyl maleic acid, 2-deoxypentofuranose,
β-hydroxy pyruvic acid, 2-hydroxy-methylcyclo-
pentanol, and L-serine. In obese patients with
steatosis elevated D-glucuronic acid γ-lactone,
2-deoxy-ribolactone, 2-hydroxyisocaproic acid,
pyroglutamic acid, and propanoic acid occurred.
In the absence of steatosis butanoic acid, maltose,
thiamine, glucopyranose, 2-hydroxybutyric acid,
and mannose predominated (Troisi et al. 2018).

The network of salivary molecules that are
differently produced in lean and obese patients,
with or without MetS/NAFLD comorbidities, was
also characterized by higher levels of palmitic
acid and myristic acid, which are two saturated
fatty acids, generally elevated in patients with
steatosis (Troisi et al. 2019). Myristic acid
seems to be associated with obesity but not with
MetS (Takato et al. 2017).
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An increase in activity of C16 Δ9-desaturase
and C18 Δ9-desaturase with a decreased Δ5-
desaturase activity can be responsible for altered
fatty acid metabolism (Kang et al. 2017).

The correlation among lipid profile, glucose,
and insulin levels suggests a conserved ability in
adapting to a caloric challenge, compared with
metabolically unhealthy subjects (Badoud et al.
2015; Aristizabal et al. 2016). Important advances
notwithstanding, the predictive performance of
these salivary markers remains unsatisfactory
(Troisi et al. 2018).

In conclusion, different salivary metabolites
and metabolic pathways are involved in a com-
plex metabolic fingerprint of obesity, obesity-
related NAFLD, and obesity-related MetS
(Magge et al. 2017). Table 19.1 reports a sum-
mary of the principal papers about metabolomics
application in pediatric obesity.

Urinary Metabolome

Urinary metabolome analysis similarly detects
typical obesity-related dietary behavior as well
as GLA alteration (Troisi et al. 2017). Intestinal
permeability, small intestine bacterial overgrowth
(SIBO), and diet preferences can be relevant in
this context.

Lower urinary xylitol and phenylacetic acid
(PAA) was noticed in the obese population.

Xylitol is not endogenously produced by
humans, but it can be found in several types of
fruits and vegetables. Its intake can be considered
important in preventing the development of obe-
sity and MetS. Amo et al. (2011) demonstrated
that long-term intake of xylitol is able to suppress
the accumulation of visceral fat, and contextually
increase insulin and lipids levels in the plasma of
rats fed a high-fat diet.

Xylitol is more elevated in normal-weight
patients, supporting the idea that it could protect
against obesity-related liver damage (Troisi et al.
2017).

Also, PPA was lower in obese children (Troisi
et al. 2017). PPA is synthesized from the amino
acid phenylalanine (PA) via phenylpyruvate;

phenolic acids are generally associated with ben-
eficial effects for human health (Pandey and Rizvi
2009), whereas low urinary levels of PPA can be
related to an unhealthy diet due to a low intake of
plant fibers.

Furthermore, Troisi et al. (2017) reported
higher urinary glucose levels in obese children
than in the normal-weight controls. This evidence
is in accordance with findings in both obese chil-
dren (Urakami et al. 2007) and adults (Elliott et al.
2015).

Methyl histidine concentration in urine was
elevated, especially in patients with NAFLD,
contrasting with low levels of xylitol (Troisi
et al. 2017). Moreover, this metabolite has previ-
ously been associated with BMI in obese
individuals (Elliott et al. 2015). The same associ-
ation was found with 4-cresyl sulfate (PCS) that
can be considered directly linked to gut microbial
activity (Elliott et al. 2015). Consistently, urinary
PCS was elevated in obese children without
NAFLD and showed a negative correlation with
the presence of SIBO.

There is an inverse relationship between BMI
and urinary 3-hydroxymandelate, a metabolite of
the alpha-adrenergic agonist p-synephrine (Stohs
et al. 2011) that is strictly related to tyrosine
metabolism.

Indeed, pseudouridine (PSI) level in urine was
higher in obese individuals, especially in those
with steatosis. It represents a measure of protein
turnover, a metabolic process that may be
targeted by oxidative DNA stress that is common
in pediatric obesity, obesity-related NAFLD, and
in other conditions of high dietary energy intake
(Topp et al. 2008).

GLA dysfunction, which plays a role in obe-
sity and obesity-related hepatic complications, is
responsible for typical signals of metabolome
signature, especially in obese children with
NAFLD (Troisi et al. 2017). In particular,
increased intestinal permeability (IP), gut
microbiota dysbiosis, and SIBO have been exten-
sively associated with severity of obesity-related
liver damage (Guercio Nuzio et al. 2017; Boursier
et al. 2016).
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Table 19.1 Principal studies regarding the metabolomics application in pediatric obesity

Author Population Sample Platform Statistical analysis Outcome

Topp
et al.
(2008)

44 normal-weight
children (3–18 years
old)

Urine HPLC
(targeted
approach)

Wilcoxon Mann
Whitney

Close relationships between
whole-body RNA and protein
degradation and metabolic
rate. The relationship between
8-oxodG excretion and
metabolic rate, however, is
less strong suggesting that
factors other than metabolic
rate considerably affect the
oxidative stress to DNA.

Pastore
et al.
(2014)

63 NAFLD patients Plasma HPLC
(targeted
approach)

Kolmogorov-
Smirnov tests

Data demonstrated a defective
hepatic sulfur metabolism in
children with NAFLD, and
that high levels of Hcy and
Cys probably correlate with a
pattern of more severe
histological liver damage, due
to mechanisms that require
further studies.

Butte
et al.
(2015)

353 normal weight
(NW) Hispanic
children and 450 obese
children

Plasma GC-MS
(untargeted
approach)

PCA and ANOVA Global metabolomic profiling
in nonobese and obese
children showed increased
BCAA and acylcarnitine
catabolism and changes in
nucleotides, lysolipids, and
inflammation markers.
Strong signature of reduced
fatty acid catabolism and
increased steroid derivatives.

Jin et al.
(2016)

39 Hispanic-American,
obese adolescents aged
11–17 years
(30 had hepatic
steatosis � 5% and
9 were matched
controls with hepatic
steatosis < 5%)

Plasma UPLC-Q/
Orbitrap
(untargeted
approach)

Manhattan plots
and t-test

Metabolic pathways of
several amino acids are
significantly disturbed in
adolescents with elevated
hepatic steatosis. This is a
novel finding and suggests
that these pathways may be
integral in the mechanisms of
NAFLD.

Cho et al.
(2017a, b)

91 nonobese and
93 obese adolescent
subjects

Urine UPLC-Q/
ToF
(untargeted
approach)
DI-Q/ToF
(targeted
approach)

PCA, Wilcoxon
signed ranks test,
Pearson
correlation, and
linear regression

Increase of inflammation-
related metabolites is a crucial
metabolomic signature of
obesity compared with normal
weight in adolescents. These
metabolites may be useful for
predicting cardiovascular risk.
Furthermore, the
metabolomic differences
observed in this study
suggested that adolescent
obesity induces impending
insulin resistance, ammonia
toxicity, and oxidative stress.

(continued)
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Small Intestinal Bacterial Overgrowth

A direct relationship was also observed between
BMI and urinary excretion of leucine, valine, and
isoleucine; branched-chain amino acids (BCAAs)
and/or their metabolites showed a correlation with
visceral fat, increased IP and SIBO (Troisi et al.
2017). SIBO-positive children had elevated levels
of glycolic acid and mannose while in controls
valine, PCS, butyrate, and adipic acid were more
abundant (Troisi et al. 2017). In addition, urinary
cysteine levels were found to be elevated, in
accordance with the data obtained from plasma

of obese children (Pastore et al. 2014) and adults
(Kalhan et al. 2011) with NAFLD.

Finally, the increase in the concentration of
both N-methyl nicotinate and hydroquinone
(HQ) in urine appears to be protective against
hepatic steatosis, probably due to their
cytoprotective role (Jin et al. 2016; Dinkova-
Kostova and Wang 2011). Glucose and xylitol
metabolism, tyrosine metabolism, nicotinate and
nicotinamide (vitamin B3) metabolism, and the
pentose-6-phosphate pathway are among the
most prominent in pediatric obesity (Troisi et al.
2017).

Table 19.1 (continued)

Author Population Sample Platform Statistical analysis Outcome

Gawlik
et al.
(2016)

87 obese children with
and without insulin
resistance (IR)

Urine GC-MS
(targeted
approach)

K-means clustering
and ANOVA

The steroidal metabolomic
signature of IR in obese
children is characterized by
enhanced secretion of steroids
from all three adrenal
pathways.

Bervoets
et al.
(2018)

65 obese and
37 normal-weight
children

Plasma NMR
spectroscopy
(untargeted
approach)

PLSDA Increased levels of lipids,
N-acetyl glycoproteins, and
lactate.
• Decreased levels of
several amino acids,
α-ketoglutarate, glucose,
citrate, and chlorinated
phospholipids as compared
with normal-weight children.

Troisi
et al.
(2017)

22 obese children and
14 NW

Urine GC-MS
(untargeted
approach)

PLSDA Obese children had:
• Higher levels of glucose/1-
methylhistidine
• Lower levels of xylitol,
phenyl acetic acid, and
hydroquinone
The metabolic pathways of
BCAA and/or their
metabolites correlated with an
excess of visceral fat
centimeters.

Goffredo
et al.
(2017)

78 obese adolescents
with and without
insulin resistance (IR)

Plasma LC-Q/Trap
(targeted
approach)

Random Forest
analysis

Dysregulation of BCAA
metabolism characterizes
obese adolescents with
NAFLD independently of
obesity and insulin resistance.

Leal-Witt
et al.
(2018)

35 prepubertal children
with obesity enrolled
6-month-long lifestyle
intervention program

Plasma UPLC-Q/
ToF
(untargeted
approach)

PCA A sphingolipid metabolism-
related signature was
identified as the major
contributor.

Troisi
et al.
(2019)

23 obese and 18 NW
children

Saliva GC-MS
(untargeted
approach)

PLSDA Differences in metabolites
involved in energy, amino and
organic acid metabolism.
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Potential Targets for New Drug
Development

It is suggested that nutritional behaviors
characterized by elevated fruit and vegetable
intake and high monounsaturated fats intake are
inversely associated with MetS, and they could
improve this condition, especially regarding
blood lipids, IR, and liver performance (Kushner
2014; Patti et al. 2015; Pitsavos et al. 2007;
Esposito et al. 2007; Camacho and Camacho
2017).

Phytotherapeutic Agents

In many disease models polyphenols exert bene-
ficial effects (Tenore et al. 2014). Annurca apple
flesh polyphenols have shown significant
hypolipidemic potential due to their ability to
reducing cholesterol and low-density lipoproteins
(LDL), and increasing apolipoprotein A1
(ApoA1) expression, the major protein compo-
nent of high-density lipoproteins (HDL) in
plasma (Tenore et al. 2014).

The molecules of polyphenolic extract that
exert a hypolipidemic effect are procyanidrins.
In vitro and in vivo experiments have provided
evidence of their potential role in reducing post-
prandial hypertriglyceridemia by pancreatic
lipase inhibition (Tenore et al. 2014). This mech-
anism induces the suppression of triglyceride
absorption (Tenore et al. 2011).

Chlorogenic acid is a phenolic compound from
the hydroxycinnamic acid family (an apple-
derived polyphenol) that seems to protect against
liver injury (Santana-Gálvez et al. 2017). It has
been observed to have an impact on many tran-
scription factors and enzymes which are involved
in lipid metabolism, being associated with posi-
tive effects on obesity and dyslipidemia (Santana-
Gálvez et al. 2017). It significantly reduced body
weight, visceral fat mass, plasma leptin, and insu-
lin levels, triglycerides in liver and cholesterol in
adipose tissue (Cho et al. 2010). In addition,
chlorogenic acid appears to be involved in the
prevention of weight gain and in liver lipid

accumulation reduction, delaying liver steatosis
onset and blocking high-fat diet-induced IR
(Ma et al. 2015) (Fig. 19.3).

Patti et al. (2015) evaluated the effect of a
mixed supplement that contains chlorogenic
acid, Curcuma longa, silymarin, guggul, and inu-
lin on MetS in humans, reporting significant
reductions in body weight, body mass index,
waist circumference, fasting glucose, and total
cholesterol. Within the same context, Annurca
flesh polyphenols could play a beneficial role in
MetS prevention and treatment (Tenore et al.
2014).

Gut Microbiota Interventions

Another possible strategy could be based on the
administration of probiotics or prebiotics, or fecal
transplantation (Saint-Georges-Chaumet and
Edeas 2015). Probiotics and related dietary
supplements which are employed to enhance
and fortify gut microbiota do not have a simple
nutritive value (Ewaschuk and Dieleman 2006).
Indeed, they are able to change the resident gut
microbiota composition and the gut lumen, favor-
ing an anti-inflammatory environment, and
improving gut barrier integrity. Similarly, the
concept of “prebiotics” is referred to some fer-
mentable carbohydrates that, through their metab-
olism by gut microorganisms, selectively
modulate the composition and/or activity of the
gut microbiota (Bluemel et al. 2016; Vajro et al.
2013b).

Ongoing Studies

Urine and saliva have a high diagnostic potential
in obesity and MetS, especially in pediatric popu-
lation, and could make blood sampling unneces-
sary in a number of circumstances (Troisi et al.
2017, 2018; Belmonte et al. 2017; Pierri et al.
2018). On this basis, an interesting clinical study
has been proposed by the University of Salerno:
“N.a.p.o.l.i. Study” (Non-invasive Approach for
Pediatric Obesity Liver and metabolic Involve-
ment) that aims to achieve a solution for obesity
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management and monitoring in a pediatric popu-
lation (Napoli Study 2019). The goal is to develop
an integrated system that is able to minimize
obesity incidence during the pediatric age, and
specifically to monitor comorbidities related to
obesity and overweight (hepatic steatosis and
MetS). The objectives are (1) Designing and
validating a noninvasive system able to identify
basal metabolic conditions in pediatric subjects,
and to characterize a metabolic profile that is
generally related to hepatometabolic conditions;
(2) Designing and prototyping a decision support
system able to manage the enrollment, the
profiling, and the personalization of a diet-
therapeutic plan, based on annurca apple supple-
mentation in pediatric subjects.

The study expects to enroll 1000 pediatric
patients (500 overweight or obese and 500 normal
weight) from different countries in Europe. The
inclusion criteria are age between 5 and 16 years;

normal weight (BMI percentile between 5th and
85th), overweight (BMI > 85th) or obesity (BMI
> 95th) conditions; adherence to the study and
signature of informed consent. The exclusion
criteria are history of chronic or acute not
obesity-related diseases, and/or pathologies that
do not allow saliva collection.

Other ongoing studies include Science and
Technology in childhood Obesity Policy (STOP)
(2019) the EPHORT Childhood Obesity Project
(2016), and Childhood Obesity Research Demon-
stration (CORD) 3.0. (2019) STOP is working to
identify policy changes that will address child-
hood obesity across Europe, until May 2022. It
will assess from before birth through childhood,
the key components of becoming obese, while
putting emphasis on vulnerable and socially dis-
advantaged children. The goal is to have effective
and sustainable solutions for childhood obesity to
be implemented in the EU.

Fig. 19.3 Factors influencing the development of metabolic syndrome and the implications of metabolic syndrome on
lipid metabolism
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The EPHORT Childhood Obesity Project is
taking place from 2014 to 2020. Eight areas of
action have been identified: (1) Support a healthy
start in life, (2) Promote healthier environments,
especially in schools and pre-schools, (3) Make
the healthy option the easier option, (4) Restrict
marketing and advertising to children, (5) Inform
and empower families, (6) Encourage physical
activity, (7) Monitor and evaluate, and
(8) Increase research. The first task for this project
was to identify the prevalence of obesity per
country in the EU. Then referring to the Areas
of Actions, policies, and activities were made.
After this, each country was evaluated to see if
the actions had been taken, and the prevalence of
obesity was measured. Task three included an
overview of the engagement of the relevant states,
the Commission, and the international
organizations. Once this was complete the team
is proceeding to assess the Action Plan and make
recommendations for the second half-period.

CORD 3.0 will be funded by Massachusetts
General Hospital, The Miriam Hospital, Stanford
University, University of Nebraska, and
Washington University in St. Louis from 2019
to 2024. The goal of the project is for these five
research teams to focus on adapting, testing, and
packaging effective programs to reduce child-
hood obesity among children in lower-income
families.
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Abstract

Metabolomics represents the global investiga-
tion of complex biomolecular patterns in liv-
ing systems, i.e. in organs, cells, tissues or
biofluids, and the understanding of how clini-
cally significant deviations from such patterns

may facilitate our knowledge of the pathogen-
esis of human diseases. This now widely
expanded research area has been extensively
applied to the prognostic monitoring of type
2 diabetes (T2D), particularly in human
biofluids. The achievements of T2D
metabolomics investigations include the iden-
tification of key biomarkers in human biofluid
samples, which may also be employed for
determining individuals at risk of this condi-
tion. T2D biomarkers arise from disturbed
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metabolic pathways, which include those dis-
tinct from glycolysis and lipid metabolism.
Additionally, prognostic fingerprints and
biomarkers of insulin resistance have been
explored using metabolomics analysis, and
these strategies have been critically evaluated
for their possible future ‘point-of-care’ uses in
clinical settings. The potential advancement
for such ‘bedside’ metabolomics tests and the
future direction of metabolomics in T2D is
discussed in detail.

Keywords

Diabetes biomarkers · Plasma metabolome ·
Saliva metabolome · Urine metabolome ·
Diabetes metabolic pathways · Diabetes
prognostic fingerprints · Bedside metabolome

The Role of Metabolomics

Although the metabolome was first explored
centuries ago, through organoleptic tasting analy-
sis and smell of urine as a means of diagnosing
diseases, applications of bioanalytical techniques
to simultaneously analyse more than one class of
biomolecules in urine were first performed by
Pauling et al. (1971), and the human metabolome
was first described by Oliver et al. (1998). Over
the last 20 years, the metabolome itself and means
for the utilisation of multianalyte bioanalytical
techniques that can be applied to it, have been
further defined by others such as Nicholson and
Lindon (2008), and many developments have
been explored in the literature, with a progressive
history of techniques employed for these studies,
along with their establishment as key investiga-
tory tools (documented by Kell and Oliver
(2016)).

The Normal and Pathological
Metabolome

The study of the metabolome allows for the mon-
itoring of metabolic processes within a system by

assessment of low-molecular-mass metabolites
within biofluids, tissues, cells or other
biosamples. Indeed, the metabolome can be
affected by many biological processes. These
can either be through external stimuli such as
medical intervention, i.e. medication, diet or an
exercise regimen, or through internal stimuli. An
internal stimulus can be introduced by the modi-
fication of gene expression using techniques such
as cell transfection, both in vivo and in vitro.
Moreover, metabolomics techniques assess these
changes by providing a ‘snapshot’ of the status of
biological processes occurring at a specific point
in time. This responsive information can provide
a high level of detail regarding cellular metabolic
processes, may facilitate phenotypic evaluations,
and therefore yields an overall ‘picture’ or ‘fin-
gerprint’ of a disease’s chemopathological status.

Even more valuably, metabolomics is able to
probe changing disease status, e.g. the effects of
metformin therapy or the regression of inflamma-
tory conditions, in type 2 diabetes (T2D), as can
the influence of dietary or physical exercise
interventions. Hence, these strategies may be suc-
cessfully employed to monitor disease severity
and progression, information which further
increases our understanding of the aetiology,
manifestation and progression of particular
conditions (German et al. 2005). A combination
of metabolomic strategies has been previously
applied to pre-diabetes (Zeng et al. 2017), type
1 diabetes (Haukka et al. (2018)), T2D and gesta-
tional diabetes (Bentley-Lewis et al. 2015).

Targeted vs. Untargeted Approach

Leading metabolomics techniques are largely
untargeted ones and aim to simultaneously detect
all possible metabolites present in biological
samples. This multicomponent quantitative
bioanalytical approach differs from targeted
metabolomics investigations, which focus on the
analysis of only limited numbers or classes of
metabolites that are linked via specific biochemi-
cal pathways. Typical techniques include nuclear
magnetic resonance (NMR) and liquid
chromatography-mass spectrometric (LC-MS)
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analyses, which are readily applicable to a wide
range of biosamples (Zhang et al. 2012). Briefly,
high-resolution NMR analysis is able to detect
and quantify metabolites in a high-throughput,
simultaneous, non-destructive manner requiring
minimal sample preparation. LC-MS strategies,
however, can target specific metabolites more
sensitively than NMR, whilst lacking the speci-
ficity of the latter for absolute metabolite
determinations (Sandlers 2017). Therefore, a
combination of both LC-MS and NMR
methodologies is important for a global under-
standing of metabolic effects involved in disease
processes, and can be essential for thorough
determinations of the metabolic status of biofluids
and tissue biopsies. Alternative analytical
techniques include Fourier transform infrared
(FTIR) and Raman spectroscopies (Lindon et al.
2011).

Biomarkers of Type 2 Diabetes

One of the first diagnoses of diabetes was
performed in fifth/sixth century BC using a
urine sample, and this arose from a physician,
Sushruta, acknowledging frequent urination in
subjects with this condition, and ants being
attracted to the urine (Sharma and Chandola
2011). This knowledge is still applied today in
rural areas in different parts of the world, for
example in Vietnam (Mull, Nguyen and Mull
2001). Diabetes mellitus became the designated
terminology for these patients, which is Latin for
abundant flux (of urine) and ‘honeyed’ or ‘sweet,’
respectively.

Currently, common biomarkers that are
detected in clinical settings include glucose and
ketone bodies in urine and plasma, as well as
glycosylated haemoglobin A1c (HbA1c) in
whole blood. HbA1c reflects the success of thera-
peutic control by T2D patients self-administering
injectable insulin or oral hypoglycaemic agents
such as metformin, throughout a 6–8 week period.

However, there are many more markers that
can provide further information regarding the sta-
tus of T2D, e.g. ketone bodies and branched-

chain amino acids (BCAAs). These alternative
biomarkers can provide valuable information
regarding the early detection of T2D, i.e. prior
to its full onset, a development which can give
rise to improved outcomes for patients.

To date, a combination of biofluids and tissues
has been investigated in animals and humans,
including blood serum (Drogan et al. 2015;
Floegel et al. 2013), blood plasma, urine and
saliva. Table 20.1 provides insight into
biomarkers that have been suggested to be clini-
cally significant, regarding T2D diagnosis in
serum or plasma, urine and saliva.

Serum and Plasma Biomarkers

One of the largest metabolomics studies explor-
ing diabetes was performed with samples col-
lected during the European Prospective
Investigation into Cancer and Nutrition (EPIC)
(Floegel et al. 2013; Drogan et al. 2015). Floegel
et al. (2013) used flow injection analysis mass
spectrometry/mass spectrometry (FIA-MS/MS)
to determine serum metabolites from control
(n ¼ 1482) and T2D (n ¼ 800) participants. The
global metabolome of this cohort was monitored
over a mean 7-year period to observe the
increased or decreased risk of T2D form the status
of biomolecular analytes. Upregulations in hex-
ose, phenylalanine and diacyl-
phosphatidylcholines (C32:1, C36:1, C38:3 and
C40:5), along with downregulations in glycine,
sphingomyelin (C16:1), acyl-alkyl-phosphatidyl-
cholines (C34:3, C40:6, C42:5, C44:4 and C44:5)
and lysophosphatidylcholine (C18:2) were
observed in T2D patients. Drogan et al. (2015)
observed 300 individuals who provided serum
samples at the beginning of a trial, and also after
a median of 6 years, in an untargeted LC-MS
investigation. Significant metabolite markers
included lysophosphatidylcholine (demethyl
16:0) and phosphatidylcholine (oleoyl-20:0/
oleoyl-20:0), which were all downregulated in
T2D. As expected, hexose sugars such as glucose
were elevated in T2D plasma. In another proto-
col, glyoxylate was observed to be upregulated
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Table 20.1 A summary of metabolite markers that are disturbed in Type 2 Diabetes (T2D) whole blood, serum and
plasma, urine and saliva in humans

Potential Marker Biofluid
Increased/
decreased Technique References

Lipids, fatty acids
Diacyl-phosphatidylcholines C32:1, C36:1, C38:3
and C40:5

Serum # MS Floegel et al. (2013)

Lysophosphatidylcholine C18:2 Serum " MS Floegel et al. (2013)
Lysophosphatidylcholine (dm16:0) and
phosphatidylcholine (O-20:0/O-20:0)

Serum # MS Drogan et al. (2015)

Stearate Serum " MS Xu et al. (2013)
Palmitate Serum " MS Xu et al. (2013)
Glycerophospholipids Serum # MS Xu et al. (2013)
Sphingomyelins Serum # MS Xu et al. (2013)
Myristic Acid Serum " MS Xu et al. (2013)
15-Methyl palmitate Plasma # MS Menni et al. (2013)
10-Heptadecanoate Plasma # MS Menni et al. (2013)
Adrenate (22:4 (n-6)) Plasma " MS Menni et al. (2013)
Arachidonate (20:4 (n-6)) Plasma " MS Menni et al. (2013)
Myristate (14:0) Plasma # MS Menni et al. (2013)
Myristoleate (14:1 (n-5)) Plasma # MS Menni et al. (2013)
Palmitoleate (16:1 (n-5)) Plasma # MS Menni et al. (2013)
Pentanedionate (15:0) Plasma # MS Menni et al. (2013)
5-Dodecanoate (12:1 (n¼7)) Plasma # MS Menni et al. (2013)
Heptanoate (7:0) Plasma # MS Menni et al. (2013)
Pelargonate (9:0) Plasma # MS Menni et al. (2013)
Palmitoyl Sphingomyelin Plasma # MS Menni et al. (2013)
Cholesterol Plasma # MS Menni et al. (2013)
Low-molecular-mass Molecules (e.g. BCAAs and TCA cycle)
1-Methylhistidine Plasma

Urine
#
#

MS
MS

Yousri et al. (2015)

2-Deoxyglucose Plasma " MS Suhre et al. (2010)
2-Hydroxybutyrate Plasma

Serum
Urine
Saliva

"
"
"
"
#

MS
MS
MS
MS
MS

Yousri et al. (2015)
Menni et al. (2013)
Xu et al. (2013)
Yousri et al. (2015)
Barnes et al. (2014)

3-D-Hydroxybutyrate Plasma
Urine

"
"

MS
1H NMR
MS

Yousri et al. (2015)
Suhre et al. (2010)
Salek et al. (2007)
Yousri et al. (2015)

3-Hydroxyproline Urine " MS Yousri et al. (2015)
3-Methoxytyrosine Plasma

Urine
#
#

MS
MS

Yousri et al. (2015)
Yousri et al. (2015)

3-Methyl-2-oxobutyrate Plasma " MS Menni et al. (2013)
3-Methyl-3-oxovalerate Plasma " MS Menni et al. (2013)
4-Hydroxyphenylpyruvate Plasma

Urine
"
"

MS
MS

Yousri et al. (2015)
Yousri et al. (2015)

4-Methyl-2-oxopentanoate Plasma " MS Menni et al. (2013)
5-Oxoproline Urine # MS Yousri et al. (2015)
Acetate Urine " 1H NMR Salek et al. (2007)
Acetoacetate Urine " 1H NMR

MS
Salek et al. (2007)
Yousri et al. (2015)

(continued)
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Table 20.1 (continued)

Potential Marker Biofluid
Increased/
decreased Technique References

Adipate Urine # MS Yousri et al. (2015)
Alanine Serum

Urine
#
"
"

1H NMR
MS
MS
1H NMR

Coco et al. (2019)
Xu et al. (2013)
Yousri et al. (2015)
Urpi-Sarda et al. (2019)

Allantoin Urine # 1H NMR Salek et al. (2007)
Aminohippurate Urine # 1H NMR Salek et al. (2007)
Betaine Urine " MS Svingen et al. (2016)
Carnitine Serum # 1H NMR Coco et al. (2019)
Citrate Serum

Urine
#
"

1H NMR
1H NMR

Coco et al. (2019)
Urpi-Sarda et al. (2019)

Citrulline Plasma # MS Yousri et al. (2015)
Menni et al. (2013)

Creatine Serum # 1H NMR Coco et al. (2019)
Creatinine Serum

Urine
#
#

1H NMR
1H NMR/
MS

Coco et al. (2019)
Salek et al. (2007)
Yousri et al. (2015)

Cysteine Urine " MS Yousri et al. (2015)
Dimethylamine Urine " 1H NMR Salek et al. (2007)
Dimethylglycine Urine " 1H NMR

MS
Salek et al. (2007)
Urpi-Sarda et al. (2019)
Urpi-Sarda et al. (2019)

Ethanolamine Urine # MS Yousri et al. (2015)
Fumarate Urine # 1H NMR Salek et al. (2007)
Glutamate Serum

Urine
#
#

1H NMR
MS
1H-NMR

Coco et al. (2019)
Yousri et al. (2015)
Urpi-Sarda et al. (2019)

Glycerol Serum " 1H-NMR Aloha-Ollie et al.
(2019)

Glycine Serum # MS Floegel et al. (2013)
Glutamine Serum

Serum
#
"

1H NMR
MS

Coco et al. (2019)
Xu et al. (2013)

Glyoxylate " MS Nikiforova et al. (2014)
Heptanoate Plasma # MS Yousri et al. (2015)
Hippurate Urine # 1H NMR Salek et al. (2007)

Urpi-Sarda et al. (2019)
Homocitrulline Urine # MS Yousri et al. (2015)
Homocysteine Urine # MS Yousri et al. (2015)
Homovanillate Urine # MS Yousri et al. (2015)
Isobutyrylcarnitine Urine # MS Yousri et al. (2015)
Isoleucine Serum

Plasma
Urine

#
"
"
"
"

1H NMR
MS
1H NMR
MS
MS

Coco et al. (2019)
Xu et al. (2013)
Aloha-Ollie et al.
(2019)
Menni et al. (2013)
Yousri et al. (2015)

Kynurenate Plasma
Urine

#
#

MS
MS

Yousri et al. (2015)
Yousri et al. (2015)

(continued)
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Table 20.1 (continued)

Potential Marker Biofluid
Increased/
decreased Technique References

Leucine Serum
Plasma
Urine

#
"
"
"
"

1H NMR
MS
1H NMR
MS
MS

Coco et al. (2019)
Xu et al. (2013)
Aloha-Ollie et al.
(2019)
Menni et al. (2013)
Yousri et al. (2015)

Lysine Serum # 1H NMR Coco et al. (2019)
L-Octanoylcarnitine Plasma # MS Menni et al. (2013)
Malate Plasma " MS Yousri et al. (2015)

Menni et al. (2013)
Methionine Serum # 1H NMR Coco et al. (2019)
Myo-inositol Urine # MS Yousri et al. (2015)
N-acetylaspartate Urine " 1H NMR Salek et al. (2007)
N-acetyl groups
(including glycoproteins)

Urine # 1H NMR Salek et al. (2007)

N-acetylglycine Plasma # MS Menni et al. (2013)
N-acetyl-β-alanine Urine " MS Yousri et al. (2015)
N-butyrate Urine " 1H NMR Salek et al. (2007)
N-methylnicotinate Urine # 1H NMR Salek et al. (2007)
N-methylnicotinamide Urine " 1H NMR Salek et al. (2007)
Ornithine Plasma

Urine
#
"

MS
MS

Yousri et al. (2015)
Yousri et al. (2015)

Phenylalanine Serum
Plasma
Urine

#
"
"
"
"

1H NMR
MS
MS
1H NMR
MS
MS
1H NMR

Coco et al. (2019)
Floegel et al. (2013)
Xu et al. (2013)
Aloha-Ollie et al.
(2019)
Suhre et al. (2010)
Yousri et al. (2015)
Urpi-Sarda et al. (2019)

Pipecolate Urine " MS Yousri et al. (2015)
Proline Serum

Plasma
Urine

"
"
"

MS
MS
MS

Xu et al. (2013)
Menni et al. (2013)
Yousri et al. (2015)

Pyroglutamine Serum
Plasma
Urine
Saliva

#
#
#
#

MS
MS
MS
MS

Xu et al. (2013)
Yousri et al. (2015)
Yousri et al. (2015)
Barnes et al. (2014)

Sarcosine Urine " MS Svingen et al. (2016)
Succinate Urine # 1H NMR Salek et al. (2007)
Trans-urocanate Urine # MS Yousri et al. (2015)
Tyrosine Serum # 1H NMR Coco et al. (2019)
Urea Plasma " MS Menni et al. (2013)
Valine Serum

Plasma
#
"
"

1H NMR
MS
MS

Coco et al. (2019)
Xu et al. (2013)
Menni et al. (2013)

Vanillylmandelate Urine # MS Yousri et al. (2015)
α-Ketobutyrate Plasma

Urine
"
"

MS
MS

Yousri et al. (2015)
Yousri et al. (2015)

β-Hydroxypyruvate Plasma
Urine

"
"

MS
MS

Yousri et al. (2015)
Yousri et al. (2015)

(continued)
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using GC-MS, and recommended it as early
marker for T2D (Nikiforova et al. 2014).

Amino Acids and Phospholipids
1H NMR analysis has also been applied to
serum metabolites in T2D patients (n ¼ 26) and
controls (n ¼ 7) (Coco et al. 2019). Serum ala-
nine, glutamine, glutamate, leucine, lysine,
methionine, tyrosine and phenylalanine were all
downregulated in T2D participants (Coco et al.
2019). Interestingly, these biomarker findings

contrast with those established by other
researchers (Table 20.1).

Similar findings to Drogan et al. (2015)
were observed in a LC-MS and GC-MS
metabolomics investigation, and significantly
elevated fructose, α-hydroxybutyrate, alanine,
proline, phenylalanine, glutamine, leucine, iso-
leucine, valine, mysterate, palmitate and stearate
levels were observed, together with diminished
pyroglutamate, glycerophospholipids and
sphingomyelins, in the serum of groups of

Table 20.1 (continued)

Potential Marker Biofluid
Increased/
decreased Technique References

Carbohydrates and Derivatives
1,3-Dihydroxyacetone Plasma " MS Yousri et al. (2015)
1,5-Anhydroglucitol Plasma

Saliva
#
#

MS
MS

Yousri et al. (2015)
Suhre et al. (2010)
Barnes et al. (2014)
Menni et al. (2013)
Yousri et al. (2015)

2-Methylcitrate Urine # MS Yousri et al. (2015)
3-Hydroxyisobutyrate Plasma # MS Yousri et al. (2015)
Arabinose Plasma " MS Menni et al. (2013)
Arabitol Urine # MS Yousri et al. (2015)
Fructose Plasma " MS Yousri et al. (2015)

Menni et al. (2013)
Gluconate Plasma " MS Yousri et al. (2015)
Glucose Plasma

Serum
Urine
Saliva

"
"
"
"

MS
1H NMR
MS
MS

Yousri et al. (2015)
Barnes et al. (2014)
Suhre et al. (2010)
Menni et al. (2013)
Coco et al. (2019)
Yousri et al. (2015)
Barnes et al. (2014)

Lactate Plasma
Serum
Urine

"
#
"

MS
1H NMR
MS

Yousri et al. (2015)
Menni et al. (2013)
Coco et al. (2019)
Yousri et al. (2015)

Mannose Plasma
Urine

"
"

MS
MS

Yousri et al. (2015)
Suhre et al. (2010)
Menni et al. (2013)
Yousri et al. (2015)

Pyruvate Plasma " MS Yousri et al. (2015)
Ribose Urine # MS Yousri et al. (2015)
Threonate Urine # MS Yousri et al. (2015)
Xylonate Urine # MS Yousri et al. (2015)

The arrows represent upregulations or downregulations in T2D relative to control samples
Abbreviations: NMR, Nuclear Magnetic Resonance; MS, Mass Spectrometry
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patients with either impaired fasting glucose
levels or T2D (Xu et al. 2013).

Menni et al. (2013) observed 447 metabolites
from fasted plasma samples from females with
T2D (n ¼ 115), individuals with impaired fasting
glucose (n ¼ 192) and controls (n ¼ 1897) using
ultraperformance liquid chromatography–mass
spectrometry (UPLC-MS). Of 447 metabolites
analysed, 42 were observed to be significantly
different on comparison of these two groups
(Menni et al. 2013), as noted in Table 20.1.

Prognostic Metabolites
Aloha-Ollie et al. (2019) quantified over
229 metabolites, including amino acids, fatty
acids, glycolysis-related metabolites and
lipoproteins using 1H NMR analysis in 11,896
individuals, including T2D (n ¼ 293) and
controls (n ¼ 11,603) from four Finnish cohorts.
The biomarkers that were identified as the stron-
gest indication for this condition included ele-
vated aromatic amino acids, vLDL particles and
triacylglycerols (TAGs). Biomarkers shown to be
significant for individuals at risk of T2D included
elevated glycerol and mono-unsaturated fatty
acids and ‘acute-phase’ glycoproteins. Proposed
biomarkers associated with a lower risk of devel-
oping T2D included glutamine, linoleate and
HDL-triacylglycerols.

Liu et al. (2017) used a combination of liquid
chromatography-mass spectrometry (LC-MS),
and NMR combined with a least absolute shrink-
age and selection operator regression approach, to
identify biomarkers that were present in T2D
blood samples (n ¼ 349), compared to
age-matched controls (n ¼ 3998). In the 14 year
follow-up study, similar findings to those of
Aloha-Ollie et al. (2019) were found. There
were clear disturbances in amino acid metabo-
lism, including pathways featuring isoleucine
and tyrosine. Further metabolic differences
included those in triacylglycerols (TAGs), lactate,
glycerol, pyruvate and vLDL-TAGs.

Some of the markers for insulin resistance
include glucose, mannose, α-hydroxybutyrate
(α-HB) and α-tocopherol, in addition to selected

amino acids and 1-linoleoyl glyceropho-
sphocholine (Peddinti et al. 2017). Elevated
α-hydroxybutyrate (HB) is also a marker of glu-
cose intolerance (Peddinti et al. 2017). Branched-
chain amino acids (BCAAs) are particularly
important since they have been demonstrated to
predict T2D 12 years prior to its onset (Wang
et al. 2011).

Saliva

Saliva is often proposed as an ideal biofluid for
non-invasive analysis of diseases in view of its
easy sample collection and its ability to reflect the
contents of blood (Yousri et al. 2015; Barnes et al.
2014). Glucose is one of the metabolites that is
elevated in the saliva of T2D patients (Gupta et al.
2014; Kadashetti et al. 2015). To determine sali-
vary metabolites, Gupta et al. (2014) collected
postprandial, unstimulated whole saliva.
Participants were requested to rinse with water
thoroughly and not to swallow for a period of
5 min before spitting into a sterile container.
Kadashetti et al. (2015) collected fasting salivary
samples, also requesting participants to wash their
mouths with water. Yousri et al. (2015) collected
salivary samples ~2 hr. post-prandially, and criti-
cally evaluated the limitations of non-fasted
samples in their investigation.

Acetone and Lactate
Acetone has been determined as significantly
increased in patients with diabetes in ketoacidosis
(Fuji et al. 2014). Other metabolic changes that
have been observed include the ratio of D- to
L-lactate levels in dried salivary spots from
controls (n ¼ 68), pre-diabetic (n ¼ 30) and
T2D (n ¼ 5) patients, in which T2D participants
had a significantly higher ratio (Numako et al.
2016). The levels of D- and L-lactate were
targeted in view of an upregulation of its
methylglyoxal precursor, which arises from dia-
betic complications (Numako et al. 2016). The D-
to L-lactate ratio showed good agreement with
Hba1c values of blood in patients with diabetes;
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however, the correlation of Hba1c values with D-
to L-lactate ratio was poor in pre-diabetic samples
(Numako et al. 2016). As in the study by Yousri
et al. (2015), salivary samples were collected ~2
h. post-prandially (Numako et al. 2016).

Other Biomolecules
Additional disturbances have been observed in
glycated proteins, electrolytes, albumin and
enzymes (e.g. amylase (Abd-Elraheem et al.
2017), lysozyme and peroxidase) (Negrato and
Tarzia 2010), however, and not using NMR and
MS metabolomics-based approaches described
here. Using an MS strategy, Yousri et al. (2015)
found three significant metabolites in diabetic
saliva including downregulations in
pyroglutamine and 1,5-anhydroglucitol
(1,5-AG). Some disturbances in unidentified
metabolites in saliva were also documented as
part of this investigation (Yousri et al. 2015).
Significant salivary metabolites might present as
a viable option for point-of-care sampling in a
clinical setting.

Oral Diseases and Other Confounding
Factors
Dental hygiene status can, of course, markedly
influence salivary results, and periodontal
diseases show some significant differences in sal-
ivary profiles when compared to healthy controls
(Aimetti, et al. 2012). Epidemiological studies
have shown that periodontitis was observed to
be 3 times higher in diabetes patients, specifically
poorly controlled individuals (Mealey and
Ocampo 2000). Nevertheless, an investigation
showed that controls with/without periodontitis
and diabetic patients with/without periodontitis
all have unique metabolomic profiles when
assessed using GC-MS/LC-MS (Barnes et al.
2014). Moreover, Barnes et al. (2014) detected
significantly different levels of 1,5-AG, glucose
and α-hydroxybutyrate in the salivary profiles of
T2D participants from those of healthy controls.
These levels had larger fold-changes than those
observed in the plasma profiles. Significant
alterations were observed in saliva samples with
diabetes and gingivitis as a co-morbidity when
compared to diabetes patients without gingivitis,

and predominantly increased salivary levels of
fatty acids and sphingomyelins, along with
changes in purine degradation and antioxidant
status (Barnes et al. 2014).

Sample Contamination
Food debris, nasal mucus and traces of blood
severely impact metabolomics results, if samples
are not carefully collected. The overall outlook
for salivary metabolomics does, however, show
much potential, as patients are much more com-
fortable providing this sample type of sample
than others involving more invasive collection
regimens.

Urine

Urine is also very easy to collect and provides
high sample volumes. Moreover, this biofluid
contains many hundreds of metabolites that are
readily detectable.

LC-MS investigations have been performed on
urinary samples of T2D (Svingen et al. 2016),
with downregulation of betaine, dimethylglycine
and sarcosine characteristic of T2D samples. 1H
NMR investigations also found T2D
downregulations of betaine and dimethylglycine,
as well as of acetoacetate, acetate, n-butyrate,
3-hydroxybutyrate, dimethylamine,
N-methylnicotinate (NMN) amide and N-acetyl
aspartate (NAA), along with downregulated cre-
atinine, N-acetyl functions, nicotinamide mono-
nucleotide acid (NMN), aminohippurate,
phenylacetylglycine (PAG), hippurate, allantoin,
fumarate and succinate. Twelve control
participants provided 7 samples each (total n ¼
84 samples) and 30 T2D participants provided
1–3 samples (total n ¼ 50 samples). Figures 20.1
and 20.2 demonstrate how the metabolite infor-
mation can be simultaneously obtained, in a typi-
cal diabetic urine sample, using NMR analysis
with both 1D and 2D profiling approaches. In a
different investigation, urinary betaine
concentrations have also been demonstrated to
be lower in participants with T2D; this metabolite
was determined by LC-MS/MS analysis (Svingen
et al. 2016), and this observation is consistent
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Fig. 20.1 (a), (b) and (c), Expanded 0.60–3.00, 3.00–4.15 and 6.50–8.50 ppm regions, respectively, of the 600 MHz 1H
NMR profile of a urine sample collected from a T2D patient receiving metformin treatment. Spectra acquired revealed
that this patient was also taking paracetamol as an analgesic. Signals attributable to urea and water removed.
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with those of other investigations. A full listing of
significant 1H NMR-detectable metabolites
identified is also observed in the urinary profiles
(Table 20.1).

Disturbed Metabolic Pathways
Involved in T2D Pathogenicity

Energy metabolism, i.e. the tricarboxylic acid
cycle or Krebs cycle (TCA), is unsurprisingly
altered and this can be observed by metabolic
changes in lactate, for example. Other disturbed
pathways in saliva, urine and plasma include gly-
colysis, for example, pyruvate levels. However,
these markers are not specific to T2D and are
featured markers of many other diseases.

Lipid metabolism and amino acid metabolism
are also observed to be modified in T2D
chemopathogenesis. High levels of ketones are
observed in T2D, which arise from the use of
lipids as a source of body fuel rather than glucose,
and also from the deamination of amino acids.

Diabetic ketoacidosis arises from such elevated
blood plasma ketone bodies. BCAAs,
e.g. isoleucine and leucine, are also elevated in
diabetes and are ascribable to a lack of uptake of
energy sources, a further impairment of metabolic
control (Suhre et al. 2010).

Personal Experience: Retrospective
Network Pathway Analysis
of Published Data

Using MetExplore in a qualitative context, we
aimed to identify the possible metabolic
sub-networks involved in the pathophysiology of
T2D (Cottret et al. 2018). Based on this analysis,
the predominant pathways involved in T2D are
those involved in the biosynthesis and/or metabo-
lism of amino acids, specifically BCAA metabo-
lism; phenylalanine and tryptophan metabolism;
tyrosine biosynthesis; alanine, aspartate and gluta-
mate metabolism; glycine, serine and threonine
metabolism; and arginine biosynthesis.

�

Fig. 20.1 (continued) Assignments: [1] Unassigned Isopropyl-CH(CH3)2 function; [2] 2-Hydroxyisovalerate-δ-CH3;
[3] 2-Hydroxybutyrate-CH3; [4] Isoleucine-CH3; [5] Leucine-CH3; [6] and [7] Valine-CH3s; [8] Methylsuccinate-CH3;
[9] 2-Oxoisovalerate-CH3s; [10] 3-Aminoisobutyrate-CH3; [11] isobutyrate-CH3s; [12] 3-D-Hydroxybutyrate-CH3;

[13] 2,2-Dimethyl succinate-CH3s; [14] Lactate-CH3; [15] Acetoin-CH3; [X] Alanine-CH3; [16] 2-Hydroxyglutarate-
1/2-CH2; [17] Acetate-CH3; [18] 2-Hydroxyglutarate-1/2-CH2; [19] N-Acetyl-CH3 functions of N-acetyl sugars,
N-acetylamino acids (sharp resonances) and carbohydrate side-chain residues of trace level urinary N-acetylated
glycoproteins (broader resonances); [20] -NHCOCH3 protons of paracetamol and its L-cysteinyl metabolite;
[21] -NHCOCH3 protons of paracetamol glucuronide metabolite; [22] -NHCOCH3 protons of paracetamol sulphate
metabolite; [23] 2-Hydroxyglutarate-1/2-CH2; [24] Acetone-CH3; [25] 2-Hydroxyglutarate-1/2-CH2; [26] Oxaloacetate-
CH3; [P] Pyruvate-CH3; [27] Glutamine-γ-CH2; [28] Succinate-CH2s; [29] 3-Hydroxymethylglutarate-1/2-CH2;
[30] Methylamine-N-CH3; [31] Citrate-CH2A/B; [32] Dimethylamine-N(CH3)2; [33] Trimethylamine-CH3;
[34] Dimethylglycine-N(CH3)2; [35] Metformin-N-CH3; [36] Creatinine/Creatine-N-CH3; [37], [38] and [40] Glucose-
C2-C6H ring protons; [39] Dimethylglycine-CH2; [41] Creatinine-CH2; [42] Unassigned; [43] Unassigned; [44] Tyrosine
aromatic ring (Ar)-H; [45] Paracetamol-Ar-H; [46] Xanthurenate-Ar-H [47] and [53] Paracetamol glucuronide metabo-
lite Ar-H ([53] also Indoxyl sulphate-Ar-H); [48] and [49] Indoxyl sulphate-Ar-H; [50] Tyrosine-Ar-H; [51] Indoxyl
sulphate-Ar-H; [52] and [55] Paracetamol sulphate metabolite-Ar-H; [54] Phenylglycine-Ar-CH and Benzoate-Ar-CH;
[56] Indoxyl sulphate-Ar-CH; [57] Hippurate-Ar-CH; [58] Hippurate-Ar-CH; [59] 1-Methylhistidine imidazole ring
(IR)-CH; [60] Indoxyl sulphate-Ar-CH; [61] Xanthine-Ar-CH; [62] 4-Hydroxybenzoate-Ar-CH; [63] Hippurate-CH;
[64] Quinolinate-Ar-CH; [H] Histidine AR-CH; [65] 6-Hydroxynicotinate-Ar-CH; [66] Trigonelline-Ar-CH; [67] Imid-
azole-IR-CH; [68] Hypoxanthine-C2/C7-CH; [69] and [72] 1-Methyladenine-Ar-CH; [70] Nicotinate-Ar-CH; [71] Unas-
signed; [73] Formate-CH
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Further pathways featured are the biosynthesis
of carbohydrates, glyoxylate and dicarboxylate
metabolism and 2-oxocarboxylic acid metabo-
lism. Figure 20.3 highlights the relationship
between these pathways by displaying a
sub-network using the lightest path algorithm,
which forms the lightest paths between each pair
of blood serum metabolites available in
Table 20.1, and allows visualisation of metabolic
paths between pairs of elements of interest.

The metabolic pathways highlighted in
Fig. 20.3 are consistent with previous studies
performed. For example, disturbances in BCAA
metabolism have been demonstrated to arise from
impaired insulin resistance (Zhao et al. 2016).
Sun et al. (2019) also found alanine, aspartate
and glutamate metabolism, glycine, serine and

threonine metabolism and phenylalanine, tyrosine
and tryptophan biosynthesis to be significant
( p<0.05) pathways in their investigation, which
assessed metabolomic signatures in T2D, using
MetaboAnalyst pathway analysis. Interestingly,
arginine biosynthesis and 2-oxocarboxylic acid
metabolism pathways have also been
demonstrated to be significantly enriched in
downregulated T2D-associated genes (Wu et al.
2017).

Prognostic Fingerprints

There is considerable interest in the prognosis of
T2D, which includes:
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Fig. 20.2 2D 1H-1H NMR correlation spectroscopy
(COSY) analysis of a T2D urine sample acquired using a
600 MHz facility (De Montfort University, Leicester,
UK). Samples were prepared using 450 μL of urine,
50 μL of D2O with TSP (0.5% (w/v)), 50 μL of sodium
azide solution (0.04% (w/v)) and 50 μL of phosphate

buffer solution (1.00 mol./L). Two clear connections are
observed in the 2D NMR spectral profile ascribable to α-
and β-Glucose-C1H resonances at δ¼ 5.21 and 4.65 ppm,
respectively. 1D projections are observable on the x- and
y-axis
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Fig. 20.3 Network pathway analysis of blood serum
metabolome alterations in T2D patients, based on the
biomarker listings in Table 20.1. Results shown are the
sub-network, obtained by using the lightest path algo-
rithm. This network highlights relationships between the
TCA cycle, lipid metabolism and amino acid biosynthesis/
metabolism in T2D. Enzyme abbreviations: R00149,
Carbon-dioxide:ammonia ligase; R00200, ATP:pyruvate
2-O-phosphotransferase; R00220, L-serine ammonia-
lyase; R00243, L-glutamate:NAD+ oxidoreductase
(deamination); R00245, L-glutamate gamma-
semialdehyde:NAD+ oxidoreductase; R00248,
L-glutamate:NADP+ oxidoreductase (deaminating);
R00253, L-Glutamate:ammonia ligase (ADP-forming);
R00256, L-glutamine amidohydrolase; R00258, L-Ala-
nine:2-oxoglutarate aminotransferase; R00342, (S)-
malate:NAD+ oxidoreductase; R00351, acetyl-CoA:
oxaloacetate C-acetyltransferase (thioester-hydrolysing);
R00369, L-Alanine:glyoxylate aminotransferase;
R00372, Glycine:2-oxoglutarate aminotransferase;
R00551, L-Arginine amidinohydrolase; R00557,
L-arginine,NADPH:oxygen oxidoreductase (nitric-oxide-
forming); R00565, L-Arginine:glycine
amidinotransferase; R00575, HCO3-:L-glutamine amido-

ligase (ADP-forming, carbamate-phosphorylating);
R00577, acyl-CoA:L-glutamine N-acyltransferase;
R00585, L-Serine:pyruvate aminotransferase; R00658,
2-phospho-D-glycerate hydro-lyase (phosphoenolpyr-
uvate-forming); R00667, L-Ornithine:2-oxo-acid amino-
transferase; R00707, (S)-1-pyrroline-5-carboxylate:NAD
+ oxidoreductase; R00708, (S)-1-pyrroline-5-carboxyl-
ate:NADP+ oxidoreductase; R00709, isocitrate:NAD+
oxidoreductase (decarboxylating); R00945, 5,10-
Methylenetetrahydrofolate:glycine hydroxymethyl-
transferase; R01221, glycine synthase; glycine cleavage
system; R01251, L-Proline:NADP+ 5-oxidoreductase;
R01252, L-Proline,2-oxoglutarate:oxygen oxidoreductase
(4-hydroxylating); R01324, citrate hydroxymutase;
R01392, D-Glycerate:NADP+ 2-oxidoreductase;
R01398, Carbamoyl-phosphate:L-ornithine carbamoyl-
transferase; R01883, S-Adenosyl-L-methionine:
guanidinoacetate N-methyltransferase; R03295, trans-4-
hydroxy-L-proline:quinone oxidoreductase; R04444,
L-1-pyrroline-3-hydroxy-5-carboxylate:NAD+ oxidore-
ductase; R04445, L-1-pyrroline-3-hydroxy-5-carboxyl-
ate:NADP+ oxidoreductase; R05052, L-erythro-4-
hydroxyglutamate:2-oxoglutarate aminotransferase;
R08572, ATP:(R)-glycerate 2-phosphotransferase
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– Prediction and early assessment of
pre-diabetes, acute T2D diabetes and chronic
diabetes;

– Full assessment (deep phenotyping) of the dia-
betic condition itself, i.e. diabetes sufferers can
present a range of other symptoms and
disorders, including diabetic kidney damage,
ocular problems, cardiovascular and other
metabolic syndrome diseases, and, of course,
diabetic ketosis/ketoacidosis.

Metabolomics can successfully be employed
to evaluate the onset and diagnosis of T2D. As
noted above, Yousri et al. (2015) performed an
extensive study observing global changes in the
T2D metabolome; however, more importantly,
this investigation defined metabolites associated
with acute, short- and long-term dysregulation of
glycemic control (Yousri et al. 2015). For this
investigation, 3-hydroxybutyrate
(an intermediate in valine metabolism) and
amino acid (e.g., leucine) levels in urine were
the best indicators of acute glycemic
dysregulation.

Short vs. Long-term Glycemic
Homeostasis

Short-term glycemic dysregulation could be fur-
ther determined by monitoring the salivary,
plasma and urinary levels of a combination of
metabolites, including those of urinary
glycolate, plasma 3-hydroxyisobutyrate and sal-
ivary 1,5-Anhydroglucitol (1,5-AG) (Yousri
et al. 2015). Blood serum 1,5-AG was also pro-
posed as a short-term glycemic marker in an
earlier investigation (Suhre et al. 2010). How-
ever, carbohydrate levels in plasma were the
best indicators of long-term dysregulation
(e.g. those of glucose anomers) (Yousri et al.
2015). Another longitudinal investigation using
ultra-performance liquid chromatography-
quadrupole time-of-flight mass spectrometry
demonstrated plasma levels of iso-valeraldehyde,
linoleate, lyso-phosphatidylcholine (18:1),

2-pyrroloylglycine and dityrosine as reliable
indications for the development of T2D (Zeng
et al. 2017).

Markers for insulin resistance have also been
explored as part of metabolomics investigations,
and BCAAs have shown promise as biomarkers
for screening, enabling early intervention in the
development of T2D by dietary or exercise
interventions (Roberts, Koulman and Griffin
2014).

Kidney Dysfunction and Ketosis

Further validation is required in order to assess
renal function in diabetic patients (Pena et al.
2015). Over 1 in 4 diabetic patients suffer from
diabetic kidney disease (Pena et al. 2015), and
hence the stratification of biomarkers for this
purpose is currently an important consideration.
Candidate biomarkers include urinary glutamine
and tyrosine, and plasma butenoylcarnitine and
histidine (Pena et al. 2014). However, the
response of these biomarkers to approved
treatments, a process required for their full vali-
dation, is yet to be explored.

Ketoacidosis is more prominent in type 1 dia-
betes; however, it can occur in T2D. Indeed, mild
ketosis has been observed in metabolomics
investigations with stable elderly T2D, which
was indicated by increased 3-D-hydroxybutyrate
blood plasma concentrations (Suhre et al. 2010).

Potential Bedside/’Point-of-Care’
Metabolomics

Dipstick testing for glucose and ketone body
levels, along with electronic meters, which can
simultaneously detect and provide a reference
range for plasma and urinary samples, is well
established. This can be performed in a home or
clinical setting. Ketones can be alternatively mon-
itored in the blood using handheld devices; how-
ever, currently these are mostly used in veterinary
medicine (Wang et al. 2015).
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Needle-free flash glucose monitors can also be
employed as a non-invasive option (Distiller,
Cranston and Mazze 2016). To test for T2D, the
usual recommendations encompass whole blood
HbA1c and fasting plasma glucose levels, along
with a 2 h plasma glucose after a 75g oral glucose
load (oral glucose tolerance test/ OGTT) (Ameri-
can Diabetes Association 2018). In a paediatric
setting, blood spots from the heel or finger pricks
are often utilised.

Future Developments

The benefits of adopting metabolomics into
personalised care (precision medicine) include
pre-diagnosis, predictive outcomes and indicated
treatment regimens.

Metabolic disturbances routinely monitored in
diabetes are essentially limited to blood glucose,
HbA1c, ketone body and lipid profiles. This
neglects the TCA cycle, metabolites and those
involving selected amino acids (Table 20.1).
The unfortunate lack of translation of
metabolomic technologies into clinical practice
is largely ascribable to the size, required resources
and expense of instruments used to obtain simul-
taneous metabolic fingerprinting information on
biofluid samples. Additionally, dataset sizes
acquired from metabolomics investigations are
large, probing the status of often hundreds of
metabolites, and hence it may be unfeasible for
their large-scale applications within clinical
practices (Blümuch 2019). Finally, the restraints
on metabolomics investigations include ensuring
that a strict experimental design is employed,
which requires the selected participants adhering
to particular criteria, i.e. fasting status, age range,
sex, exercise regimen, dietary regimen, etc.
(Ghini et al. 2019).

Bedside Devices

As technology advances, there is some promise
for low-field (LF), near-portable benchtop NMR
devices to become more commonplace, rather

than the high-field facilities that are restricted to
large industrial and research centres (Blümuch
2019). Moreover, smaller patterns of metabolites
might be more feasible to monitor and interpret
within a clinical setting. For the first time,
Percival et al. (2019) presented the potential
‘point-of-care’ applications of urinary testing of
T2D patients using a benchtop 1H NMR-linked
metabolomics strategy. There are clear benefits of
this approach over the use of high-field facilities,
including the lower operating, maintenance and
initial costs of the facility, the ability to detect and
quantify glucose and other metabolites simulta-
neously, and perform metabolomics
investigations on biofluid samples, which would
benefit clinical management. The disadvantages
of this study are evident: the 60 MHz operating
frequency of the benchtop NMR facility is not
comparable to high-field facilities that have been
utilised in previous studies, since the levels of
metabolites detectable are significantly reduced
(approximately 4–5 times).

The investigation would also benefit from a
larger sample size in control and T2D cohorts.
However, this shows the scope and potential
applications, since technological advances are
continually being accomplished in NMR, with
higher operating frequencies now achievable
with benchtop facilities (i.e. up to 100 or more
MHz), and automation is made possible for these
facilities with robotic autosamplers. Further
developments in the miniaturisation of NMR
spectrometers in order to increase sensitivity and
translate into clinical settings have been explored
(Wishart 2019; Blümuch 2019). This gives poten-
tial access to healthcare centres, GP surgeries,
dental practices, community pharmacies and
hospitals, and such NMR facilities are substan-
tially more practical and cost-effective.

One solution to overcome the experimental
design challenges of diurnal variation in meta-
bolic profiles includes the collection of pooled
urine or plasma samples, in order to provide an
average profile for healthy or diseased
individuals.

Sensible options for the translation of
metabolomics strategies into clinical settings
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comprise selection of the most significant
metabolites for such clinical applications, and
the development of reliable linear combinations
of biomarkers or algorithms in order to provide a
cheaper, efficient solution for early detection,
diagnosis and prognosis.

Metabolomic Panels

The idea of a blood based-panel has shown some
success by Varvel et al. (2014) who monitored
19 markers and demonstrated that this was an
improved approach over the routine, established
monitoring of HbA1c and fasting glucose levels
for T2D patients. It would be ideal to use markers
of pre-diabetes as demonstrated by Varvel et al.
(2014), in order to control or avoid the onset of
T2D, and therefore provide improved treatment
outcomes and healthcare cost savings.

Portable Oral Prosthesis and Breath
Volatolomic Analysis

Other devices that have potential use for the diag-
nosis and monitoring of T2D include salivary
mouthguard biosensors with telemetry that are
able to detect glucose concentrations from
5–1000 μmol/L (Arakawa et al. 2016). Other
biosensors have been developed for the detection
and determination of glucose in saliva include
optical biosensors (Soni and Jha 2015). However,
potential contaminations are possible from blood
and food debris. This is a technology that could
be further developed with wider metabolomics
applications. Breath testing for ketones has also
been demonstrated using gas-chromatography/
mass-spectrometry, and the methodology has
shown a high sensitivity and specificity (Qiao
et al. 2014).

Another technology, which comes full circle
from the history of the diagnosis of diabetes, is
the development of an ‘electronic nose’ that is
able to detect urinary levels of ammonia, ethyl
methyl ketone and acetone. Indeed, the statistical
testing provided a successful classification of dia-
betic and control patients using acetone alone

(Seesard, Sriphrapradang, Kitiyakara and
Kerdcaroen 2016).

Metabolomics has also been shown to support
genotypic investigations (Kim et al. 2016), and
could easily complement those involving the
genetic profiling of T2D, in an integrative omics
approach.

Artificial Pancreas and Wearable
Technology

In the artificial pancreas context, continuous glu-
cose monitoring has been conducted, and these
systems release insulin if levels are above
specified limits (Olczuk and Priefer 2017). Natu-
rally, these devices are geared at advanced dis-
ease, primarily type 1 diabetes, and are not
serving to inform a potentially preventable
pre-condition, e.g. pre-diabetes. Moreover, they
determine a single, albeit the most important
metabolite, glucose, bypassing up- or
downregulated markers in T2D as described
here. Other further developments are likely to be
observed in the smartphone, smartwatches and
the smart application industries in general, with
huge potential for monetary savings in future
healthcare centres and systems (Wang and
Kricker 2018).
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Abstract

Type 2 diabetes (T2D) is a highly prevalent
metabolic disorder associated with many other
diseases like obesity, insulin resistance, ath-
erosclerosis, hypertension, arthritis, and vari-
ous types of cancers. Recent findings suggest
that gut microbiome plays an important physi-
ological role in many aspects like host defense,
digestion, absorption and fermentation of
complex sugars, short chain fatty acid
(SCFA) production, metabolic signaling
pathways, and reshaping the intestinal barrier.
SCFA, a ligand to G protein couple receptors
Gpr41 and Gpr43, can secrete peptide tyrosine
(PYY), which increases gut motility and nutri-
ent absorption. Gut microbiome could play a
role in hepatic and muscle insulin sensitivity
via the AMP kinase and other pathways.

Keywords

Microbiota · Short chain fatty acids · Intestinal
barrier · Energy metabolism · Carbohydrate
metabolism · PYY · Gut hormones · Insulin
sensitivity

Introduction

Asia is reported to top the charts to have most
rapidly emerging cases of type 2 diabetes (T2D)
especially in countries like China and India (Kassi
et al. 2011; Reaven 1988; Zheng et al. 2017). The
major factors held responsible for the global T2D
epidemic include obesity, sedentary lifestyle, and
increased consumption of processed food, refined
grains, and high sugar containing beverages.
Among T2D cases, cardiovascular disease
(CVD) is the major cause of mortality and mor-
bidity, and additionally, kidney failure is also
prevalent in such patients. Metabolic disorders

are common in developing countries, attributed
not just to increase in energy intake and decrease
in physical activity in recent decades but also due
to alterations in gut microbiota.

The gut harbors trillions of bacteria that are
involved in regulating digestion, metabolism,
extraction of nutrients from ingested food, syn-
thesis of vitamins, prevention against pathogens,
and immunomodulation (Brestoff and Artis
2013). In the past few years, different findings
have confirmed the role of disbalanced gut
microbiome in various metabolic disorders. It
has also been observed that changes in gut
microbiome could be a risk factor in diseases
like T2D and CVD. Additionally, low grade
inflammation, as well as modification in the
secretion of incretin and butyrate formation, has
been proposed to be a potential mechanism
linking gut microbiota and T2D (Moreno-Indias
et al. 2014).

The gut of healthy adults remains stable over
time and is transiently altered under the effect of
external influences such as diet, disease, and envi-
ronment. Diet provides nutrients for both host and
the residing microflora. Alterations in dietary
intake account for 57% of total structural varia-
tion in gut microbiome as compared to genetics,
which only contribute 12% (Zhang et al. 2010).
Microbiota Accessible Carbohydrates (MACs)
have been shown to play a role in shaping the
microbial ecosystem and are significantly reduced
with consumption of a ‘western’ diet (high in fat
and carbohydrates and low in fiber) as compared
to traditional diet (low in fat and carbohydrates
and high in fiber).

Western diet/traditional diet also impacts the
ratio of two important bacterial phyla, Firmicutes
and Bacteroidetes , possibly resulting in
impairment/establishment of various
gut-associated physiological functions (Tidjani
Alou et al. 2016; Turnbaugh et al. 2007).
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European children have high levels of
Bacteroidetes as well as of Enterobacteriaceae
as compared to rural African children, which
may be attributed to high fiber intake by Africans
(Jacquemont et al. 2011). Studies have reported
that a healthy individual has substantial
concentrations of bacteria from Clostridiales
order (Roseburia species and Faecalibacterium
prausnitzii), which are efficient producers of the
small chain fatty acid (SCFA) butyrate through
the fermentation process (Parks et al. 2013;
Karlsson et al. 2013). It is instrumental in fulfill-
ing energy requirements of gut epithelium, in
regulating inflammatory responses in the gut by
serving as a ligand to GPCRs on immune cells,
and in maintaining gut epithelial barrier (Parada
Venegas et al. 2019).

The Disruptive Role of Antibiotics

Antibiotics exert selective pressure on important
mediators of gut biology, leading to long term
reduction in their diversity (Jernberg et al.
2010). Even veterinarian antibiotics such as
avoparcin (a glycopeptide structurally similar to
vancomycin) could play a role in weight incre-
ment in patients treated with vancomycin, due to
colonization by Lactobacillus spp, which once
exposed to that agent can become resistant to
glycopeptides and are found in high
concentrations in feces of obese individuals
(Thuny et al. 2010; Brugman et al. 2006). One
advance in the molecular investigation of meta-
bolic disorders was the introduction of genome
wide association studies (GWASs), which have
helped identify candidate genes involved in
increasing/decreasing insulin resistance in diabe-
tes and variable metabolic phenotypes
(Jacquemont et al. 2011).

A common feature that connects T2D and
obesity is low grade inflammation in tissues
involved in regulating metabolism. This inflam-
mation is characterized by moderate rise in
cytokines such as IL-6, IL-1, and TNF-alpha,
which hampers insulin signaling and leads to
insulin resistance in both conditions (Kahn et al.
2006; Hotamisligil 2006).

Lipopolysaccharide (LPS)-associated
Endotoxemia

LPS is an endotoxin released by Gram negative
bacteria. Changes in the proportion of Gram neg-
ative bacteria or disruption of gut epithelial bar-
rier are blamed for release of LPS in systemic
circulation (Musso et al. 2010). LPS-mediated
endotoxemia can direct the release of
pro-inflammatory cytokines by immune cells.
LPS binds to CD14/TLR4 receptor present on
macrophages to mount an inflammatory response
and also promotes the expression of transcription
factor NFKB and protein kinase MAPK in
adipocytes. An opposite, protective mechanism
attributed to gut microbes involves increase in
production of incretins such as glucagon like
peptide-1 (GLP-1). It is evident from several
studies that rise in Bifidobacterium spp is
accompanied by increase in levels of GLP-1 and
PYY secreted by intestine (Cani et al. 2007a).

These two molecules have an important effect
on decreasing insulin resistance and increasing
functionality of beta cells. GLP-2, a nonincretin
however produced by the same intestinal cells,
plays a role in increasing expression of zona
occludens-1 (ZO) protein, essential for
maintaining the gut barrier and preventing
LPS-associated endotoxemia (Cani et al. 2009).
Another mechanism related to T2D pathophysiol-
ogy, as alluded to, could be shifts in SCFA (buty-
rate) producing bacteria. Butyrate is an important
source of energy for colonic cells and is produced
with the help of C. coccoides and Eubacterium
rectale groups, along with other butyrate
fermenting bacteria in gut. Reduction of such
bacteria has been reported to initiate increase in
opportunistic pathogens deranging insulin signal-
ing and predisposing to insulin resistance
(Caricilli and Saad 2013).

Metformin and Gut Ecology
Metformin is popularly used to treat diabetes and
is reported to increase the levels of butyrate and
propionate producing bacteria. High fiber diet
increases the abundance of Prevotella, while bar-
iatric surgery has been shown to affect bacterial

21 The Gut Microbiome and Type 2 Diabetes Mellitus 285



composition in the gut, which may contribute to
BMI independent amelioration of glucose metab-
olism (Brunkwall and Orho-Melander 2017).

Metabolic Syndrome and Obesity

The subclinical stages leading to metabolic syn-
drome are marked by alteration in gut
microbiome, which was shown through an inter-
esting finding demonstrating the relevance of
increased abundance of Akkermansia muciniphila
in maintaining adequate levels of free fatty acids
(FFA) in humans, while subjects with subclinical
metabolic alterations had decreased population of
A. muciniphila and surprisingly increased levels
of Lactobacillus , resulting in elevated factors
such as FFA, pro-inflammatory cytokines, and
serum IL-6 (Reaven et al. 1988; Randle et al.
1963; Rodriguez-Carrio et al. 2017).

Inflammation

Some probiotics have shown to be effective in
modulating the immune system against altered
gut microbiota associated with chronic low level
inflammation, which can contribute to T2D
(Zhang and Zhang 2013). One such probiotic,
Lactobacillus casei (Matsuzaki et al. 1997),
exhibited antidiabetic properties on oral adminis-
tration to a noninsulin-dependent diabetes
mellitus (NIDDM) model using KK-Ay mice.
Other such examples include Bifidobacterium
longum (Chen et al. 2011).

Composition of Gut Microbiota

The resident gut microflora is shaped by impor-
tant factors during the course of our lifetime,
which include early colonization depending on
type of birth (vaginal vs c-section), age, lifestyle,
host genetics, health/disease status, medications,
and, most obviously, the dietary pattern. The
main bacterial phyla residing in our gut are
Firmicutes (Gram-positive), Bacteroidetes
(Gram-negative), and Actinobacteria (Gram-

positive). Firmicutes encompass more than
200 genera, the most predominant of which are
Bacillus and Clostridium.

The infant microflora is modulated on con-
suming solid foods around the age of 2–3 years,
progressively resembling stable adult microbiota
with predominance of Firmicutes and
Bacteroidetes (Odamaki et al. 2016) (Fig. 21.1).

Factors Involved in T2D Pathogenesis

Incretins

Incretins like glucagon like peptide-1 (GLP-1)
and gastric inhibitory polypeptide (GIP) that are
released by small bowel endocrine L cells and K
cells, respectively, stimulate the pancreatic beta
cells and increase insulin production and secre-
tion. GLP-1 influences various functions like sati-
ety, reduced dietary intake, and delayed gastric
emptying, which are relevant therapeutic targets
for patients suffering from both obesity and T2D
(Nauck and Meier 2018). Often, patients
suffering from T2D experience gut microbial
dysbiosis, which leads to GLP-1 resistance by
reduced expression of GLP-1R and neuronal
nitric oxide synthase. There is a break in the gut
brain axis for the control of insulin secretion and
gastric emptying, controlled by a pattern recogni-
tion receptor (PRR)-dependent mechanism
expressed by the enteric nervous system (Yamane
and Inagaki 2018).

Short Chain Fatty Acids (SCFAs)
Major products derived from microbial fermenta-
tion are short chain fatty acids (SCFAs) such as
acetate, propionate, and butyrate. These are taken
up by host organs and have different metabolic
fates. They similarly act as signaling molecules
and are known ligands for at least two G protein
coupled receptors, i.e., Gpr41 and Gpr43, (Greiner
and Bäckhed 2016) which are dominantly
expressed on colon, adipocytes, and distal small
intestine. On binding GPCRs, they induce the
secretion of peptide YY (PYY) (Karra et al. 2009)
and leptin. PYY is a peptide hormone released by
enteroendocrine cells of intestine and is
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functionally important in gut motility and increased
expression of liver fatty acid binding protein
(L-FABP), a peptide responsible for intracellular
free fatty acid (FFA) distribution, eventually pro-
moting intestinal nutrient absorption. Various other
roles of SCFAs are depicted in Fig. 21.2.

AMP-activated Protein Kinase (AMPK)
AMPK enzyme is expressed in liver and skeletal
muscle and maintains the cellular energy homeo-
stasis. Increased expression of AMPK increases
beta oxidation in liver and muscles and favors
weight loss. AMPK activation targets carnitine
palmitoyltransferase-1 through Acyl-coA carbox-
ylase activity, which disfavors anabolic pathways
such as glycogen storage and improves insulin
sensitivity (Angin et al. 2016). Gut dysbiosis
affects the host health by inhibiting AMPK,
which negatively affects the beta oxidation,
promotes synthesis of cholesterol and
triglycerides, and enhances the rate of lipogene-
sis. There are experimental evidences that suggest

that these factors favor the host toward weight
gain and obesity, which may be followed by
T2D (Boulangé et al. 2016).

Metabolic Functions

Experimental evidences suggest that the gut
microbes perform important metabolic functions
by regulating the expression of host genes. For
example, the gut commensal Bacteroides
thetaiotaomicron found in the intestine of mice
and humans maintains the expression of genes
involved in several functions like nutrient absorp-
tion, mucosal barrier fortification, xenobiotic
metabolism, angiogenesis (Stappenbeck et al.
2002), postnatal maturation of intestine, and
increased capillaries in small intestine, which aid
in absorption (Hooper et al. 2001). This might
help indirectly in the digestion and absorption in
an healthy individual as compared to a diabetic
patient.

Fig. 21.1 Status of gut microbiome in type 2 diabetes (left side) and healthy individual (right side). L. acidophilus, L.
gasseri, L. salivarius are increased inT2D

21 The Gut Microbiome and Type 2 Diabetes Mellitus 287



Fi
g
.2

1.
2

D
iv
er
se

ro
le
s
of

ba
ct
er
ia
lly

fe
rm

en
te
d
sh
or
tc
ha
in

fa
tty

ac
id
s
(S
C
F
A
s)
in

va
ri
ou

s
si
gn

al
in
g
pa
th
w
ay
s

288 S. Panwar et al.



Epithelial Barrier Impairment
and Pro-Inflammatory Cytokines

Microbial dysbiosis, which is a main feature in
correlating gut microbiome with T2D pathogene-
sis, is related to gut epithelial barrier impairment
causing increased circulatory levels of tissue
MAMPs such as LPS and PG (Salguero et al.
2019). This can cause low grade inflammation
by releasing pro-inflammatory cytokines and can
be a possible cause for obesity and T2D.

Bile Acid Transformation

Primary bile acids, cholic acid (CA) and
chenodeoxycholic acid (CDSA), can function as
ligand for nuclear transcription factor farnesoid X
receptor (FXR), suppress hepatic gluconeogene-
sis and lipogenesis, increase fatty acid oxidation,
and also play a role in improvement of extrahe-
patic insulin sensitivity. These are synthesized
from cholesterol in liver and conjugated to taurine
or glycine and on entering the GI tract is further
metabolized by gut microbiota through cycle of
oxidation, esterification, desulfation, and
epimerization to form secondary bile acids
deoxycholic acid (DCA) and lithocholic acid
(LCA) in humans. Secondary bile acids are prod-
uct of bacterial metabolism like which involves
predominantly Bacteroides fragilis, Bacteroides
intestinalis, and E. coli. (Ferrell and Chiang
2019). The bile acid metabolism is in loop with
gut microbiota as bile acids control gut bacteria
overgrowth and protect against inflammation,
while the gut microbiota plays a role in biotrans-
formation of bile acids (Ikegami and Honda
2018), bile acid composition, (Chiang and Ferrell
2018) and enterohepatic circulation of bile.

Gut Microbiome in Pathogenesis of T2D

T2D is accompanied by insulin resistance and
beta cell dysfunction. Insulin resistance is defined
as failure of uptake of glucose by peripheral
tissues of the body, leading to imbalanced

glucose homeostasis. During conditions of IR,
insulin is produced in excessive amount to com-
pensate for the loss of insulin sensitivity, termed
as hyperinsulinemia. When this compensatory
feedback loop is impaired or becomes nonfunc-
tional, this can potentially result in T2D. The
reason for this failure could be either change in
beta cell function and mass or failure to respond
adequately to secretory molecules (which
stimulates beta cell to release insulin). Beta cell
must be able to compensate for the decrease in
insulin sensitivity for diabetes to occur.

The first evidence linking gut microbiota with
glucose metabolism was shown in studies done
on germ free mice in 2004 (Backhed et al. 2004).
Subsequent studies done by several groups using
metagenomics platform and 16S rRNA sequenc-
ing analysis have reported altered ratio of two
important phyla: Firmicutes (Gram positive) and
Bacteroidetes (Gram negative). Gut microflora
interacts with host metabolism, leading to devel-
opment of insulin resistance and T2D. One of the
mechanisms linking insulin resistance and T2D is
the low grade inflammation, which is a hallmark
characteristic commonly observed in T2D and
obesity, resulting due to prevalence of Gram-
negative bacteria. Gram-negative bacteria have
LPS on their outer membrane, which is a strong
activator of Toll-like receptors that further acti-
vate increased production of inflammatory
responses and pro-inflammatory cytokine in the
bloodstream.

Several studies in the past have reported
disrupted gut barrier function, leading to translo-
cation of LPS into the circulation and resulting in
microbiota-derived inflammation or endotoxemia
contributing to pathogenesis of T2DM and obe-
sity (Amar et al. 2011; Brun et al. 2007; Burcelin
et al. 2012). Increased gut permeability is due to
reduced expression of Zonula occludens-1
(ZO-1), claudin, and occludin, proteins that are
required to restrict bacteria and substances from
crossing intestinal lumen and enter the circula-
tion. Reduction in SCFAs such as acetate, buty-
rate, and propionate also affects expression of
tight junction proteins contributing to disturbed
gut barrier function.
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Breakdown of gut barrier leads to a release of
LPS in blood, resulting in inflammation and its
related metabolic disorders. LPS binds to TLR4
(TLR4 is a group of toll-like receptors expressed
on most of the cells and macrophages and
recognizes Pathogen-associated molecular
patterns) to activate extensive downstream signal-
ing, resulting in increased state of
pro-inflammation as compared to TLR4 defi-
ciency where these responses are attenuated
(experiments performed on TLR4 and CD14
knockout mice). TLR4 inactivation in different
tissues such as bone marrow derived cells and
liver-specific TLR4 knockout mice showed
improved glucose tolerance, and the absence of
it in muscle prevents from diet-induced insulin
resistance, which is an indication of protection
against insulin resistance (Velloso et al. 2015).

One of the important roles of gut microflora is
the production of nongaseous SCFAs in
metabolizing dietary fiber. The significant com-
mensal gut bacteria involved in SCFA generation
are Akkermansia muciniphila, Prevotella spp.,
Ruminococcus spp., Coprococcus spp.,
Faecalibacterium prausnitzii, Eubacterium
rectale, and Roseburia spp (Rinninella et al.
2019).It performs plethora of functions such as
regulation of inflammatory response, production
of intestinal hormone and lipogenesis, and most
importantly maintenance of gut health. Butyrate
is a source of energy for colonic epithelial cells
and is also important for cell differentiation and
growth (Ardawi and Newsholme 1985). On the
other hand, acetate is a precursor of cholesterol
and fatty acids and propionate may act as a pre-
cursor for gluconeogenesis (Sa’ad et al. 2010;
Delzenne and Williams 2002).

Butyrate also increases the mucus production
and impacts expression of tight junction proteins
which leads to decrease in gut barrier permeabil-
ity (Bordin et al. 2004; Peng et al. 2007). It has
been observed that upon administration of acetate
in mice fed with high fat diet, there is activation of
AMPK resulting in increased fat oxidation and
energy expenditure which in turn improve insulin
resistance and glucose tolerance (Kahn et al.
2005). It has been shown that reduction of
SCFA production can lead to increase in

pro-inflammatory cytokine production, resulting
in development of T2DM. SCFAs are ligand for
G-protein-coupled receptors such as GPR41 and
GPR43, affecting crucial functions like inflamma-
tion, expression of tight junction proteins, and
enteroendocrine regulation (Kimura et al. 2014).
Upon GPCR activation, there is induction of pep-
tide YY (PYY) and leptin. Leptin is secreted by
adipocyte with diverse effects on appetite and
energy metabolism.

Current Therapeutics

Bariatric Surgery

Bariatric surgery has proven to achieve an effec-
tive weight loss, along with improvement of met-
abolic and inflammatory diseases . It has also
helped to partially clarify the controversy about
excess of Firmicutes in the obese population.
Even though the Firmicutes/Bacteroidetes imbal-
ance typical of obese animals is still debated
regarding humans, a systematic review confirmed
reduction of Firmicutes in parallel to marked
weight loss during the first postoperative year.
This is compatible with a role of this phylum in
obesity pathogenesis. An increase in
Proteobacteria as well as Bacteroides also
occurred, with less obvious implications Luijten
et al. (2019).

Prebiotics, Probiotics, and Synbiotics

Nondigestible polysaccharides including inulin,
oligosaccharides, fructooligosaccharides, and
galactooligosaccharides (prebiotics) promote
enrichment of healthy bacteria such as
Bifidobacteria and Lactobacilli over unhealthy
bacteria and thereby increase the production of
short-chain fatty acids (SCFAs). This results in
reduction of inflammation, maintaining integrity
of intestinal membrane and improvement in
absorption of nutrients (Colantonio et al. 2019).
Mice fed with high fat diet have reduced levels of
Bifidobacterium as compared to control diet,
which results in increased endotoxemia and
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could be a potential reason for altered gut
microbiota (Cani et al. 2007b). Enriching the
feed of HF diet mice with prebiotic oligofructose
restores the level of Bifidobacterium and is posi-
tively correlated with improved glucose toler-
ance, glucose-induced insulin secretion, and
maintaining normalized inflammatory tone,
which favor the prevention of high fat diet-
induced metabolic disorders such as obesity and
T2D. In another study, oligofructose has been
shown to exert antidiabetic effect and increase
the secretion of glucagon like peptide 1 (GLP-1)
(Cani et al. 2006).

The presence of oligofructose improves glu-
cose tolerance, fasting blood glucose, glucose-
stimulated insulin secretion, and insulin sensitive
hepatic glucose production, with reduced body
weight gain (Cani et al. 2006). Treating type
2 diabetes (T2D) patients with transglucosidase
(which generates prebiotic fibers, including
oligosaccharides) was followed by reduction in
levels of hyperglycemia and weight gain. This is
believed to be the result of production of
oligosaccharides and manipulation in gut
microbiome (increased Bacteroidetes-to-
Firmicutes ratio) (Cani et al. 2006).

Most of the probiotic products commercially
available have Bifidobacterium and Lactobacillus
as their chief constituents, eventually including
other lactic acid bacteria. Synbiotics in turn con-
vey mixtures of both probiotics (live
microorganisms) and prebiotics (fermentable
fibers that induce elevated proliferation of
probiotics and other favorable species) (He and
Shi 2017).

Supplementation Meta-analyses

Recent systematic reviews of randomized con-
trolled trials have attempted to shed light on this
highly discussed therapeutic area. Prebiotics and
synbiotics for T2D triggered improvements for
fasting blood glucose, HbA1c, and HDL choles-
terol, whereas in a subgroup analysis, advantages
were unearthed for additional lipid fractions
(triglycerides and total cholesterol) (Mahboobi
et al. 2018).

Probiotics prescribed to diabetics elicited sim-
ilar results concerning fasting blood glucose,
glycated hemoglobin, insulin, and homeostatic
model of insulin resistance (Koutnikova et al.
2019; Tao et al. 2020). For overweight, however,
not for obese participants, body weight and addi-
tional anthropometric measurements diminished
(Koutnikova et al. 2019). Inflammatory and oxi-
dative stress biomarkers are similarly listed
among the targets of probiotics and synbiotics in
the diabetic population, as high sensitivity
C-reactive protein and malonyldialdehyde
decreased, whereas total antioxidant capacity,
nitric oxide, and glutathione were enhanced
(Zheng et al. 2019).

With such encouraging responses notwithstand-
ing, studies continue to be heterogeneous on
account of different doses, bacterial strains, and
treatment regimens. Outcomes are still associated
with specific probiotic and synbiotic preparations
andwith certain countries (Koutnikova et al. 2019),
an important reason why few societies include
them in official guidelines.

Other Perspectives

Fecal Microbiota Transplant (FMT)
The procedure dates back to fourth century AD,
when the Chinese doctor Ge Hong first
documented fecal suspension ingestion in his
handbook. It was used to treat patients with food
poisoning or severe diarrhea. A Chinese doctor,
Li Shizhen administered a cocktail of dry feces,
fermented, fresh fecal suspension, and infant
feces for treatment of severe diarrhea, fever,
pain, vomiting, and constipation. In 1958 Ben
Eisemen, an American surgeon, successfully
treated with fecal enemas four patients who had
developed severe pseudomembranous enterocoli-
tis after antibiotic use.

The description of the multiple metabolic
functions of the gut microbiota has raised the
hypothesis of employing FMT for metabolic
disorders. A few encouraging results were
reported; however, further exploration is needed
for testing its efficacy (Bakker and Nieuwdorp
2017).
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Personalized Nutrient/Diet
Reshaping host microbiome by modulation of the
dietary exposure opens a new horizon for
“personalized diet”. It is based on manipulation
of host–microbiota interaction through dietary
intervention in order to induce change in host
physiology, including development and progres-
sion of diseases. Diet can bring changes in com-
position of gut microbiome and function in an
individual specific manner. Big data platforms
and machine learning tools are being applied to
datasets combining microbiome and clinical
features , in order to relate specific foods to phys-
iology, including external influences from drugs
and antibiotics and specific outcomes such as
cardiovascular risk (Kolodziejczyk et al. 2019;
Wan et al. 2019; Dudek-Wicher et al. 2018)
(Table 21.1).

Plant Extract-based Therapy

Dietary polyphenols are one of the major plant
fiber families, identified in tea, coffee, vegetables,
and fruits. They are grouped into flavonoids and
nonflavonoids. Similar to other potentially bioac-
tive/phytotherapeutic agents, a small proportion
of polyphenols are absorbed in the small intestine,

while most of them collect in the large intestinal
lumen, where they are acted upon by gut
microbiota for further enzymatic processing.

Conversion of polyphenols and other fibers
into bioactive compounds in gut can influence
the population of gut microbiota and affect host
health, including cardiovascular risk, obesity, and
other metabolic diseases (Brochot et al. 2019).
Most available microbiome investigations were
conducted in mice; however, a few reviews and
meta-analyses in humans, not necessarily
addressing metabolic diseases, are starting to
appear.

One of them focused on all types of fiber.
Concentrations of Bifidobacterium spp. and Lac-
tobacillus spp. were elevated , along with fecal
butyrate. Fructans and galacto-oligosaccharides
were endowed with the most robust effects of
the microbiome (So et al. 2018). The favorable
impact of prebiotic fibers concerning
Bifidobacterium was confirmed in another meta-
analysis (Wilson et al. 2019).

As regards metabolic syndrome, cardiovascu-
lar and neurodegenerative disorders, reviews with
polyphenols and resveratrol suggest possible
benefit, however, insisting that data are prelimi-
nary and sometimes inconsistent (Potì et al. 2019;
Chaplin et al. 2018).

Table 21.1 Impact of dietary patterns on gut microbiome

Diet Impact on gut microbiome

Fat Diet
High-saturated fat and low fiber diet
(mice)

Decrease in Bacteroidetes
Increase in Firmicutes and Proteobacteria

High fat diet (mice) Increase in Lactococcus and Allobaculum and decrease in Akkermansia

High fat diet in healthy adults Increase in Alistipes and Bacteroides and decrease in Faecalibacterium

Protein Diet
Long term protein rich diet Bacteroides enterotype
Short-term protein rich diet Increase in bile tolerant bacterial species (Alistipes and Bilophile)

Decrease in saccharolytic microbes (Roseburia, Eubacteria rectale, and
Ruminococcus bromii)

Plant-based protein diet Increase in lactobacilli and bifidobacteria (enhancing SCFA production)
Carbohydrate Diet
Complex carbohydrate (long term) Increase in Prevotella

Nondigestible carbohydrate (overweight
individuals)

Increase in phylum Firmicutes (including Ruminococcus species)
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Abstract

Clinical availability of anti-obesity drugs is
limited, and their inadequate effectiveness
and safety concerns sometimes discourage
widespread use. A therapeutic vaccine has
the potential to be an attractive tool for
preventing and treating obesity, because of
the possibility of prolonged therapeutic effect
and low frequency of administration. Experi-
mental investigations have shown that
vaccines targeting endogenous molecules that
promote obesity could be a viable alternative.
Recent novelties in drug-delivery systems and
biotechnology will support further progress in
vaccine development. This chapter provides
an overview of recent advances in the area.

Keywords

Adenovirus 36 · Adipocyte · Glucose-
dependent Insulinotropic Polypeptide ·
Ghrelin · Immunotherapy · Somatostatin ·
Vaccine

Introduction

The worldwide prevalence of obesity has mark-
edly increased (nearly tripled in 40 years) (Flegal
et al. 2013; Wilson et al. 2002; WHO 2020), and
it is predicted that the condition will cost the
U.S. healthcare system $48–$66 billion a year
by 2030 (Wang et al. 2011). To combat the
cardiometabolic comorbidities of obesity and
their economic burden, global strategies for obe-
sity prevention and treatment are required.

Lifestyle Interventions

Lifestyle initiatives targeting energy intake and
physical activity are generally the first approach
to weight reduction (Bray et al. 2016). They can
trigger a 5–8% reduction in body weight
(Heymsfield and Wadden 2017). However,
obese persons often lack the motivation to

continue with lifestyle management for weight
reduction, because obesity is usually asymptom-
atic. Therefore, long-term weight management
in obese persons remains a difficult task, and
weight regain is a common problem following
weight loss intervention (Heymsfield and
Wadden 2017).

Pharmacological Management

The following prescription agents are approved
by the U.S. Food and Drug Administration: phen-
termine (sympathomimetic amine), orlistat (lipase
inhibitor), phentermine–topiramate (sympatho-
mimetic amine and an antiepileptic drug),
lorcaserin (5-HT2c receptor agonist), naltrexone–
bupropion (opioid antagonist and aminoketone
antidepressant), and liraglutide (glucagon-like
peptide-1 [GLP1] receptor agonist). Yet relatively
few patients receive sustained pharmacologic
therapy for reasons that encompass insufficient
weight loss, side effects, and prompt recurrence of
obesity after treatment be interrupted (Heymsfield
and Wadden 2017).

The Role of Vaccines

A therapeutic vaccine may be a potential candi-
date for improving treatment adherence. In gen-
eral, a vaccine has prolonged therapeutic effects
and low frequency of administration, when it
succeeds in inducing neutralizing antibodies
against a target molecule (Table 22.1).

Features of Therapeutic Vaccines

Therapeutic vaccines for the treatment of
chronic diseases have the potential to increase
treatment adherence, reduce healthcare costs,
and offer enhanced specificity for target
molecules. When administration of a therapeutic
vaccine successfully induces antibodies that
bind to the target self-molecule and inhibit its
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function, the vaccine should have a long-term
therapeutic effect. In the case of hypertension
vaccines, three doses of a peptide vaccine
targeting angiotensin II type 1 receptor reduced
blood pressures for 24 weeks after final immuni-
zation in hypertensive rats (Azegami et al.
2012), and a DNA vaccine targeting angiotensin
II decreased blood pressure for at least 6 months
in rats (Koriyama et al. 2015). The prolonged
therapeutic effects of such vaccines will mean a
low frequency of administration and may result
in increased treatment adherence and savings in
medication costs.

In addition to their prolonged effect, thera-
peutic vaccines have the potential to have
greater specificity to target molecules compared
with conventional low-molecular-weight drugs
(Hansel et al. 2010). In general, high specificity
to the target tends to result in few off-target
effects and low rates of drug–drug interaction,
and it may reduce the incidence of side effects
(Hansel et al. 2010). Therapeutic vaccines also
have some advantages over monoclonal anti-
body therapy, including lower production
costs, no possibility of inducing anti-drug

antibodies, and less frequent dosing (Hansel
et al. 2010).

Ghrelin Vaccines

The especial feature of the ghrelin peptide is the
O-acylation at the Ser3 residue. It uniquely
stimulates food ingestion with diminished energy
expenditure (Kojima et al. 1999; Nakazato et al.
2001; Tschop et al. 2000; Wortley et al. 2004).
Peripheral ghrelin, which is produced mainly in
the gastric X/A-like cells, modulates the nucleus
tractus solitarius via the vagus nerve. This results
in an increase in noradrenaline in the arcuate
nucleus of the hypothalamus and consequent
appetite stimulation (Date et al. 2006). O-acyla-
tion at Ser3 with octanoate, which is mediated by
ghrelin O-acyltransferase (GOAT), provides the
orexigenic action of ghrelin (Yang et al. 2008);
unacylated ghrelin negatively impacts appetite
and body weight (Asakawa et al. 2005).

Laboratory experiments demonstrate that
antagonization of ghrelin ameliorates obesity.
Genetic deletion of ghrelin increases energy

Table 22.1 Potential vaccines targeting obesity

Target Antigen Species/References Effect

Ghrelin Ghr1 (1–10 a.a.)—KLH Ghr2
(13–28 a.a.)—KLH
Ghr3 (1–28 a.a.)
KLH

Male Wistar rat (Zorrilla
et al. 2006)

No change in food intake
20% reduction in weight gain
(Ghr1, Ghr3)

Ghrelin (1–10 a.a.)—BSA Male/female piglet
(Vizcarra et al. 2007)

15% reduction in food intake
10% reduction in weight gain

Ghrelin–NS1 (VLP-based) DIO male C57BL6/J
mouse (Andrade et al.
2013)

Decrease in food intake
Increase in energy expenditure
No change in weight gain

Adipocyte Pig adipose tissue Male/female human adult
(Bourinbaiar and
Jirathitikal 2010)

No change in body weight
7.6% reduction in waist size
25.9% increase in HDL-C

Mouse adipocytes Male/female Sprague
Dawley rat (Lai et al. 2010)

About 50% reduction in weight
gain

Somatostatin Somatostatin-CAT DIO male C57BL6/J
Mouse (Haffer 2012)

12–13% reduction in body weight
No change in food intake

Adenovirus
36

Inactivated Ad36 Ad36-infected C57BL6/J
mouse (Na and Nam 2014)

No change in food intake
17% reduction in weight gain
20% reduction in epididymal fat

BSA, bovine serum albumin; DIO, diet-induced obesity; KLH, keyhole limpet hemocyanin; NS1, non-structural protein
1; VLP, virus-like particle

22 Immunotherapeutic Approach to the Treatment and Prevention of Obesity 299



expenditure and locomotor activity in mice,
which are less prone to diet-induced obesity
(Wortley et al. 2005). Genetic deletion of ghrelin
receptor (growth-hormone secretagogue receptor:
GHSR), GHSR antagonists, and GOAT inhibitors
attenuate diet-induced obesity in mice (Zigman
et al. 2005; Maletinska et al. 2011; Barnett et al.
2010). However, as of 2019, no anti-obesity drug
that targets ghrelin function—such as a ghrelin
inhibitor, GHSR antagonist, or GOAT inhibi-
tor—has been clinically available.

Vaccine Against Synthetic Ghrelin
Peptides

Zorrilla et al. (2006) synthesized three ghrelin
peptides (Ghr1, Ghr2, and Ghr3) for vaccine
development in 2006. Keyhole limpet hemocya-
nin (KLH) and a couple of adjuvants were
attached, and antigen-specific antibodies were
elicited. Only Ghr1-KLH and Ghr3-KLH induced
weight reduction (by 20%) (Zorrilla et al. 2006).

Also in a porcine model, vaccine comprising
the N-terminal residues (1–10) of porcine ghrelin,
combined with additional molecules, diminished
appetite and weight accrual in piglets (Vizcarra
et al. 2007).

Virus Like Particles (VLPs)

VLPs are viral proteins that reliably self-assemble
and exhibit antigenic epitopes (Kushnir et al.
2012). Clinical trials in other areas have con-
firmed the concept (Maurer et al. 2005; Ambuhl
et al. 2007). Also a ghrelin VLP vaccine was
arranged and, in rodents, diminished appetite
however not body weight (Andrade et al. 2013).
More extensive studies are necessary in the area.

Nanogel-based vaccine

Advances in nanomaterial development have also
been applied to the development of innovative
anti-obesity vaccines. To avoid the risk of

localized skin adverse events and psychological
and physiological stress, when vaccines are
administered by using injectable delivery
methods, nanoparticle drug delivery to mucosal
surfaces is an option (Lamichhane et al. 2014).
Nanometer-sized polymer hydrogels (nanogels)
can incorporate various proteins through hydro-
phobic interactions and subsequently allow their
release in their native form (Azegami et al. 2018).
The cationic type of cholesteryl-group-bearing
pullulan (cCHP) nanogel is adequate for local
application and interaction with nasal dendritic
cells (Nochi et al. 2010). A recombinant fusion
protein based on mouse ghrelin and PspA (pneu-
mococcal surface protein A), paved the way for
an intranasal vaccine using cCHP nanogel. In
mice, serum IgG antibodies were elicited and
weight gain was reduced (by 7%). Mitochondrial
uncoupling protein 1 in brown adipose tissue was
upregulated (Azegami et al. 2017).

Glucose-dependent Insulinotropic
Polypeptide (GIP) Vaccines

GIP, as one of incretins, promotes pancreatic
insulin secretion in a glucose-dependent manner
(Sadry and Drucker 2013), and increases adipose
tissue (Miyawaki et al. 2002). In animal
experiments, a GIP receptor antagonist attenuated
diet-induced obesity and subsequently improved
glucose metabolism (McClean et al. 2007). GIP
combined with bacteriophage Qβ VLPs allowed
the development of a vaccine. In a mice model,
weight gain was inhibited (by 35%), without
hyperglycemia. The anti-obesity response was
attributed to elevation of energy expenditure
(Fulurija et al. 2008).

Adipocyte Vaccines

A small clinical trial with oral tablets of pig adi-
pose tissue was conducted for 3 months
(Bourinbaiar and Jirathitikal 2010). Waist cir-
cumference decreased (by 7.6%), however not
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body weight. In turn, an intraperitoneally injected
xenogeneic adipocyte vaccine in rats was
followed by adipocyte apoptosis and 50% ame-
lioration of weight increase (Lai et al. 2010).

Somatostatin Vaccine

Pharmacological supplementation with growth
hormone (GH) decreases body fat in obese adults
(Kim et al. 1999); however, the clinical
applications of GH are limited by its very short
half-life. Vaccine inhibition of somatostatin,
which blocks GH secretion, was attempted by
means of intraperitoneal immunization with
somatostatin and carrier protein chloramphenicol
acetyltransferase. Weight reduction (by 12–13%)
and IgG production were achieved (Haffer 2012).

Adenovirus 36 (Ad36) Vaccine

In some large series, many obese persons tested
positive for antibodies against Ad36 (Atkinson
et al. 2005), and animals respond to Ad36 chal-
lenge with increased adiposity (Dhurandhar et al.
2002). An Ad36-based vaccine in mice was suc-
cessful in preventing body fat elevation (Na and
Nam 2014).

Future Possibilities

As therapeutic vaccines elicit the production of
antigen-specific antibodies to neutralize
biomolecules that promote weight gain, not only
ghrelin, GIP, adipocytes, and somatostatin, but
also other endogenous molecules can be targeted.
The therapeutic vaccine approach is feasible for
pathways with which no small-molecule drug
has yet been able to interact. Brain and intracel-
lular molecules that cannot be reached by
neutralizing antibodies would not be suitable
targets. In addition, enhancement of the immune
reaction is a trade-off between preferable
humoral immune responses and undesired auto-
immune reactions.

Better selection of epitope sequences from
self-antigens and adjuvants designed to elicit

Th2 activity will help to induce Th2-dominant
humoral immune responses. Enhanced
drug-delivery systems and biotechnology will
also help to develop effective and safe vaccines.
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Abstract

Metabolic syndrome (Met S) has emerged as
one of the major public health concerns of the

modern times. Identification of this condition
is based upon existence of certain features of
clinical and metabolic disarray such as central
obesity, hypertension, elevated plasma glu-
cose, and dyslipidemias. Pathogenesis of Met
S is an interplay of genomic and acquired
factors that alter pathways of insulin action,
along with inflammation, pro-oxidative, and
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thrombotic cascades. Although genetic predis-
position determines the susceptibility to vari-
ous environmental modulators, lifestyle and
dietary habits are usually central in the onset
and progression of type 2 diabetes mellitus,
hypertension, and dyslipidemias. Nutritional
genetics might help in understanding the
effects of different food constituents on gene
regulation resulting in diet-related metabolic
disorders. A healthy gut microbiome is also
important in the prevention of type 2 diabetes
mellitus, Met S, and cardiovascular diseases.

Keywords

Dyslipidemia · Diabetes mellitus ·
Cardiovascular disease · Gut Microbiome ·
Lipotoxicity · Glucotoxicity · Inflammation

Introduction

Metabolic syndrome (Met S) refers to the aggre-
gation of clinical and biochemical derangements
that considerably increase the risk of coronary
artery disease (CAD), diabetes mellitus (DM),
and hepatic steatosis. These include high blood
pressure, central obesity, dyslipidemias, and
impaired blood glucose levels (Roberts et al.
2013). Met S was described for the first time by
the Swedish physician Eskil Kylin in 1923 as an
association of gout with impaired glycemic
indices, obesity, and hypertension (Nilsson
2001). The hypothesis of insulin resistance
(IR) as a core defect in Met S was forwarded by
Gerald Reaven in 1988 when he delivered
Banting lecture at the American Diabetes Associ-
ation meeting and named this entity as Syndrome
X. In the following years, Met S was described as
“the deadly quartet” and “a secret killer” and
besides the concept of IR, central or upper body
obesity independent of whole body obesity was
regarded to be a leading risk factor for Met S
(Kaplan 1989; Foster 1989). Later on, various
other studies also confirmed the association of
visceral obesity with Met S and the related traits
(Katzmarzyk et al. 2006).

Diagnosis: Conflicts and Regional
Criteria

In 2005, the International Diabetes Federation
(IDF) emphasized upon measurement of waist
circumference as a simple screening method for
assessment of IR and formulated its guidelines for
the identification of Met S. These included
abdominal obesity as a mandatory component,
along with the presence of any two of the follow-
ing features: impaired fasting glucose (IFG) or
impaired glucose tolerance (IGT), hypertension,
low HDL-c, and high triglycerides. It was
observed that some ethnic groups showed
features of Met S and IR at lower waist circum-
ference levels (Roberts et al. 2013). In 2005,
American Heart Association and National Heart
Lung and Blood Institute (AHA/NHLBI)
reconciled the different diagnostic criteria of
Met S. Their recommendations showed differ-
ence from IDF guidelines regarding the consider-
ation of waist circumference as a mandatory
component of Met S but agreed upon the other
four points of IDF definition. Finally, IDF and
AHA/NHLBI conceded upon a common crite-
rion. It required three out of the following five
factors to be present: ethnic-specific criterion of
waist circumference, IFG or IGT, hypertension,
low HDL-c, and high triglycerides. These and
other criteria for Met S are summarized in
Table 23.1, and guidelines for waist circumfer-
ence can be found in Table 23.2 (Alberti et al.
2009; Zafar et al. 2018; Aguilar-Salinas and
Viveros-Ruiz 2019).

Worldwide Growth of Metabolic
Syndrome

About 25% of the adult population in most of the
countries is suffering from this metabolic
derangement (Ranasinghe et al. 2017). Preva-
lence of obesity and T2DM is in parallel,
although not synonymous with Met S (O’neill
and O’driscoll 2015). In accordance with the
revised guidelines of IDF, prevalence of Met S
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Table 23.1 Diagnostic guidelines for metabolic syndrome

WHO, 1998 EGIR, 1999
NCEP: ATPIII,
2001 IDF, 2006

Common
statement
(IDF-NHBLI/
AHA 2009)

Evidence for IR
(High blood insulin
levels) along with
any two of the
successive features:

Above 75th percentile or
top 25% of the fasting
insulin values among
non-diabetics with any
two of the following

Any three or more
of the following

aCentral obesity
(a mandatory
component); established
by ethnic/racial, specific
WC plus any two of the
following

Any three of the
following five
features

Abdominal/central
obesity:
W:H more or equal
to; 0.9 in men
0.85 in women or
BMI more than or
equal to 30 kg/m2

Abdominal/central
obesity
WC: more or equal to;
94 cm in men
80 cm in women

Abdominal/central
obesity
WC more or equal
to;
102 cm in men
88 cm in women

Abdominal/central
obesity;
established by
bethnic/racial, specific
WC

Abdominal/
central obesity;
established by
bethnic/racial,
specific WC

Triglycerides;
more or equal to
150 mg/dl or on
lipid-lowering agent

Triglycerides;
more or equal to
150 mg/dl or on lipid-
lowering agent

Triglycerides;
more or equal to
150 mg/dl or on
lipid-lowering agent

Triglycerides;
more or equal to
150 mg/dl or on lipid-
lowering agent

Triglycerides;
more or equal to
150 mg/dl or on
lipid-lowering
agent

HDL-C less or
equal to 35 mg/dl in
males and 39 mg/dl
in females or on
lipid-lowering agent

HDL-C less or equal to
39 mg/dl or on lipid-
lowering agent

HDL-C less or
equal to 40 mg/dl in
males and 50 mg/dl
in females or on
lipid-lowering agent

HDL-C;
less than 40 mg/dl for
men
less than 50 mg/dl for
women
or on treatment for
dyslipidemias

HDL-C;
less than
40 mg/dl for men
less than
50 mg/dl for
women
or on treatment
for
dyslipidemias

BP more or equal to
140/90 mm Hg or
on anti-
hypertensive

BP more or equal to
140/90 mm Hg or
on anti-hypertensive

BP more or equal to
130/85 or
on anti-
hypertensive

BP more or equal to
130/85 mm Hg or
on anti-hypertensive

BP more or
equal to
130/85 mm Hg
or on
anti-
hypertensive

Impaired FPG and
GT

FPG;
more or equal to
110 mg/dl

FPG;
more or equal to
110 mg/dl

FPG;
more or equal to
100 mg/dl or on
treatment for DM

FPG;
more or equal to
100 mg/dl or on
treatment for
DM

Micro-albuminuria
urine albumin more
or equal to 20 μg
per min

None None None None

aIf BMI more than 30 kg/m2, central obesity can be assumed to be present irrespective of the WC measurement. bEthnic-
specific WC measurements given in Table 23.2 (Alberti et al. 2009; Zafar et al. 2018; Aguilar-Salinas and Viveros-Ruiz
2019)
List of abbreviations; BMI, body mass index; BP, blood pressure; DM, diabetes Mellitus; EGSIR, European Group for
the Study of Insulin Resistance; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; GT, glucose
tolerance; IDF, International Diabetes Federation; ATPIII, Adult Treatment Panel; NHLBI/AHA, National Heart Lung
and Blood Institute/ American Heart association; WC, waist circumference; WHO, World Health Organization; W:H,
waist-to-hip ratio

23 Metabolic Syndrome Update 307



in the United States ranges between 35 and 39%,
whereas in Europe, it is reported to be 18–30%
(Aguilar et al. 2015). In a meta-analysis in the
Asian Pacific region, the lowest burden was
found in the Philippines (11.9%) and highest
was recorded from Aga Khan institutions
(49.0%), Pakistan (Ranasinghe et al. 2017). Prev-
alence of Met S increases with advancing age in a
sex-specific manner: below the age of 40 years
about 20% of males and 16% of females, between
40 and 60 years 42% of males and 36% of
females, and above 60 years 60% of males and
62% females. Aging is generally accompanied by
decrease in lean muscle mass and deposition of
abdominal fat; both of these increase
IR. Moreover, with the aging process, specific
defects in fatty acid oxidation in muscles also
occur which further decrease insulin sensitivity
(Ervin 2009).

Involved Organs and Pathways

Phenotypic expression of Met S is the result of
acquired and genetic factors: (1) insulin resis-
tance, (2) visceral obesity and adipose dysfunc-
tion, and (3) oxidative stress, proinflammatory,
and prothrombotic state. One of the core defects
in Met S is resistance to insulin actions
(McCracken et al. 2018). It is associated with
accelerated atherosclerotic cardiovascular dis-
ease, hyperuricemia/gout, chronic kidney disease,
and obstructive sleep apnea.

Mechanism of Insulin Action

Insulin on reaching the target area rapidly
interacts with its transmembrane tetrameric

tyrosine kinase receptor, having two alpha and
two beta domains. Alpha domains are extracellu-
lar and exhibit insulin-binding site. Beta domains
are extracellular, transmembrane, and intracellu-
lar. Binding of insulin with the alpha domain
results in auto-phosphorylation of tyrosine
molecules in the beta domains at three sites:
1158, 1162, and 1163. This activated insulin
receptor-kinase results in further phosphorylation
of tyrosine molecules of the insulin receptor sub-
strate (IRS) and acts as a docking site for IRS and
other downstream effector proteins such as
growth factor receptor-binding-protein 2 (Grb2),
shc, and many others.

Insulin receptor phosphorylation and excita-
tion leads to the activation of the following two
downstream post-receptor signal transduction
pathways: (1) Phosphoinositide kinase
3 (PI3-K)/protein-kinase-B (Akt)/molecular tar-
get for rapamycin (mTOR) and (2) ras-raf-mito-
gen-activated protein kinase (MAPK). PI3-k on
phosphorylation by IRS-1 further activates
phosphoinositide diphosphate (PIP2) to
phosphoinositide triphosphate (PIP3), followed
by the Akt activation and its recruitment to the
cell membrane (Boucher et al. 2014).This
activated Akt is responsible for various metabolic
actions of insulin such as translocation of insulin-
sensitive glucose transporter 4 (GLUT4)
expressed by adipocytes and muscles, and inacti-
vation of the enzyme glycogen synthase kinase
(GSK), making it incapable of inhibiting the
enzyme glycogen synthase, thus promoting con-
version of glucose to glycogen. GSK is also a
potent inhibitor of eukaryotic initiation factor
(eIF) 2B required for the synthesis of cellular
proteins. This process is reversed by the insulin-
mediated activation of Akt, thereby increasing the
production of proteins (Fig. 23.1). PI3-K/Akt
pathway is responsible for various cellular

Table 23.2 Ethnic-based values for waist circumference

Ethnicity/country Males Females

Europids More than or equal to 94 cm More than or equal to 80 cm
South Asians More than or equal to 90 cm More than or equal to 80 cm
Chinese/Japanese More than or equal to 90 cm More than or equal to 80 cm

Alberti et al. (2009)

308 U. Zafar



metabolic responses to insulin, while ras-raf-
MAPK is responsible for gene expression and
mitogenesis (Draznin 2010).

Insulin Resistance and Molecular Events

IR is described as impairment of insulin-mediated
actions at its target areas such as skeletal muscle,
liver, and adipocytes. In addition to these classical
insulin responsive areas, IR also occurs in brain,
gastrointestinal tract, pancreatic beta cells, and
vascular endothelial cells (Nigi et al. 2018).
There is decrease in tissue response to insulin-
stimulated glucose uptake and its utilization,
impaired glycogen synthesis, and inability to sup-
press lipid hydrolysis (Ormazabal et al. 2018). In
T2DM and Met S, IR is mainly attributed to post-
receptor signal transduction events. Instead of
tyrosine, there is serine phosphorylation of insulin
receptor substrate-1 (IRS-1) that leads to the
decreased association of p-85KDA subunit of

PI3-K with IRS-1, resulting in diminished activity
of the enzyme PI3-K and impaired activation of
the downstream signaling cascade.

This altered association of PI3-K with IRS-1 is
highly correlated with decreased insulin-
stimulated disposal of glucose by the skeletal
muscles and also reduced activity of the glycogen
synthase. There is also impaired PI3-K gene reg-
ulation in the skeletal muscles and similar
derangement in adipose tissue of type2 diabetics.
In 80–90% of type 2 diabetics, impaired phos-
phorylation of IRS-1 and PI3-K has been
observed, despite of normal insulin receptor tyro-
sine phosphorylation (Wilcox 2005).

Insulin Resistance and Cardiovascular
Disease

Insulin stimulates endothelial nitric oxide
synthase (NOS) through PI3-K/Akt pathway,
which in turn leads to the increased production

Fig. 23.1 Interaction of
insulin with its receptor and
post receptor events.
GLUT 4 glucose transporter
4, PIK3 Phosphoinositide
kinase 3, PIP2–IP3
Phosphoinositide
diphosphate—
inositidetriphosphate,
MAPk mitogen activated
protein kinase, PDK—PKB/
AKT* phosphoinositide
dependent kinase B or AkT
activation, GSK glycogen
synthase kinase, GS*
glycogen synthase
activation, eIF* eukaryotic
initiation factor activation,
FOXO-P forkhead box
protein O phosphorylation,
PEPCK/G6P
phosphoenolpyruvate-
carboxykinase/
glucose6phosphatase,
SREBP sterol regulatory
element binding protein,
IRS-1/2 insulin receptor
substrate 1/2
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of NO in the blood vessels. Insulin also activates
MAPK pathway, thus promoting vascular smooth
muscle proliferation. In states of IR, there is
impairment of PI3-K activation while MAPK
pathway remains intact (Fig. 23.2). This results
in the attenuation of NO-mediated inflammation
buffering actions, while increased MAPK-
stimulated cellular proliferation sets the stage for
endothelial dysfunction and vascular disease
(Fulton 2009).

Skeletal Muscle IR

Skeletal tissue is the major area for the removal of
excessive blood glucose. In IR and T2DM,
insulin-stimulated uptake of glucose is reduced
through GLUT4 as there is uncoupling of IRS-1
from insulin receptor, due to the phosphorylation

of threonine/serine residues of IRS-1 (Fig. 23.3).
Intracellular glucose utilization and synthesis of
glycogen are also markedly compromised
(DeFronzo and Tripathy 2009; Ruiz-Alcaraz
et al. 2013). The exact cause of the skeletal tissue
IR is not known.

Previous studies have linked this insulin-
resistant state to the accumulation of intra-
myocellular lipid metabolites such as
diacylglycerol (DAG) and ceramides. Increased
deposition of fat within the skeletal muscles could
be a consequence of the excess supply of free
fatty acids, or reduced rate of lipid oxidation
within the muscles. Various studies have revealed
intrinsic defects in mitochondrial capacity to oxi-
dize fatty acids independent of the plasma free
fatty acid levels, in T2DM and obesity. Insulin-
resistant normo-glycemic offspring of type
2 diabetics are unable to increase the

Insulin

endothelialcell

insulin sensitive state
insulin+ receptor interaction

cell-proliferation

growth+mitogenesis

cell-proliferationgrowth+mitogenesis

NO

AKT 1&2
eNOS

Pathway specific insulin resistance
PIK-3/ Akt pathway impaired
MAPK normal

p85/p110∗∗

AKT 1&2∗∗

eNOS
MAPK-activation MAPK-activation

NO

ras-raf-∗∗
ras-raf∗

P85/p110
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mitochondrial oxidative ability. Spectroscopic
and biochemical studies provide evidence for
the impaired activity of electron transport chain,
decreased activity of mitochondrial enzymes and
rate of synthesis of ATP (Abdul-Ghani and
DeFronzo 2010).

Hepatic IR

Central obesity, adipose dysfunction, and muscle
IR result in the diversion of metabolites toward
the liver and accumulation of DAG in the
hepatocytes. Lipolysis in the adipose organs is
an important source of circulating free fatty
acids that promote hepatic IR and steatosis.
Non-alcoholic fatty liver disease (NAFLD)
occurs when lipid transport to the liver exceeds

its capacity to oxidize or export the lipids. Hepatic
inflammation is the outcome; however, it can also
be one of the causes of IR, especially in the
presence of gut dysbiosis and lipopolysaccharide
translocation. Due to accumulation of DAG in the
hepatocytes, there is activation and translocation
of protein kinase C to the cell membrane that
results in altered phosphorylation of IRS-2, and
diminished activation of PI3-K and Akt. Tran-
scriptional activity of the enzymes involved in
gluconeogenesis, i.e., glucose-6-phosphatase and
PEPCK gene promoters is regulated by the
forkhead box protein O (FOXO) 1 and 3 class of
transcription factors (Fig. 23.4).

These factors are inactivated and
phosphorylated by the insulin responsive Akt. In
IR, due to impaired Akt activation, there is
decreased FOXO-1 factor phosphorylation. As a
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Fig. 23.3 Mechanisms linking lipotoxicity with skeletal
insulin resistance. DAG (diacylglycerol); E (enzyme);
FFA (free fatty acids); IL-6 (interleukin 6); IRS-1(insulin
receptor substrate 1); JNK (janus kinase); MAG

(monoacylglycerol); PKC (protein kinase C); RNS (reac-
tive nitrogen species); ROS (reactive oxygen species);
TLR4 (toll like receptor 4); TNFα (tumor necrosis factor
alpha)
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result, this transcription factor enters the nucleus
and switches on the activity of the
abovementioned rate determining enzymes,
resulting in overt hyperglycemia. A paradox of
selective IR is the inability of insulin to suppress
hepatic glucose production, whereas its capability
to activate lipogenesis and synthesis of
triglycerides remains intact (Perry et al. 2014;
Sparks et al. 2012). In IR and type 2 DM, there is
hypersecretion of very low-density lipoproteins
(VLDL) by the liver due to accelerated synthesis
of Apo B, and increased hepatic influx of free fatty
acids released from the adipose tissue. Persistent
nuclear localization of FOXO-1 transcription fac-
tor also increases the expression of microsomal
transfer protein (MTP) and apoC-111 by the
hepatocytes (Samuel and Shulman 2016). There
is increased hepatic production of inflammatory
mediators such as plasminogen activator-inhibitor
(PA-I) and C-reactive protein (CRP). These meta-
bolic abnormalities contribute to the process of
atherosclerosis (Rehman and Akash 2016).

Adipose Tissue IR

Adipose tissue influences lipid and glucose
metabolism by the release of FFA, adipokines,
and other inflammation provoking factors. Insulin

acts on adipocytes by (1) stimulating uptake of
glucose and synthesis of triglycerides,
(2) suppressing breakdown of triglycerides and
release of free fatty acids and glycerol into the
blood. In adipose tissue IR, there is impaired
suppression of triglyceride hydrolysis with
increased release of FFA into the blood that
results in altered skeletal muscle insulin signal-
ing, glucose intolerance, uncontrolled hepatic
gluconeogenesis and increased triglyceride syn-
thesis (Gastaldelli et al. 2017). In states of central
obesity or insulin resistance infiltration of white
adipose tissue (WAT) with macrophages
promotes lipolysis, resulting in increased release
and delivery of FFA to the liver. This further
enhances synthesis of triglycerides by the liver
and aggravates hyperlipidemia. Moreover,
increased delivery of FFA to the liver also
accelerates hepatic gluconeogenesis that further
worsens IR (Samuel and Shulman 2016).

Lipotoxicity and Glucotoxicity

In IR and obesity, insulin-mediated inhibition of
lipolysis in the adipocytes is impaired which
results in the increased release of free fatty acid
in the blood. Persistent rise in plasma free fatty
acids leads to their deposition in non-adipose
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Fig. 23.4 Regulation of FOXO transcription factors by insulin. AKT* protein kinase B activation, FOXO forkhead-box-
protein-O inhibited, G6Pase glucose 6 phosphatase, GKinase Glucokinase activated, INS+INSR* insulin + insulin
receptor substrate activation, PIK-3* phosphoinositide 3 kinase activation, TGs triglycerides
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tissues (ectopic fat). The detrimental effect of
lipid metabolites in skeletal muscles, liver, kid-
ney, pancreas, and heart is one of the forms of
“lipotoxicity” (Del Prato 2009) whereas
“glucotoxicity” implies the injurious effects of
glucose on the cells (Mota et al. 2016). In chronic
hyperglycemia, due to increased glucose accumu-
lation in the cells equilibrium between the defen-
sive anti-oxidative mechanisms and synthesis of
reactive oxygen species (ROS) is deranged.
Lipotoxicity and glucotoxicity induce metabolic
stress through diverse pathways such as
ROS-mediated caspase activation followed by
apoptosis, endoplasmic reticulum stress, insult
of the mitochondrial oxidative pathways,
alteration of insulin signaling by modification of
protein kinase C, and dysregulation of renin-
angiotensin cycle in the tissues. ROS-mediated
alteration of cellular proteins (Fig. 23.5) results
in various vascular complications of diabetes
mellitus (Berdja et al. 2016).

Role of Inflammation in Met S

In obesity, excessive fat deposition in peri-
visceral and omental areas is closely associated
with chronic inflammation and immune response;

however obesity-related inflammation occurs in
other organs as well, i.e., liver, skeletal muscles,
pancreas and brain (Saltiel and Olefsky 2017).
Adipose tissue hypoxia in hypertrophied adipose
organs can initiate inflammation by the activation
of hypoxia inducible factor-1 gene and
upregulation of various other pro-inflammatory
genes (Lee et al. 2014). Another proposed mech-
anism is that in obesity intestinal permeability is
increased that results in higher blood levels of
lipopolysaccharide (LPS) from intestinal bacteria.
LPS can trigger inflammation by activation of
toll-like receptor 4 (TLR) and other pattern rec-
ognition receptors located in the adipocytes and
the liver (Amar et al. 2011). Moreover, increased
circulating levels of various lipid-derived factors
such as free fatty acids can initiate inflammation
by binding with TLR 4 and 2, that trigger activa-
tion of nuclear factor kappa B and janus kinase 1.

These pathways on activation result in the
increased production of chemokines such as
MCP-1 (monocyte chemoattractant protein-1) by
the adipocytes and the liver, which lead to the
infiltration of these organs with the inflammatory
macrophages.

In the lean adipose tissue, 10% of the total cell
mass is constituted by macrophages while in
obese fat the count is increased up to 40%.

Inflamed adipose �ssue 
+ IR 
Lipolysis  

FFA release               deposited in 

Intracellular AP
Oxida�ve Stress 
Endoplasmic 
re�culum stress 
Mitochondrial 
dysfunc�on 

External AP 
Binding of external ligands FAS &  
TRAIL to death domains 

Lipoapoptosis by lipid metabolites 

1 

2

3 

4 5 

Fig. 23.5 Lipoapoptosis mediated by lipid metabolites. AP apoptotic pathway, FFA free fatty acids, IR insulin
resistance

23 Metabolic Syndrome Update 313



These resident macrophages are categorized as
M1 (classically activated) and M2 (alternatively
activated) macrophages. M2 secrete insulin-
sensitizing adipokines and anti-inflammatory fac-
tor as IL-10 and arginase (Saltiel and Olefsky
2017). On the other hand, there is increased pro-
duction of pro-inflammatory cytokines such as
tumor necrosis factor alpha (TNF-α), IL-6, and
IL-12 by the M1 (Navarro-Gonzalez and Mora-
Fernández 2008).

In the obese adipose tissue, the M1 to M2 ratio
is considerably increased and M1 is intimately
linked with inflammation and IR (Castoldi et al.
2016). In conclusion, inflammation follows obe-
sity and it plays a significant role in the onset of
IR, defective insulin secretion, and disruption of
metabolic homeostasis (Saltiel and Olefsky
2017).

Adipose tissue a multifunctional metabolically
active endocrine entity is involved in the produc-
tion of a wide range of bioactive molecules such
as cytokines, prostaglandins, hormones, and
growth factors (Schmidt et al. 2015). In central
obesity due to infiltration of visceral AT with M1
as compared to the M2 macrophages, secretion of
proinflammatory cytokines such as TNF-α and
IL-6 is increased whereas production of anti-
inflammatory cytokines is suppressed.

Proinflammatory Cytokines

TNF-α was the first cytokine found to be
positively associated with IR and obesity
(Makki et al. 2013). TNF-α directly interferes
with insulin signal transduction pathways by ser-
ine phosphorylation of IRS-1. It induces IR indi-
rectly by alteration of adipocyte maturation and
lipid homeostasis. TNF-α also aggravates the
immune response by increasing the production
of IL-6, a pro-inflammatory cytokine, and
suppressing the expression of adiponectin, an
adipose-derived insulin-sensitizing hormone
(Makki et al. 2013).

IL-6 a multifarious peptide plays a central role
in the regulation of immune mechanisms, inflam-
mation, and host defense response. About
one-third of the IL-6 circulating in the blood is

derived from skeletal muscles, a small proportion
is released from adipocytes, and the rest being
originated from macrophages and other cells.
Transient increase in IL-6 levels assists in
maintaining normal glucose homeostasis whereas
long-term increase in circulating IL-6 may lead to
IR. IL-6 seems to play a dual role depending upon
the metabolic demands and states of the tissues.
During exercise IL-6 promotes glucose uptake by
the skeletal muscles and increases AMP-mediated
oxidation of fatty acids, leading to myogenesis
and muscle hypertrophy. However, IL-6 exerts
pro-inflammatory effects on adipocytes and liver
by impairing insulin receptor and IRS-1 signal-
ing, due to increased activation of SOCs3 (sup-
pressor of cytokine signaling 3) (Senn et al.
2003). It worsens IR by inhibiting adipogenesis
and differentiation of the stem cells to their
mature state, dysregulating fatty acid metabolism,
and downregulating the expression and produc-
tion of adiponectin by the adipocytes (Pricola
et al. 2009).

Leptin is an adipose-derived adipokine which
under physiological states suppresses appetite,
increases sympathetic activity and energy expen-
diture, and modulates neuroendocrine activity, by
acting on the leptin receptor (ObRb) in the hypo-
thalamus. Leptin exerts its insulin-sensitizing
effects by promoting glucose uptake and fatty
acid oxidation in the skeletal muscles (Mantzoros
et al. 2011). However, elevated leptin levels are
associated with abdominal obesity, increased risk
of cardiovascular complications, and insulin
resistance, being a biomarker for Met S (Li et al.
2011). In obese subjects, despite the high leptin
levels, its effect as anorexic hormone is reduced
due to leptin resistance that results from defects in
molecular mechanisms associated with leptin
receptor signaling, or decreased permeability of
leptin through the blood-brain barrier (Gruzdeva
et al. 2019).

Adiponectin, another adipose-derived hor-
mone, acts as an intrinsic insulin sensitizer. It
inhibits gluconeogenesis in the liver and
promotes fatty acid oxidation and glucose uptake
by the skeletal muscles. Adiponectin also reduces
plasma concentration of low-density lipoprotein
and apolipoprotein B, and low blood adiponectin
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levels are found to be associated with hyperten-
sion. Adiponectin expression is suppressed by the
pro-inflammatory cytokines, implying that
inflammation is an important factor leading to
hypo-adiponectinemia in obese and insulin-
resistant states (Zhang et al. 2015). Most of the
adipose-derived factors with the exception of
adiponectin and adipsin show a positive associa-
tion with total adipose mass and insulin resis-
tance. The altered adipokine profile results in
profound changes in insulin sensitivity, metabolic
health, and energy homeostasis (Kumari et al.
2019).

Thrombotic Mediators and Prooxidants
Associated with Metabolic Syndrome

Plasma thrombotic factors apo111 and CRP, uric
acid, and ferritin levels also deserve attention
(Thaman and Arora 2013). Plasminogen activator
inhibitor 1 (PAI-1) is released from adipocytes,
endothelial cells, and vascular smooth muscles. In
insulin-resistant states, its secretion is increased
due to various prooxidant and inflammatory
factors. Increased circulating PAI-1 levels are
intimately associated with deep venous thrombo-
sis and myocardial infarction. Uric acid, an
end-product of purine metabolism, is predomi-
nantly produced by the liver (McGillicuddy
et al. 2009). In conditions of inflammation and
IR, its levels in the blood represent oxidative
tissue damage. Various studies have
demonstrated that serum uric acid levels signifi-
cantly correlate with Met S-related traits and
associated future comorbidities, such as stroke
and coronary artery disease (CAD). In the extra-
cellular environment, such as blood vessels, uric
acid acts as a powerful antioxidant by scavenging
free oxygen species and chelating metals,
whereas inside the cells, it exhibits prooxidant
properties. It accelerates lipid peroxidation that
decreases cholesterol transport, leading to inflam-
mation. It induces vascular damage by increasing
TNF-α secretion and decreasing NO-mediated
vasodilation (McGillicuddy et al. 2009).

Is the Gut Microbiome Involved?

Various studies have reported the significant con-
tribution of gut microbiome as an environmental
factor toward the pathogenesis of IR and adipos-
ity (Kho and Lal 2018). There is colonizing of the
mucosal lining of human body by distinct micro-
bial ecosystems (Arora and Bäckhed 2016). In
addition to bacteria, these include viruses, phages,
fungi, and yeasts. Dietary factors can modify the
gene expression of gut microbes, that in turn
influence host metabolism. Different
macronutrients present in the food serve as
substrates for the gut bacteria and results in the
production of short-chain fatty acids (SCFAs) and
bile acid metabolites. The SCFAs contributed by
the gut microbial population include butyrate,
propionate, acetate, and hexanoate. SCFAs
increase the gut glucose absorption by enhancing
the expression of sodium-glucose transporters in
the enterocytes (Fig. 23.6).

These bacterial products also induce the
release of incretins, leptin, and peptide YY by
the enteroendocrine cells that affect satiety and
modulate host energy homeostasis (Festi et al.
2014). SCFAs influence host lipid metabolism
by promoting lipogenesis and inhibiting free
fatty acid oxidation. Besides the synthesis of
SCFAs, gut microbiota also synthesize
micronutrients such as vitamin K1, K2, B5, and
B12. Gut microbes also play an essential role in
the interaction of bile acid metabolites with the
host (Kho and Lal 2018).

Microbe and Host Cell Cross Talk

In the gastrointestinal tract, there is constant inter-
action between the lining epithelial cells and the
gut microbiota. The host cells transmit key infor-
mation from the gut bacteria to the immune cells
located in the lamina propria. In normal
conditions, the gut barrier (tight epithelial
junctions, protective thick mucosal lining with
various antimicrobial factors, inter-epithelial
immune cells, and production of immunoglobulin
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A) prevents translocation of microbes and delete-
rious metabolites. With bowel inflammation or
unbalanced diet, certain bacterial components
such as lipopolysaccharides (LPS) gain access
through the protective mucosal barrier, and via
interaction with the gut innate immune system
can initiate low-grade inflammation and insulin
resistance. The condition of increased gut
microbe-derived lipopolysaccharides in the
blood is termed as metabolic endotoxemia.

Immune Activation in Dysbiosis
The cells of innate immune system have various
microbe monitoring sites such as toll-like (TOLs)
receptors and nucleotide-binding oligomerization
domain (NODs) receptors. TOLs are transmem-
brane proteins in the lysosomal compartment,
whereas NODs are intracytosolic. These receptors
can detect pathogen linked or danger linked

molecular patterns from the microbes such as
lipopolysaccharides, peptidoglycans, and
lipoteichoic acid (Vidal 2019). In T2DM, there
is reduction in butyrate-producing microbiome,
whereas Lactobacillus sp. levels are increased
(Arora and Bäckhed 2016). The microbe-derived
product trimethylamine (TMA) plays a potential
role in the development of atherosclerosis and
cardiovascular diseases (CVD). TMA is readily
converted to TMAO (trimethylamine-N-oxide)
by the liver, and it is a biomarker for atheroscle-
rotic lesions and CVD. Metagenomic studies
have revealed that certain bacterial taxa observed
in atherosclerotic plaques have also been found in
the gut and oral cavity of the same subjects. This
highlights the possibility that the gut microbiota
may be the source of bacteria in the atheroscle-
rotic vascular areas and in turn contribute to the
pathogenesis of CVD.
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Genetic Links Determine Susceptibility
to IR and Met S

Met S and its heterogenous features have poly-
morphic genetic etiology (Ziki and Mani 2016).

The role of genetics has been estimated at
between 44 and 65% for T2DM and
dyslipidemias, and it is also very high for the
other features of Met S, i.e., obesity and hyper-
tension (Brunetti et al. 2014). Many of the genetic
loci identified by candidate gene analysis and
GWAS are linked with beta cell function, insulin
secretion, insulin resistance, and lipid or energy
homeostasis (Brown and Walker 2016). There is
significant role of genetic pool and familial pre-
disposition in the age of onset of Met S and its
associated components, progression to the
complications and response to the pharmacother-
apy (Roomi et al. 2014).

Nutritional Genomics and Epigenetics
in Met S

Nutritional genetics is a combination of
nutrigenomics and nutrigenetics. Nutrigenomics
deal with the effects of different food constituents
on gene regulation and expression, while
nutrigenetics is the study of individual variations
regarding the effect of food constituents on gene
expression. Nutritional genetics consider food as
a major factor that determines the genetic
response through various epigenetic mechanisms
such as DNA methylation, histone remodeling,
and micro RNA regulation. Stress, lack of exer-
cise, and concomitant endocrine mechanisms also
modify gene expression through molecular epige-
netic pathways (Kuneš et al. 2015).

Possibilities of Prevention
and Therapy

Dietary care in accordance with ATP111 (Alberti
et al. 2009; Zafar et al. 2018) recommends to
avoid or reduce the consumption of cholesterol,

trans, and saturated fat, reduce the intake of
refined carbohydrates, and increase the consump-
tion of fruits, vegetables, and whole grains. There
is an emergent concept of personalized nutrition
which emphasizes that individuals vary in their
response to macronutrients depending upon the
genotype, microbiome, immune system, and phe-
notypic profile (Ludwig et al. 2018). Weight
reduction (7–10% body weight over 6–12
months) is also widely adopted (Ley et al. 2006).

In order to maintain the desired weight, regular
physical activity (30 min of moderate activity
daily) cannot be overemphasized (Paley and
Johnson 2018). Common suggestions include
(1) introduction of shorts bouts of physical activ-
ity such as 10–15 min of brisk walking, jogging,
cycling, or using treadmill and (2) reducing
screen time and other sedentary leisure modalities
(Naugle et al. 2014).

Use of statins in combination with fibrates
especially fenofibrate is attractive to achieve the
ATP111 target for LDL as well as
HDL-cholesterol. Fenofibrate unlike gemfibrozil
does not interfere with the statin metabolism in
the liver so chance of myopathy is
considerably less.

Another goal is to keep blood pressure (BP) <
120/80. It is preferable to use angiotensin I
blockers or angiotensin receptor blockers for the
control of BP, as some clinical trials recommend
that they have advantages over the other drugs in
DM. However, the majority of the studies suggest
that risk reduction is with lowering the BP alone
irrespective of the drug advised (Abraham et al.
2015; January et al. 2019).

There is an emerging interest in the possibility
that lowering IR with metformin also delays the
onset of DM and associated comorbidities such as
cardiovascular complications in insulin-resistant
states. Other considerations include sodium-
glucose co-transporter inhibitors and incretin
receptor agonists. Good glycemic control by
keeping the HbA1c < 7% can delay the onset of
cardiovascular complications. Choice of hypogly-
cemic agent if needed, beyond the lifestyle ther-
apy depends upon the clinical assessment
(Chaudhury et al. 2017).
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Ongoing Studies and Future
Perspectives

• Better recognition of metabolic and genetic
factors contributing to the evolvement of IR
and associated morbidities. Studies are going
on to determine the potential therapeutic role
of gene editing tool CRISPR/Cas9 in inflam-
matory and various immune-mediated diseases
(Rodríguez-Rodríguez et al. 2019).

• Bariatric surgery and modern incisionless
endoscopic alternatives are endowed with a
conspicuously beneficial impact on Met S
and its individual components. Despite rela-
tively limited access in some countries, and
eventual risks, they should be considered in
patients refractory to lifestyle and pharmaco-
logic interventions.
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Abstract

Non-alcoholic fatty liver disease (NAFLD) is
the most common liver disease, with a world-
wide prevalence of 25%. NAFLD represents a
spectrum of liver disease severity from simple
hepatic steatosis to non-alcoholic
steatohepatitis, which is a potentially progres-
sive liver condition with ongoing liver injury.
It is strongly associated with obesity, insulin
resistance, metabolic syndrome, genetic
factors, and lifestyle factors. However, the
exact pathophysiology of NAFLD remains to
be established. Moreover, the diagnosis of
NASH also represents a major challenge. The
reference standard in the diagnosis of NASH is
considered liver biopsy. Due to its invasive
nature, there is a major effort to optimize bio-
chemical and imaging methods in terms of
replacing liver biopsy. To date, a combination
of noninvasive tests based on blood tests with
imaging methods is recommended. Although
there is no consensus about the pharmacologi-
cal therapy of NASH, the international
guidelines recommend achieving significant
weight loss and lifestyle modification. In con-
clusion, the combination of high prevalence
and its high burden warrant further research
in that area.

Keywords

Non-alcoholic fatty liver disease · Non-
alcoholic steatohepatitis · Fibrosis · Liver
failure · Liver transplantation

Worldwide Growth of Non-alcoholic
Fatty Liver Disease

Non-alcoholic fatty liver disease (NAFLD)
represents an umbrella term of clinical and patho-
logic entities, which encompasses simple hepatic
steatosis, non-alcoholic fatty liver (NAFL), to
non-alcoholic steatohepatitis (NASH), which
according to compelling evidence is associated
with fibrosis, cirrhosis, and, in some cases, hepa-
tocellular carcinoma (HCC), in the absence of

significant alcohol ingestion or other secondary
causes of hepatic fat accumulation (Chalasani
et al. 2018; European Association for the Study
of the Liver (EASL); European Association for
the Study of Diabetes (EASD); European Associ-
ation for the Study of Obesity (EASO) 2016;
Kaya and Y{lmaz 2019a; Yilmaz 2012a).

There are different NAFLD prevalence
reported around the world, mainly due to different
study populations, but also due to the heterogene-
ity of the methods used to diagnose NAFLD.
There are numerous noninvasive methods such
as conventional ultrasonography, computerized
tomography, magnetic resonance imaging
(MRI), controlled attenuation parameter (CAP)
by transient elastography (TE), and MRI-derived
proton density fat fraction (PDFF-MRI).
Depending on the accuracy, they can lead to
over- or under-diagnosis (Kaya and Y{lmaz
2019b). In a comprehensive meta-analysis,
NAFLD is recognized as the most common
chronic liver disease, with a prevalence of 25%
worldwide. The highest prevalence was reported
from the Middle East and South America,
reaching 32% and 30%, respectively, whereas
the lowest corresponds to Africa with 13%
(Younossi et al. 2016).

From those 25% of the adult world population,
approximately 20% (one-fifth) were classified as
NASH corresponding to 16.5 million people
(Estes et al. 2018a). Considering the future prog-
ress, by 2030 NAFLD prevalence was projected
at 33.5%. As a reflection of the ageing population
and disease progression, NASH was expected to
increase by 27%. In this scenario, NASH is
predicted to increase the number of liver-related
deaths until 2030 by 178%. Therefore, NAFLD
represents a significant public health issue world-
wide (Sayiner et al. 2019).

NASH, the more progressive subtype of
NAFLD, has an increased risk of proceeding to
decompensated liver cirrhosis, hepatocellular car-
cinoma (HCC), and finally liver failure. More-
over, NAFLD has been recognized as a major
contributor to the global burden of HCC. In the
coming future, considering the trends of increase
in NAFLD prevalence, NAFLD is expected to
become the leading cause of HCC (Younossi
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et al. 2019a). In addition to this, NASH is the
most rapidly growing aetiology for liver trans-
plantation (Estes et al. 2018b).

Correlations with Obesity, Diabetes,
and Metabolic Syndrome

The prevalence of NAFLD has increased in many
countries both in the paediatric and adult
populations as a result of the spread of sedentary
lifestyle and westernized diet (Golabi et al. 2018).
NAFLD is mostly associated with increased vis-
ceral obesity and metabolic abnormalities such as
insulin resistance, diabetes mellitus, and
dyslipidaemia. It became increasingly clear that
NASH is the hepatic manifestation of the meta-
bolic syndrome. Additionally, the prevalence of
NASH is higher among diabetic and obese
individuals. The risk of developing NASH was
also reported to be in line with an increased num-
ber of components of metabolic syndrome
(Chalasani et al. 2018; Younossi et al. 2019a).
Moreover, being female, age over 50 years, obe-
sity, metabolic syndrome, hypertension,
dyslipidaemia, and hypertriglyceridaemia were
reported as risk factors for developing NASH
(Povsic et al. 2019).

According to a recent meta-analysis, more
than 80% of NASH patients were overweight or
obese (Chalasani et al. 2018). Obesity is known to
increase the risk of developing NAFLD
(Younossi et al. 2018; Singh et al. 2015). In
fact, the prevalence of NAFLD is directly propor-
tional to the increase in body mass index (BMI)
(Younossi et al. 2019b). Given that NAFLD is
associated with visceral obesity, the mutual eval-
uation of BMI and waist circumference can be
more accurate in the classification of obesity in
terms of NAFLD (Mongraw-Chaffin et al. 2015).
NAFLD appears to increase at the same rate as
obesity (World Health Organization (WHO)
2020; Fan et al. 2017). Although the prevalence
of NAFLD was estimated to be around 25%, it
could reach 90% in morbidly obese individuals,
making possible even further prevalence
elevations of NAFLD and related comorbidities
(Younossi et al. 2019b).

Obese and Nonobese NAFLD

The majority of the patients undergoing bariatric
surgery due to severe obesity have NAFLD, with
a prevalence of approximately 95% (Sasaki et al.
2015; Subichin et al. 2015). On the other hand, a
subgroup of patients, so-called lean NAFLD,
were also reported to have NAFLD, although
the BMI is normal (Akyuz et al. 2015; Y{lmaz
et al. 2019). As known, overweight is defined as
>23 kg/m2 for Asian and >25 kg/m2 for Cauca-
sian ethnicities (Consultation WHOE; WHO
Expert Consultation 2004). Epidemiological data
show a prevalence of 5–26% in Asian and 7–20%
in Western populations (Consultation WHOE;
WHO Expert Consultation 2004). Recent studies
showed that NAFLD without the presence of
obesity implies added severity, with increased
rates of diabetes mellitus, metabolic syndrome
and cardiovascular disorders (Sung et al. 2009).

NAFLD and Diabetes

Type 2 diabetes mellitus appears to be a major
driver in the development of NAFLD. Moreover,
type 2 diabetes mellitus accelerates the progres-
sion of liver disease (Stefan et al. 2019).
According to a recent meta-analysis, the global
prevalence of NAFLD among patients with type
2 diabetes mellitus was estimated to be over 55%,
which corresponds to 4.7% of the global popula-
tion. The prevalence of NASH among the diabetic
population is estimated to be around 37%. In the
same study, among the biopsied diabetic patients
with NAFLD, the prevalence of advanced fibrosis
was reported as 17% (Younossi et al. 2019c).
Therefore, noninvasive screening of diabetic
patients for both NASH and liver fibrosis is
recommended, with the use of available noninva-
sive tools (Arrese et al. 2019).

Additionally, those patients had higher rates of
other metabolic comorbidities. The vast majority
of diabetic patients with NAFLD met the criteria
of metabolic syndrome. More than half of them
had hyperlipidaemia and hypertension; approxi-
mately one-fourth had cardiovascular disease
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(Kalra et al. 2013; Targher and Byrne 2015;
Firneisz 2014). In fact, NAFLD itself is signifi-
cantly associated with an increased risk of cardio-
vascular events and cardiovascular-related deaths
(Targher et al. 2016).

NAFLD is considered the hepatic manifesta-
tion of metabolic syndrome due to its frequent
coexistence with metabolic syndrome. However,
the presence of metabolic syndrome is not suffi-
cient to explain the coexistence of NAFLD.
Because neither all the patients with NAFLD
fulfil the criteria of metabolic syndrome nor all
metabolic syndrome patients have NAFLD
(Yilmaz 2012b). In fact, 20–80% of the patients
with NAFLD have sufficient criteria for meta-
bolic syndrome (Green 2003). In a recent
community-based study, NAFLD alone was not
associated with mortality, but those NAFLD
patients with metabolically abnormal profiles
had an increased risk of mortality (Niriella et al.
2019).

The Natural Course of NAFLD

NAFLD is associated with increased all-cause
mortality. However, isolated hepatic steatosis
without hepatic inflammation behaves differently
than NASH, exhibiting no increase in liver-
related mortality and minimal risk for disease
progression. Approximately 80% of the NAFLD
patients remain as non-alcoholic fatty liver for
life. The remaining 20% develop NASH, and

from those, approximately 7% progress to HCC
over 6.5 years (Torres DM1, Williams CD,
Harrison SA. 2012). The annual development of
HCC among NAFLD-associated cirrhosis
patients was approximately 3% (Ascha et al.
2010). In another 8 years, 30% of those cirrhotic
subjects are estimated to progress to hepatic
decompensation (Torres DM1, Williams CD,
Harrison SA. 2012). Patients with NASH showed
progression to significant fibrosis at a rate of 13%
in 17 years, to cirrhosis 2% in 20 years and
without NASH to significant fibrosis at a rate of
10% in 19 years, to cirrhosis 3.1% in 7.6 years
(Hagström et al. 2017a; Calzadilla Bertot and
Adams 2016). The probability of developing cir-
rhosis is estimated to be annually 6% for F2
fibrosis and 8% for F3 fibrosis (Singh et al.
2015; Argo et al. 2009; Singh et al. 2015). The
natural course of NAFLD is schematized in
Fig. 24.1.

Based on a meta-analysis with 11 cohort stud-
ies including 411 biopsy-proven NAFLD
patients, and over 2145.5 person-years of
follow-up evaluation, 33.6% of the subjects
showed progression in fibrosis, 43.1% remained
stable, and 22.3% had improvement regarding
fibrosis stage. Progression of fibrosis at stage
1 was determined as 14.3 years for patients with
NAFL and 7.1 years with NASH. Among NASH
patients, 20% had rapid progression rates in the
fibrosis stage (Singh et al. 2015). In a meta-
analysis of Dulai et al., fibrosis stage was found
to be directly associated with all-cause mortality
and liver-related mortality. This increase is more

Fig. 24.1 Natural course
of NAFLD
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pronounced in patients with fibrosis stages of 3–4
(Dulai et al. 2017).

Liver-related mortality is not the leading cause
of death among patients with NASH. In decreas-
ing order, the most common aetiologies for mor-
tality are cardiovascular disease, malignancies
and then liver-related causes (Francque et al.
2011; Dam-Larsen et al. 2009; Söderberg et al.
2010). Diabetes mellitus, severe insulin resis-
tance, increased BMI, significant weight gain
(Adams et al. 2005), and cigarette smoking (Enc
et al. 2019) are associated with disease severity.
On the other hand, the effect of increased serum
transaminases at disease severity remains contro-
versial. Studies have shown that although
increased serum aminotransferases indicate the
probability of NAFLD, the absence of increased
aminotransferases does not exclude NAFLD
(Mofrad et al. 2003). NAFLD patients with nor-
mal liver enzymes are characterized by a severe
metabolic profile, however, similar rates of
advanced fibrosis compared to subjects with ele-
vated aminotransferases (Ulasoglu et al. 2019).

Coffee and Alcohol

Coffee consumption is considered a protective
factor for NAFLD (Yesil and Yilmaz 2013). A
meta-analysis showed a significantly decreased
risk of NAFLD among coffee drinkers, including
less risk of liver fibrosis among patients with
NAFLD, who consumed coffee regularly, which
can make coffee a preventive factor for NAFLD
and NAFLD-related complications
(Wijarnpreecha et al. 2017). There are also stud-
ies showing the benefits of low amounts of

alcohol consumption. Up to 13 units per week
were shown to be associated with a lower stage
of fibrosis (Hagström et al. 2017b).

One unit (10 ml ethanol) roughly corresponds
to 25 ml of distilled drinks, 80 ml of wine, and
170 ml of beer. However, there is insufficient
evidence about the benefits of alcohol consump-
tion. Heavy episodic drinking may accelerate
fibrosis progression and increase the risk of hepa-
tocellular carcinoma. Therefore, considering the
overlap between the pathophysiological
mechanisms of NAFLD and alcoholic fatty liver
disease, alcohol consumption is discouraged
(Ajmera et al. 2017). In parallel, recent data
showed there is no safe level or beneficial level
of alcohol consumption. The safe level must be
no consumption at all (Burton and Sheron 2018).

Noninvasive Diagnostic
Methods vs. Liver Biopsy

Liver biopsy is considered the gold standard in
approach for identifying the presence of NASH
and a histological classification of the disease in
terms of fibrosis. However, due to major
limitations such as high cost, sampling errors,
patients’ discomfort, and the presence of
procedure-related morbidity and even mortality,
its use in the clinical practice remains question-
able. Therefore, there has been significant interest
in developing noninvasive methodologies to pre-
dict the severity of the disease (Musso et al.
2011). Risk factors for NAFLD are summarized
in Table 24.1.

The fibrosis stage is specifically associated
with the prognosis of the disease. Stages 3–4

Table 24.1 Risk factors for non-alcoholic fatty liver disease

Risk factors for NAFLD

Female gender
>50 years of age
Obesity
Metabolic syndrome
Diabetes mellitus type 2
Dyslipidaemia
Genetic predisposition
Dysbiosis
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increased the risk of liver-related mortality by
50–80%. In this context, noninvasive detection
of the fibrosis stage has been a major focus. The
most common noninvasive scores are NAFLD
Fibrosis Score (NFS), the Fibrosis-4 Score
(FIB-4), the AST to Platelet Ratio Index (APRI),
and the BARD Score, which includes several
clinical and biochemical parameters obtained by
routine clinical examinations (Drescher et al.
2019). The NAFLD guideline of the American
Association for the Study of Liver Diseases
(AASLD) recommends FIB-4 and NFS as clini-
cally useful tools for the prediction of advanced
fibrosis (F�3) (Chalasani et al. 2018), Kaya et al.
2020. However, those scores have a high negative
predictive value rather than positive predictive
value, which means they can be confidently
used for exclusion of advanced fibrosis rather
than detection of it as also recommended in the
guideline of European Association for the Study
of the Liver (EASL) (European Association for
the Study of the Liver (EASL); European Associ-
ation for the Study of Diabetes (EASD);
European Association for the Study of Obesity
(EASO) 2016; Kaya et al. 2019).

Single vs. Multiple Criteria

Moreover, those scores include a grey zone, in
which NAFLD patients are classified as having an
indeterminate risk for advanced fibrosis. Another
clinically important question concerns the man-
agement of those patients. Therefore, noninvasive
scores are useful in the first-line stratification of
the disease. Owing to the high-negative predictive
values of those tests, patients classified as low risk
for advanced fibrosis are recommended to be
managed in primary care, whereas those at high
risk should be directly referred to secondary care.
For the patients in the indeterminate zone,
Fibroscan examination is recommended for
detecting the future management strategy. A non-
invasive fibrosis marker or score, a diagnostic
test, or an algorithm incorporating a panel of
biomarkers is not capable of making a compre-
hensive statement of the disease outcome. There-
fore, the combined use of noninvasive scores with

imaging methods has been advised to increase
diagnostic accuracy (Jafarov et al. 2019; Zhou
et al. 2019).

Imaging Tools

Conventional ultrasonography is recommended
for the diagnosis of moderate-to-severe steatosis,
with a sensitivity of 85% and a specificity of 94%
(Hernaez et al. 2011). However, it is incapable of
detecting steatosis lower than 20% or in morbidly
obese patients (Chalasani et al. 2018).
Computerized tomography is more effective for
evaluating hepatic steatosis; however, it remains
also limited by insufficient accuracy for mild-to-
moderate hepatic steatosis, and it involves radia-
tion exposure (Schwenzer et al. 2009). Alterna-
tively, controlled attenuation parameter (CAP) by
Fibroscan, which measures the hepatic fat quan-
tity by attenuation of the shear waves, and mag-
netic resonance-derived proton density fat
fraction (MRI-PDFF), are more accurate and up-
to-date methods for detection of hepatic steatosis.
MRI-PDFF is a robust noninvasive method to
monitor the treatment effect by means of hepatic
fat quantification (Caussy et al. 2018). It is con-
sidered more accurate, reproducible, and reliable
than liver histology. However, its use remains
limited due to high costs, need for expertise, and
long examination duration (Dulai et al. 2016). In
terms of quick accessibility and cost-
effectiveness, CAP (Fibroscan) is preferred over
MRI-PDFF in clinical routine (Leung et al. 2013).

First-line Liver Fibrosis Assessment

Vibration-controlled transient elastography
(VCTE) is the first Food and Drug
Administration-approved modality by FibroScan
employing ultrasound-based technology, which
measures the velocity of a shear wave that is
emitted by a probe in the intercostal space into
the liver (Leung et al. 2013). Magnetic Resonance
Elastography (MRE) is an excellent method as
well for assessment of fibrosis stage in NAFLD.
According to recent information, MRE performs
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better than VCTE for the identification of signifi-
cant fibrosis; on the other hand, it performed
equally well for the quantification of advanced
fibrosis (Loomba et al. 2014).

Pathophysiology

The development of NAFLD classically relies on
the “multiple hit and organ theory,” in agreement
with a large spectrum of metabolic dysfunctions
caused by the interaction of genetic and environ-
mental factors (Buzzetti et al. 2016). Liver fat
accumulation, caused by obesity and insulin
resistance, seems to represent the “first hit”
(Fang et al. 2018). Hepatic fat accumulation in
the liver is mainly comprised of triacylglycerol
(TAG) derived from the esterification of glycerol
and free fatty acids (FFA) (Buzzetti et al. 2016).
TAG in hepatic fat is hydrolysed and secreted into
the blood circulation as very-low-density lipopro-
tein particles. Disruption of those pathways can
result in hepatic steatosis (Musso et al. 2013).
Peroxisome proliferator-activated receptor-α
(PPAR-α) plays a significant role in the regulation
of β-oxidation in hepatocytes. The
downregulation of PPAR-α was significantly
associated with NAFLD and NASH (Tanaka
et al. 2017). De novo lipogenesis in hepatocytes
is mainly regulated by activation of transcrip-
tional factor sterol regulatory element-binding
protein 1c (SREBP-1c), which is enhanced by
hyperglycaemia, and explains the close associa-
tion between NAFLD and insulin resistance
(Tanaka et al. 2019).

Subsequent Steps

Hepatic fat accumulation does not represent alone
strong toxicity for the liver. There is no associa-
tion between the degree of steatosis and NAFLD
severity. However, TAG-derived molecules and
its precursors such as palmitate, diacylglycerol
(DAG), and ceramide are likely to be a detriment
to hepatocytes. Palmitate increases oxidative
stress leading to lipoapoptosis. DAG activates
protein kinase C disrupting the insulin signalling

pathway, and ceramide promotes the production
of palmitate (Akazawa and Nakao 2018; Jiang
et al. 2015; Gan et al. 2014). Furthermore,
overloaded TAG storage creates metabolic dis-
tress and following this lipotoxicity, which
increases together oxidative stress.

Normally, oxidation of FFAs ensues through
α-, β-, and ω-oxidation. Mitochondrial
β-oxidation and peroxisomal α-, β-oxidation are
normal metabolic processes. However, if these
metabolic pathways are impaired, ω-oxidation
occurs in endoplasmic reticulum leading to reac-
tive oxygen species production. It was observed
that ω-oxidation and oxidation via NADPH oxi-
dase in Kupffer cells are increased in NAFLD
patients, causing inhibition of mitochondrial
β-oxidation. All these metabolic processes lead
to DNA damage in cell nucleus and
mitochondria, and release of cytokines which
promotes hepatocellular injury (Yao et al. 2019).

The Liver Damage Cascade

Hepatocellular injury causes the release of several
pro-inflammatory mediators recruiting immune
cells and activating Kupffer cells, which result
in the release of bioactive molecules further dam-
aging hepatocytes (Zhang et al. 2015). Chronic
hepatocyte death or impaired hepatocyte regener-
ation leads to alternative replacement by fibres
and extracellular matrix, resulting in significant
scar tissue formation and remodelling of the nor-
mal structure of hepatic lobules. Fibrogenesis
mainly in the perisinusoidal space is relatively
specific to steatohepatitis (Lee et al. 2015).

The Microbiota and the Gut Barrier
Function

There is increasing research interest on gut-liver
axis dysfunction including intestinal dysbiosis,
bacterial overgrowth, and alteration of gastroin-
testinal mucosa permeability. In the development
of NAFLD, gastrointestinal microbiota play a
significant role in maintaining barrier integrity
and intestinal permeability. There are several

24 Non-alcoholic Fatty Liver Disease: A Global Public Health Issue 327



mechanisms associated with alteration in gastro-
intestinal microbiota and development of
NAFLD: Deterioration in microbiota can damage
the intestinal epithelium and tight junction
proteins in the gut, which allow harmful
substances such as bacteria, ethanol, and
endotoxins entering into the portal circulation.
Furthermore, microbiota digest and ferment the
excessive dietary energy into short-chain fatty
acids and produces ethanol, affecting the liver
similarly to chronic alcoholism (Doulberis et al.
2017).

According to the study of Zhu et al., there is a
significantly increased population of alcohol-
producing bacteria in patients with NASH com-
pared to obese and healthy subjects. Furthermore,
a significantly increased serum ethanol concen-
tration was observed in NASH patients, although
there was no difference between obese and
healthy subjects (Zhu et al. 2013). In a more
recent study, high alcohol-producing Klebsiella
pneumonia was found to be associated with up
to 60% of individuals of the study cohort. More-
over, clinical isolates of high alcohol-producing
Klebsiella pneumonia transferred via oral gavage
or faecal transplant also induced NAFLD in mice,
supporting the strong association with NAFLD
development (Yuan et al. 2019).

Disease-specific Variants

NAFLD is also associated with a genetic predis-
position. Although only a minority of the genetic
modifiers of NAFLD has been validated, there are
several genetic associations to mention. The ini-
tial genome was identified as PNPLA3, which
was validated in different ethnic groups as a mod-
ifier of NAFLD severity. In obese children and
adolescents, the PNPLA3 rs738409 variant was
also suspected to affect the histological severity in
NAFLD (Valenti et al. 2010). Additionally,
PNPLA3 has been accepted globally as a major
determinant of not only steatosis but also the
severity of NASH, fibrosis stage, and probability
of HCC development (Anstee and Day 2013).
Recently, the TM6SF2 gene has been reported
as another disease modifier, which might be

clinically useful in the future for estimating the
disease progression severity (Dongiovanni et al.
2015).

TM6SF2 rs58542926 T-allele mediates
hepatic accumulation of triglycerides and choles-
terol creating a predisposition to NAFLD-related
fibrosis, whereas C-allele carriage protects liver
excreting VLDL from the liver, at a price of
increased atherosclerosis and cardiovascular dis-
ease (Kahali et al. 2015). More recently,
HSD17B13 was found to play role in the progres-
sion of liver disease from steatosis to later stages
of non-alcoholic steatohepatitis, fibrosis, and cir-
rhosis, since the reduced activity of HSD17B13
was associated with a lower risk of progression
from steatosis to steatohepatitis (Abul-Husn et al.
2018). MBOAT gene was also associated with
disease severity in both NAFLD and alcoholic
fatty liver disease (Caussy et al. 2019).

Lifestyle and Pharmacological
Interventions

NAFLD has been associated with a diet of high
caloric amount, which contains excessive
saturated fats, refined carbohydrates, and high
fructose (Barrera and George 2014), along with
sedentary behaviour (Gerber et al. 2012). There-
fore, lifestyle modification is the cornerstone
treatment of NAFLD and has an important impact
on the natural course of the disease (Kugelmas
et al. 2003). Weight loss between 5 and 7% can
diminish fat accumulation, whereas a 7–10%
weight loss is significantly associated with
improvement in NASH and fibrosis, with a
chance of 64% and 50%, respectively. Weight
loss of >10% was associated with up to 90%
chance of NASH resolution and up to 81% of
regression in fibrosis (Vilar-Gomez et al. 2015).

According to the recent studies and expert
opinions, following a Mediterranean diet can
reduce liver fat even without weight loss, which
is characterized by reduced carbohydrate and
increased monounsaturated and ω-3 fatty acid
intake (Romero-Gomez et al. 2017). Therefore,
it has been also recommended as the preferred
diet type in the major guidelines (Chalasani
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et al. 2018; European Association for the Study of
the Liver (EASL); European Association for the
Study of Diabetes (EASD); European Association
for the Study of Obesity (EASO) 2016). In addi-
tion to diet modifications, exercise should also be
recommended. Aerobic exercise training of
150 min per week contributed to weight reduction
and had an impact on intrahepatic fat (Hashida
et al. 2017).

Zelber-Sagi et al. demonstrated that weight
gain was a predictor of NAFLD development
even among nonobese individuals. Loss of 5%
of the initial body weight resulted in remission of
NAFLD in 75% of those individuals (Zelber-Sagi
et al. 2012). Both lean and obese individuals
seem to similarly benefit from weight loss in
terms of NAFLD remission (Varol Hamurcu
et al. 2020).

Bariatric Interventions

In line with weight reduction, bariatric surgery is
an excellent method to recommend for morbidly
obese patients. After a one-year follow-up, in
more than 85% of the patients, resolution of
NASH has been observed. Moreover, in those
patients, pathological features were also
ameliorated (Laursen et al. 2019). In a meta-
analysis, steatosis, inflammation, and ballooning
mostly improved or completely resolved. An
extensive review emphasizes that in most
patients, liver fibrosis diminishes, whereas refrac-
tory cases exist in which both fibrosis and inflam-
mation persist or progress (Laursen et al. 2019).

Drug Therapy

There is no specifically licensed pharmacological
treatment for NAFLD. Yet, given the close asso-
ciation between NAFLD and type 2 diabetes
mellitus, pioglitazone has been utilized in
NASH targeting both adipose tissue metabolism
and inflammation through PPAR-γ. Thus, it
reduces hepatic steatosis, inflammation, and bal-
looning increasing uptake of fatty acid by

adipocytes. However, because of its side effects
such as weight gain and the conflict of its effect
on the improvement of hepatic fibrosis, its use
recommended only in selected diabetic patients
(Cusi et al. 2016).

Although there is no convincing evidence
about vitamin E and improvement of liver fibro-
sis, given the antioxidative and anti-inflammatory
effect of vitamin E, it has been investigated as a
therapeutic option in NASH. However, due to
lack of further data, vitamin E is not
recommended in NASH patients with diabetes,
NAFLD without liver biopsy, NASH cirrhosis,
or cryptogenic cirrhosis. The risks and benefits
must be discussed for each patient individually
(Chalasani et al. 2018).

There are several pharmaceutical agents with
completed or ongoing phase III controlled trials.
Obeticholic acid improves hepatic insulin sensi-
tivity and decreases lipogenesis, inflammation,
and fibrosis. The interim analysis of the phase
3 REGENERATE Study showed that obeticholic
acid use resulted in fibrosis improvement without
worsening of NASH (Younossi et al. 2019d).
However, due to its side effects such as LDL
increase and pruritus, its use in clinical routine
remains limited considering that 13%
discontinued therapy and 17% exhibited
increased LDL levels (Younossi et al. 2019d).
Another agent selonsertib inhibits apoptosis
signal-regulating kinase 1, which reduces hepato-
cyte apoptosis and fibrosis. Still selonsertib failed
to meet endpoint in STELLAR-3 and STELLAR-
4 phase III clinical trials (Trial Site 2019; Clinical
Trials 2019). Also Emricasan, an oral
pan-caspase inhibitor, suppresses apoptosis failed
to meet endpoint, also worsening liver histology
(Shiffman et al. 2019). The ongoing phase III
trials are with elafibranor, a PPARα and PPARδ
agonist, which also improves insulin sensitivity
and hepatic inflammation (Yuan et al. 2019), and
cenicriviroc, a dual C-C chemokine receptor type
2 and 5 (CCR2/5) inhibitor (Yuan et al. 2019).
The results of these trials are expected to be
released through the midyear of 2020. In conclu-
sion, diet and exercise remain still the cornerstone
of NAFLD therapy.
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Abstract

NAFPD is a novel disease entity that is gaining
popularity similar to NAFLD. It has an associ-
ation with features of the metabolic syndrome,
especially obesity. Given increased awareness,
it is being diagnosed more commonly and at
times is discovered as an incidental finding on
imaging. Research thus far has shown that it
carries clinical significance and can lead to
pancreatitis as well as surgical risk, and even
potentially pancreatic cancer. Though treat-
ment strategies are not well established, given
the links to metabolic syndrome one of the
common approaches is weight loss.
Medications such as oral hypoglycemic agents
have been studied in animals but there have yet
to be studied in humans. As NAFPD still
remains a mystery in many ways, it requires
further research into the pathophysiology as
well as the long-term consequences and
management.

Keywords

Non alcoholic pancreatic steatosis · Alcoholic
pancreatic steatosis · Metabolic syndrome ·
Chronic pancreatitis · Pancreatic cancer ·
Ectopic fat

Abbreviations

AT1R Angiotensin type-1 receptor
CLE carboxyl-esterase lipase mutation
CT Computed Tomography
EUS Endoscopic ultrasound
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
NAFLD nonalcoholic fatty liver disease
NAFPD Nonalcoholic Fatty Pancreatic

Disease
PFF pancreatic fat fraction
WHO World health organization

Introduction

There has been a tenfold increase in obesity
among children and adolescents in the last
4 decades, and the trend is expected to continue
by 2022 (WHO 2020). Comorbidities associated
with obesity such as coronary artery disease, cere-
brovascular accidents, type 2 diabetes mellitus,
and cancers are primary etiologies for many
preventable deaths (Pi-Sunyer 2009). There is a
medical spending difference in obesity, and it can
be as high as $1429 per patient/year. In the United
States, the estimated medical spending in the
obesity population was close to $147 billion
dollars in 2008 (Finkelstein et al. 2009). Adult
females hold higher prevalence in obesity in
Asians, Hispanics, and African American
populations (CDC 2020).

The Spectrum of Metabolic Syndrome

Metabolic syndrome comprises five risk factors
according to the National Institutes of Health
namely obesity, hypertriglyceridemia, low HDL,
hypertension, and fasting hyperglycemia or dia-
betes mellitus (Younossi 2019). The link between
metabolic syndrome and nonalcoholic fatty liver
disease (NAFLD) is very well-established, as it
can lead to nonalcoholic steatohepatitis and even-
tually cirrhosis, obviously without any significant
alcohol intake (Fazel et al. 2016). Unlike nonalco-
holic fatty liver disease and metabolic syndrome,
pancreatic steatosis or fat deposition in the pan-
creas has just earned attention in the last few years.

Historical Notes

John Schaefer in 1926 was probably the first to
identify the normal weight of the pancreas in the
adult population (Schaefer 1926). He was
followed by Ogilvie in 1933, who noticed in a
case-control study of 19 cadavers of obese and
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lean patients, and increase in the mean pancreatic
fat deposition (17.1%, range 0–48.5%), compared
to the lean group (9.3%, range 2.5–23.6%)
(Ogilvie 1933). Olson in 1978, analyzing
394 autopsies, identified strong correlation
between older age/overweight status and the
degree of lipomatosis of the pancreas (Olsen
1978). Association was found between other
elements of metabolic syndrome, including dia-
betes mellitus and dyslipidemia, with pancreatic
fatty deposition.

Nomenclature

Smits and van Greenen suggested to standardize
nomenclature for better definition of pancreatic
steatosis as listed below (Smits and Geenen
2011) (Table 25.1).

Epidemiology

Wang et al reported in 2014 prevalence of pan-
creatic steatosis in 16% of a cohort which
included 8097 patients; it was significantly
associated with diabetes (12.6% versus 5.2%)
(Wang et al. 2014). Pham et al performed a retro-
spective chart review of 232 pediatric patients
(age 2–18) in Texas who obtained computed
tomography imaging in an emergency room
visit. The calculated pancreatic steatosis preva-
lence was 10% (Pham et al. 2016).

Singh et al in 2017 reported the pooled preva-
lence of NAFPD from 11 studies (12,675

patients), reaching 33%. There was association
between NAFPD and metabolic syndrome, diabe-
tes mellitus, and hypertension (Singh et al. 2017).
Hispanics seem to exhibit higher pancreatic fat
fraction (PFF) than African Americans, and
increasingly so with age. Also males have higher
PFF than females. PFF was related to visceral
adipose tissue, circulating free fatty acids, and
hepatic fat fraction (Le et al. 2011). In another
study, pancreatic triglyceride levels in the His-
panic and Caucasian population were higher
when compared to African Americans
(Szczepaniak et al. 2012).

Pathogenesis of NAFPD—Obesity

Obesity leads to develop nonalcoholic fatty pan-
creatic disease (Sepe et al. 2011). Visceral and
ectopic fat have been recognized, as adipokines
which promote oxidative stress initiate local
inflammatory cascades and eventually organ dam-
age (Tilg and Hotamisligil 2006), analogously to
nonalcoholic fatty liver disease and steatohepatitis
(Schaefer 1926; Mathur et al. 2007a).

One of the main accepted mechanisms that can
lead to pancreatic steatosis is acinar cell death,
which is subsequently replaced by adipocytes and
fat deposition (intracellular triglycerides), mainly
in type 2 diabetes mellitus and obesity (Yu and
Wang 2017). The pancreas is thought to have
higher sensitivity to fatty infiltration than the
liver (Yu and Wang 2017). Pancreatic steatosis
majorly happens via adipocyte infiltration to the
pancreatic parenchyma, yet intracellular triglycer-
ide accumulation has been noticed in both acinar

Table 25.1 Nomenclature for pancreatic steatosis

Nomenclature Definition

Pancreatic lipomatosis
Pancreatic steatosis
Fatty pancreas

Nonspecific terminologies

Lipomatous pseudo-hypertrophy Extreme pancreatic fat accumulation
Fatty replacement Adipocytes associated with acinar extinction
Fatty infiltration Obesity-induced adipocyte accumulation
Nonalcoholic fatty pancreas disease Metabolic syndrome-associated fat accumulation
Nonalcoholic fatty steatopancreatitis Pancreatitis due to fat deposition

Adapted from Smits and Van Greenen (2011)
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and islet cells (Smits and Geenen 2011). The
high-fat diet responsible for high insulin levels,
oxidative stress, and cellular influx of free fatty
acids with decreased beta-oxidation, could result
in triglyceride deposition (Fraulob et al. 2010). In
a prospective study, it was shown that the risk for
pancreatic steatosis will increase by 5% for every
1 kg/m² increment in BMI (Sepe et al. 2011).

Age

Increasing fatty infiltration of the pancreas with
aging is well established (Rössle 1921; Ogiu et al.
1997). The ratio between fat to acinar cells
increases with age, and pancreatic atrophy could
simultaneously happen (Saisho et al. 2007).
Sonographic studies confirm increased pancreatic
steatosis with aging (Glaser and Stienecker 2000).
Moreover, fat-pancreatic ratio increases steadily
in both genders (Saisho et al. 2007). Olson et al
had reported that 15% of the elderly between age
of 60 and 69 years had severe pancreatic fatty
infiltration; meanwhile, no cases of severe pan-
creatic fatty infiltration were observed below age
of 40 (Olsen 1978). Age independently from
body weight is considered as a significant element
for pancreatic steatosis development (Schmitz-
Moormann et al. 1981).

Metabolic Syndrome

Metabolic syndrome is strongly linked to increas-
ing risk of cardiovascular disease, diabetes
mellitus, cerebrovascular accidents, and mortality
by coronary disease (Huang 2009; Tenenbaum
and Fisman 2011). NAFLD is a relevant hepatic
manifestation for metabolic syndrome, as visceral
fat is more pathologically and inflammatorily sig-
nificant than subcutaneous fat. Nonalcoholic
steatohepatitis, hepatocellular carcinoma, and cir-
rhosis are accepted complications in NAFLD
patients (Perumpail et al. 2015). Wu et al found
in a fatty pancreatic group higher hemoglobin
A1c, fasting blood glucose, total cholesterol, tri-
glyceride, and LDL-C ( p<0.03). Higher systolic

blood pressure rather than diastolic blood pres-
sure was registered as well (Wu and Wang 2013).
In an EUS-based evaluation of 284 subjects,
110 were found to have pancreatic steatosis.
Associations included age older than 60 years,
BMI more than 25 kg/m2, diabetes mellitus,
hypertension, dyslipidemia, and fatty liver. Vis-
ceral adipose tissue was correlated with pancre-
atic steatosis independently from BMI ( p<0.01)
(Choi 2010).

b-Cell Function

It is debated whether pancreatic fatty infiltration
contributes to pathogenesis of type 2 diabetes
mellitus (Zhao et al. 2015). Animal studies
suggested that pancreatic steatosis could impact
β-cell function and accelerate their apoptosis.
Zhao et al reported that a high-fat, high-sucrose
diet in Bama minipigs leads to enlarged islet cells
and β-cell injury, through increased lipid peroxi-
dation and decreased pancreatic antioxidant
enzyme function (Zhao et al. 2015).

In eleven nondiabetic children with heterozy-
gous carboxyl-esterase lipase mutation (CLE),
i.e., a rare mutation involved with diabetes, pan-
creatic exocrine dysfunction, and adult pancreatic
steatosis, pancreatic steatosis was found before
the occurrence of diabetes. Decreased first-phase
insulin secretion also occurred (Raeder et al.
2007).

Pancreatic fatty content is higher among adult
men with type 2 diabetes, as measured by MRS.
Pancreatic lipomatosis was negatively linked with
β cell function in nondiabetic men, however not
in those with type 2 diabetes (Tushuizen et al.
2007). Heni et al reported an inverse relationship
between pancreatic fatty content and β cell func-
tion among patients with impaired oral glucose
tolerance/impaired fasting glucose. Pancreatic fat
was associated with lower levels of insulin secre-
tion (Heni et al. 2010). In Hong Kong, 110/685
healthy subjects exhibited NAFPD. Those
subjects displayed higher insulin resistance and
when combined with NAFLD, the correlation
with insulin resistance was even higher, indepen-
dently from BMI (Wong et al. 2014).
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Other Possible Etiologies

Alcohol is an important factor. Consumption
that exceeds 14 grams a week can lead to pancre-
atic steatosis (Tariq et al. 2016). By causing pan-
creatitis, alcohol can upregulate transcription
factors responsible for cholesterol and triglycer-
ide expression (Al-Haddad et al. 2009).
Rosiglitazone, corticosteroids, gemcitabine, and
octreotide are linked as well to pancreatic
steatosis /fatty pancreas development (Ye and
Liu 2017).

Iron overload is also a potential mechanism.
One of the most common causes of iron overload
is hemochromatosis, a hereditary condition in
which iron accumulates in the reticuloendothelial
system, liver, heart, skin, pancreas, and exocrine
glands. In the pancreas, iron toxicity through
oxidative stress leads to acinar and islet cell apo-
ptosis with ultimate replacement with adipocytes.
This was also well-recognized in patients with
Cooley’s anemia and myelodysplastic syndrome
since they receive frequent blood transfusions
(Midiri et al. 1999; Lin et al. 2007). Viruses
like HIV, hepatitis B, and reovirus have also
been linked to pancreatic steatosis. Malnutrition
could predispose to pancreatic steatosis espe-
cially in conditions like alcoholism, AIDS, and
kwashiorkor, by altering pancreatic structure
followed by replacement with fat (Chehter
et al. 2000). Congenital disorders like cystic
fibrosis, heterozygous carboxyl-ester-lipase
mutations, Johnson blizzard syndrome, and
Shwachman-Diamond syndrome are associated
with pancreatic steatosis (Raeder et al. 2007;
Daentl et al. 1979). In cystic fibrosis, mucous
plugs inside pancreatic ductules injure pancre-
atic cells, which will eventually be replaced by
fat (Walters 1966).

Diagnosis

Imaging findings of a fatty pancreas alone are not
sufficient to make the diagnosis. NAFPD entails a
fatty infiltration of the pancreas along with the
presence of components of the metabolic

syndrome (as per the International Diabetes Fed-
eration or the National Cholesterol Education
Program Adult Treatment Panel III). Independent
diseases that lead to fatty replacement of the
pancreas should be excluded (Pinte et al. 2019;
Grundy 2019). Though histological examination
can provide information on the degree of fatty
infiltration of the pancreas, it is too invasive for
routine use. A histological classification system
known as the pancreatic lipomatosis score,
established by Olsen in 1978, could confirm the
severity of pancreatic steatosis, in selected cases
(Olsen 1978). Hence, the primary modalities used
for diagnosis are imaging studies.

Confounding Variables

Due to the variable morphology of the pancreas,
the margins may not be clearly delineated and fat
infiltration may not be homogenous, interfering
with assessment (Matsumoto et al. 1995). More-
over, there is normal fatty replacement of
the pancreas as an age-related physiological pro-
cess (Kühn et al. 2015; Chantarojanasiri et al.
2014). Body habitus can be a challenge, as
transabdominal ultrasound may not provide
good visualization if there is substantial abdomi-
nal fat. Study-related factors like cost and acces-
sibility also need to be considered.

Transabdominal Ultrasound

Transabdominal ultrasound is a readily available,
cost-effective, fast, and noninvasive. An
increased echogenicity is seen in the pancreatic
tissue when there is fat infiltration, and the kidney
or the liver is used for comparison (Yu and Wang
2017; Al-Haddad et al. 2009; Romana et al.
2018). It does have inherent limitations such as
impaired visualization of the pancreatic tissue if
the patient is obese, or if there are overlying
shadows due to bowel gas. It is also an operator-
dependent technique, which can impact the accu-
racy of the test and the quality of the images.
Fibrosis of the pancreatic tissue is also seen as
increased echogenicity, and this could be difficult
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to differentiate from steatosis (Ustundag 2011).
Some attempt at using quantitative techniques to
evaluate the echogenicity pancreas like the
pancreato-perihepatic fat index (linked to meta-
bolic syndrome) (Jeong et al. 2014).

Endoscopic Ultrasound (EUS)

As the probe is of a higher frequency and is able
to get in closer approximation to the pancreatic
tissue, it allows for an enhanced quality of the
images obtained (Pinte et al. 2019). Another
benefit is that it allows for a more complete visu-
alization of the pancreas, and for simultaneous
comparison of the echogenicity to adjacent
organs (Al-Haddad et al. 2009). However, it is
an invasive test with an inherent risk of
complications (Polkowski et al. 2017). It is simi-
larly operator dependent, with some difficulty in
differentiation from fibrosis50. Real-time
elastography during EUS has been tried as a
measure of pancreatic steatosis; however, it did
not show an association between elasticity and
steatosis like it did for fibrosis (Kuwahara et al.
2017; Barreto et al. 2018). NAFPD can be
divided into four grades of severity on EUS
when comparison is made of the echogenicity of
the pancreas and the main pancreatic duct, against
that of the spleen. Normal pancreatic tissue is
associated with grades I and II and fatty infiltra-
tion seen with grades II and IV (Sepe et al. 2011).

CT Scan

CT scan employs Hounsfield units, and areas of
fatty infiltration will be hypodense in comparison
to the spleen or the liver (Pinte et al. 2019). When
CT with contrast is performed, the normal pan-
creatic tissue will appear enhanced as compared
to the regions of fatty infiltration (Kim et al.
2014a). CT scan is endowed with correlation to
histology as well (Pinte et al. 2019).
Measurements such as the pancreas-to-spleen
attenuation ratio and fat/ parenchyma ratio can
be derived from the CT scan and used for quanti-
fication of pancreatic fat (Saisho et al. 2007; Kim
et al. 2014a). Among the downsides, radiation

exposure and potential contrast exposure require
attention.

MRI and MRS

Magnetic resonance imaging (MRI) and magnetic
resonance spectroscopy (MRS) are among the
preferred imaging modalities. Advantages
include lack of radiation exposure and of inva-
siveness (Pinte et al. 2019). There is a good
correlation with the amount of fatty infiltration
detected on MRS and the amount of triglycerides
present in the islet cells, and hence, MRS can be
used as a surrogate for quantitative assessment of
fat deposition within the islet cells (Lee et al.
2009; Lingvay et al. 2009). Single-voxel MR
spectroscopy has been shown to be most compa-
rable to histology, being considered the most
accurate imaging modality (Kim et al. 2014a;
Lee et al. 2009; Lingvay et al. 2009; Catanzaro
et al. 2016; Ma et al. 2014). A novel MRI modal-
ity known as three-dimensional iterative decom-
position with echo asymmetry and least-squares
estimation (IDEAL) is stated to be superior to
MRS for detection of pancreatic lipomatosis
(Hu et al. 2009). Though it has several advantages
including greater accuracy, there are drawbacks
such as being more expensive as compared to the
other techniques and more time consuming to
perform, with limited availability.

Histology

In nonalcoholic fatty liver disease, there is depo-
sition of triglyceride within the cells however in
NAFPD the main mechanism of steatosis is the
infiltration by adipocytes into the pancreatic tis-
sue (Catanzaro et al. 2016). Intracellular accumu-
lation of triglycerides in the islet and acinar cells
can still occur (Catanzaro et al. 2016). Both forms
of fat accumulation can be damaging to the pan-
creatic tissue. The adipocytes can exert a para-
crine effect on the acinar and islet cells and induce
injury, whereas the intracellular accumulation can
lead to direct damage (Catanzaro et al. 2016).
Scoring systems such as the pancreatic
lipomatosis score formulated in 1978 by Olsen
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can be used to grade the severity of steatosis
(Olsen 1978). A modification of this score by
van Geenen et al has also been developed (Pinte
et al. 2019).

Possible Complications—Metabolic
Syndrome

Shared disease entities encompass fatty liver dis-
ease, diabetes as well as the potential for cardio-
vascular disease (Pinte et al. 2019; Bi et al. 2019).
Increased fatty accumulation has been seen in the
pancreas of those with impaired glucose toler-
ance, and this could eventually progress to the
development of overt type II diabetes (Li et al.
2017; Ou et al. 2013). Cardiovascular risk is also
seen to be increased in patients with pancreatic
steatosis, in the form of atherosclerosis. NAFPD
has been associated with increased epicardial adi-
pose tissue and increased intima-media thickness
of the aorta, and NAFPD could be a surrogate for
the presence of subclinical atherosclerosis (Kul
et al. 2019). In non-obese type II diabetic patients,
there was increased prevalence of carotid artery
plaque and vascular stiffness (Kim et al. 2014b).
Patients with NAFLD also tend to have NAFPD
but the reverse association is not as clear
(Lesmana et al. 2015; Li et al. 2017).

Acute and Chronic Pancreatitis

Obesity and other aspects of the metabolic syn-
drome are considered to be predisposing factors
to acute pancreatitis (Pinte et al. 2019). The
degree of pancreatic steatosis has been associated
with the severity of the inflammation in acute
pancreatitis (Smits and Geenen 2011). By pro-
moting the release of cytokines such as IL-1β
and TNF-α, pancreatic steatosis exacerbates the
inflammatory response in acute pancreatitis and
hence the severity of the injury (Papachristou
et al. 2006). Acinar cells respond to cytotoxicity
by the release on enzymes including lipases, with
causes lipolysis yielding free fatty acids
(Catanzaro et al. 2016; Acharya et al. 2014).
Unsaturated fatty acids further exert direct

damage to the acinar cells resulting in necrosis,
and areas surrounding necrotizing fat endure
more severe injury, known as peri-fat acinar
necrosis (Acharya et al. 2013; Navina et al. 2011).

The association between pancreatic steatosis
and chronic pancreatitis is not as clear, and there
may be a negative association between the two
(Mathur et al. 2007b). In cases of chronic pancre-
atitis with recurrent acute episodes and features of
metabolic syndrome, the mechanism is not due to
fatty infiltration but instead to fibrosis. Decrease
in normal pancreatic parenchyma and fatty
replacement could be just a consequence (Pinte
et al. 2019).

Pancreatic Insufficiency

Fatty infiltration of the pancreas potentially
causes exocrine pancreatic insufficiency by
inducing lipotoxicity to the acinar cells, when
there is intracellular accumulation of fat
(Catanzaro et al. 2016). The adipocytes can also
exert an adverse paracrine influence, and the
death of acinar cells can occur (Catanzaro et al.
2016). However, there is limited evidence, and
this is only hypothetical.

Pancreatic Fibrosis

Long-standing inflammation in NASH eventu-
ally progresses to liver fibrosis, and it is
speculated that a similar progression would
occur in nonalcoholic steatopancreatitis (NASP)
(Catanzaro et al. 2016). Diabetic rats given a
high-fat diet suffered intracellular fat deposition
in the acinar cells and eventually fibrosis
(Matsuda et al. 2014). Another study conducted
on swine did not show a link between pancreatic
fat accumulation and fibrotic changes
(Fullenkamp et al. 2011). In over 900 human
autopsies, there was no correlation between pan-
creatic steatosis and fibrosis (van Geenen et al.
2011). A study performed by Mathur et al
revealed that there was a negative association
between pancreatic steatosis and fibrosis (Mathur
et al. 2007b).
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Pancreatic Cancer

Obesity is a known predisposing factor for pan-
creatic cancer, and NAFPD has been shown to be
an independent risk factor for its development as
well (Catanzaro et al. 2016). An association
between pancreatic steatosis (intra- and
extralobular deposition) and pancreatic
intraepithelial neoplasia has been seen (Rebours
et al. 2015). A proposed mechanism for carcino-
genesis in NAFPD may be similar to that in the
liver, in that the increase in adipocytes can cause
inflammation and NASP, which can predispose to
malignant changes over time (Smits and Geenen
2011). Pancreatic cancers that develop as a con-
sequence of NAFPD may have a worse prognosis
compared to those without a fatty pancreas
(Catanzaro et al. 2016). NAFPD can promote
the spread of the tumor and increase the
associated mortality, by causing changes in the
microenvironment of the tumor giving it more
aggressive properties (Mathur et al. 2009).

Surgical Risk

With pancreatic steatosis, there is a higher likeli-
hood of blood loss during surgery and formation
of a pancreatic fistula postoperatively (Catanzaro
et al. 2016; Mathur et al. 2007b). With regard to
pancreatic transplant, obesity and older age
(elderly patients that are obese likely have
steatosis) of the transplant donor and recipient
are associated with pancreatic fistula, graft pan-
creatitis, and thrombosis as well as infections
(Catanzaro et al. 2016). Interestingly, however,
obesity does not impact allograft failure or rejec-
tion (Hanish et al. 2005). Hence, preoperative
investigations aimed to detect any pancreatic
steatosis are helpful for decreasing perioperative
risks and salvaging organs for ideal candidates
(Pinte et al. 2019; Catanzaro et al. 2016).

Treatment

As it is linked to metabolic syndrome and type II
diabetes mellitus, similar approaches to treatment

with weight loss and dietary modifications have
been anticipated (Pinte et al. 2019). Oral hypo-
glycemic agents used in type II diabetes patients
such as metformin, DPP-4 inhibitors, and
thiazolidinediones have been preliminarily
assessed and show some promise (Pinte et al.
2019).

Weight Loss

Weight loss is associated with a reduction in the
amount of pancreatic fat and increased insulin
sensitivity (Honka et al. 2015; Lim et al. 2011).
Postbariatric surgery, there is a significant reduc-
tion in pancreatic fat and fatty acid uptake in
pancreatic tissue with preservation of pancreatic
blood flow, and no alteration of the pancreatic
fat-free volume(Honka et al. 2015). In another
bariatric protocol, eight weeks after the surgery,
there was an improvement in the first-phase insu-
lin response and pancreatic fat content only in
those with diabetes, however not in the other
group. Hence, the decrease in the pancreatic fat
was linked to the underlying presence of diabetes
and not simply a consequence of reduction in
total body fat (Steven et al. 2015).

Oral Hypoglycemic Agents

Metformin reduces the oxidative stress on islet
cells and may even impact insulin secretion favor-
ably (Piro et al. 2012). It may decrease visceral fat
and insulin resistance (Tajima et al. 2017).
Incretin-based therapies like DPP-4 inhibitors
such as Sitagliptin can be used alone or in addi-
tion to metformin for decreasing pancreatic fat
(Reimer et al. 2014).
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Abstract

There is a large proportion of individuals
affected with type 2 diabetes and metabolic
disorders in the south Asian population. How-
ever, as per the recent global burden of disease
study, there are very few individuals with obe-
sity located in this region. This paradox has
reinforced the concept of normal-weight obe-
sity, actually originated in 1981 as metaboli-
cally obese normal-weight individual
(MONW). It is defined as presence of normal
weight despite presence of an increased
body fat percentage. The several deterrents
in the diagnosis and management of normal-
weight obesity, as well as of metabolically
normal obese subjects, are addressed in this
chapter.

Keywords

Metabolically healthy obesity · Normal-weight
obesity · Body mass index cutoff points ·
Obesity/South Asians · Diabetes/ South Asians

Introduction

Due to a unique phenotype of higher body fat and
the occurrence of type 2 diabetes, dyslipidemia,
and other cardiovascular morbidities at a lower
range of body mass index (BMI) (Conus et al.
2007; Ashwell et al. 2014) and waist circumfer-
ence (WC) in South Asians, lower cutoff values
have been defined :BMI: 23–24.9 kg/m2 for over-
weight and � 25 kg/m2 for obesity (Gray et al.
2011). A consensus guideline for these revised
measures has been developed for Asian Indians
(Misra et al. 2009).

In Ethiopian adults, the optimal cutoff for obe-
sity using body mass index was 22.2 kg/m2 for
males and 24.5 kg/m2 for females with waist
circumference values of 83.7 cm and 78.0 cm,
respectively. For females, BMI cutoffs for meta-
bolic syndrome markers ranged from 24.8 kg/m2

to 26.8 kg/m2, and for WC, 82.1–96.0 cm. As
regards, waist/ height ratio (WHt-R) 0.47–0.56
was proposed for the healthy population, and for
markers of metabolic syndrome, 0.78–0.89. For
males, the optimal BMI cutoffs for metabolic
syndrome markers ranged from 21.0 kg/m2 to
23.5 kg/m2 (Sinaga et al. 2018). More recent
evidence from the Indian subcontinent shows
that upto one-third of the south Indian population
could have normal weight obesity (Kapoor et al.
2020a).

BMI does not account for age and gender and
does not discriminate between individuals with
higher lean body mass and low body fat (Pasco
et al. 2014). WC, waist-to-hip ratio (WHR),
Wht-R, and abdominal and supra-iliac skinfold
thickness could be helpful. However, in
individuals with metabolic obesity, anthropomet-
ric parameters such as WC, WHR, and Wht-R
would not be accurate (Madeira et al. 2013).

Healthy Versus Unhealthy Lean
and Obese Subjects

As alluded to, normal-weight individuals with
metabolic derangements were first postulated in
1981 (Ruderman et al. 1981). In contrast, certain
obese individuals remain insulin sensitive and
metabolically healthy (Goossens 2017). Metabol-
ically obese, normal-weight individuals with BMI
less than 25 kg/m2 present with hyperinsulinemia
or insulin resistance, along with
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hypertriglyceridemia and hypertension which
predispose such individuals to a higher risk of
cardiovascular diseases. On the other hand,
obese individuals with either extreme insulin sen-
sitivity or insulin resistance are a usual paradox.
The term “metabolically healthy obesity”(MHO)
describes the absence of any metabolic disorder
including type two diabetes, dyslipidemia, and
hypertension in an obese individual (Conus
et al. 2007; Phillips 2017). However, there are
no clear cutoffs demarcating insulin-sensitive
and insulin-resistant groups in metabolically
healthy obese persons. The several deterrents in
the diagnosis and management of normal-weight
obesity are summarized in Fig. 26.1.

The major difference between obese, metabol-
ically unhealthy, and healthy subjects is high
insulin sensitivity, high HDL levels, low ectopic
fat, low triglyceride levels, and low degree of
subclinical inflammation. Further, lower visceral,
liver, and muscle fat contents are present in
MHOB subjects than insulin-resistant obese
individuals.

Prevalence of Normal-weight Obesity

The prevalence ranges between 5% and 45%, due
to differences in phenotype, sample size effects,
social and demographic factors, and lack of con-
sensus on diagnostic criteria (Ding et al. 2016).

The first study to define metabolic obesity
targeted high body fat percentage (>30%) with
no metabolic derangement (De Lorenzo et al.
2006). Meta-analysis studies have shown about
30% worldwide prevalence of metabolic obesity
in normal-weight subjects (Wang et al. 2015), or
10–37% (Badoud et al. 2015). In American
Hispanics, 43.1% were classified as metabolically
obese (Benziger et al. 2015), and in Chinese,
9.5% for men and 6.1% for women were
observed at the BMI range < 24.0 kg/m2 (Jia
et al. 2018).

In Koreans with BMI < 23 kg/m2, Kim et al.
detected 36% in men, with body fat % > 20.6%
and 29% in women, with body fat % > 33.4%
(Kim et al. 2014), while only 9.1% was reported
in young Latin Americans (20–55 years of age)
(Madeira et al. 2013). Just 2.2% was noticed in
Spain by Goday et al. (Ding et al. 2016). In South
India, the prevalence was 15.1% and 14.8% in
obese subjects (Geetha et al. 2011). Among 6854
multi-ethnic women, the prevalence was 5.4%,
especially in Indian women (Moy and Loh 2015)

Diagnostic Criteria for Normal weight
obesity

Classically, a major criterion used is insulin sen-
sitivity using the upper quartile of an insulin
sensitivity index and Homeostasis model of
assessment of insulin resistance (HOMA-IR). A
lower level of insulin sensitivity was noted in
overweight and obese groups; however, the met-
abolically normal, obese group with normal insu-
lin sensitivity was similar to the normal-weight
group for HOMA-IR value. Further, the metabol-
ically normal, obese group had significantly
lower mean total cholesterol and fasting glucose
levels suggestive of an important role of hepatic
fat, rather than visceral fat in insulin resistance
(Zhao et al. 2016; Stefan et al. 2008). A
hyperinsulinemic-euglycemic clamp (HEC)
study in nonobese (BMI < 25 kg/m2) Japanese
subjects to evaluate muscle and hepatic insulin
sensitivity has suggested impaired insulin sensi-
tivity in peripheral tissue and low hepatic glucose
production. This is probably due to decreased
endogenous insulin sensitivity, in the

Fig. 26.1 Deterrents of normal-weight obesity in the
society
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metabolically obese group, which had signifi-
cantly higher subcutaneous fat area and total fat
than the metabolically nonobese group. Further-
more, oral glucose tolerance test (OGTT) studies
showed lower values of Matsuda index but high
values of fasting insulin and HOMA-IR in the
metabolically obese group (Kaga et al. 2017).
MHO subjects feature low amounts of visceral
adipose tissue with higher levels of high-density
lipoprotein (HDL) cholesterol and lower levels of
fasting triglycerides, fasting glucose, fasting insu-
lin, as well as reduced glucose and insulin area
under the curve during an oral glucose tolerance
test (Karelis et al. 2005).

The HOMA-IR has been combined with other
metabolic criteria in order to identify MHO
subjects. This implies the presence of fewer than
two of the cardiometabolic abnormalities namely
systolic/diastolic blood pressure above
130/80 mm Hg, triglycerides above 1.7 mmol/L,
fasting glucose levels above or equal to 5.6 mmol/
L, C reactive protein (CRP) above 0.1 mg/L,
HDL levels less than 1.3 mmol/L (Wildman
et al. 2008). In contrast, fulfilling four out of the
five metabolic parameters namely HOMA index
less than or equal to 2.7 mmol/L, triglycerides
less than or equal to 1.7 mmol/L, and
low-density lipoprotein cholesterol (LDL) less
than or equal to 2.6 mmol/L, and CRP levels
less than or equal to 3.0 mg/L were deemed
sufficient to identify normal-weight metabolic
obesity (MONW) with risk for cardiovascular
diseases (Karelis and Rabasa-Lhoret 2008).

Possible Contribution of Free Fatty
Acids (FFAs)

FFAs released by lipolysis from the adipocytes
are elevated in subjects with metabolic obesity, as
in obese subjects. FFAs combine with glycerol to
form triglycerides (TG) and are then consolidated
by the liver in water-soluble form as very
low-density lipoprotein (VLDL) particles. These
particles are large and mainly contain TG, along
with some cholesterol. Triglyceride, being an

energy substrate, is hydrolysed in various tissues.
Particles become smaller and dense gradually,
forming intermediate-density lipoprotein (IDL)
and low-density lipoprotein (LDL) cholesterol
particles (Sniderman et al. 2001). High levels of
FFAs are strongly associated with hepatic and
peripheral insulin resistance, T2DM and cardio-
vascular diseases (Rachek 2014), due to genera-
tion of deleterious lipid metabolites (Boden et al.
2001), and pro-inflammatory cytokines (Boden
et al. 2005), which induce oxidative stress in the
endoplasmic reticulum (Manna and Jain 2015)
and endothelial dysfunction (Ghosh et al. 2017).
Thus, it is deemed ideal to include estimation of
fasting FFAs as criterion to define metabolic obe-
sity in subjects with normal weight or low BMI.

Pathogenesis and Cardiometabolic
Risk of Normal-weight Obesity

Intra-abdominal adipose tissue (IAAT), or vis-
ceral adipose tissue (VAT), is a determinant of
insulin resistance and cardiovascular disease risk,
differently from gluteo-femoral adiposity
(Kn 2001; Ibrahim 2010). The IAAT is located
primarily in the mesentery and omentum and
drains directly through the portal circulation to
the liver. The IAAT is more cellular, vascular,
innervated, and contains a larger number of
inflammatory and immune cells, lesser
pre-adipocyte differentiating capacity and a
greater percentage of large adipocytes, glucocor-
ticoid, and androgen receptors, when compared to
subcutaneous adipose tissue (SCAT). The
adipocytes in IAAT are metabolically active,
more sensitive to lipolysis, and more insulin resis-
tant than SCAT adipocytes (Fig. 26.2). IAAT has
a greater capacity to generate free fatty acids and
to uptake glucose than SCAT and is more sensi-
tive to adrenergic stimulation (Goossens 2008),
while SCAT is more avid in absorption of
circulating free fatty acids and triglycerides.
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Metabolic Consequences of
Normal-weight Obesity

Insulin resistance due to deranged lipid
parameters, deficient adipose tissue FFA turn-
over, increased CRP levels, and oxidative stress
along with possible influence of age, dietary, and
physical activity patterns lead to increased risk for
type 2 diabetes (Jean et al. 2014) and cardiovas-
cular diseases (Romero-Corral et al. 2010a). In
normal-weight subjects, ectopic fat in liver, skel-
etal muscles, and the pancreas are additional risk
factors (Shulman 2014).

Liver Fat Accumulation

Non-alcoholic fatty liver disease (NAFLD)
affects nearly 25% of the global population (Zhu
et al. 2015), with insulin resistance being a signa-
ture mark, irrespective of body weight. Specifi-
cally, peripheral insulin resistance is a robust
correlate of liver cirrhosis in NAFLD, more than

visceral adiposity (Rosso et al. 2016). In patients
with NAFLD, glucagon secretion, and signaling
is dysregulated resulting in fasting and postpran-
dial hyperglucagonemia (Foghsgaard et al. 2017),
due to impaired paracrine functions of pancreatic
beta cells (Unger and Cherrington 2012) and
increased hepatic glucose production (Girard
2017). This metabolic state undergoes a vicious
feedback cycle leading to homeostatic stress and
impaired glycemic status, which has significant
implications for renal and cardiovascular diseases
(Petta et al. 2019). In addition, circulating FFAs
(the major energy substrate for all tissues except
brain) are markedly high during fasting state, due
to adipose tissue lipolysis and lipoprotein spill-
over coupled with reduced plasma clearance.
FFAs are re-esterified to triglycerides and accu-
mulate in the muscles (intra-myocellular) and
liver (intra-hepatocellular) and result in insulin
resistance. Increased FFA levels result in elevated
production of pro-atherogenic proteins through
activation of the IKK/I B–/NF B and JNK
pathways.

Fig. 26.2 Pathogenesis of normal-weight obesity

26 Normal-weight Obesity: A Hidden Pandemic 351



Fatty Pancreas

An important and heterogeneous entity in meta-
bolic obesity is NAFPD or “fatty pancreas.”
NAFPD is a clinical phenomenon, wherein
increased intracellular lipids and adipocytes infil-
trate the pancreatic tissue, along with insulin
resistance and beta-cell secretory defect (Tariq
et al. 2016). Of note, the pancreas seems to be
more susceptible to fat deposition when com-
pared to the liver (Della Corte et al. 2015). Recent
studies have shown that NAFLD patients with
NAFPD have higher insulin resistance as
evidenced by OGTT, HOMA-IR, and HOMA-b,
in comparison with patients without NAFPD.
This can be attributed to infiltration of
triglycerides in the pancreas over time, which
also results in exocrine dysfunctions (van Raalte
et al. 2010), and cell apoptosis irrespective of
body weight (Romana et al. 2018).A recent
meta-analysis of 13 studies has shown that
non-alcoholic fatty pancreas disease (NAFPD)
was associated with a significant increased risk
of metabolic syndrome (RR ¼ 2.25; 95% CI,
2.00–2.53; P < 0.0001), hypertension, diabetes
mellitus, and central obesity (RR¼ 1.91; 95% CI,
1.67–2.19; P < 0.0001) (Bi et al. 2019).

Normal-weight Central Obesity
(NWCO) - A Similar Entity as Normal
Weight Obesity

NWCO corresponds to a BMI of 18.5–23.9 kg/m2

and a waist circumference (WC)>85 cm in males
or >80 cm in females, a waist-to-height ratio
(WHt-R) of �0.5, and a waist-to-hip ratio
(WHR) of �0.9 in males or �0.85 in females.
Among Chinese adults, it became much more
prevalent from 1993 to 2011. Cardiometabolic
risks encompass hypertension, diabetes, insulin
resistance, decreased insulin sensitivity, and
elevated low high-density lipoprotein and triglyc-
eride levels (Song et al. 2019). In a large meta-
analysis, an increased risk for cardiovascular
events (RR, 1.24; 95% CI, 1.02 to 1.55) was
perceived with �10 years of follow-up. All

metabolically unhealthy groups were considered:
normal weight (RR, 3.14; CI, 2.36 to 3.93), over-
weight (RR, 2.70; CI, 2.08 to 3.30), and obese
(RR, 2.65; CI, 2.18 to 3.12). Cardiovascular
events seem to cluster in overweight and obese
persons even without overt metabolic
abnormalities (Kramer et al. 2013).

In a European cohort, obesity without meta-
bolic abnormalities was not associated with
myocardial infarction, in contrast to heart failure,
particularly long-lasting or severe obesity
(Mørkedal et al. 2014). Also risk for diabetes,
coronary heart disease (CHD), stroke, and mor-
tality was demonstrated in people with unhealthy
obesity (Guo and Garvey 2016).

Metabolically obese, normal-weight subjects
exhibited increased arterial stiffness and carotid
atherosclerosis (Choi et al. 2013). Risk for sub-
clinical atherosclerosis was comparable to meta-
bolically unhealthy obese adults (Rhee et al.
2014). In the Women´s Health Initiative, follow-
ing 161,808 postmenopausal women for over a
decade, a cumulative effect of excessive body
weight and aberrant metabolic profile occurred.
Diabetes risk approximately doubled among
those with metabolically unhealthy normal
weight, as well as the metabolically healthy
obese, whereas diabetes affected nearly four
times more those both obese and metabolically
unhealthy (Cordola Hsu et al. 2020).

Abdominal Obesity

Abdominal obesity leads to cardiomyocyte
hypertrophy, myocardial fibrosis and activation
of inflammatory pathways relating to macro-
phage infiltration and cytokine gene expression
(Murase et al. 2012). Specifically, low muscle
mass and abdominal obesity in normal-weight
individuals pose an adverse cardiometabolic
risk profile, when compared to those without
abdominal obesity. Metabolically, such
individuals had higher values for glucose, insu-
lin, HOMA-IR, branched-chain amino acids, and
a higher prevalence of metabolic syndrome
(Beijers et al. 2017). Hypertriglyceridemia, low
and dysfunctional HDL, and increased small
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LDL levels, and characteristics of atherogenic
dyslipidemia are also relatively common
(Chapman et al. 2011). Much of the cholesterol
might be embedded in VLDL, IDL, and other
remnant lipoproteins, including chylomicron
remnants in the non-fasting state. These particles
are equally potent as LDL in predicting cardio-
vascular events and all-cause mortality (Varbo
et al. 2015).

Epicardial Adipose Tissue (EAT)

The EAT is located between the myocardium and
visceral pericardium, mainly on the right ventricle
surface and the anterior wall of the left ventricle
of the heart. EAT volume and thickness are con-
sidered as surrogate markers of insulin resistance.
EAT thickness of 9.5 mm or more in males and
7.5 mm or more in females has a high sensitivity
and specificity for prediction of metabolic syn-
drome (Iacobellis et al. 2008).

A meta-analysis of 38 studies has shown sig-
nificant correlations of EAT with components of
metabolic syndrome specifically fasting blood
glucose (FBG), systolic blood pressure (SBP),
TGs and HDL-C, independent of obesity. A
strong correlation of EAT with VAT was noted
(Rabkin 2014). Magnetic resonance imaging in
nondiabetic individuals with normal ventricular
function has shown positive association of
peripheral insulin resistance and glucose toler-
ance status with cardiac fat accumulation (Sironi
et al. 2004). Similarly, EAT thickness measured
by ultrasound was increased inversely to glucose
disposal, as observed in euglycemic-
hyperinsulinemic clamp study in obese subjects
(Iacobellis and Leonetti 2005).

Involved Pathways

The EAT serves as a local reservoir of excess of
FFAs to maintain myocardial energy supply and
prevent toxic effects. During metabolic stress,
EAT releases FFAs at high rate and regulates
homeostasis of FFAs through the coronary circu-
lation, including expression of transporters fatty

acid-binding protein-4 [FABP-4] (Furuhashi et al.
2016). It also controls the vascular tension and the
effect of insulin on microcirculatory networks
(Meijer et al. 2015).

The EAT decreases vascular tension through
the release of adipocytokines such as adiponectin,
adrenomedullin, omentin, and other adipocyte-
derived relaxing factors to retard vascular
remodeling (Gruzdeva et al. 2017). Cytokines
released from dysfunctional myocardial endothe-
lium impair insulin signaling (Salgado-Somoza
et al. 2012). Shifts in glucose uptake and lipogen-
esis along with more abundant FFA occur in both
CAD and heart failure (HF), even in nondiabetic
subjects (Burgeiro et al. 2016). Hyperglycemia
and hyperinsulinemia favor accumulation of
myocardial lipids, potentially leading to cardiac
steatosis (Winhofer et al. 2012).

Diagnostic Tools: Body Composition
Analysis

Fat mass, fat-free mass, lean mass, and body
mineral density are precisely estimated on dual-
energy X-ray absorptiometry ( DEXA), while on
bioimpedance, it is approximated on the basis of
resistance of body to a small electrical impulse to
estimate body water content and composition
(Peppa et al. 2017; Teixeira et al. 2015) . Many
years ago, the WHO has defined the cutoff values
for body fat % in male and female obesity as
�25% and �35%, respectively (WHO 1995),
although the topic is controversial and different
values can be found in the literature. Moreover,
technological discrepancies exist regarding body
fat percentage, among bioimpedance analysis and
more direct methods such as DEXA or magnetic
resonance imaging (MRI).

Phenotypically, Asians have a smaller body
frame, based on the wrist circumference or
elbow width, and are shorter in height when com-
pared with Caucasians (Zhang et al. 2005).
Importantly, South Asians feature higher body
fat, lesser lean mass, higher ectopic fat with
higher odds of metabolic obesity when compared
to Caucasians, Hispanics, and other ethnic groups
(Patel et al. 2016). In this purview, cutoff values
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for fat mass and lean mass have been defined by
Misra et al., (Joseph et al. 2011) for Asian
Indians, using the DEXA technique, exclusively
for males and females. Accordingly, the appropri-
ate cutoff values for total body fat (%), fat mass
(kg), total lean mass (%), lean mass (kg), and
fat-free mass (kg) were 25.5, 15.1, 73.7, 46.3,
and 48.8 for males and 38.0, 20.3, 59.0, 32.6,
and 34.8 for females. Corresponding values for
fat arm (%), fat mass arm (kg), fat leg (%), fat
mass leg (kg), fat trunk (%), and fat mass trunk
(kg) were 19.8, 1.4, 21.9, 4.1, 30.1, and 8.8 for
males and 43.3, 3.1, 38.9, 6.9, 38.5, and 9.5 for
females (Joseph et al. 2011).

Based on MRI, appropriate cutoff values for
abdominal adipose tissue compartments have also
been defined for Asian Indians. Accordingly, the
gender-specific cutoff limits for total abdominal
adipose tissue, intra-abdominal adipose tissue,
and subcutaneous abdominal adipose tissue were
245.6 cm2 for males and 203.46 cm2 in females,
135.3 cm2 (male) and 75.73 cm2 (female), and
110.74 cm2 (male) and 134.02 cm2 (female),
respectively. For detection of CV risk factors,
distinct gender differences were seen in ORs for
SCAT [3.54 (95% confidence interval [CI],
1.10–11.46) and 6.6 (95% CI, 1.75–24.85) in
males and females, respectively] but not for
intra-abdominal adipose tissue, a result that
conflicts with other experiences (Misra et al.
2010).

Other Asian Populations

A DEXA-based study on 2798 Japanese
individuals aged between 20 and 79 years deter-
mined cutoff values for fat mass %, truncal fat
mass, and truncal fat mass-leg fat mass ratio.
Accordingly, the cutoff points were 24% for fat
mass %, 8 kg for truncal fat mass and 1.6 for
truncal fat mass-leg-fat mass ratio in males, and
35% (fat mass %) 9 kg (truncal fat mass) and 1.4
(truncal-fat mass ratio) females. WHR and truncal
fat mass/leg fat mass ratio most accurately
detected cardiovascular risk factors (Ito et al.
2003). A bioimpedance-based study on 1687 Sri
Lankan individuals aged above 20.6 years,

determined total body fat % and fat mass index
thresholds of 25.6% and 7.0 kg/m² in men, and
39.0% and 11.9 kg/m² in women, as cutoff values
to detect risk of metabolic syndrome (Ramírez-
Vélez et al. 2017). Subsequently, another study
on Sri Lankans aged between 18.5 and 25.1
kg/m2 validated the International Diabetes Feder-
ation cutoff values for muscle-to-fat ratio to
screen for metabolic syndrome. The cutoff value
of fat-to-muscle ratio for metabolic syndrome was
0.225 kg and 0.495 kg for men and women,
respectively (Ramírez-Vélez et al. 2018).

A cross-sectional study on 383 Chinese
subjects aged between 18 and 24 years and BMI
between 18.5 and 23.9 kg/m2, defined metabolic
obesity as a body fat percentage of > 20% or >
30% in male and female students, respectively.
Individuals with higher body fat had low physical
fitness due to low muscle mass (Zhang et al.
2018). Overall, it is evident that there is potential
health risk for individuals with metabolic obesity.
While there are significant differential effects due
to inter-ethnic differences in comparative studies,
due to methodological variations, confounding
effects of age, gender, and sample sizes, there is
a thrusting need for prospective studies to refine
the diagnostic criteria for different populations
(Franco et al. 2016).

Metabolomic Research
in Normal-weight Obesity

Linoleic acid, β-alanine, histidine, carnitine, and
aspartate/asparagine metabolism pathways are
upregulated in normal-weight obese and over-
weight/obesity adults. Metabolites of lysine, gly-
cine, serine, and the urea cycle were elevated only
in case of overweight/obesity (Bellissimo et al.
2019). A higher profile of branched-chain amino
acids, tyrosine, glutamic acid, and diacyl-
phosphatidylcholines C32:1 and C38:3 was char-
acteristic of normal-weight metabolically obese
subjects, whereas a reduced pattern of
acylcarnitine C18:2 and acyl-
lysophosphatidylcholine C18:1 occurred in the
metabolically healthy obese subjects (Bagheri
et al. 2018).
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Genomic Sequencing

GenomeWide Association Studies (GWAS) raise
the possibility that FTO gene and other loci regu-
late body fat (Huang et al. 2018). Associations
have also been detected for the IRS1, FTO, and
SPRY2 loci, along with nine novel loci (Morris
et al. 2012). One allele at the IRS1 locus was
involved with lower HDL-C, higher TG levels,
and elevated insulin resistance. The effect size for
each allele was �0.20% and �0.06% of body fat
for men and women, respectively. A higher
VAT/SAT ratio resulted in men only. In addition,
adiponectin diminished in men, without changes
of leptin in either gender (Miki et al. 2001). Four
other loci (in or near COBLL1/GRB14, IGF2BP1,
PLA2G6, CRTC1) have been linked to body fat
%. Lower expression of GRB14 in subcutaneous
and omental fat corresponded to one of the
fat-reducing loci. The loci near IRS1 and
PLA2G6 had more impact on men, contrasting
with those close to TMEM18 and CRTC1 which
were more relevant for women (Lu et al. 2016).

Therapeutics and Prevention
of Normal-weight Obesity

A longitudinal follow-up of normal-weight obese
school children revealed increased
cardiometabolic risk in early adulthood, seven
years after diagnosis. In previously published
results from our center, in relatively older
individuals, a significant reduction in some but
not all cardiovascular risk factors occurred
(Wiklund et al. 2017). In another Swedish cohort
of 3010 adults, it was found that normal-weight
obesity was associated with higher levels of
serum triglycerides, low-density lipoprotein cho-
lesterol, C-reactive protein, apolipoprotein B, and
blood pressure, along with lower high-density
lipoprotein cholesterol. In our data, at least two
of these parameters, namely HDL cholesterol and
systolic blood pressure, significantly improved
with lifestyle intervention (Berg et al. 2015).
These findings are pertinent as normal-weight
obesity increases the risk of developing

atherosclerosis and macrovascular disease (Kim
et al. 2015). At this point, it is unclear if
individuals with normal-weight obesity would
respond after a longer duration of lifestyle
change, or they are inherently resistant. The
potential impact of drugs like metformin and
pioglitazone (insulin sensitizers) on improving
the cardiometabolic profile of this unique pheno-
type also deserves attention.

NWO women are to metabolic syndrome
(Marques-Vidal et al. 2010). Higher blood pres-
sure, cholesterol, and fasting blood glucose were
unveiled, when compared to low body fat
counterparts. In the same study elevated leptin,
interleukin-1a, interleukin-1b, and interleukin-8-
levels occurred. In the NHANES III database,
women with normal-weight obesity showed an
independent association with cardiovascular mor-
tality (Romero-Corral et al. 2010b). The associa-
tion was maintained after adjustment for risk
factors such as hypertension, dyslipidemia, and
waist circumference. A more recent study
revealed that with a peer-led lifestyle intervention
only a minimal favourable change in systolic
blood pressure and LDL was noted after 2 years
(Kapoor et al. 2020b).

Conclusion

Normal-weight obesity is an obscure yet a com-
mon disorder prevalent not only in the south
Asian population, but also in other parts of the
world. Little is known about its therapeutic and
prevention aspects. Moreover, the genetic predis-
position of this phenotype needs to be more
extensively explored. Improving the awareness
of this clinical entity among physicians would
promote earlier diagnosis and prevention of its
associated complications.
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Abstract

Childhood obesity is a growing concern,
which may result in major comorbidities, pre-
viously felt to be adult-specific diseases.
Genetics, environment, and behavior count
among the pillars of this condition. Lifestyle
modification is paramount, whereas
indications for metabolic and bariatric surgery
are becoming popular as well for severely
affected adolescents. The scarcity of approved
drugs progressively leads to off-label adjunct
prescriptions in those refractories to diet and
exercise. Comorbidities can persist into later
life- impacting morbidity and mortality.
Besides prevention and treatment of ongoing
problems, long-term sequelae should be
avoided to allow for a long and healthy
adult life.

Keywords

Childhood/adolescent obesity · Lifestyle
modification · Pharmacotherapy · Bariatric
surgery · Obesity-related comorbidities

Pediatric Obesity: A Worldwide
Concern

Obesity is one of the leading chronic diseases
affecting children across the globe and
contributes to increased morbidity across the
lifespan. This complex disease, characterized pri-
marily by excess body weight for height, requires
thorough assessment for etiologies both common
and rare. There are many risk factors for excess
weight gain including genetic profile, prenatal
environments, and postnatal exposures. Though
most treatment options for pediatric obesity have
focused on behavioral modifications to combat
our increasingly obesogenic environments, treat-
ment options for severe obesity have increased
over the last decade, including pharmacological
and surgical options. It is important that obesity
and associated comorbidities are treated and
addressed in the clinical setting to decrease the
persistence into adulthood; however, it is likely
that public health and policy measures will be
most effective in meaningful decreases in pediat-
ric obesity prevalence at the national scale.
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Definitions of Obesity

For children greater than 2 years of age, Body
Mass Index (BMI) percentiles are used to define
pediatric weight status. The raw BMI is an indi-
rect measure of body fat and is calculated as
[weight (kg)/height (m)2]. The CDC percentiles
can be used as outlined in Table 27.1 to determine
weight classification for children 2 years and
older (Flegal et al. 2009).

Pediatric obesity has been redefined, as rates
of severe obesity have increased, where “severe
obesity” is typically defined as either Class II or
Class III obesity. It is helpful to use newly
designed CDC growth charts for children and
adolescents with obesity, to track BMI
trajectories over time (Gulati et al. 2012). Obesity
classifications allow for more precise characteri-
zation of a patient’s degree of excess weight and
also easily convert to adult classifications of obe-
sity (Racette et al. 2017) (Table 27.2).

Epidemiologic Trends

From 1975 to 2016, age-standardized prevalence
of obesity increased in girls from 0.7% to 5.6%
and in boys from 0.9% to 7.8%. Obesity preva-
lence has increased in every region of the world
and has disproportionately affected low-income
regions. Though mean childhood BMIs have
seemed to plateau in high-income countries, it is
apparent that BMIs are continuing to increase
across most of Asia and other lower-income
regions (NCD Risk Factor Collaboration
(NCD-RisC) 2017).

In the United States, overweight and obesity
affect over one in three children aged 2–17 years,
with current obesity prevalence of 17.4%. Rates
of severe obesity have also increased, with 10%
of adolescents having Class II or III obesity using
the NHANES 2013–2014 data (Skinner et al.
2018).

Disparities also exist, such that in highly
developed countries, low income is generally
associated with higher rates of obesity (NCD
Risk Factor Collaboration (NCD-RisC) 2017;
Shrewsbury and Wardle 2008). There are also
racial disparities; African American and Hispanic
youth have higher rates of obesity than white and
Asian Americans (Weaver et al. 2019).

Risk Factors

During the prenatal period, both maternal obesity
and excessive gestational weight gain increase
risk of large for gestational age and neonatal
adiposity (Starling et al. 2015; Goldstein et al.
2017). Maternal smoking during pregnancy can
also increase risk of obesity in childhood (Suzuki
et al. 2009; Dubois and Girard 2006).

In the postnatal period, excessive weight gain
early in life as well as early adiposity rebound has
been shown to increase risk of adolescent obesity,
persistence of obesity into adulthood, and worse
cardiometabolic outcomes (Geserick et al. 2018;
Aris et al. 2019). Breastfeeding has been shown
to decrease risk of obesity, with suggestion that

Table 27.1 Weight classification by BMI percentile for
children aged 2–20

Weight Status CDC BMI Percentile

Underweight <5th Percentile
Normal Weight 5th percentile < 85th percentile
Overweight 85th percentile—< 95th

percentile
Obesity Class I

Obesity
95th percentile—< 120% of the
95th percentile

Severe
Obesity

Class II
Obesity

120% of the 95th percentile—<
140% of the 95th percentile, or
a BMI of 35 (whichever is
lower)

Class III
Obesity

140% of the 95th percentile and
above, or a BMI of
40 (whichever is lower)

Table 27.2 Adult weight classification by BMI

Adult weight classification BMI

Overweight 25.0–29.9
Class I Obesity 30.0–34.9
Class II Obesity 35.0–39.9
Class III Obesity >40

BMI: kg/ m2
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there is a dose-response relationship in protection
(Horta et al. 2015; Gibson et al. 2017).

There are also many risk factors which include
broadly: dietary intake high in energy-dense
foods, fast food consumption, physical inactivity,
excessive screen time, poor sleep, and parenting
styles (Mihrshahi and Baur 2018; Melis Yavuz
and Selcuk 2018; Vos and Welsh 2010).

Primary vs. Secondary Causes
of Obesity

Primary obesity accounts for most pediatric cases
and generally occurs when multifactorial
influences result in excess weight gain. It is
often related to dietary quality, physical inactiv-
ity, psychological factors, and environmental
factors in a manner that affects the ratio of energy
intake to energy expenditure.

Secondary causes of obesity include a wide
variety of underlying disorders that impact a
person’s pathophysiology, leading to excessive
weight gain. Specific medical causes of obesity
are generally related to endocrinopathies, specific
genetic mutations, or syndromic causes, with the
most commonly considered etiologies listed in
Table 27.3. These should be suspected and further
investigated when related findings and clinical
history are present, when weight gain appears to
be severe, or when the presentation does not
support primary obesity.

Note that for many of the genetic and endo-
crine causes of obesity, presence of short stature
and/or developmental delay can be useful
distinguishing features (Table 27.4) (Stipančić
2018). It is notable that neither Melanocortin
4 receptor (MC4R) deficiency nor POMC defi-
ciency is related to decreased height or develop-
mental delay. Defects in MC4R may account for
up to 6% of severe pediatric obesity and are

Table 27.3 Endocrine, monogenic, and syndromic causes of obesity

Endocrine Monogenic Syndromic

• Hypothyroidism
• Cushing disease
• Polycystic ovarian syndrome
• Growth hormone deficiency
• Hypothalamic obesity
• Hypogonadism
• Pseudohypoparathyroidism
• Insulinoma

• POMC deficiency
• Melanocortin 4 receptor deficiency
• Leptin or Leptin receptor deficiency

• Prader-Willi syndrome
• Bardet-Biedl syndrome
• Beckwith-Wiedemann syndrome
• Alstrom-Hallgren syndrome
• Carpenter syndrome
• Cohen syndrome

Table 27.4 Key Findings in Select Secondary Causes of Obesity

Developmental
Delay?

Short
stature? Key Findings

Prader-Willi
Syndrome

X X Hypotonia, hypogonadism, small hands, and feet

Bardet-Biedl
Syndrome

X X Polydactyly, syndactyly, retinitis pigmentosa, hypogonadism,
kidney disorders

Carpenter Syndrome X X Polydactyly, syndactyly, hypogonadism in boys
Cohen Syndrome X X Microcephaly, marked central incisors, long thin fingers
Hypothyroidism X Fatigue, constipation, dry skin, and hair
Growth Hormone
deficiency

X Centripetal obesity, young appearance

Cushing’s Syndrome X Round face, acne, striae, hirsutism, hypertension
Hypothalamic
Obesity

X Signs of increased intracranial pressure, hypopituitarism,
history of neuropathology

Alstrom Syndrome X Blindness, deafness, type 2 diabetes, acanthosis nigricans
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commonly found with accelerated linear growth
and hyperinsulinemia (Farooqi et al. 2003).
POMC deficiency is notable for presence of adre-
nal insufficiency and hypopigmentation
(Stipančić 2018).

Drug-induced Secondary Obesity

Many anti-diabetic medications such as insulin
or sulfonylureas are known to cause weight
gain. Centrally acting antipsychotics,
antidepressants, and antiepileptic medications
are also commonly used in pediatric
populations and may especially lead to weight
gain when used near the time of puberty. Chil-
dren receiving high-dose steroids are also prone
to excessive weight gain. It is important for the
clinician to be aware of these interactions and
to consider weight-neutral options when appro-
priate (Leslie et al. 2007).

Genetic Risk Scores and Epigenetics

Though specific monogenic and syndromic forms
of obesity are detailed in Table 27.3, a person
with primary obesity may still have an increased
risk of obesity due to polygenic factors. Genome-
wide studies have shown that specific genetic
variations are associated with higher BMI, such
that those with the highest risk scores were
25 times as likely to have severe obesity as com-
pared to those with the lowest risk scores. Though
BMI differences based on risk score appear even
by age 3, research is still growing in this and it is
not commonly used in clinical practice (Khera
et al. 2019).

There is also increasing evidence that
epigenetics, such as DNA methylation,
modifications to microRNA, and histone tails,
are important in the development of obesity.
This is especially convincing as more evidence
suggests that perinatal factors, exposure to envi-
ronmental pollutants or obesogens, and specific
gut microbiota affect both epigenetic factors and
obesity risk (Lopomo et al. 2016).

Clinical Evaluation

The clinical evaluation of an obese child includes
a complete history and physical exam directed at
identifying the cause and related comorbidities
(Table 27.5) (Kumar and Kelly 2017; Armstrong
et al. 2016). The 2017 U.S. Preventive Services
Task Force recommends BMI measurement to
screen for obesity in children �6 years; however,
the American Academy of Pediatrics (AAP)
recommends annual plotting of BMI on a growth
chart for all patients 2 years and older (Quattrin
and Wilfley 2017). While no consensus exits
about laboratory screening tests and when to
screen in children with obesity, general
recommendations are summarized in Table 27.5
(Kumar and Kelly 2017; Krebs et al. 2007). Uni-
versal screening with a fasting lipid panel has
been recommended by the US National Heart,
Lung, and Blood Institute 2011 expert panel

Table 27.5 Clinical evaluation of an obese child and
adolescent

History Physical Exam

• Dietary history
• Physical activity
assessment
• Review of medications
• Developmental history
• Sleep history
• Review of systems
• Family history of
obesity and related
comorbidities
• Psychosocial screening

• Measurement of height
and weight for BMI, BMI
percentile, and BMI
z-score calculations
• Blood pressure
measurement with
appropriate sized cuff
• Assessment for
dysmorphic and for
Cushingoid features
suggestive of a primary
cause

Laboratory screening
Overweight (BMI 85th–
95th %)
All:
• Fasting lipid profile
If �10 years AND �1 risk
factor(s)a:
• Fasting blood glucose
or hemoglobin A1c
• Aminotransferases
(AST, ALT)
• Repeat fasting lipid
profile every 2 years

Obese (BMI �95th %)
All:
• Fasting lipid profile
If �10 years regardless of
risk factors:
• Fasting blood glucose
or hemoglobin A1c
• Aminotransferases
(AST, ALT)
• Repeat fasting lipid
profile every 2 years

aRisk factors: elevated blood pressure, elevated lipid
levels, current tobacco use, or family history of obesity-
related diseases
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between 9 and 11 years of age and again between
17 and 21 years of age, although these guidelines
remain controversial (Gillman and Daniels 2012).
Children with clinical evaluation suggestive of a
genetic or endocrine cause or comorbidity may
need additional specific testing.

Lifestyle Interventions

Behavioral changes (engaging the family), die-
tary regimen, and a higher activity level are the
official guidelines (Table 27.6) (Kumar and Kelly
2017; Barlow 2007; Spear et al. 2007). Results
with low glycemic index and low-carbohydrate
diets are similar to those achieved with portion
controlling, yet dropout rate is high (Ebbeling
et al. 2003; Sondike et al. 2003). The
Mediterranean-style diet (MSD) is highly
regarded for grown-ups, inhibiting the advent
and progression of metabolic syndrome (MetSyn)
(Grosso et al. 2014; Babio et al. 2009), and could
be an option for the pediatric age bracket
(Velázquez-López et al. 2014). The low-fructose
diet could attenuate elevated LDL-C and nonal-
coholic fatty liver disease (NAFLD); however,
weight loss did not materialize (Mager et al.
2015). Family involvement in the utilization of
less high calorie density snacks and drinks, and
more nutrient-dense components, could be a

winning strategy (Epstein et al. 1990; Epstein
et al. 1994).

According to the American Academy of Pedi-
atrics (AAP), daily pediatric needs include at least
60 minutes of substantial activities, with no
screen exposure under age 2, and at most
2 hours for older children (Hassink et al. 2015).

For cases with advanced adiposity lifestyle,
corrections are often insufficient (Ryder et al.
2018; Greenway 2015; MacLean et al. 2011);
nevertheless, they alleviate comorbidities
(Savoye et al. 2014; Ryder et al. 2013). The
government, society, and other stakeholders
should join in a common effort to combat the
obesogenic environment and its consequences.

Pharmacotherapy

Pharmacotherapy, in conjunction with lifestyle
modification, may be the next logical step in the
treatment of pediatric obesity refractory to life-
style modification alone (Ryder et al. 2018; Kelly
and Fox 2017; Srivastava et al. 2019). Suggested
BMI criteria for pharmacotherapy initiation in
adolescents include BMI �95th% (or BMI �30
kg/m2, whichever is lower) plus at least one
obesity-related comorbidity; or BMI �120% of
the 95th% (or BMI �35 kg/m2, whichever is
lower) irrespective of comorbidity. There is no
upper BMI threshold for initiation of pharmaco-
therapy. Obesity pharmacotherapy can also be
considered in patients meeting criteria for bariat-
ric surgery; wherein surgery may not be appropri-
ate or possible at that time, or when medications
are recommended as adjunctive therapy
(Srivastava et al. 2019). While there has been a
surge in FDA-approved medications for adult
obesity treatment, pharmacologic options for
obese youth remain limited. Table 27.7 provides
a summary of FDA-approved adult obesity
medications and off-label drug use of medications
in the pediatric obesity population (Srivastava
et al. 2019; Shettar et al. 2017).

Table 27.6 Stepwise approach to weight management in
children and adolescents

Stage 1 Prevention Plus: Lifestyle intervention provided
by a primary care provider
Stage 2 Structured Weight Management: Monthly visits
with a primary care physician and support from a
registered dietician
Stage 3 Comprehensive Multidisciplinarya Intervention:
Intensive weight loss program composed of weekly
visits for a minimum of 8–12 weeks at a pediatric weight
management center
Stage 4 Tertiary Care Intervention: Use of medical diets,
medications, and surgery in addition to Stage
3 interventions

Adapted from Table 8 in Barlow, 2007 (see ref. (Barlow
2007))
aMultidisciplinary team approach includes a medical pro-
vider, registered dietician, exercise specialist, mental
health professional, nurse, and social worker.
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Table 27.7 Summary of FDA-approved adult obesity medications and off-label drug use of medications in the pediatric
obesity population

Drug name MOA FDA indication
Off-label drug
use Side effects

Contraindications
& Warnings

FDA approved
Orlistat Pancreatic and

gastric lipase
inhibitor

Obesity �12yo Not indicated Flatulence, oily
stools, diarrhea,
vitamin/mineral
deficiency

Chronic
malabsorption
syndrome,
cholestasis

Phentermine Sympatho-
mimetic amine

Obesity >16yo
“short term”;
combination
phentermine/
topiramate ER
approved for
long-term
treatment of
obesity in adults

<16yo or long-
term; beneficial
in obesity with
low energy
states, sleep
apnea, hunger,
decreased
satiety

Increases HR,
BP, dry mouth,
insomnia,
constipation,
anxiety,
irritability

Cardiovascular
disease,
hyperthyroidism,
active drug use,
glaucoma, agitated
states

Non-FDA approved
Metformin Activation of

protein kinase
pathway

�10yo for
T2DM

PCOS, insulin
resistance,
prediabetes,
MetSyn,
antipsychotic-
medication-
induced weight
gain, stress
eating/
emotional eating

Bloating,
diarrhea,
flatulence

Hold 48hrs prior
to contrast, lactic
acidosis

Topiramate Modulation of
various NTs

Treatment of
epilepsy >2yo
and migraines
>12yo;
combination
phentermine/
Topiramate ER
approved for
long-term
treatment of
obesity in adults

Weight loss in
adult and
pediatric
patients; useful
adjunct in binge
eating disorders
and weight
regain
postbariatric
surgery

Cognitive
dysfunction,
kidney stones,
metabolic
acidosis,
teratogenic—
adolescents
pregnancy
counseling
(decreased
efficacy of
OCPs)

Inborn errors of
metabolism with
hyperammonemia
and
encephalopathy,
acute myopia and
secondary angle-
closure glaucoma,
rapid withdrawal
can precipitate
seizures,
neuropsychiatric
dysfunction,
metabolic acidosis

Exenatide GLP-1 agonist T2DM in adults <18yo for
polygenic
obesity
(presence of
diabetes,
hypothalamic,
syndromic)

Bloating, nausea
& vomiting,
abdominal pain,
elevation
pancreatic
amylase &
lipase

Post-marketing
reports:
pancreatitis, renal
impairment,
severe GI disease

Liraglutide GLP-1 agonist Saxenda (3mg
dose) approved
for obesity in
adults, Victoza
approved for
T2DM in adults

<18yo Abdominal pain,
nausea &
vomiting,
diarrhea,
potential
hypoglycemia

Post-marketing
reports:
pancreatitis, renal
impairment,
severe GI disease

(continued)
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Table 27.7 (continued)

Drug name MOA FDA indication
Off-label drug
use Side effects

Contraindications
& Warnings

Lisdexamfetamine Central nervous
system stimulant

�6yo for
ADHD, short-
term use of
binge eating
disorder in
adults

Beneficial for
younger
children with
ADHD and
obesity or binge
eating disorder

Anorexia,
decreased
appetite,
decreased
weight, diarrhea,
dizziness, dry
mouth,
irritability,
anxiety,
insomnia,
nausea &
vomiting,
abdominal pain

Serious
cardiovascular
reactions such as
sudden death, BP
and HR increases,
psychiatric
adverse reactions,
suppression of
growth, peripheral
vasculopathy
(Raynaud’s),
serotonin
syndrome with
serotonergic
agents

No pediatric data
Lorcaserin 5-hydroxy-

triptamine-
Receptor (R) 2C
agonist

Long-term
treatment of
obesity in adults

<18yo with
obesity

Headache,
dizziness,
fatigue, dry
mouth,
constipation,
headache, back
pain, cough in
diabetes patients

Serotonin
syndrome or
neuroleptic
malignant-like
syndrome when
co-administered
with other
serotonergic or
anti-dopaminergic
agents,
discontinue with
signs of valvular
heart disease

Naltrexone/
bupropion SR

Blockade of
opioid-R-
mediated
POMC auto-
inhibition/
selective
inhibition of
reuptake of
dopamine and
nor-adrenaline

Long-term
treatment of
obesity in adults

Children and
adolescents:
warning for
increased
suicidal ideation

Nausea,
constipation,
headache,
dizziness,
insomnia, dry
mouth, diarrhea

Uncontrolled
HTN, seizures,
anorexia nervosa,
bulimia, active
alcohol or chronic
opioid use, angle-
closure glaucoma,
increase suicidal
thought, and
ideation

Pending new FDA approval
Setmelanotide Melano-cortin-4

receptor agonist
Phase 3 trials for
monogenic
obesity, FDA
approval
pending for
monogenic
obesity in adults
and children

None; will be
approved for
pediatric
patients as well

Dry mild
induration at
injection site,
darkening of
skin nevi

Caution use in
structural heart
disease and
arrhythmias
because of
potential to
increase HR and
BP

Adapted from Table 3 in Srivastava et al., 2019 (see ref. (Srivastava et al. 2019))
MOA: mechanism of action; HR: heart rate; BP blood pressure; T2DM: type 2 diabetes mellitus; NTs: neurotransmitters;
GLP: glucagon-like 1 receptor; POMC: proopiomelanocortin; OCPs: Oral contraceptives;
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Metabolic and Bariatric Surgery

Metabolic and bariatric surgery (MBS) is cur-
rently the most effective sustainable method for
weight loss and comorbidity management in chil-
dren/adolescents with severe obesity. According
to the most recent guidelines by the American
Society for Metabolic and Bariatric Surgery
(ASMBS) published in 2018, and the AAP
guidelines published in 2019, bariatric surgery

should be considered for adolescents ages 10–18
years (ASMBS) and � 13 years (AAP) Class III
obesity (BMI 140% > 95th percentile) without
any comorbidities, or Class II obesity (BMI 120%
> 95th percentile) with severe comorbidities
(Table 27.8) (Pratt et al. 2018; Armstrong et al.
2019; Inge et al. 2019; Amin et al. 2017; Manco
et al. 2017). The current procedures utilized in
adolescents include the Roux-en-Y gastric bypass
(RYGB) and the vertical sleeve gastrectomy
(VSG).

Initially, the mechanical and digestive effects
of the surgeries (restriction and malabsorption)
were the primary considerations, but it is now
known that hormonal regulation and metabolism
are altered as well (Akkary 2012; Peterli et al.
2012). MBS disrupts hormonal signals between
the gastrointestinal tract, the brain stem, and the
hypothalamus (Akkary 2012; Peterli et al. 2012).
Additionally, MBS impacts the physiological reg-
ulation of weight through the alteration of food
intake, food absorption, appetite and satiety,
energy balance, and behavioral response to food
(Table 27.9) (Akkary 2012; Shikora et al. 2007).

RYGB was first performed as an open proce-
dure in 1967 and until 2014, was the most com-
mon MBS operation in adults and adolescents
(Abraham et al. 2016). The mechanism of the
RYGB for weight loss includes restriction, mal-
absorption, and hormonal changes. A small
pouch (20–30 mL) is created (restriction)
bypassing >90% of the stomach, and the proxi-
mal intestine including the duodenum and the
common bile duct. A Roux limb of intestine is
created connecting the pouch to the jejunum

Table 27.8 Comorbidity indications for metabolic bariat-
ric surgery and surgical outcomes

Comorbidities
% Remission at
5 years

Type 2 diabetes, prediabetes, insulin
resistance

86 (Inge et al.
2019)

Hypertension
Low HDL
High triglyceride

68 (Inge et al.
2019)
78 (Inge et al.
2019)
81 (Inge et al.
2019)

Obstructive Sleep Apnea with apnea/
hypopnea index (AHI) � 5

60 (Amin et al.
2017)

Idiopathic intracranial hypertension
(pseudotumor cerebri)
Nonalcoholic fatty liver disease and
nonalcoholic steatohepatitis

85 (Manco et al.
2017)

Gastroesophageal reflux disease
Slipped capital femoral epiphysis
(SCFE) or Blount’s disease
Impaired quality of life

Pratt et al. (2018), Inge et al. (2019), Amin et al. (2017),
Manco et al. (2017)
Remission informed whenever available; Blount’s disease:
tibia bowing, bowed legs

Table 27.9 Influence of metabolic bariatric surgery on gut hormones that influence appetite and satiety

Hormones
Pathway
location

Hormone effect on
appetite

RYGB
effect on
hormones

VSG
effect on
hormones

AGB
effect on
hormones

Ghrelin V, BS, HT " # # ""
GLP-1 V, BS, HT # " " No Δ
PYY V, BS, HT # " " No Δ
PPP V, BS # " " No Δ
CCK V, BS, HT # No Δ " No Δ
Adapted from Table 2 in Akkary, 2012 (see ref. (Akkary 2012))
RYGB: Roux-en-y gastric bypass; VSG: vertical sleeve gastrectomy; AGB: adjustable gastric band; GLP-1: glucagon-
like peptide 1; PYY: peptide YY, PPP: pancreatic polypeptide; CCK: cholecystokinin; V: vagus nerve; BS: brain stem;
HT: hypothalamus;
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(Fig. 27.1) (Göthberg et al. 2014). Bypassing the
majority of the stomach and proximal intestine
causes malabsorption, including carbohydrates
and fat. Additionally, multiple hormones are

affected to increase satiety (Table 27.9) (Akkary
2012). RYGB results in approximately 30% total
weight loss or 70% excess weight loss. Excess
weight loss is the pre-surgery weight—the weight
loss divided by the ideal body weight
(or BMI¼25), depending on the source.

A relatively common side effect of RYGB is
dumping syndrome, sometimes precipitated by
high carbohydrate and fat consumption, and fea-
turing diarrhea, hypotension, presyncope, and
nausea (Göthberg et al. 2014). These symptoms
decrease over time, but diarrhea to some degree
can persist. Other risks include small bowel
obstruction, hernia, overstretching the pouch,
and occasionally the need for revisional surgery,
especially if weight regain refractory to prescrip-
tion drugs is detected after some time.

VSG removes 75–80% of the stomach and is
currently the most common procedure (80% in

Fig. 27.1 Roux-en-Y gastric bypass (left) and vertical
sleeve gastrectomy (right)

Table 27.10. Nutritional deficiencies, as a complication of metabolic bariatric surgery

Procedure Type RYGB, VSG RYGB RYGB

Site of nutrient absorption in GI Tract Stomach Duodenum Jejunum Ileum
Vitamins & Minerals Water aCalcium aCalcium Vitamin C

Copper aIron aIron Folate
Iodide Phosphorus aZinc bVitamin

B12
Fluoride Magnesium Phosphorus Vitamin D
Molybdenum Copper Magnesium Vitamin K
(Intrinsic
factor)

Selenium Thiamine Magnesium

Thiamine Riboflavin (Bile salts)
Riboflavin Niacin
Niacin Biotin
Biotin Folate
Folate Vitamins A, D, E, K
Vitamins A, D, E, K Vitamin C

Vitamin B6
Manganese
Chromium
Molybdenum
Amino acids

Adapted from Table 2 and Figure 4 in Shikora et al., 2007 (see ref. (Shikora et al. 2007))
Vitamin and mineral supplementation for life is advised after all bariatric and metabolic procedures. Dosage should be
higher for malabsorptive than restrictive modalities.
VSG: vertical sleeve gastrectomy—vitamin B12 deficiency due to the lack of the production of intrinsic factor and
fluoride deficiency. Additional vitamin supplementation is recommended due to limited intake of food and possible rapid
transit of food during digestion.
aRequires hydrogen chloride (HCL) for absorption
bAffected secondary due to decreased intrinsic factor production
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some countries) performed in adults and
adolescents. VSG results in approximately 30%
weight loss (Fig. 27.1) (Parrott et al. 2017). VSG
restricts the amount of food that can be con-
sumed, decreases ghrelin secretion significantly,
and results in alterations of other hormonal
pathways (Table 27.9) (Akkary 2012; Peterli
et al. 2012). VSG is associated with fewer
nutritional complications compared with the
RYGB, but still requires monitoring for vitamin
deficiencies long-term (Table 27.10) (Shikora
et al. 2007). Specific side effects include leak
and stricture. Side effects for all bariatric
procedures include deep vein thrombosis and pul-
monary emboli. Weight loss and improvements in
obesity-related comorbidities are similar with
both mentioned interventions (Table 27.8) (Pratt
et al. 2018; Armstrong et al. 2019; Inge et al.
2019; Amin et al. 2017; Manco et al. 2017).
Weight regain can happen in 25% of patients for
either procedure, which generally responds to
weight loss medication. MBS should be consid-
ered in adolescents with severe obesity.

Comorbidities and Long-term
Follow-up

A child who is overweight or obese is at increased
risk for several comorbidities in the short and
long term. The severity of these comorbidities,
particularly cardiometabolic, directly correlates
with obesity severity (Kumar and Kelly 2017;
Skinner et al. 2015). Key cardiometabolic and
non-cardiometabolic risks of childhood obesity
are described. These patients require long-term
follow-up to screen for and, in some cases, to
ultimately manage these comorbid conditions.

Cardiovascular Risk

More humans die from cardiovascular disease
(CVD) than from any other cause (Mozaffarian
et al. 2015), and premonitory endothelial lesions
are documented in early childhood. Excessive
adiposity and disturbed lipid profile precipitate
precocious CVD. Recognized risks occur in

most adolescents with excessive body weight,
and one in ten accumulates three or more factors
(Daniels 2009; Freedman et al. 1999; Steinberger
et al. 2009).

Natural History of Atherosclerosis

Fatty streaks in the intima of the aorta can be
identified even in infants and although many dis-
appear, progression to fibrous plaques and clini-
cal complications cannot be ruled out
(Magnussen et al. 2009), as revealed by the clas-
sic Bogalusa Heart Study (Berenson et al. 1998)
and Muscatine Study, both including long-term
follow-up (Mahoney et al. 2001). Carotid intima-
media abnormalities and deranged endothelial
response have similarly been demonstrated in
later years (Freedman et al. 2004; Urbina et al.
2009; Urbina et al. 2010).

Higher cardiac output and blood volume can
follow as well, along with sleep apnea and
hypoventilation, which do not bode well for
heart and lung physiology (Speiser et al. 2005).
Left ventricular mass also increases in obese
youth, irrespective of systemic hypertension
(Urbina et al. 2009; Yoshinaga et al. 1995;
Daniels et al. 1998), potentially aggravating
CVD morbidity and mortality (Flynn and Alder-
man 2005).

Dyslipidemia

Excessive body weight in adolescence mostly
continues in later life (Freedman et al. 2007;
Juonala et al. 2008), and a deranged lipid profile
is common (Kit et al. 2015), usually defined by
combined dyslipidemia of obesity (CDO). CDO
aberrations include hypertriglyceridemia with
less prominent deviation of LDL cholesterol
than seen in older ages, yet with small, dense
particles. One-third of sixth graders with exces-
sive adiposity exhibited TG/HDL-C ratio > 3.0,
and 11.2% had a non-HDL-C >145 mg/dL
(Mietus-Snyder et al. 2013).

Future propensity toward myocardial infarc-
tion and/or death from CVD has been predicted
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on the basis of a CDO (Robins et al. 2011) or
similar pattern (Morrison et al. 2012).

Management of Dyslipidemia

Diet and physical exercise are mainstays of lipid
profile correction, especially when counseling for
the whole family is provided by a dietitian
(National Heart L and BI 2012). When excessive
body weight is simultaneously diminished, all age
brackets are benefited (Nemet et al. 2005; Kirk
et al. 2012; Ebbeling et al. 2007; Ebbeling et al.
2012; Meyer et al. 2006). Simple sugars and
easily hydrolyzed starches are closely linked to
triglyceride concentration (Sondike et al. 2003;
Ebbeling et al. 2007; Pieke et al. 2000; Pereira
et al. 2004), and reduction could also lead to
better weight control (Dornas et al. 2015). Fiber
and low-mercury fish should be encouraged
instead (2X week). Pharmacological agents
should basically be considered for refractory
cases (De Ferranti et al. 2019).

Hypertension

Blood pressure< 90th percentile for age, sex, and
height should always be sought (National Heart L
and BI 2012). Values up to the 95th percentile for
systolic or diastolic measurements (> 120/80 for
adolescents) point toward prehypertension,
whereas higher readings confirm the clinical con-
dition. As with adults, three similar findings are
required to establish diagnosis.

Excessive body weight predisposes to the con-
dition, and weight loss ameliorates it (Haynes
1986; Rocchini et al. 1988). Sodium, caffeine,
and fat foods are deemed deleterious, contrasting
with potassium, calcium, and magnesium (He and
MacGregor 2006; Dwyer et al. 1998; Sinaiko
et al. 1993; Knuiman et al. 1988; Falkner et al.
2000; Simons-Morton et al. 1997).

Salty Foods

Commercial and industrial food carry the largest
share of sodium intake, not domestic seasoning,
and not more than 1.2 g/day (ages 4–8) or 1.5
g/day (> 8 years old) is allowed (Appel et al.
2006).

The Dietary Approaches to Stop Hypertension
(DASH) diet, notably with sodium restriction, is a
highly regarded option for grown-ups (Sacks
et al. 2001). Young children with reduced con-
sumption of fruits, vegetables, and low-fat dairy
foods are prone to hypertension (Moore et al.
2005). Among teenagers, the DASH protocol
has also conducted to less deranged systolic
blood pressure (Couch et al. 2008).

Semi-vegetarian Diets

More recently, the adoption of a plant-based, no
meat, and no added fat diet was shown to signif-
icantly decrease systolic blood pressure (along
with other cardiovascular risk factors), in a small
cohort of children compared to baseline
(Macknin et al. 2015). Indeed, dietary changes
can significantly impact cardiovascular risk
factors in youth.

Insulin Resistance/Type 2 Diabetes

Glucose homeostasis is determined by beta-cell
insulin secretion and the response to insulin in
peripheral tissues, including the liver, skeletal
muscle, and adipose tissue (Vidal and Kahn
2001). Insulin resistance (IR) refers to the state
of reduced tissue response to insulin-mediated
glucose metabolism (Levy-Marchal et al. 2010).
In the setting of reduced tissue sensitivity, insulin
secretion must increase to preserve euglycemia
(Bergman et al. 1985). Abnormalities of glucose
homeostasis may occur when insulin secretion is
not adequate to compensate for the degree of IR
(Arslanian et al. 2018a). IR is one of the key
components for the development of type
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2 diabetes (T2D), and it is strongly associated
with obesity (Abrams et al. 2013).

Measurement of insulin sensitivity in children
can be done by several methods. The
hyperinsulinemic-euglycemic clamp is consid-
ered the gold standard (DeFronzo et al. 1979). It
consists of a predetermined insulin infusion deliv-
ered simultaneously with a glucose infusion, with
the goal of maintaining the glucose concentration
at a “clamped” fasting level (Ighbariya and Weiss
2017; Brar et al. 2013). Clamps are expensive,
time-consuming, and invasive, and are used
mainly for research purposes (Levy-Marchal
et al. 2010; Ighbariya and Weiss 2017; Brar
et al. 2013). The frequently sampled intravenous
glucose tolerance test (FSIGT) is an alternative
method validated in children, that is based on
serial insulin and glucose levels after an intrave-
nous glucose administration (Brar et al. 2013).
Simpler surrogate measures have been developed
using oral glucose tolerance tests (Matsuda
Index), and fasting samples such as the Homeo-
static model for assessment of IR (HOMA-IR)
(Ighbariya and Weiss 2017). HOMA-IR has
been validated in obese children and adolescents
with prediabetes and T2D (Brar et al. 2013;
George et al. 2011).

Adolescents experience a characteristic phase
of reduced insulin sensitivity during Tanner stage
II-IV, followed by recovery by Tanner stage V
(Moran et al. 1999). The mechanism of this phe-
nomenon is not completely understood and may
involve changes in body composition and
variations in growth hormone secretion (Amiel
et al. 1986; Goran and Gower 2001; Moran
et al. 2002). The reduced insulin sensitivity seen
in adolescents worsens in the presence of excess
adipose tissue (Abrams et al. 2013). A dramatic
increase in the prevalence of pediatric obesity has
contributed to the escalating incidence of T2D in
this population (Collaboration et al. 2017;
Arslanian et al. 2018b; Mayer-Davis et al.
2017). Mayer-Davis et al (2017) reported a
7.1% annual increase in the incidence of T2D
among youths 10–19 years of age during
2011–2012, compared to 2002–2003 (Mayer-
Davis et al. 2017).

Severity of Adolescent T2D

There is evidence that youth-onset T2D has a
more rapid progression and increased prevalence
of complications in comparison with adult-onset
T2D (Arslanian et al. 2018b; Hannon and
Arslanian 2015; Levitt Katz et al. 2011; McKay
et al. 2012). For those reasons, screening for
glucose abnormalities is important to identify
children at risk and subsequently to implement
early interventions that can modify progression.
The American Diabetes Association (ADA)
recommends to screen for prediabetes and/or
T2D in asymptomatic children and adolescents
(after onset of puberty or after age 10), who are
overweight or obese (BMI �85th % for age and
sex) and have 1 or more additional risk factors
including: (1) first- or second-degree relative with
T2D, (2) minority race or ethnicity, (3) signs of IR
(acanthosis nigricans) or comorbidities such as

Table 27.11 Diagnostic criteria for prediabetes and dia-
betes (Arslanian et al. 2018a)

Prediabetes
• HbA1C 5.7% to 6.5% (39 to 48 mmol/mol)a

• Fasting glucose �100 but <126 mg/dL (�5.6 but
<7.0 mmol/L).
• OGTTb: 2-hour plasma glucose �140 but <200
mg/dL (�7.8 but <11.1 mmol/L)
Diabetes
• HbA1C >6.5% (>48 mmol/mol)a

OR
• Fasting plasma glucose �126 mg/dL (7.0 mmol/L)
OR

• OGTTb: 2-hour plasma glucose �200 mg/dL (11.1
mmol/L)
OR

• Symptoms of hyperglycemia (polyuria, polydipsia,
polyphagia) plus a random plasma glucose �200 mg/dL
(11.1 mmol/L)
aThe test should be performed in a laboratory using a
method that is NGSP certified and standardized to the
DCCT assay
bThe test should be performed as described by the World
Health Organization, using a glucose load containing the
equivalent of 1.75 mg/kg (maximum 75 g) anhydrous
glucose dissolved in water
Fasting is defined as no caloric intake for at least 8 hours
HbA1C: hemoglobin A1C; OGTT: oral glucose tolerance
test; NGSP: national glycohemoglobin standardization
program; DCCT: diabetes control and complications trials;
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hypertension, dyslipidemia, polycystic ovarian
syndrome, or (4) mother with history of diabetes
or gestational diabetes during child’s pregnancy
(ADA 2019).

Pediatric Prediabetes

Prediabetes refers to a condition of blood glucose
above normal, however not at the level consid-
ered diagnostic for diabetes (Table 27.11)
(Arslanian et al. 2018a; Khokhar et al. 2017).
Whereas in adults, the progression from predia-
betes to overt T2D occurs gradually in about 5–10
years; in obese youth, this transition may only
take 2.5 years (Weiss et al. 2005). Lifestyle and
drug-based interventions can restore glucose to
normal levels and decrease the risk for diabetes
in adults; however, large-scale data in youth are
limited (Khokhar et al. 2017; Knowler et al.
2002). The Diabetes Prevention Program (DPP)
was a large randomized clinical trial conducted on
adults with prediabetes that demonstrated a sig-
nificant reduction in the risk for T2D with inten-
sive lifestyle changes and treatment with
Metformin (Knowler et al. 2002). The
HEALTHY study trial of nutrition, physical edu-
cation, and behavior change in middle school
children showed significant reduction in obesity
and mean insulin level (Foster et al. 2010).

Metabolic Syndrome

The concept of a group of metabolic disorders
associated with increased risk for cardiovascular
disease was postulated since the 1920s (Eckel
et al. 2005). Gerald Raeven in 1988 introduced
the term “syndrome X” and recognized IR as the
common feature (Reaven 1988). Central obesity
was not included as part of the syndrome until the
late 1940s, and the term “metabolic syndrome”
was preferred as the unifying definition (Eckel
et al. 2005). The International Diabetes Federa-
tion defines metabolic syndrome (MetSyn) in
adults as central obesity (ethnicity specific and
measured by waist circumference unless BMI
>30 mg/m2) plus any two of the following: 1)

Table 27.12 Diagnostic criteria for metabolic syndrome
in children and adolescents

Authors 3 or more criteria

Cook et al.
(2003)

• Waist circumference �90th
percentile
• Systolic or diastolic blood
pressure �90th percentile
• Triglycerides �1.24 mmol/L or
HDL-C �1.03 mmol/L
• Fasting glucose �6.11 mmol/L

Cruz and Goran
(2004)

• Waist circumference �90th
percentile
• Blood pressure �90th percentile
• Triglycerides �90th percentile or
HDL � 10th percentile
• Glucose intolerance (ADA
criteria)

Weiss et al.
(2004)

• BMI z-score �2.0
• Blood pressure >95th percentile
• HDL <5th percentile
• Triglycerides >95th percentile
• Glucose intolerance (ADA
criteria)

De Ferranti
et al. (2004)

• Waist circumference >75th
percentile
• Blood pressure >90th percentile
• Triglycerides �1.1 mmol/L or
HDL <1.2 mmol/L (girls), <1.3
mmol/L (boys
• Fasting glucose �6.1 mmol/L

Viner et al.
(2005)

• BMI �95th percentile
• Systolic blood pressure �95th
percentile
• Triglycerides �11.69 mmol/L or
HDL �0.91 mmol/L or total
cholesterol �95th percentile
• Insulin �104.2 pmol/L or fasting
glucose �5.55 mmol/L

Zimmet et al.
(2007)

• Waist circumference �90th
percentile
• Systolic blood pressure �130 mm
Hg or diastolic blood pressure
�85 mm Hg
• Triglycerides �1.7 mmol/L or
HDL �1.03 mmol/L
• Fasting glucose �5.6 mmol/L

Ahrens et al.
(2014)

Monitoring level (action level)
• Waist circumference�90th (95th)
percentile
• Systolic/Diastolic blood pressure
�90th (95th) percentile
• Triglycerides >90th (95th)
percentile or HDL �10th (5th)
percentile
• HOMA-IRa �90th (95th)
percentile or fasting glucose �90th
(95th) percentile

aHomeostatic model assessment of insulin resistance
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Raised Triglycerides �150 mg/dL (1.7 mmol/L),
2) Reduced HDL cholesterol < 40 mg/dL (1.03
mmol/L) in males < 50 mg/dL (1.29 mmol/L) in
females, 3) Raised blood pressure systolic BP
�130 or diastolic BP �85 mm Hg, and 4) Raised
fasting plasma glucose (FPG) � 100 mg/dL (5.6
mmol/L) (Alberti et al. 2006).

Several expert groups have established diag-
nostic criteria for MetSyn in adults; however,
there is lack of consensus regarding a definition
in children and adolescents. The scientific inter-
est to adapt a definition for children grew with
the recognition of the remarkable increase in
pediatric obesity worldwide (Collaboration
et al. 2017). Despite conflicting definitions
(Table 27.12), most authors agree that the key
components are abnormalities in glucose metab-
olism, central obesity, hypertension, and
dyslipidemia (Cook et al. 2003; Cruz and
Goran 2004; Weiss et al. 2004; De Ferranti
et al. 2004; Viner et al. 2005; Zimmet et al.
2007; Ahrens et al. 2014).

Visceral and ectopic fat deposition are
hallmarks in the pathogenesis of the MetSyn.
Lipid accumulation in the liver stimulates secre-
tion of adipocytokines and consequently activa-
tion of inflammatory pathways (Magge et al.
2017; Bussler et al. 2017). It has been postulated
that this low-grade inflammatory state may
explain the IR and endothelial dysfunction seen
in the MetSyn (Yudkin 2007).

Recently, the focus on MetSyn has shifted
toward differentiating it as a distinct pathophysi-
ology or a cluster of cardiometabolic risk factors
(Kahn et al. 2006; Bayturan et al. 2010). Some
studies showed that the CVD progression and
mortality in patients with MetSyn are driven by
its individual components rather than by the pres-
ence of the syndrome itself (Bayturan et al. 2010;
Wang et al. 2007).

This new approach may be particularly impor-
tant in the pediatric population for which there is
less evidence on the definition and utility of the
syndrome. In pediatrics, intensive interventions
should target children with multiple component
risks who are in great need of risk reduction
(Magge et al. 2017).

Polycystic Ovarian Syndrome

Polycystic Ovarian Syndrome (PCOS) is a heter-
ogenous endocrine disorder that affects a signifi-
cant proportion of reproductive-aged women,
including adolescents. It is defined by a combina-
tion of clinical features of androgen excess (hir-
sutism, moderate-severe acne), ovarian
dysfunction (oligo-ovulation), and/or polycystic
ovarian morphology that are not otherwise
explained (Escobar-Morreale 2018). Addition-
ally, PCOS is associated with metabolic disorders

Table 27.13 Diagnostic Criteria for PCOS in Adult
Women and Adolescents

Adult women
National Institutes of Health (NIH) criteria (1990)
Requires both criteria:
• Oligo-ovulation/anovulation
• Clinical and/or biochemical signs of
hyperandrogenism
Rotterdam Criteria (2003)a

Requires 2 criteria:
• Oligo-ovulation/anovulation
• Clinical and/or biochemical signs of
hyperandrogenism
• Polycystic ovaries (by ultrasound)
Androgen Excess Society (2006)
Requires both criteria:
• Clinical and/or biochemical signs of
hyperandrogenism
• Oligo-ovulation/anovulation and/or polycystic
ovaries
Adolescents
Amsterdam Criteria (2012)
Requires all three criteria:
• Oligo-ovulation/anovulation
• Clinical and/or biochemical signs of
hyperandrogenism
• Polycystic ovaries (by ultrasound)
Endocrine Society Criteria (2013)
Requires both criteria:
• Oligomenorrhea
• Clinical and/or biochemical signs of
hyperandrogenism
Pediatric Endocrine Society Criteria (2015)
• Abnormal uterine bleeding pattern
– Abnormal for age or gynecological age
– Persistent for 1–2 years

• Evidence of hyperandrogenism
– Persistent elevated testosterone levels
– Moderate-severe hirsutism
– Moderate-severe inflammatory acne vulgaris
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including T2D, obesity, dyslipidemia, hyperten-
sion, and MetSyn (Tehrani and Amiri 2019).

PCOS is caused by a complex interaction
between genetic and environmental factors
(Rosenfield 2015; Witchel et al. 2019). IR plays
an important role in the pathogenesis of PCOS
and is seen in both lean and obese women
(Tehrani and Amiri 2019; Witchel et al. 2019).

There is consensus for diagnostic criteria of
PCOS in adult women (Table 27.13). Diagnosis
in adolescents becomes problematic as some of
the features (menstrual irregularities, acne, mild
hyperandrogenism, or multifollicular ovarian
morphology) can be seen in normal pubertal
development (Witchel et al. 2019). In addition,
symptoms of PCOS are often evolving and may
not be clearly evident in adolescents
(Table 27.13). A comprehensive assessment of
the history, physical exam, and laboratory data
is important to identify the adolescents at risk
for PCOS, and if indicated, to initiate treatment
that can significantly impact their quality of
life.

Nonalcoholic Fatty Liver Disease
(NAFLD)

Within a few decades, this has become the num-
ber one chronic liver condition for all age
brackets (Wong et al. 2015), although the impact
on children with excessive adiposity is still not
well established (1.7–85%). One pediatric case in
four displays nonalcoholic steatohepatitis
(NASH), a more inflammatory modality which
can advance to cirrhosis (7–10%) and even
require transplantation (Molleston et al. 2002;
Rubinstein et al. 2008). Alanine aminotransferase
increase (boys: ALT�50 mg/dL, girls: ALT�44
mg/dL) at age �10 years has been employed as a
screening tool in populations with increased adi-
posity, only severe cases requiring biopsy (Vos
et al. 2017). There is more experience with imag-
ing tools such as Fibroscan in adults than in
children (Xanthakos et al. 2017).

NAFLD Management

Healthier food intake and weight loss are advised
(Nobili et al. 2006; Nobili et al. 2008), even
though no particular diet has been adopted
(Ramon-Krauel et al. 2013). Elimination of high
sugar drinks looks promising (Ebbeling et al.
2012; De Ruyter et al. 2012), along with aerobic
and resistance exercise (Lee et al. 2012). Prescrip-
tion of obeticholic acid for adults was beneficial
(Younossi et al. 2019), and an FDA new drug
application for alleviation of fibrosis in adults
(NASH) has been accepted. Within the 8–17 age
bracket, Metformin was disappointing whereas
Vitamin E was beneficial for histology, however
not for liver enzymes (Lavine et al. 2011). Other
pharmacologic protocols are going on (Konerman
et al. 2018), and metabolic/bariatric surgery could
also be an alternative for adolescents with exces-
sive adiposity and NASH.

Non-cardiometabolic Comorbidities

Obstructive Sleep Apnea (OSA)

Childhood obesity is associated with a much
higher prevalence of OSA (Spilsbury et al.
2015). Anderson et al. recently showed OSA
prevalence of 44.6% in overweight/obese chil-
dren compared with 9.1% in those normal weight
(Andersen et al. 2019). The rate of weight gain is
an important predictor of severe OSA. A retro-
spective cohort study showed that yearly change
in weight among obese adolescents with severe
OSA was significantly higher than those without
severe OSA (Johnson et al. 2019). While
adenotonsillectomy is effective at reversing fail-
ure to thrive in OSA, it is not as effective at
treating obesity-associated OSA, for which new
and different treatment options need to be consid-
ered (Keefe et al. 2018).

Musculoskeletal (MSK) issues
Obese children tend to reduce their level of phys-
ical activity and have an increased risk of MSK
injuries and pain. Contributing factors include
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gait/postural impairments, increased load/impact
to the lower extremities and back, lower extrem-
ity malalignment, and reduced bone mineral den-
sity (Chan and Chen 2009; Steinberg et al. 2018).
This is illustrated by a study showing obese chil-
dren walk with increased patellofemoral loads,
enhancing risk of developing chronic knee pain
(Kim et al. 2019). Obese children should be
screened for these biomechanical factors prior to
any exercise program to reduce risk for future
MSK issues (Steinberg et al. 2018).

Vitamin D (VitD) deficiency
VitD deficiency has been reported in 34% and
49% of obese and severely obese children,
respectively. Low 25-hydroxy-Vitamin D
(25-OHD) in obese may be explained by inade-
quate dietary consumption, decreased sun expo-
sure, and trapping of 25-OHD in adipose tissue
(Nowicki et al. 2019; Corica et al. 2019). The
bone/calcemic effects of VitD are well known,
and more recently, the non-bone/non-calcemic
effects have been better elucidated. VitD plays
an essential role in the regulation of glucose
homeostasis, insulin secretion mechanisms, and
inflammation associated with obesity (Zakharova
et al. 2019). Low 25-OHD has been shown to
negatively influence beta-cell function and insulin
sensitivity in obese nondiabetic children (Corica
et al. 2019). Higher cholecalciferol doses are
likely needed to achieve serum 25-OHD targets
in obese children (Zakharova et al. 2019).

Psychological Impact and Considerations
Youth with obesity are more likely than their
average-weight peers to experience weight-
related stigma, bullying, depression, anxiety,
low self-esteem, and difficulty with self-
regulation including attention deficit hyperactiv-
ity disorder (ADHD) (Zeller et al. 2004). Family
and parental characteristics play an important role
in overweight and obesity in children. Poor fam-
ily communication and high family conflict are
linked to overeating and obesity in children.
Maternal depression, overly permissive or overly
restrictive parenting practices, and high parental
distress about their child’s weight are associated
with obesity in children. On the other hand,

authoritative parenting styles, characterized by
high expectations, warmth, and responsiveness
are associated with healthier eating habits and
average weight in children (Halliday et al.
2014). Parental modeling of healthy lifestyle
behaviors is an important indicator of child and
adolescent health behaviors.

Mental health diagnoses, such as autism spec-
trum disorder, ADHD, depression, and anxiety,
are more common in obese children. Such con-
cordant diagnoses can significantly interfere with
patient/family adherence to weight management
interventions. Appropriate behavioral health
referrals for mental health diagnoses are impera-
tive to the success of any weight management
intervention (Small and Aplasca 2016). Even if
a child does not meet criteria for a specific mental
health diagnosis, it is important to take the child
and family psychosocial functioning into account,
as the most effective interventions for weight
management center around behavior modifica-
tion. Common barriers to lifestyle modification
adherence include child disruptive behavior,
emotional eating, conflict around food, and food
sneaking behaviors. Therefore, the most effective
multidisciplinary weight management programs
are those who have the support of behavioral
health professionals, who focus on the child’s
self-esteem and quality of life without negatively
impacting family functioning (Ward et al. 2012).

Ongoing Studies and Future
Perspective

As rates of pediatric obesity remain high globally,
we are beginning to see consequences affect the
health of whole populations. Obesity that persists
into adulthood is associated with decreased qual-
ity of life, higher morbidity, and shorter life
expectancy (Grover et al. 2015). For this reason,
public health interventions that focus on obesity
prevention should be prioritized, including policy
measures that improve food and beverage adver-
tising practices to children, sugar-sweetened bev-
erage taxation, and strengthening school food and
physical activity policies, all of which have
shown promise in various settings (Kelly et al.
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2010; Yoshida and Simoes 2018; Wharton et al.
2008).

Addressing pediatric obesity in the clinical
setting continues to evolve with increased use of
medication and surgical treatment as outlined
above for severe cases, and a growing body of
research supporting optimal use. There is also
significant ongoing research on the use of health
technologies in treatment, including mobile-
health tools, activity, and nutrition tracking
applications (Turner et al. 2015; Quelly et al.
2016).

There is also much interest in time-restricted
feeding and intermittent fasting in treatment of
adult obesity and comorbidity management; how-
ever, research in adolescents is limited (Stockman
et al. 2018). It is also recommended that all obe-
sity interventions directed at children and
adolescents be conducted with the utmost sensi-
tivity, awareness of weight bias and stigma, and
in a way that supports psychological well-being,
so as to avoid potential unintended negative
consequences of weight management in children
(Pont et al. 2017).
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Abstract

Obesity is related to metabolic defects that
may promote not only cancer initiation, but
also its progression. The molecular basis
for the association between obesity and cancer
is not fully understood; however, many
pathways are being investigated including
hyperinsulinemia/insulin resistance (IR) and
abnormalities of the insulin-like growth
factor-1 (IGF-1) signaling, sex hormones bio-
synthesis and pathway, alterations in
adipokines pathophysiology, and subclinical
chronic low-grade inflammation. In this chap-
ter, we analyze the current knowledge on the
proposed biological mechanisms, especially
focusing on the role of adiponectin (APN).

Keywords

Obesity · Cancer · Insulin-like growth factor-1
signaling · Sex hormones · adipokines ·
adiponectin · Low-grade inflammation

Introduction

White adipose tissue (WAT) was formerly stud-
ied in connection with caloric reserves, mechanic
and thermal insulation, and sexual attraction.
However, it is unquestionably a complex endo-
crine organ (Coelho et al. 2013). Adipocytes con-
stitute 90% of the cells, whereas the stromal-
vascular components include endothelial cells
(10–20% of cells), pericytes (3–5%), fibroblasts,
and others (15–30%). Stem and progenitor cells
(0.1%) should not be neglected, along with T- and
B-lymphocytes, macrophages, dendritic cells, and
others (Cozzo et al. 2017). Sex steroid hormones,
insulin resistance, growth factors, cytokines, and

adipokines are all influenced by this cellular envi-
ronment (Osborn and Olefsky 2012). Many can-
cer types are impacted by the same molecules and
pathways (Sung et al. 2019).

Excessive body weight promotes elevated free
fatty acids (FFA), triglycerides, glucose, insulin
resistance, and insulin production, some of which
could also stimulate cancer progression (Osborn
and Olefsky 2012).

Comorbidities

Obesity predisposes to metabolic, cardiovascular
diseases, as well as of several malignancies (Sung
et al. 2019; Global BMI Mortality Collaboration
et al. 2016; Goodwin and Stambolic 2015; GBD
2015 Obesity Collaborators et al. 2017), a phe-
nomenon called as “adiponcosis” (Bifulco and
Ciaglia 2017).

Cancers of digestive organs, like colon cancer,
and tissues with endocrine links, such as breast,
ovarian, endometrial, and prostate cancers,
receive most attention (Sung et al. 2019; Kyrgiou
et al. 2017; Tumminia et al. 2019). Cancer is the
number two most fatal human condition, after
cardiovascular disease, whereas obesity and
related aberrations could be aggravating
oncological mechanisms (Sung et al. 2019;
Goodwin and Stambolic 2015).

Biological Mechanisms Linking Obesity
to Cancer

Possible biological mechanisms comprise
hyperinsulinemia/insulin resistance (IR) and
abnormalities of the insulin-like growth factor-1
(IGF-1) signaling, sex hormones biosynthesis and
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pathway, alterations in adipokines pathophysiol-
ogy, and subclinical chronic low-grade inflamma-
tion (Fig. 28.1).

Hyperinsulinemia/Insulin Resistance

Insulin resistance is a common feature of obese
patients resulting in a compensatory increase in
systemic insulin and IGF-1 levels (Ackerman
et al. 2017). The excess of body weight is not
the only parameter determining
hyperinsulinemia: the distribution of the extra
weight and of visceral adipose tissue is also a
key variable. Hyperinsulinemia induces the pro-
duction of IGF-1 by hepatocytes and
downregulates the secretion of IGF-1 binding
proteins (IGFBPs), resulting in an increase in
bioavailable IGF-1. Several cancer cell types
respond to insulin and IGF-1 receptor binding,
by activating PI3K and MAPK pathways or
other downstream networks, promoting cell sur-
vival, growth, and motility (Di Zazzo et al. 2014;
Ackerman et al. 2017).

Insulin resistance, hyperinsulinemia, and high
IGF-1 levels increase the risk of endometrial,
breast, colorectal, and prostate cancer (Goodwin
and Stambolic 2015). When colorectal cancer-
susceptible mice were treated with an IGF-1-
receptor inhibitor disrupting downstream signal-
ing, tumor burden was significantly reduced
(Ackerman et al. 2017).

In adipose tissue, insulin controls lipid storage
and inhibition of lipolysis. Once glucose and
insulin levels are elevated for prolonged periods
as a consequence of overeating or lack of exer-
cise, insulin can induce lipid storage in
non-adipose tissue such as skeletal muscle. This
inappropriate accumulation of intramuscular fatty
acids contributes to altered insulin signaling.

Sex Hormones

Peripheral adipose tissue performs steroids aro-
matization: androgens and androgenic precursors
are converted to estradiol by aromatase. In

obesity, the excess of adipose tissue and the
increased aromatase activity lead to a higher con-
version rate, resulting in higher levels of
circulating estrogens (Gérard and Brown 2018).
In men and in postmenopausal women, the con-
version of androgens to estrogens is dependent
upon adipose tissue mass. Estrogen signaling has
several consequences in tumor growth promotion.
Indeed, estradiol is able to stimulate cell prolifer-
ation of breast epithelial and endometrial cells, to
inhibit apoptosis, and to induce angiogenesis
(Andò et al. 2019). Additionally, obesity is
associated with lower plasma levels of sex
hormone-binding globulin (SSBG), thus increas-
ing bioavailable concentrations of estradiol and
testosterone, resulting in a greater cancer risk
(Di Zazzo et al. 2018).

Adipokines and Cancer

Adipokines are bioactive molecules released by
WAT that acts locally in an autocrine and para-
crine manner, but they also have a systemic,
endocrine effect through blood circulation
(Diedrich et al. 2015). Adipokines include
adiponectin (APN), leptin, resistin, omentin, and
chemerin; under physiological conditions, they
regulate several processes such as energy balance,
lipid metabolism, insulin sensitivity, inflamma-
tion, innate and adaptive immunity, angiogenesis,
hematopoiesis, and cell proliferation (Schrover
et al. 2016).

Abnormal accumulation of adipose tissue
induces adipocyte dysfunctions, resulting into
the alteration of its endocrine functions and con-
sequently affecting the secretion of different
adipokines, usually leading to increased leptin
and decreased APN blood concentration. Abnor-
mal adipokine secretion often represents a factor
leading to cancer (Fig. 28.1) ( Di Zazzo et al.
2019). Upon analysis of a panel of 14 obesity-
related hormones, cytokines, coagulation factors,
and other biomarkers, C-peptide, IL-6, and
TNF-α pointed toward clear-cell renal carcinoma
risk (Wang et al. 2019).
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Adiponectin and Cancer

APN behaves as insulin-sensitizing, anti-apopto-
tic, and immune regulatory (Ackerman et al.
2017). Various homo-oligomers are recognized,
and as adiposity accumulates, APN diminishes in
the same proportion (Di Zazzo et al. 2019). APN
usual receptors, AdipoR1 and AdipoR2, are phys-
iologically highly relevant. Hexameric and
multimeric APN binds to a different receptor, from
the cadherin superfamily (Di Zazzo et al. 2019).

Signaling pathways for cellular responses
include AMPK, mTOR, PI3K/AKT, MAPK,
STAT3, and NF-kB, (Di Zazzo et al. 2019).
AdipoR1 and AdipoR2 also impact energy bal-
ance, including insulin sensitization (Di Zazzo
et al. 2019). Ceramidase stimulatory activity,
which depletes intracellular ceramide, inhibits
apoptosis (Holland et al. 2011).

Hypoadiponectinemia

Poor response to APN during excessive adiposity
could be explained by low receptor values
(Yamauchi et al. 2014). The same tends to occur
during inflammation linked to diabetes and ath-
erosclerosis (Di Zazzo et al. 2019). APN is usu-
ally classified as an anti-cancer molecule, with
anti-inflammatory, anti-proliferative, and
pro-apoptotic impact (Porcile et al. 2014; Di
Zazzo et al. 2019).

Breast Cancer

Breast Cancer (BC) risk is heightened during
advanced adiposity: (i) aromatization of
androgens to estrogens stimulates growth of
mammary cells; (ii) interference with APN physi-
ology prevents its protective response (Avgerinos
et al. 2019). Low APN levels are certainly delete-
rious in this context (Ye et al. 2014), including
cancer growth and virulence. In the ERα-negative
human BC cell line MDA-MB-231, Genes
involved in cell cycle progression and apoptosis

are one of the possible mechanisms (Mauro et al.
2014).

In an ERα-positive cell culture, APN leads to
expression of ERα and cell growth (Mauro et al.
2014). Cross talk between APN/AdipoR1,
IGF-IR, and ERα seems relevant (Mauro et al.
2015). Insulin and estrogen elevation, which
favor cancer progression, contrast with depressed
APN, including postmenopausal and ER-positive
breast tumors (Di Zazzo et al. 2014; Mauro et al.
2014). APN modulates cell migration and inva-
sion (Jia et al. 2014), AdipoR2 signals lymphatic
and vascular penetration, and all of them are
markers of metastatic disease (Jeong et al. 2011).

Gastrointestinal Malignancies

Strong correlation between obesity and the devel-
opment of gastrointestinal (GI) cancers is
reported (Murphy et al. 2018). The largest adi-
pose intra-abdominal depot is the omentum, the
so-called fatty apron connecting the stomach to
the colon, enriched with immune cells and
responsible for local inflammation. Obesity
disrupts the homeostatic profiles of innate and
adaptive immune cell populations within the
omentum (O’Sullivan et al. 2018). APN plasma
levels were found decreased in patients with GI
cancers (Nagaraju et al. 2015). APN is suggested
to be involved in esophageal mucosa remodeling,
and it might have a protective role against cancer
transformation, contributing to the link between
obesity and lower esophageal carcinoma
(EC) (Almers et al. 2015). Patients with metabolic
syndrome, associated with increased leptin and
decreased APN serum levels, are prone to
Barrett’s esophagus, a metaplastic change occur-
ring in response to gastroesophageal reflux dis-
ease that can potentially lead to the
EC. Moreover, high levels of LMW-APN are
associated with a decreased risk of Barrett’s
esophagus (Tilg and Moschen 2014).

Beales and colleagues demonstrated that in
OE33, an esophageal carcinoma cell line, leptin
was able to induce proliferation, invasion, and
migration and inhibit apoptosis in a STAT3-
dependent manner and, by contrast, APN
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inhibited leptin-stimulated proliferation via
AdipoR1 (Beales et al. 2014). In gastric cancer,
APN inhibited proliferation in vitro with most
prominent effects in AZ521 and HGC27 gastric
cell lines expressing high levels of AdipoR1/R2
mRNA. Moreover, higher concentrations of APN
significantly reduce tumor volume and peritoneal
metastases in vivo (Ishikawa et al. 2007), consis-
tent with previous findings suggesting an anti-
angiogenic and tumor suppressive role for this
adipokine (Bråkenhielm et al. 2004). In the
same models, APN elicits its biological effects
through AdipoR1/R2 activation, whose expres-
sion was significantly associated with histological
type and overall survival (Ishikawa et al. 2007).
Negative AdipoR1 immunostaining was found in
patients with lymphatic metastasis and peritoneal
dissemination, while positive AdipoR1 expres-
sion corresponded to a longer survival rate
(Tsukada et al. 2011).

Circulating APN levels have been also
associated with increased risk of pancreatic can-
cer (Pothuraju et al. 2018). APN exerted its inhib-
itory effect through modulation of the β-catenin
signaling pathway. In BxPC-3 and CFPAC-1,
pancreatic cell lines both expressing the AdipoRs,
APN reduced serum-induced phosphorylation of
GSK-3β, decreased the nuclear accumulation of
β-catenin, and downregulated the expression of
cyclin D1. Knockdown of AdipoRs abolished the
growth-inhibiting effect induced by APN in vitro
and in xenograft models (Jiang et al. 2019).

Colorectal Cancer

Low APN is a marker of colorectal cancer (CRC)
(Di Zazzo et al. 2019). Both AdipoR1 and
AdipoR2 in turn could signal lymphatic metasta-
sis (Ayyildiz et al. 2014), as well as (for
AdipoR1) the ability to survive the illness (Choe
et al. 2018). APN negatively controls CRC
growth, by inhibiting the mechanistic target of
rapamycin (mTOR) via AMPK phosphorylation,
and decreasing PI3K and Akt phosphorylation
(Parida et al. 2019).

In CRC models, APN knockdown resulted in
increased multiplicity of aggressive colorectal

polyps. In an APN-deficient mice model, APN
treatment inhibited cancer progression and angio-
genesis (Moon et al. 2013). APN deficiency also
aggravated azoxymethane-induced colon cancer
in C57BL/6J mice (Mutoh et al. 2011).

APN conferred protection against
inflammation-induced colon cancers by
preventing apoptosis in the goblet cells and pro-
moting conversion of epithelial to goblet cells
(Saxena et al. 2012). In HCT116, HT29, and
LoVo CRC cell lines, APN induced G1/S cell
cycle arrest with concomitant overexpression of
p21 and p27 via AMPK phosphorylation; inhibi-
tion of AdipoRs released cells from APN-induced
growth blockade (Kim et al. 2010). APN anti-
cancer effect is glucose-dependent, possibly
explaining why CRC survival is enhanced in a
low glucose medium; however, the opposite
occurs with APN in high glucose conditions
(Habeeb et al. 2011).

Ovarian Cancer

Ovarian cancer patients have a lower blood con-
centration of APN than healthy women (Jin et al.
2016); low APN concentration was associated
with longer progression-free survival times and
a better tumor responsiveness to chemotherapy
(Diaz et al. 2013; Slomian et al. 2019). In addi-
tion, AdipoR1 expression level in ovarian cancer
tissues could represent a marker of prognosis,
being positively associated with overall patient’s
survival (Li et al. 2017). Low APN plasma levels
may favor ovarian cancer growth, induced by
persistent activation of PI3K/Akt/mTOR signal-
ing. Moreover, APN is able to repress human
ovarian cancer cell growth and reverse the stimu-
latory effects of 17β-estradiol and IGF-1 on cell
proliferation through the downregulation of their
receptors (Hoffmann et al. 2018).

Endometrial Cancer

Low APN blood levels were associated with an
increased risk and a worse prognosis of endome-
trial cancer (EMC). Low expression of AdipoR1
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in endometrial cancer cells is associated with
advanced tumor stage (Tumminia et al. 2019).
Several hypotheses have been formulated the
role of APN implying: (i) activation of AMPK
(resulting in cell growth suppression and apopto-
sis); (ii) extracellular signal-regulated protein
kinase (ERK) and Akt pathway inhibition; (iii)
reduction of Cyclin D1 expression (Moon et al.
2011). Association seems more evident for type II
EMC, and APN modulators are being explored
for potential therapeutic avenues (Garikapati et al.
2019).

Prostate Cancer

Conflicting reports about APN exist (Hu et al.
2016). APN concentration in prostate cancer
patients was low and connected to disease advent
(Goktas et al. 2005). A lower AdipoR1 and
AdipoR2 expression was observed in prostate
neoplastic tissues compared with healthy prostate
tissue (Michalakis et al. 2007). Growing evidence
indicates that APN exerts an anti-proliferative
action in prostate cancer cells, inhibiting
dihydrotestosterone-activated cell proliferation
(Bub et al. 2006). The ectopic overexpression of
APN in prostate cancer cell lines inhibited
mTOR-mediated neoplastic cell proliferation
(Gao et al. 2015).

No links are also advocated (Baillargeon et al.
2006), or a significant positive correlation
between APN concentrations and incidence of
low- or intermediate-risk prostate cancer (Ikeda
et al. 2015). Higher APN plasma levels were
detected in subjects with cancer stage T3
(advanced) than in subjects with T2 (confined
within the prostate). AdipoR2 findings could be
a signal of cancer progression and metastasis
(Rider et al. 2015).

Low Chronic Inflammation

Large adipocytes become distant from the blood
supply, which can trigger chronic hypoxia and
inflammation (Boutari and Mantzoros 2018).

Neutrophils and mast cells enhance inflamma-
tion whereas the opposite is expected from

eosinophils and myeloid-derived suppressor
cells. B- and T-lymphocytes and natural-killer
cells are also engaged in the process, as well as
M1 pro-inflammatory macrophages (ATMs)
(Ouchi et al. 2011).

Macrophages constituting crown like
structures elicit nuclear factor-kappa B (NF-κB)
aggravating chronic inflammation (Ouchi et al.
2011). The cross talk between adipocytes and
cancer engages IL-1, IL-6, and TNF-α, ROS gen-
eration, adipokines, and other molecules
(Fig. 28.1) (Avgerinos et al. 2019). Cancer cells
can also induce phenotype alteration of adjacent
adipocytes, encompassing reduction of their lipid
content and release of adipokine and matrix
metalloproteinases (Dirat et al. 2011).

Inflammasome is an innate immune pathway
activating proinflammatory cytokines, including
IL-1 and IL-18 (Lamkanfi and Dixit 2014).
Inflammasome-related genes are encountered in
adipocytes (Yin et al. 2014), potentially
stimulating cancer growth (Guo et al. 2016). Obe-
sity treatment tends to ameliorate this negative
profile (Hagman et al. 2017).

The Obesity Paradox in Cancer

Obesity negatively influences cancer recurrence,
prognosis, and survival (Lennon et al. 2016).
However, opposite evidence in certain
circumstances suggests that obesity reduces can-
cer incidence and improves survival. Obesity has
been ruled out as a risk for cancer mortality (Kuk
et al. 2018). Body fatness reduced the nerve
sheath tumor risk (Wiedmann et al. 2017); over-
weight or obesity attenuated mortality of bladder
(Pavone et al. 2018); and lung cancer (Zhang
et al. 2017) after surgery or chemotherapy. A
meta-analysis also showed that obese patients
with esophageal cancer had better long-term sur-
vival (Kayani et al. 2012).

The use of BMI as a measure of adiposity
could partly explain the discrepancies, as it does
not fully characterize the intricate biology and
physiology of excess body fat. BMI cannot dif-
ferentiate between lean mass and adipose tissue
and depends upon gender, age, ethnicity, and
race. Additionally, BMI does not estimate the
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visceral adipose tissue (VAT), which seems to be
metabolically more relevant. Computed tomogra-
phy and MRI are better alternatives for quantifi-
cation of VAT; however, they are not always
feasible (Allott and Hursting 2015). Anthropo-
metric measures, such as waist circumference
(WC) and waist-to-hip ratio (WHR), are viable
techniques (Sung et al. 2019), however, not per-
fect ones, as both VAT and subcutaneous abdom-
inal tissue (SAT) are lumped together in the
results (Avgerinos et al. 2019).

Obesity and Therapy

Obesity and comorbidities like dysglycemia,
hypertension, and dyslipidemia could reduce the
response to chemotherapy. Elevated BMI was
associated with poor prognosis in patients
affected by colon cancer who received surgical
resection of primary tumor and adjuvant chemo-
therapy with capecitabine and oxaliplatin
(Lashinger et al. 2014). In bevacizumab-treated
metastatic CRC patients, high visceral fat and
BMI were significantly associated with absence
of a response and increased progression. BMI was
negatively associated with response to standard
first-line chemotherapy with platinum and
taxanes in ovarian cancer patients (Califano
et al. 2014). These results could be related to the
expression by adipose tissue of angiogenic factors
(in particular VEGF) (Ottaiano et al. 2018).
Hyperinsulinemia, a known growth factor, could
trigger chemoresistance to 5-fluorouracil,
anthracyclines, taxanes, and other drugs
upregulating P-glycoprotein (Wei et al. 2015).

Drug Dosage

Pharmacokinetic studies rarely address the obese.
The most common strategy is dose-capping or
dose-fixed regimens. The consequence of this
“depotentiation” attitude may be the use of sub-
therapeutic strategies, conducting to disease
recurrence and mortality. According to the

American Society of Clinical Oncology, full
weight should be adopted for dosage calculation.

Specific Cancer Therapies for Obese
and Diabetic Patients?

A balanced and healthy diet may control factors
that sustain obesity-related disease (i.e., IGF-1,
insulin, leptin) (Avgerinos et al. 2019). In addi-
tion, vigorous aerobic exercise leads to a peak of
circulating APN levels (Saunders et al.
2012). Moreover, there is an increasing interest
in testing diabetes and cholesterol-lowering drugs
for cancer therapy.

Metformin

Metformin could decrease incidence and mortal-
ity of cancer by inducing hepatic gluconeogenesis
and reducing IR of peripheral tissues, resulting in
lower insulin and IGF-1 levels (Gallagher and
LeRoith 2015). Metformin blocks tumor growth
and induces apoptosis through insulin-
independent mechanisms (Safe et al. 2018). Fur-
thermore, metformin decreases cancer recurrence
by directly inducing cancer stem cell death
(Gallagher and LeRoith 2015).

Glycemic control with metformin can restore
adipokine concentrations, increasing APN, and
decreasing pro-inflammatory adipokine levels in
both humans and mice (Avgerinos et al. 2019).
For prostate and breast malignancies, large meta-
analyses failed to demonstrate benefits for met-
formin regarding cancer risk and mortality (Feng
et al. 2019; Au Yeung and Schooling 2019; Wang
et al. 2020). Yet in other contexts, such as rectal
cancer treated by neoadjuvant
chemoradiotherapy, better cancer response and
lower risk of recurrence were elicited (Kim et al.
2020). Clinical trials are going on. Twelve of
them address the following cancers: breast
(five), along with head and neck, thyroid, endo-
metrial, multiple myeloma, lymphocytic leuke-
mia, and various gynecologic/ solid tumors (one
of each) (www.cancer.gov, 2020).
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Thiazolidinediones (TZDs) and Other
Agents

Activation of PPAR-γ by TZDs could restrict cell
proliferation by decreasing insulin concentration
and also influencing key pathways of the Insulin/
IGF-1 axis, such as MAPK, PI3K/mTOR, and
Glycogen synthase kinase (GSK)3-β/
Wnt/β-catenin cascades, which modulate cancer
cell survival and differentiation. Additionally, the
PPARγ agonists TZDs, rosiglitazone, and
pioglitazone augment the circulating level of
APN directly, enhancing its gene and protein
expression in a dose-dependent manner (Parida
et al. 2019). Yet, meta-analysis results are
conflicting.

For bladder cancer, an increased risk with
pioglitazone was announced, possibly dose and
time dependent (Tang et al. 2018). As regards
colorectal cancer, no advantages were detected
with pioglitazone, whereas other PZDs seemed
moderately protective (Liu et al. 2018). A lack
of association with breast cancer risk is reported
(Du et al. 2018). This last outcome is consistent
with a meta-analysis addressing digestive
cancers, in which the risk did not differ for
incretin mimetics, insulin, metformin, sodium-
glucose co-transporter 2, sulfonylureas, TZDs,
alpha-glucosidase inhibitors, or placebo (Chai
et al. 2019).

Therapies Targeting APN

Increasing plasma APN levels or mimicking
some of its cancer-protective properties could
mitigate the deleterious effects of metabolic
dysfunctions on tumor development and progres-
sion (Vansaun 2013; Tumminia et al. 2019).
Therefore, pharmacological increase in serum
APN levels, up-regulation of AdipoRs expres-
sion, or synthesis of AdipoRs agonists could rep-
resent promising therapeutic strategies.

Using a high-throughput assay, several natural
compounds showing AdipoRs agonist activity

were identified. These compounds, acting prefer-
ably on AdipoR1 (e.g., matairesinol, arctiin,
arctigenin, gramine) or AdipoR2 (e.g., syringin,
parthenolide, taxifolion, deoxyschizandrin),
shared important anti-cancer properties, including
anti-proliferative and anti-inflammatory effects
(Sun et al. 2013). ADP355, a peptide-based
APN receptor agonist, prevented the proliferation
of AdipoRs-positive cancer cell lines. ADP
355 showed high affinity with AdipoR1, and
through the regulation of the canonical
APN-regulated pathways (i.e., AMPK, Akt,
STAT3, and ERK1/2), reduced breast tumor
growth both in vitro and in vivo (Otvos Jr et al.
2015). Additionally, three peptides BHD1028,
BHD43, and BHD44 have been designed to
mimic APN actions. BHD1028 showed the
highest affinity with AdipoR1 and the main acti-
vation of AMPK already at low concentration,
more than ADP 355 (Kim et al. 2018).

Oral Adiponectin Receptor Agonist

AdipoRon (AdipoR) is the first oral AdipoRs
agonist able to bind and activate AdipoR1 and
AdipoR2 that successfully re-established APN
functions, mainly activating AMPK and PPARγ
pathways in obesity-related type 2 diabetes
(Okada-Iwabu et al. 2013). Initial reports have
also investigated the possible anti-cancer role of
AdipoR in preclinical models, especially in pan-
creatic and ovarian cancer (Akimoto et al. 2018;
Ramzan et al. 2019). However, modifying
AdipoRs interactions could also result in infertil-
ity, cardiac damage, and reduced bone density
(Holland and Scherer 2013).

Statins and Assorted Drugs

Statins have been reported to be effective in
increasing circulating APN levels. Statins func-
tion by releasing cellular oxidative stress,
resulting in increased APN multimerization and
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secretion. Angiotensin converting enzyme
inhibitors as well as angiotensin receptor
antagonists Ramipril, Quinapril, Losartan,
Telmisartan, Irbesartan, and Candesartan have
similarly shown promising results in clinical
trials. They function by enhancing APN secretion
via PPARγ, though some of them are also known
to induce transcription. Other potential drugs
include non-statin anti-hyperlipidemic drugs like
Fenofibrate and Zetia, non-TZD anti-diabetic
drugs, such as Acarbose and the sulfonylurea
Glimepiride and Sulfonylureas (Parida et al. 2019).
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Abstract

Alzheimer’s disease (AD), the most common
form of dementia, affects 55 million people
worldwide, and this number is expected to
increase to 88 million by 2050. Understanding

the molecular mechanisms underpinning path-
ological cognitive deficits and AD onset and
progression is urgently needed, to identify
biomarkers and therapeutic targets. Besides
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ageing, type 2 diabetes (T2D) and obesity are
considered major risk factors for cognitive
decline and AD. Here, we discuss the mecha-
nistic relationship between AD and metabolic
disorders, particularly T2D and obesity. The
repurposing of anti-diabetes and anti-obesity
approaches in the treatment of AD will be also
debated.

Keywords

Type 2 diabetes · Obesity · Cognitive
impairment · Alzheimer’s disease · Anti-
diabetes and anti-obesity approaches

Introduction

By the age of 60, about 12–18% of the population
suffers from mild cognitive impairment (MCI)
(Petersen 2016), and 14% of cases present a clin-
ical panel of dementia (Morley et al. 2015).

The increase in the number of individuals with
cognitive defects represents an enormous eco-
nomic burden and a significant challenge for
patients, families, caregivers and clinicians
(Morley et al. 2015). Over the last decades, type
2 diabetes (T2D) and obesity emerged as major
risk factors for cognitive decline and dementia
(Pugazhenthi et al. 2017). Indeed, a convergence
in risk, comorbidities and pathophysiology seems
to occur between obesity, T2D and cognitive
impairment, this convergence being exacerbated
in diabesity (co-occurrence of diabetes and obe-
sity) (Newcombe et al. 2018; Cardoso and
Moreira 2019) (Fig. 29.1).

T2D has a 1.2- to 1.7-fold increased risk for
development of neurodegenerative conditions,
particularly Alzheimer´s disease (AD), the most
common form of dementia in the elderly. Obesity
can be responsible not only for a significant
decline in cognition later in life, but can also
lead to a decrease in memory performance in the
short-term, particularly during middle adulthood
(Dye et al. 2017).

Obesity, Cognitive Decline
and Dementia

An estimated number of 41 million of children
under the age of 5 are overweight or obese,
according to the World Health Organization
(WHO 2020), numbers that are expected to rise
to approximately 541 million by 2030 (Kelly
et al. 2008). Obesity “kills” more people than
undernutrition (Fruhbeck et al. 2013). The
increased risk for dementia in obese individuals
was further confirmed by several studies (Pedditzi
et al. 2016; Kivimaki et al. 2018). It has been
reported that obesity can be responsible for
impaired episodic and working memory, verbal
learning and stimulus reward learning (Cournot
et al. 2006; Cheke et al. 2017; Coppin et al. 2014).

Nonetheless, a careful analysis should be
performed when describing obesity as a risk fac-
tor for dementia, since there seems to exist an
“obesity paradox” (Pegueroles et al. 2018). Dur-
ing middle life, the risk for dementia is elevated;

Fig. 29.1 Correlation between obesity and/or T2D and
the risk for AD development. Over the last decades, type
2 diabetes (T2D) and obesity emerged as two major risk
factors for cognitive decline and dementia, including
Alzheimer’s disease (AD), the risk being exacerbated
when both metabolic diseases co-occurrence
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while in advanced ages, obesity can have oppo-
site effects, conferring some protection against
cognitive decline (Anjum et al. 2018). Evidence
for the risk is robust < 65 years however incon-
clusive between the ages of 65 and 74 (Albanese
et al. 2017; Gustafson et al. 2003; Tolppanen
et al. 2014; Bowman et al. 2019). Obese adults
between 30 and 39 years seem to have a 3.5-fold
increase in the relative risk for dementia, and after
this age range, the risk seems to decrease in a
stepwise fashion till 70 years, becoming signifi-
cantly reduced from 80 years onward (Dye et al.
2017). An abrupt weight loss precedes dementia
diagnosis by approximately 6–10 years (LeBlanc
et al. 2017).

One of the major limitations of the studies
aimed at exploring the interrelation between obe-
sity and dementia is the gap in gender-inherent
differences. It has been postulated that gender-
associated susceptibility to cognitive decline and
dementia does exist (Candeias et al. 2017; Fisher
et al. 2018; Pontifex et al. 2018; Nyarko et al.
2018) and future studies should fill this gap.

Type 2 Diabetes, Cognitive Decline
and Dementia

T2D is a complex metabolic disorder
characterized by hyperglycaemia, hyperinsu-
linaemia, dyslipidaemia, as well as lipotoxicity,
culminating in a progressive decline of insulin
secretion and insulin action (Yazici and Sezer
2017).

Alterations in brain cortical thickness and
white matter integrity alongside with decreased
psychomotor speed performance are more pro-
nounced in overweight/obese T2D individuals
than in those with normal weight (Cardoso and
Moreira 2019; Yoon et al. 2017). Moreover, T2D
has been associated with reduced performance in
verbal memory, processing speed, attention, spa-
tial working memory, verbal fluency, executive
function and alterations that are correlated with
global brain atrophy (Wisse et al. 2014), sustain-
ing the hypothesis of T2D as an accelerator of
cognitive ageing (Dye et al. 2017; Karvani et al.
2019).

T2D can exist independently of obesity driven
by genetics, fatty liver disease, inflammation,
autoimmunity or stress (Benedict and Zhang
2017; de Candia et al. 2019). In Goto-Kakizaki
rats, a non-obese T2D animal model, it was
shown that spatial memory impairment, evaluated
by the Y-maze test, and hippocampal synaptic
dysfunction, evaluated by long-term potentiation
(LTP) assays, was correlated with a reduction in
synaptosomal nerve-associated protein 25
(SNAP25) and synaptophysin levels, suggesting
synaptic dysregulation in this T2D animal model
(Duarte et al. 2018; Spinelli et al. 2019).

Insulin Alterations, Inflammation
and Oxidative Stress in Obesity/T2D

Insulin has a pivotal role in the central nervous
system (CNS). It can also be produced by neuro-
nal and glial cells (Blazquez et al. 2014; Gray
et al. 2014). There is clear evidence that insulin
resistance (IR) contributes to neurodegenerative
events impacting brain function such as memory
and learning (Holscher 2019; Folch et al. 2019).
In the CNS, insulin modulates the phosphatidy-
linositol-3-kinase (PI3K)/protein kinase B (Akt)
pathway and mitogen-activated protein kinases/
Ras (MAPK/Ras) pathway. These pathways are
highly involved in the regulation of neuronal
survival, neuroplasticity and glucose uptake
(Grillo et al. 2009). Furthermore, a role for insulin
in the modulation of N-methyl-D-aspartate
(NMDA) expression in the cell membrane, induc-
tion of long term potentiation (LTP) (Lee et al.
2011) and modulation of acetylcholine and nor-
epinephrine levels (Arnold et al. 2018; Blazquez
et al. 2014; Gray et al. 2014; Maciejczyk et al.
2019) has also been reported.

Male Wistar rats exposed to a 50% fat diet
gained body weight, which contributed to periph-
eral IR and cerebral insulin deficiency, resulting
in cognitive decline (Nameni et al. 2017). The
decrease in cognitive performance may result
from the deficient binding of insulin to its
receptors that seem to be mainly situated in
synapses of brain areas intimately related with
memory formation (Spinelli et al. 2019). Brain
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cortical IR in obese patients may contribute to
decreased performance in episodic memory
tasks (Cheke et al. 2017). High-fat diet combined
to sugar intake induced obesity in male C57BL/
6NHsd mice, which contributed to a significant
decrease in tyrosine phosphorylation of the insu-
lin receptor and an increase in serine phosphory-
lation of the insulin receptor substrate (IRS)
1, resulting in neuronal IR (Kothari et al. 2017).
Insulin alterations were deeply associated with
alterations in inflammatory [Nuclear factor-κB
(NFκB), c-Jun N-terminal kinase (JNK)] and
stress (p38 MAPK and C/EBP Homologous Pro-
tein) responses. Obesity is able to activate
inflammatory-related negative regulators of IRS
proteins, with emphasis on the suppressor of the
23 cytokine signalling (Socs) protein, which has
the capacity to bind phosphorylated insulin
receptors blocking the activation of IRS proteins
(Johnson and Olefsky 2013).

Using magnetoencephalography, Tschritter
and co-workers (2006) evaluated spontaneous
and insulin-stimulated cerebrocortical activity in
lean and obese humans during a two-step
hyperinsulinaemic-euglycaemic clamp. Obese
individuals did not respond to insulin infusion
(Tschritter et al. 2006). Nevertheless, weight
loss and improved IR fail to change grey matter
volume or cortical thickness (Drummen et al.
2019).

Obesity can lead to an overproduction of
ceramides by the liver, which can cross the
blood-brain barrier (BBB) and interfere with insu-
lin receptors causing brain IR (Arboleda et al.
2007). Kabadi (2017) reported that alterations in
insulin secretory capacity are more pronounced in
lean T2D subjects than IR, although these
alterations also affect glucose tolerance. Both
obesity and T2D-related IR can affect at least
two different mechanisms: (1) peripheral insulin
transport across the BBB (described as a receptor-
mediated saturable process) and (2) intraneuronal
defects in the insulin signalling cascade of either a
primary (i.e., genetic) or secondary (i.e., due to an
obesity-related factor) nature (Ono 2019).

Additional Pathways

Brain IR induced by obesity or T2D (Fig. 29.2)
also causes the loss of the inhibitory function
mediated by FoxO transcription factors, which
normally modulate cellular metabolism and
autophagy, increase amyloid-beta (Aβ) formation
and deposition and phosphorylation of tau protein
and neurofibrillary tangle formation and decrease
synaptic plasticity, predisposing to cognitive
impairment (Kothari et al. 2017), among other
alterations, which affect mood and memory
(Kullmann et al. 2016). The impairment of mem-
ory performance caused by IR in humans has
been associated with a clear reduction in grey

Fig. 29.2 The impact of obesity and/or T2D in the brain.
Obesity and type 2 diabetes (T2D) increase brain insulin
resistance, inflammation and oxidative stress, these
alterations being potentiated when both pathologies
co-occur, the so called “diabesity.” Together, these
alterations increase the risk of cognitive decline and
dementia

402 C. Carvalho and P. I. Moreira



matter volume (Willette et al. 2013) suggesting
that insulin signalling disturbances in the brain
can underlie cognitive impairment (Talbot et al.
2012). It has been reported that brain IR can be
overcome by the intranasal insulin administra-
tion, a strategy that has been reported to no inter-
fere with peripheral glucose homoeostasis (Cheke
et al. 2017). Furthermore, structural alterations
(e.g., hippocampal atrophy) have also been
shown in individuals with impaired glucose toler-
ance and IR (Ursache et al. 2012).

Obesity induces an increase in circulating free
fatty acids along with systemic inflammation due
to the secretion of pro-inflammatory adipokines
by the adipose tissue, and a decrease in
adiponectin levels, known for its anti-
inflammatory role (Dye et al. 2017; Nigro et al.
2014). In obese and T2D individuals, peripheral
macrophages can reach the brain, mainly due to
the increased permeability of BBB (Van Dyken
and Lacoste 2018), causing low-grade inflamma-
tion (Buckman et al. 2014). Kumar and
co-workers (2014) reported an increase in
mRNA and protein levels of key chemokines in
the brains of diabetic db/db mice, compared to
wild-type counterparts. Once in the brain,
macrophages activate microglia causing hor-
monal dysregulation (leptin and insulin resis-
tance), increased immune sensitivity and
cognitive impairment (Van Dyken and Lacoste
2018).

Mitochondrial dysfunction and oxidative
stress are also important players in T2D and obe-
sity, being closely associated with IR and inflam-
mation (Fig. 29.2). Inherited defects leading to
decreased mitochondrial capacity to oxidize
fatty acids cause the overproduction of mitochon-
drial reactive oxygen species (ROS) and oxida-
tive stress that, in turn, predispose to
inflammation and IR (Dayre et al. 2016).
Associated with increased oxidative stress is the
decrease in glutathione metabolism, the principal
brain antioxidant and regenerator of other free
radical scavengers (e.g., vitamins C and E)
(Maciejczyk et al. 2019). Increase in ROS pro-
duction and oxidative stress leads to increased
cell membrane permeability, ATP depletion and
accumulation of protein aggregates. Importantly,

increased ROS production seems to activate
pro-inflammatory enzymes contributing to brain
inflammation (Pugazhenthi et al. 2017;
Sripetchwandee et al. 2018).

The Intestinal Microbiota
and the Gut-brain Axis

Hippocrates, the father of medicine said that “all
diseases begin in the gut.” In fact, evidence
suggests that obesity and/or T2D are influenced
by dysfunction in the gut-brain axis (Fig. 29.3).
The axis consists of a bidirectional communica-
tion (Heiss and Olofsson 2018) that integrates
neural, hormonal and immunological signalling
between the gut and the brain (Collins et al.
2012). The brain communicates with the gut
microbiota directly via neurotransmitters (e.g.,
catecholamines, 5-hydroxytryptamine (5-HT),
and γ-aminobutyric acid (GABA)) that can be
sensed by the microbes, or indirectly via vagus
nerves that modulate intestinal secretion and
motricity, and thus its internal milieu (Collins
et al. 2012). Gut microbiota can also send signals
to the brain via blood-borne substances or afferent
spinal and vagal nerves, regulating the release and
activity of hormones involved in energy balance
such as peptide YY (PYY) and glucagon-like
peptide-1 (GLP-1) (Covasa et al. 2019).

Gut microbiota has emerged as an environ-
mental factor that modulates the energy balance
of the host (Heiss and Olofsson 2018), eventually
causing low-grade inflammation, excess lipid
accumulation and loss of insulin sensitivity,
which potentiate the risk of developing metabolic
diseases and comorbidities (Boulange et al.
2016).

Metabolic Endotoxemia

As previously mentioned, both T2D and obesity
are characterized by a low-grade inflammatory
state. This inflammatory response can be
mediated by the altered gut microbiota (called
dysbiosis), through an increase in lipopoly-
saccharide (LPS) production and its release to
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plasma due to an increased permeability of the
intestinal barrier (Cani et al. 2008). LPS can then
access the brain due to an altered BBB permeabil-
ity (Cardoso et al. 2012) leading to the activation
of microglia (Fig. 29.3). Upon activation,
microglia can cause neuronal death through oxi-
dant and cytokine production or by phagocytosis
of synapses and neurons (Brown 2019). More-
over, it has already been shown that LPS can
trigger Aβ and tau proteins aggregation (Asti
and Gioglio 2014; Gardner et al. 2016), causing
the loss of brain synapses and neurons and mem-
ory deficits (Fig. 29.3), and predisposing to neu-
rodegenerative events (Brown 2019).

Neurotransmitters

Studies involving germ-free animals support a
pivotal role for gut microbiota in brain develop-
ment and function including its influence in
exploratory and learning processes (Neufeld
et al. 2011; Diaz Heijtz et al. 2011). Germ-free
animals are holders of significant alterations in
anxiety-related neurotransmitters such as

noradrenaline, dopamine and 5-HT (Clarke et al.
2013; Neufeld et al. 2011), as well as altered
levels of proteins involved in normal develop-
ment and function of neuronal synapses, as, for
example, the levels of synaptophysin and post-
synaptic density protein 95 (PSD95) (Diaz Heijtz
et al. 2011). After transfection of gut microbiota
from a patient with Alzheimer´s disease to germ-
free C57BL/6N mice, Object Location Test and
Object Recognition Test were significantly
reduced, along with faecal excretion of
metabolites related to the nervous system, includ-
ing γ-aminobutyrate, taurine and valine (Fujii
et al. 2019).

Vascular Alterations in Obesity and/or
T2D: More than an Oxygen Issue

The quote “the way you breathe affects your
memory” suggests the importance of oxygen to
brain health. In this line, any alterations
compromising the proper delivery of oxygen to
the brain impacts its homoeostasis. Body weight
is related to alterations in brain structure, white

Fig. 29.3 Obesity and/or T2D affects gut-brain axis and
predispose to dementia. Throughout life, changes in the
intestinal ecosystem can occur leading to development of
several pathologies. Also, gut microbiota changes (called
dysbiosis) resulting from the consumption of high calories
diets cause an increase in lipopolysaccharide (LPS) pro-
duction and its release to circulating plasma. LPS can

easily access the brain activating microglia that can cause
neuronal death through increased nitrosative/oxidative
stress, inflammation, formation and aggregation of amy-
loid β (Aβ) and tau proteins and phagocytosis of synapses
and neurons. All these alterations may contribute to cog-
nitive decline and dementia
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matter and BBB, compromising the homoeostatic
regulation of central energy metabolism (Anjum
et al. 2018). Increased body fat content
compromises vascular integrity, not only through
the disruption of BBB integrity, but also via an
accentuated decrease in oxygen and glucose
delivery to brain cells (Jain et al. 2010). Obesity
is involved with endothelial dysfunction, which
impacts vascular tone, microvascular insulin
resistance, secretion of nitric oxide and
endothelin, influencing vascular structure and
perivascular inflammation. Microvascular dys-
function in obesity could predispose to chronic
diseases, including microvascular dementia
(Sorop et al. 2017). Also in diabetic patients
undergoing cardiac surgery, a widening of the
physiological saturation gap between regional
cerebral oxygen saturation (rScO2) and central
venous oxygen saturation (ScvO2) was observed
during general anaesthesia. rScO2 was lower
before induction, and this difference was
maintained throughout the operation (Sudy et al.
2019). Decreased cerebral perfusion can lead to
vascular damages, flow alteration, abnormal
expression of amyloid β and tau proteins, as
well as behavioural and cognitive deficits (Dong
et al. 2018).

Obesity is responsible for a decrease in endo-
thelial nitric oxide (NO) synthesis and action
causing an increased nitrosative/oxidative stress
that affects endothelial function (Toda et al.
2014). In vitro and animal studies from our
group showed that T2D compromises BBB integ-
rity and aorta function through mitochondrial
dysfunction and increased oxidative/nitrosative
stress potentiating the development of AD-like
brain changes (Carvalho et al. 2013, 2014; Sena
et al. 2015). Other studies show that metabolic
syndrome and hypercholesterolemia also cause
alterations in vascular function (Kivipelto et al.
2002; Campos-Pena et al. 2017), which may also
contribute to brain alterations.

The two-hit vascular hypothesis postulates that
cerebrovascular damage is sufficient to cause neu-
ronal injury and AD-like neurodegeneration
(Nelson et al. 2016). Thus, events that compro-
mise vascular health could initiate a cascade of
deleterious events that culminate in AD

development. It must be emphasized that other
neurodegenerative diseases (e.g., Parkinson and
Huntington diseases) are also characterized by
vascular alterations (Al-Bachari et al. 2017; Lee
and Pienaar 2014; Lin et al. 2013; St-Amour et al.
2015).

Obesity and/or T2D are Associated
with AD

AD is the fifth cause of death among those with
65 years or older (Alzheimer’s Association 2020).
The co-occurrence of obesity and T2D increases
the risk of AD by 65 % (relative risk in T2D is
1.46) (Caruana et al. 2015). Several cross-
sectional studies also show that T2D patients
have lower scores in cognitive tests, especially
those regarding verbal memory and complex
information processing (Zilliox et al. 2016). In
fact, AD is also considered a metabolic disorder
characterized by deregulated glucose control,
described in 80% of the cases, together with
impairments in brain insulin responsiveness, glu-
cose utilization and energy metabolism, which
lead to increased oxidative stress, and inflamma-
tion that worsens IR, and is even designated as
type 3 diabetes (Dye et al. 2017).

The existence of common mechanisms
between T2D and AD has been supported by
clinical studies showing that T2D patients exhibit
regional brain atrophy, evaluated by
fluorodeoxyglucose-positron emission tomogra-
phy (FDG-PET), and cognitive impairment,
even if they are not diagnosed as having AD
(McNay and Recknagel 2011). Interestingly,
Boersma and co-workers (2018) reported signifi-
cantly higher brain glucose uptake rate in T2D
and prediabetes subjects, confirming FDG-PET
imaging in T2D rats (Ryu et al. 2019; Barriere
et al. 2018).

Obesity/T2D-associated insulin signalling
impairment and AD have been emphasized
(Arnold et al. 2018). mRNA/protein expression
of insulin receptors, insulin-like growth factors
(IGF1 and IGF2), IRS1 and PI3K/Akt decrease
in an inverse proportion to AD neuropathological
markers, suggesting a key role for IR in the
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progression of AD (Maciejczyk et al. 2019). Obe-
sity is associated with thinner brain cortex, along
with reduced total cerebral volume (Caunca et al.
2019). A similar picture of diminished cortical
thickness is true for diabetes, with an indirect
pathway linking T2D and cognitive decline
(Moran et al. 2019). Formation of amyloid
plaques (APs) and neurofibrillary tangles (NFTs)
is related to the insulin signalling pathway in the
brain, including GSK3β, JNK, CamKII, CDK5,
CK1, MARK4, PLK2, Syk, DYRK1A, PPP, and
P70S6K pathways. NFTs and APs lead to the
impairment of synaptogenesis, neurotrophy and
apoptosis, which are regulated by insulin, choles-
terol and glucose metabolism (Rad et al. 2018).
Studies from our laboratory show that T2D mice
and the triple transgenic mouse model of AD
(3xTg-AD) present similar behavioural and cog-
nitive alterations (Carvalho et al. 2013),
associated with alterations in the levels of pre-
and post-synaptic protein markers as well as
increased levels of Aβ and phosphorylated tau
proteins (Carvalho et al. 2012, 2015).

There is also evidence that obesity per se or
associated with T2D also impact the brain.
Besides IR and inflammation, it was recently
shown that excessive body fat affects the fornix
white matter compromising its role in connecting
the hippocampus to other brain regions, which
contribute to AD development (Metzler-
Baddeley et al. 2019).

Leptin, a hormone produced by adipocytes,
has been shown to be involved in obesity/AD
relationship in the absence of diabetes. Obese
subjects also present increased levels of
circulating leptin, usually related to leptin resis-
tance. Leptin influences the functioning of the
hippocampus, a region that degenerates in
AD. Leptin has cognitive enhancing properties
that could facilitate the cellular events that under-
lie hippocampal-dependent learning and memory.
Reductions in leptin ability to regulate hippocam-
pal synaptic function occur with age and also
entail increased risk of AD. Leptin administration
was associated with beneficial effects in animal
models of AD (McGregor and Harvey 2018).

Nevertheless, further studies are required to
establish the connections between obesity and/or

T2D and neurodegenerative diseases, particularly
AD, as inconsistencies and controversial results
are recognized (Arnold et al. 2018; McGregor and
Harvey 2018).

Can Anti-obesity and Anti-T2D
Therapy be Repurposed for AD?

Non Pharmacological Approaches

Some longitudinal studies show that weight loss
in midlife seems to reduce the incidence of AD,
yet the knowledge about this topic is scarce (Sun
et al. 2018). In fact, even small reductions in body
weight associated with alterations in diet, bariatric
surgery and/or exercise can restore or prevent
cognitive dysfunction (Dye et al. 2017). Caloric
restriction (CR) or changes in diet composition
have been shown to restore blood glucose levels,
increase life expectancy and decrease diabetes-
related complications (Fontana and Partridge
2015). Several studies also show that the Medi-
terranean diet (enriched in fresh fruits, vegetables,
nuts, fish and olive oil) ameliorates cognition and
reduces the risk of developing dementia and AD
(Wengreen et al. 2013; Tsivgoulis et al. 2013;
Singh et al. 2014; Psaltopoulou et al. 2013).
However, other studies show no association
between Mediterranean diet and protection
against cognitive decline (Dye et al. 2017).

Physical exercise plays also a major role in
preventing or reducing obesity and/or T2D and
associated complications (Teixeira-Lemos et al.
2011; Yang et al. 2019; Bernardo et al. 2016).
Interestingly, CR and physical exercise reduce Aβ
deposition associated with selective promotion of
anti-amylogenic α-secretase activity and activa-
tion of astrocytes in AD animal models (Mouton
et al. 2009; Wang et al. 2005). Moreover, both
CR and physical exercise seem to reduce the
deleterious effects of oxidative stress and IR,
promoting an improvement of glucose metabo-
lism as well as neurotrophic functions, thus
facilitating neurogenesis and synaptogenesis and
improving memory and cognitive functions in
animal models of AD (Chen et al. 2016; Paillard
et al. 2015). Likewise, also in humans CR and
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exercise seem to improve neurocognitive
functions of healthy or overweight patients
(Smith et al. 2010; Il’yasova et al. 2018). Indeed,
verbal memory scores increase about 20% after
CR and seem to be correlated with decreases in
fasting plasma levels of insulin and C-reactive
protein, improved insulin sensitivity and reduced
inflammatory activity, which contribute to
enhanced synaptic plasticity and stimulation of
neurofacilitatory pathways in the brain (Witte
et al. 2009). Additionally, aerobic exercise and
dietary modifications in individuals with high
blood pressure who were sedentary and over-
weight or obese lead to improvements in execu-
tive function, memory, learning and psychomotor
speed (Smith et al. 2010).

Bariatric surgery can improve white and grey
matter integrity as well as memory and executive
function, a benefit that persists for several years
(Spitznagel et al. 2015; Nota et al. 2020). The
positive outcome could be the result of adiposity
reduction and increased GLP-1 and peptide YY
levels, improved inflammatory status and insulin
sensitivity or increased diversity in gut microbiota
composition which results in altered composition
of short-chain fatty acids that influence host
metabolism, including gut hormone secretion
and insulin sensitivity (Nota et al. 2020). Much
less is known about the response of older adults,
as well as those with genetical risk for AD. A
longitudinal protocol addressing brain function
and structure after bariatric surgery is now going
on (Vreeken et al. 2019). It is worth mentioning
that all the above non-pharmacological
approaches may originate distinct outcomes
depending on age, sex and disease stage. There-
fore, their prescription should involve
personalized health recommendations to achieve
desirable results without detrimental side effects
(Flannery and Trushina 2019).

Pharmacological Approaches

Intranasal administration of insulin was shown to
boost mental activity, improve attention, cogni-
tive functioning and verbal memory in patients
with early AD (Claxton et al. 2015),

improvements that remained after 4 months of
intranasal insulin in MCI and AD patients (Craft
et al. 2017). Also in obese and/or T2D patients,
the administration of intranasal insulin caused
significant improvements in memory and cogni-
tive function (Novak et al. 2014; Claxton et al.
2015). In older T2D adults, intranasal insulin also
rescued the network communication between the
hippocampus and multiple default mode network
regions (a large-scale brain network of interacting
brain regions known to have activity highly
correlated with each other and distinct from
other networks) (Zhang et al. 2015). In fact, intra-
nasal insulin administration may modify the func-
tional connectivity among brain regions
regulating memory and complex cognitive
behaviours (Zhang et al. 2015; Schilling et al.
2014). Nevertheless, the “Study of Nasal Insulin
in the Fight Against Forgetfulness” clinical trial,
communicated in the “Clinical Trials on
Alzheimer’s Disease Conference” held in 2018,
shows no effect of intranasal insulin on cognition,
although the leader investigator claims that the
lack of positive results may result from a change
in the delivery device during the trial (Trials of
Diabetes-Related Therapies: Mainly a Bust
2018).

Other metabolic hormone-based therapies
have been explored in the context of
T2D-related neurodegenerative disorders, partic-
ularly AD. Pramlintide, a synthetic analogue of
the pancreatic hormone amylin, was recently
shown to recover Aβ-related decreases in LTP in
hippocampal slices from AD mice (Grizzanti
et al. 2018).

Pioglitazone has been shown to significantly
reduce the incidence of dementia in people with
diabetes (Heneka et al. 2015). Likewise,
pioglitazone showed significant benefits in early
stages of AD and mild-to-moderate AD, causing a
significant reduction in Aβ and tau pathology
(Cheng et al. 2016). The poor blood-brain barrier
(BBB) permeability and important side effects
limited its success. Intranasal nano lipid carriers
of pioglitazone are being developed to circum-
vent such shortcomings (Jojo et al. 2019).

Metformin has been shown to modulate the
ageing process by reducing oxidative stress and
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improving memory performance (Campbell et al.
2018). A meta-analysis performed by Zhang and
co-workers (2020) showed that metformin ther-
apy significantly improves cognitive function in
patients with T2D. However, at least one study
reported that long-term use of metformin can
actually increase the risk of developing AD
(Imfeld et al. 2012). It has been suggested that
the effect of metformin may depend on the differ-
ent profiles of comorbidities of the patient receiv-
ing the drug (Wang et al. 2017).

GLP-1 analogues confer protection against
mitochondrial deficits, including improvements
in ATP synthesis, and oxidative stress leading to
the up-regulation of hippocampal expression of
neurotrophic tyrosine kinase receptor type
2 (NTRK2) and mammalian target of rapamycin
(mTOR) genes, involved in the modulation of
synaptic plasticity and long-term potentiation in
T2D and/or AD (Bomba et al. 2013; Lennox et al.
2014). A recent study from our laboratory also
shows that exendin-4, a GLP-1 analogue, is able
to protect the brains of T2D GK rats through the
regulation of autophagy (Candeias et al. 2018).
Bomba and co-workers (2013) reported that
exenatide restored cognitive function of
presenilin-1 knock-in mice, a mice model of
AD. GLP-1 analogue liraglutide reduces Aβ accu-
mulation by partially reverting inflammation and
oxidative stress (Duarte et al. 2020). Also,
liraglutide administration promoted antiapoptotic
effects and ameliorated insulin synthesis in db/db
T2D mice (Shao et al. 2014). Liraglutide was able
to attenuate T2D-related loss of brain plasticity,
disrupted energy homoeostasis, including
reductions in mitochondrial transcription factor
A (TFAM), sirtuin 1 and 5’ AMP-activated pro-
tein kinase (AMPK) phosphorylation (Agrawal
et al. 2014).
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Abstract

The prevalence of both obesity and neuropsy-
chiatric disorders is growing worldwide.
While sociocultural changes have been
implicated in this phenomenon, biological
factors might also play a role. This chapter
will address the intricate relationship between
obesity and neuropsychiatric disorders, focus-
ing on mood disorders, schizophrenia and
major neurocognitive disorder or dementia.
Obese people have a higher risk of developing
depression than non-obese subjects. Con-
versely, depression contributes to unhealthy
lifestyle (e.g. sedentarism) and unhealthy
eating habits, which favour weight gain. The
prevalence of obesity and overweight is ele-
vated among patients with schizophrenia.
Unhealthy behaviours and, notably, the use
of antipsychotics can contribute to weight
gain in this population. High BMI and central
obesity in midlife may increase the risk of
dementia later in life. After midlife, however,
lower BMI has been associated with faster
progression of dementia. Therefore, specific
mechanisms can be involved in the relation-
ship between obesity and each neuropsy-
chiatric disorder, including inflammation,
alterations in neurotransmitter biosynthesis,
endocrine pathways (e.g. insulin, leptin and
cortisol production and/or sensitization) and
changes in gut microbiota. The treatment of
obesity must consider the potential comorbid-
ity with neuropsychiatric disorders.

Keywords

Obesity · Depression · Schizophrenia ·
Dementia · Inflammation · Gut microbiota

Abbreviations

BDNF brain-derived neurotrophic
factor

BH2 dihydrobiopterin
BH4 tetrahydrobiopterin

BMI body mass index
DM2 diabetes mellitus type 2
GLP-1 glucagon-like peptide-1
GTP guanosine-triphosphate
GTP-CH1 GTP-cyclohylase 1
HPA hypothalamic-pituitary-adrenal
IDO indoleamine 2,3-dioxygenase
IGF-I and
IGF-II

growth factor type I and II

IRS insulin receptor substrate
IFN interferon
LPS lipopolysaccharide
PAMPs Pathogen-associated molecular

patterns
PI-3K phosphatidylinositol-3 kinase
TNF Tumour necrosis factor alpha

Introduction

At least 30% of the population experiences a
mental disorder, such as major depression and
generalized anxiety disorder, at some point of
their life, which can affect the quality of life and
cause disability (Vigo et al. 2016; Steel et al.
2014). Five different psychiatric disorders or
mental illnesses appear in the top 20 causes of
the Global Burden of Disease study, 2013: major
depression (2nd), anxiety disorders (7th), schizo-
phrenia (11th), dysthymia (16th) and bipolar dis-
order (17th) (Vigo et al. 2016).

Technological development and increase in
life expectancy have been hypothesized as
contributing factors to growing prevalence of
neuropsychiatric disorders in the last decades.
Ageing is a major factor underlying the increased
prevalence of Alzheimer’s disease and other
forms of dementia (Haines 2018).

According to Twenge et al. (2017), social
media and electronic devices have a major impact
on adolescent mental health. The relationship
between time spent on electronics and mental
health problems seems to be straightforward: the
more time a teenager spends on electronic
devices, the greater the propensity for mental
health problems. On the other hand, adolescents
who have high social interaction through sports
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and/or religious services are less likely to develop
psychiatric disorders (Twenge et al. 2017). Inter-
estingly, screen media exposure has also been
associated with increased risk of developing obe-
sity (Robinson et al. 2017). Previous studies have
shown the strong relationship between time spent
in front of television and prevalence of obesity
(Gortmaker et al. 1996). Obesity prevalence has
strongly increased in the last decades in all age
groups, causing a huge health and economic bur-
den worldwide (Engin 2017).

Neuropsychiatric Disease and Obesity

Obese people have 60% more chance to develop
depression than non-obese subjects (Strine et al.
2008). Adiposity also seems to have an effect on
cognition (Boeka and Lokken 2008; Fergenbaum
et al. 2009; Gunstad et al. 2006). When compar-
ing obese and non-obese adolescents, the former
group had worse cognitive performance in tests
evaluating attention and mental flexibility (Yau
et al. 2012). Moreover, longitudinal studies have
suggested an association between obesity and
dementia later in life (Pedditzi et al. 2016). On
the other hand, weight loss promoted by bariatric
surgery or diet restriction has been associated
with cognitive improvement in adults (Siervo
et al. 2011).

Neuropsychiatric Disease and Obesity

Mood Disorders and Obesity
Mood disorders involve changes in emotions and
motivation (Rakofsky and Rapaport 2018). Major
depressive disorder and bipolar disorder are the
most relevant. Major depressive disorder includes
recurrent and/or persistent depressive symptoms,
whereas with bipolar disorder mania (pathologi-
cal euphoria and/or irritability) (bipolar I) or
hypomania (bipolar II) can alternate with depres-
sive episodes (Martins et al. 2019).

Obese people are prone to depression (Macedo
et al. 2015). It further contributes to sedentarism
and unhealthy eating habits, eventually leading to
additional obesity (Strine et al. 2008; Luppino

et al. 2010). Carbohydrate-craving or consump-
tion of more palatable and caloric foods is not
uncommon, two further detrimental habits for
excessive adiposity (Ventura et al. 2014; Corsica
and Spring 2008).

Depressive symptoms correlate with unhealthy
food consumption, such as sweets, cookies,
snacks and fast food (El Ansari et al. 2014).
Conversely, in a recent cross-sectional study
involving more than 13,000 participants, Jackson
et al. (2019) observed that the consumption of
dark chocolate decreases depressive symptoms
(Jackson et al. 2019). Chocolate components,
such as analogues of anandamide (cannabinoid
agonist), phenylethylamine (a neuromodulator)
and flavonoids (anti-inflammatory effect), may
contribute to the improvement of depressive
symptoms. The pleasurable experience of eating
tasty food could activate hedonistic neural
pathways by the release of dopamine, serotonin
and endorphins (Jackson et al. 2019). Also
carbohydrates, via the tryptophan/serotonin path-
way, could favour a hedonic response (Ventura
et al. 2014; Corsica and Spring 2008). Also the
motivational system through endogenous opioids
could participate (Ventura et al. 2014; Corsica
and Spring 2008). As both obesity and mood
interfere with each other, therapy should consider
both possibilities.

Schizophrenia and Obesity
Psychotic symptoms (hallucinations and
delusions), negative symptoms (avolition, flat
affect, social withdrawal) and cognitive dysfunc-
tion are the hallmarks of schizophrenia (Kahn
et al. 2015). Obesity and overweight are common,
possibly related to sedentary lifestyle, unhealthy
eating behaviours and, notably, the use of
antipsychotics (Citrome and Vreeland 2008).

Antipsychotic treatment often triggers weight
gain (Tarricone et al. 2010), notably second-
generation drugs, like olanzapine and clozapine
(Manu et al. 2015). Appetite increases and eating
preferences shift, conducting to excessive caloric
intake. Olanzapine may reduce glucagon-like
peptide-1 (GLP-1) levels (Smith et al. 2011),
which is involved in satiation signalling (Smith
et al. 2011; Shin et al. 2008; Shah and Vella
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2014). Orexigenic protein expression (neuropep-
tide Y) can increase, along with reduction in the
anorexigenic protein expression (POMC) in the
arcuate nucleus and upregulation of ghrelin sig-
nalling, all favouring hyperphagia (Manu et al.
2015; Weston-Green et al. 2012; Hsu et al. 2015;
Dipasquale et al. 2013) (Fig. 30.1)

Excess of saturated fat and diminished fruit
and dietary fibre are frequent in schizophrenia,
paving the way for metabolic syndrome, diabetes
mellitus type 2 (DM2), and reduced life expec-
tancy (Dipasquale et al. 2013). Brain insulin resis-
tance may be involved in memory impairment,
suggesting both psychiatric and metabolic
approaches (Wijtenburg et al. 2019).

Dementia and Obesity
Alzheimer’s disease is the main cause of demen-
tia, followed by vascular dementia and other

neurodegenerative conditions. Increase in
β-amyloid plaques and neurofibrillary tangles in
cortical regions are typically featured (Kivipelto
et al. 2018).

Prevalence reaches 35% at age 85. By 2050,
131.5 million people could be affected (ADI
2015). This is also the sixth principal cause of
death (Haines 2018).

In midlife, elevated BMI is associated with
dementia later on, as observed in a large cohort
of women (Gustafson et al. 2003), with about 1.4-
fold risk increase (Pedditzi et al. 2016).
Mechanisms could include inflammatory
mediators and adipokines; vascular dysfunction
and the consequences on cerebral perfusion; gut
microbiota and inflammation, disturbing the
brain-gut axis and insulin resistance (Anjum
et al. 2018; Solas et al. 2017).

After midlife, dementia is more frequent in
those with lower BMI (Kiliaan et al. 2014), con-
sistent with a reversed trend (Gustafson 2012;
Whitmer et al. 2008; Whitmer et al. 2007;
Gustafson et al. 2009). In a series of 1,349,857
adults, higher BMI 20 years earlier favoured
dementia, whereas 10 years earlier the risk dimin-
ished (Kivimaki et al. 2018). Frailty could be
involved as an independent predictor of dementia
(Rogers et al. 2017). The frail elderly suffer more
falls, hospitalizations, disability, institutionaliza-
tion and death (Rogers et al. 2017).

Biological Mechanisms

Inflammation

Adipocyte hypertrophy, recruitment of immune
cells and derangements of cytokines and
adipocytokines released by adipose tissue can
lead to low-grade inflammation during obesity
(Kusminski et al. 2016). Circulating cytokines
can reach the central nervous system, triggering
neuroinflammation, especially in the hypothala-
mus and hippocampus, related to appetite and
memory/learning (Castanon et al. 2015; Dinel
et al. 2011). Upregulation of genes responsible
for microglia activation and hippocampal

Fig. 30.1 Central effects of antipsychotics in the appetite
and metabolic consequences. Second-generation
antipsychotics may increase orexigenic protein (NPY,
neuropeptide Y) and decrease the anorexigenic protein
(POMC) expression in the arcuate nucleus. Second-
generation antipsychotics also upregulate ghrelin signal-
ling, leading to hyperphagia which contribute to obesity
and metabolic complications development
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inflammation is impar for cognitive function in
experimental models (Valcarcel-Ares et al. 2018).

Impairment of learning, memory and execu-
tive functioning is associated with obesity (Miller
and Spencer 2014). High saturated fat diet has
been linked to hypothalamic inflammation
(Maric et al. 2014), potentially precipitating apo-
ptosis of anorexigenic neurons in the arcuate
nucleus, involved with satiety (Velloso 2009).
Glial activation and inflammatory markers in
hypothalamus have been noticed in experimental
models (Maric et al. 2014). A diet with elevated
inflammatory score could trigger depressive
symptoms, anxiety and lower likelihood of well-
being (Phillips et al. 2018).

Inflammation can alter neurotransmitter sig-
nalling involved in emotion and cognitive func-
tion, as cytokines are able to interfere with
indoleamine 2,3-dioxygenase (IDO) and Guano-
sine-triphosphate-cyclohydrolase-1 (GTP-CH1),
related to serotonin and dopamine production
(Castanon et al. 2015). The enzyme IDO
catabolizes tryptophan into kynurenine reducing
serotonin production. Cancer chemotherapy with
interferon-alpha (IFN-α) has been linked to
depressive symptoms via the kynurenine pathway
(Raison et al. 2010). IDO activity becomes ele-
vated in adipose tissue in the course of obesity,
along with decreased plasma tryptophan, in par-
allel with immune activation (Brandacher et al.
2007; Favennec et al. 2015; Wolowczuk et al.
2012). Besides reducing serotonin levels, the
increase of IDO activity could induce depressive
symptoms (Qin et al. 2018)

Immune activation enhances GTP-CH1 activity,
catalysing the conversion of guanosine-
triphosphate (GTP) into dihydrobiopterin (BH2).
BH2 is then converted into neopterin due to
tetrahydrobiopterin (BH4) production, which is
part of dopamine and serotonin synthesis pathways
(Fig. 30.2). In major depression, besides dimin-
ished serotonin, increase in neopterin correlates
with the number of depressive episodes (Celik
et al. 2010). Systemic inflammation and neurologic
inflammation have been linked to mood disorders,
schizophrenia and dementia (Colpo et al. 2018;
Noto et al. 2015; Modabbernia et al. 2013; Kohler

et al. 2017; Bauer and Teixeira 2018; Keller et al.
2017; Lara et al. 2013).

Obesity-associated Insulin Resistance

Poor insulin signalling could be a result of an
increase in pro-inflammatory cytokines release,
such as tumour necrosis factor alpha (TNFα),
which leads to serine kinases activation and insu-
lin receptor substrate (IRS) 1 phosphorylation,
diminishing insulin-induced activation of
phosphatidylinositol-3 kinase (PI-3K) pathways,
involved in the glucose uptake (Guo 2014).
Deranged glucose homeostasis and specifically
diabetes mellitus type 2 (DM2) are associated
with major depression and Alzheimer’s disease
(Lyra e Silva et al. 2019). Insulin acts in hypo-
thalamus and hippocampus, along with other
areas (Lyra e Silva et al. 2019).

Depression and Type 2 Diabetes

DM2 can favour depression (20% increased risk)
while depression also precedes (60% additional
risk) the onset of DM2 (Nouwen et al. 2009;
Mezuk et al. 2008; Moulton et al. 2015). The
immune-inflammatory response, HPA axis

Fig. 30.2 Inflammatory mediators such as pro-inflammatory
cytokines increase the enzyme GTP-cyclohydrolase-1
activity which catalyses the conversion of guanosine-
triphosphate (GTP) into dihydrobiopterin (BH2) which is
then converted into neopterin at the expense of tetrahydro-
biopterin (BH4) (a cofactor of the tryptophan hydroxylase
(TPH) and tyrosine hydroxylase (TH)). Inflammatory
cytokines also activate the enzyme indoleamine
2,3-dioxygenase (IDO) with catabolizes tryptophan into
kynurenine, diverting it away from 5-HTP (serotonin)
production
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(Keller et al. 2017), neuroendocrine regulation
and insulin resistance (Moulton et al. 2015; Grillo
et al. 2019) could underlie such intertwining.
Activation of innate immunity and inflammatory
response is mentioned in DM2 pathophysiology,
possibly contributing to bridge the gap between
cognition and mood, and glucose homeostasis
(Moulton et al. 2015).

Alzheimer’s Disease, Insulin Resistance
and Type 2 Diabetes

Previous studies that examined post-mortem
brain tissue of Alzheimer’s disease patients
observed abnormalities in insulin and insulin-
like growth factor type I and II (IGF-I and
IGF-II) signalling mechanisms (Steen et al.
2005; Rivera et al. 2005). These findings led
some authors to propose that Alzheimer’s disease
might be considered a “type 3 diabetes” (Steen
et al. 2005; Rivera et al. 2005). These data also
suggest that insulin resistance and DM2 observed
in obese patients may contribute to the develop-
ment of neurodegenerative diseases.

Hypercortisolaemia

Increase in inflammatory cytokine release can
also activate the hypophysis pituitary adrenal
(HPA) axis (Moulton et al. 2015). HPA axis is
similarly activated in both obesity and neuropsy-
chiatric disorders. BMI and waist-to-hip ratio
have been correlated with the concentration of
hair cortisol, the main stress hormone produced
by the adrenal glands (Stalder et al. 2017).
Hypercortisolaemia is also observed in early
stage of Alzheimer’s disease, suggesting activa-
tion of the HPA axis (Notarianni 2017). Cortisol
plays an important role in glycaemic control.
Cortisol suppresses glucose uptake by muscle
cells and adipocytes through the inhibition of
glucose transporter 4 (GLUT 4) translocation to
the cell surface, causing insulin resistance
(Kamba et al. 2016). Hypercortisolaemia is
implicated in impaired glycose tolerance and
pre-diabetes. Therefore, it has been suggested

that hypercortisolaemia in Alzheimer’s disease
has a diabetogenic effect (Notarianni 2017).

Leptin / Leptin Receptor

Leptin is an adipocytokine (cytokine produced
by adipocytes) whose primary role is to provide
information on energy stores (adipose tissue) to
the central nervous system, reducing appetite
and controlling energy expenditure (Enriori
et al. 2006). Leptin production occurs propor-
tionally to the adipose tissue size; therefore,
obese people usually have high levels of serum
leptin. But obese people are “leptin resistant”
since leptin enters in the brain through a satura-
ble transport mechanism. In other words,
hyperleptinaemia in obese people does not pro-
mote the expected central effects of reducing
appetite (Farr et al. 2015). Actually, previous
studies have shown that cerebrospinal fluid
level of leptin is low in obese people, despite
the high serum levels (Farr et al. 2015; Caro et al.
1996; Schwartz et al. 1996).

Leptin receptor is expressed in various regions
of the brain, including cortex, hypothalamus,
olfactory bulb, the dorsal raphe nucleus, hippo-
campus and the nucleus of the solitary tract (Farr
et al. 2015; Zou et al. 2019). Leptin plays a role in
brain development, organization and maturation
of the nervous system (Farr et al. 2015). Leptin
replacement therapy given to three genetically
leptin-deficient adults resulted in increase of
grey matter volume in cerebellum, inferior parie-
tal and anterior cingulate cortices (Matochik et al.
2005).

Leptin also influences the release of brain-
derived neurotrophic factor (BDNF), a factor
that acts in mood regulation and memory/learning
(Martins et al. 2017). BDNF acts in synaptic
plasticity and neuronal survival in the hippocam-
pus and other brain regions (Farr et al. 2015).
Changes in the cerebral expression of BNDF,
i.e. decreased levels and mutations in the gene,
have been associated with obesity in human and
animal models (Sandrini et al. 2018). Experimen-
tal studies have shown that nutritional strategies
that prevent weight gain have been associated
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with “normalizing” BDNF levels in hippocampus
and improving cognitive changes (Moy and
McNay 2013).

Alterations in serum levels of leptin in
neuropsychiatric disorders, such as mood
disorders and schizophrenia, have been observed
(Atmaca et al. 2002; Jow et al. 2006; Kraus et al.
2001). In an experimental model, leptin receptor
ablation in hippocampus caused depressive
behaviour (Guo et al. 2013). In humans, an
inverse correlation between leptin and depressive
symptoms has been reported regardless of body
fat and BMI (Jow et al. 2006; Miller et al. 2003;
Lawson et al. 2012). Recently, Xu et al. (2018)
observed that patients with schizophrenia have
higher plasma leptin levels than healthy controls,
and there was a negative correlation between
leptin levels and depressive symptoms (Xu et al.
2018).

In this specific context, it is important to
acknowledge that antipsychotics used to treat
schizophrenia increase leptin levels and contrib-
ute to weight gain (Ragguett et al. 2017). In a
longitudinal study, Venkatasubramanian et al.
(2010) observed that antipsychotic-naïve schizo-
phrenia patients had significantly lower leptin
levels than controls. After treatment, leptin levels
and BMI increased significantly
(Venkatasubramanian et al. 2010). Opposite
findings have been reported in female antipsy-
chotic-naïve schizophrenic patients (Wang et al.
2007). Therefore, the role of leptin in schizophre-
nia remains to be clearly defined.

Leptin and Dementia

Besides playing an important role in the normal
development of the hypothalamus, leptin
participates in learning and memory processes
through its action on hippocampal neurons
(Anjum et al. 2018; Kiliaan et al. 2014; Carro
2009). Experimental studies have shown reduc-
tion in β-amyloid burden after peripheral leptin
administration (Kiliaan et al. 2014; Carro 2009).
In humans, a negative correlation was observed
between the risk for Alzheimer’s disease and
blood leptin levels in older adults (Fewlass et al.
2004; Lieb et al. 2009). These latter results

suggest the participation of leptin in prevention
of dementia.

Intestinal Microbiota

Inflammatory mechanisms and HPA axis seem to
link gut microbiota and brain function (Jiang et al.
2015). Intestinal microbiota responds to diet,
medications, diseases and other environmental
influences (Baothman et al. 2016). Dysbiosis,
characterized by an imbalance in abundance and
composition of microbial populations, may acti-
vate immune cells in the intestinal mucosa with
repercussions on the gut-brain axis, comprising
brain, gut, enteric nervous system and vagus
nerve (Jiang et al. 2015; Daulatzai 2014; Round
and Mazmanian 2009; Ley et al. 2005; Ley et al.
2006; Rodrigues-Amorim et al. 2018; Jiang et al.
2017).

Microbiota Fingerprints in Metabolic
and Psychiatric Disorders

Aberrant gut permeability to macromolecules is an
often addressed phenomenon (Fasano 2017).
Abnormalities of gut handling of microbial-
associated molecular patterns (MAMPs), such as
lipopolysaccharide (LPS), a peptidoglycan of
gramnegative bacteria cells, can cause activation
of immune cells and release of inflammatory
markers (Zhang et al. 2009; Rieder et al. 2017).
Obese people have higher LPS plasma levels than
non-obese people, and after bariatric surgery, LPS
levels significantly reduce (Trøseid et al. 2013).

Besides the fact that obesity per se contributes to
development of proinflammatory state, alterations
in gut microbiota in obese individuals may increase
LPS and immune cells activation, exacerbating the
release of inflammatory mediators. As previously
discussed, these mediators can lead to
neuroinflammation and consequently to changes
in neurotransmitter production and HPA axis func-
tioning (Daulatzai 2014; Rea et al. 2016). The role
of microbiota in behaviour has been investigated in
germ-free (GF) animals, which have shown
enhanced depressive-like behaviours. Interestingly
enough, when GF mice were colonized with
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microbiota from depressive patients, depressive-
like behaviours increased (Zheng et al. 2016),
along with excessive adiposity (Walker and
Parkhill 2013).

Probiotics in Psychiatric Diseases

In a clinical trial conducted with healthy
subjects, there was reduction in depressive
symptoms following the use of Lactobacillus
helveticus R0052 and Bifidobacterium longum

R0175 (3 � 109 colony-forming units/stick) for
30 days compared to placebo (Messaoudi et al.
2011). Findings from other clinical trials support
the benefits of probiotic use on the improvement
of depressive symptoms (Kuo and Chung 2019)
(Huang et al. 2016). In addition to depression,
several studies have linked the use of probiotics
with cognitive improvement in Alzheimer’s dis-
ease (Akbari et al. 2016) and schizophrenia
(Nemani et al. 2015; Tomasik et al. 2015;
Dickerson et al. 2014). Figure 30.3 summarizes
the putative mechanisms involved in the

Fig. 30.3 Putative mechanisms involved in the relation-
ship between obesity and neuropsychiatric disorders. Adi-
pose tissue hypertrophy is associated with immune cells
infiltration and chronic low-grade inflammation
characterized by increased cytokines and adipokines
secretion. Inflammatory cytokines impair insulin sensitiv-
ity while the excessive production of leptin (an adipokine
involving in satiety signalling) causes a central leptin
resistance. Obesity is also associated with changes in gut

microbiota composition, increased intestinal permeability
and activation of immune response through microbial- or
pathogen-associated molecular patterns (PAMPs), such as
lipopolysaccharide (LPS). The inflammatory molecules
can reach the circulation and the central nervous system,
where it may cause neuroinflammation and alterations in
hypothalamus-pituitary-adrenal (HPA) axis and neuro-
transmitter production, including serotonin and dopamine,
which influences cognition and behaviour
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relationship between obesity and neuropsy-
chiatric disorders.
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Abstract

Heart failure (HF) represents a complex car-
diovascular disease with a wide range of risk
factors, different pathophysiology, and various
manifestations. Obesity is one of the most
important comorbidities and one of the risk
factors in HF patients. It seems that obesity
has a more important role in development of

HF patients with preserved left ventricular
ejection fraction (HFpEF) than in HF patients
with reduced ejection fraction (HFrEF). The
role of obesity on HF with mid-range ejection
fraction (HFmrEF) is a matter of debate. The
impact of obesity on outcome in HF patients is
still unclear. The relationship varies from the
linear to the U-shaped. The “obesity paradox,”
which suggests the reduced risk in mildly
overweight subjects in comparison with nor-
mal- and underweight individuals, drew sig-
nificant attention. The mechanisms that relate
obesity and HF vary from obesity-induced
hemodynamic changes to biohumoral systems
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such as adipocytokines, renin-angiotensin-
aldosterone and sympathetic nervous systems,
natriuretic peptide, and oxidative stress. In the
absence of a satisfactory pharmacological
approach, which would improve the outcome
of this large group of patients, alternative
methods such as weight loss and physical
activity seem to provide encouraging results.

Keywords

Obesity · Heart failure · Pathophysiology ·
Obesity paradox

Current Status of Chronic Heart Failure

Heart failure (HF) represents a complex cardio-
vascular disease. HF definitions and diagnostic
criteria have largely changed over the years, and
therefore its incidence and prevalence signifi-
cantly varied in the last few decades. For a long
time, HF was defined primarily as the reduction
of left ventricular (LV) systolic function defined
by ejection fraction (HFrEF), and typical HF
symptoms (lung congestion, fluid retention, diz-
ziness, weakness, fatigue) (Tanai and Frantz
2015). Considering the fact that these symptoms
are unspecific, a new biochemical marker was
recently introduced—brain natriuretic peptide
(BNP) and its precursor pro-BNP. This biomarker
is currently used in emergency rooms for differ-
ential diagnosis of patients with shortness of
breath (Senthong et al. 2017).

About two decades ago, a new entity called HF
with preserved LV ejection fraction (LVEF), or
HFpEF was introduced, with conserved LV pump
function and symptoms comparable to HFrEF
(Tanai and Frantz 2015). HF with midrange LV
ejection fraction (HFmrEF) was subsequently
included, with LVEF of 40–50% with symptoms
and increased pro-BNP (Ponikowski et al. 2016).
The authors are still in doubt if HFmrEF
represents a new entity or only an overlap group
between HFpEF and HFrEF; however, follow-up
studies indicate differences in prevalence and
survival.

The American Heart Association found among
110,621 HF patients, 50% with HFrEF, 14% with
HFmEF, and 36% with HFpEF (Benjamin et al.
2018). Others observed 25.6% with HFpEF, 21%
with HFmrEF and 53.5% with HFrEF (Webb
et al. 2018). The OPTIMIZE-HF trial involved
54% with HFrEF, 20% with HFmrEF, and 27%
with HFpEF (Fonarow et al. 2007). In contrast,
the GWTG-HF protocol announced 47%
displaying HFpEF, 39% HFrEF, and 14%
HFmrEF (Cheng et al. 2014).

Heart Failure and Obesity

Overweight (1.9 billion) and obesity (600 million)
are growing in the world (World Health Organi-
zation 2013). Obesity represents one the most
important and modifiable causes of cardiovascu-
lar mortality (World Health Organization 2013;
Kenchaiah et al. 2002; Baena-Díez et al. 2010).
Obesity is related with decreased cardiorespira-
tory fitness, which is an important characteristic
of HF. Nevertheless, the prognosis of HF is less
ominous in this population, a phenomenon is
known as an obesity paradox (Carbone et al.
2017).

Obesity underpins an increment of fat mass;
however, obese patients can also have increased
amount of lean mass. The latter could potentially
explain the obesity paradox, as it is related with
improved cardiorespiratory fitness, an important
prognostic parameter. However, fat mass could
provoke high systemic inflammation that could
negate the protective effects.

Prognosis in Decompensated Patients

Mortality rates seem to be higher in HFrEF
patients, however, similar among HFmrEF and
HFpEF patients (Fonarow et al. 2007; Cheng
et al. 2014; Sweitzer et al. 2008; Bhatia et al.
2006). The OPTIMIZE-HF study reported 3.9%
mortality in HFrEF, 3.0% in HFmrEF, and 2.9%
in HFpEF (Fonarow et al. 2007). In the ADHERE
trial, rates were 4.7% with LVEF <25%, 3.4%
with LVEF 25–40%, 3.2% when LVEF was
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41–54%, and 3.0% with LVEF >55% (Sweitzer
et al. 2008). During the GWTG-HF investigation,
30-day and 1-year mortality rates in HFrEF of
9.5% and 37.5% were encountered. In cases
with HFmrEF they were 8.2% and 35.1% and in
HFpEF, 8.5% and 35.6%, respectively (Cheng
et al. 2014). In the Canadian experience, mortality
at the same intervals in HFrEF was 7.1% and
25.5%, whereas in HFmrEF and in HFpEF they
were 5.1% and 21.3%, and 5.3% and 22.2%,
respectively (Bhatia et al. 2006). In both previous
studies, there was no difference between HFmrEF
and HFpEF (Cheng et al. 2014; Bhatia et al.
2006).

According to a large meta-analysis, adjusted
mortality risks deteriorate with every 5–10%
reduction in LVEF below 40%, however not
with LVEF >40% (Meta-analysis Global Group
in Chronic Heart Failure (MAGGIC) 2012). The
CHARM trial confirms an adjusted hazard ratio
of 1.31 for all-cause mortality per 10% reduction
in LVEF <45% (Solomon et al. 2005), however,
not when LVEF <40% or >40% (Pocock et al.
2013).

In the GWTGHF series, unadjusted in-hospital
mortality for HFpEF diminished between 2005
and 2010, however, not for HFmrEF or HFrEF
(Steinberg et al. 2012). In those admitted for acute
decompensated HF, almost 49% had HFpEF
(EF � 50%), 37% had HFrEF (EF � 40%), and
14% had HFmrEF (EF 41–49%) (Coles et al.
2014). Survival rates were better at 1, 2, and
5 years for HFpEF (Coles et al. 2014). Prognosis
at 1 year improved for all HF groups; however,
later on mortality for HFrEF and HFpEF
remained elevated (Coles et al. 2014).

Outcomes in Obese Patients

Abdominal obesity has a stronger link to HFpEF
than HFrEF. However, the impact of obesity on
outcome in HFpEF, HFrEF, and HFmrEF is still a
matter of debate. In the series of Savji et al. with a
12-year follow up, BMI correlated more with risk
of HFpEF than of HFrEF, notably for women
(Savji et al. 2018). Insulin resistance was related
only to HFpEF development, not to HFrEF. There

is some consensus that the BMI curve for
all-cause mortality (including HF) is U-shaped,
however not about the nadir, which can change
from 32–33 kg/m2 (Zhang et al. 2019) to
26.5–30.9 kg/m2 (Haass et al. 2011). Values
<23.5 kg/m2 and >35 kg/m2 are reported as
risky (Haass et al. 2011). Again abdominal obe-
sity is highlighted when all-cause, cardiovascular
and noncardiovascular mortality are considered in
the HF context (Tsujimoto and Kajio 2017). Yet
BMI is not entirely overlooked, as findings
>25 kg/m2 signal risk, which seems higher for
HFpEF than HFrEF (Pandey et al. 2017).

Among postmenopausal women, excessive
adiposity was related with HFpEF only, not
HFrEF, particularly for African American
women. Hypertension (40.9%) and obesity
(25.8%), were the paramount prognostic markers
(Eaton et al. 2016).

In contrast, higher BMI indicated lower risk of
symptomatic HF in another series, different from
waist-to-height ratio (WHR), which was a posi-
tive prognostic marker for the composite outcome
(Chandramouli et al. 2019). Low BMI paired with
high WHR had a more ominous course than ele-
vated BMI and normal WHR (Chandramouli
et al. 2019).

Possible Involved Pathways
and Biomolecules

Obesity is strongly related with systemic arterial
hypertension, diabetes, insulin resistance, meta-
bolic syndrome, and obstructive sleep apnea, all
of which contribute to the development of HF. On
the other hand, reduced cardiorespiratory fitness
in HF patients could be the cause of obesity and
therefore the “circulus vitiosus” is difficult to
interrupt. Obesity induces hemodynamic, struc-
tural, neurohormonal changes, and systemic
inflammation that induce functional and structural
cardiac remodeling (Fig. 31.1), including HFpEF,
and its impact on outcome in HFrEF patients is
significant. However, the influence of obesity on
HFmrEF is less clear.

The hemodynamic changes in obesity consider
elevated central blood volume, reduced systemic
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vascular resistance and stroke volume, and ulti-
mately elevated cardiac output proportional to the
degree of obesity but not to body surface area
(Carbone et al. 2017; Tadic and Cuspidi 2019)
(Fig. 31.1). Lean (fat-free) mass in obese patients
is one of the most important parameters responsi-
ble for the development of a hyperdynamic state.
Heart rate is only slightly increased; thus, cardiac
output follows elevations of left ventricular
(LV) stroke volume.

Cardiac effort, and particularly LV effort, in
obese patients exceeds predicted values due to
elevated LV stroke work. LV end-diastolic pres-
sure and pulmonary capillary wedge pressure are
commonly elevated in moderate-to-severe body
adiposity.

The persistent increase in cardiac output due to
elevated preload induces an initial LV dilatation,
according to the Frank-Starling law, followed by
a compensatory hypertrophic response confirmed
at the cellular and organ level. LV hypertrophy
represents a compensatory mechanism to
decrease wall stress and oxygen demand
according to LaPlace’s law.

Pulmonary artery pressure is often increased
due to LV failure, and retrograde transmission of
increased LV filling pressure over pulmonary
veins to pulmonary circulation, resulting in the
increase of pulmonary vascular resistance partic-
ularly in those with sleep apnea or pulmonary
hypoventilation (Alpert et al. 2018). RV filling
pressure is frequently increased, which further

induces elevated venous returns to the pulmonary
circulation. Dyspnea becomes common in such
context.

At the beginning, increased LV filling
pressures and impairment in LV diastolic func-
tion were considered as the result of LV hypertro-
phy. However, studies found that obese patients
may have LV diastolic dysfunction without LV
hypertrophy (Dote et al. 2012; Russo et al. 2011),
which indicates that some other mechanisms of
LV remodeling besides LV hypertrophy may be
involved (Fig. 31.1). LV hypertrophy could be
even a protective response in face of increased
preload by reduction of wall stress. Obese
patients with HFpEF had increased relative wall
thickness and smaller cardiac volumes even in the
absence of increased LV mass, which
demonstrates LV concentric remodeling (Yagmur
et al. 2017; Zile et al. 2011).

Anthropometric Measurements

The visceral adipose tissue points toward
decreased cardiac output and increased systemic
vascular resistance, with opposite correlations for
lower body fat. Abdominal subcutaneous fat
seems to play a secondary role regarding LV
concentric remodeling, only visceral adipose tis-
sue being relevant (Shah et al. 2014). LV hyper-
trophy and LV mass have strong links with
excessive body weight, eccentric hypertrophy
being more common than the concentric pheno-
type (Neeland et al. 2013).

Other Heart Chambers

Right ventricular (RV) remodeling assessment by
echocardiography is challenging in obese patients
due to the position of the RV in the chest and
increased thickness of chest wall, yet reduced
function without overt heart disease has been
perceived (Cuspidi et al. 2014), including larger
volume and mass (Wong et al. 2006). Left atrial
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Fig. 31.1 Local and systemic changes associated with
obesity
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(LA) dilatation, connected with HFpEF, has also
been linked to elevated adiposity (Chahal et al.
2012). LA volume seems to follow visceral, yet
not subcutaneous abdominal fat (Chahal et al.
2012). LA function and mechanics can deteriorate
as well in HFpEF (Oliver et al. 2017).

Biohumoral and Neurohormonal
Changes

Activation of the renin-angiotensin-aldosterone
and the sympathetic nervous system, natriuretic
peptide, systemic inflammation, and oxidative
stress are reported. Cytokines such as interleukin
(IL) 1 beta, tumor necrosis factor alpha, and IL-1
alpha, experimentally induce diastolic dysfunc-
tion (Van Tassell et al. 2013; O’Brien et al.
2014), and anti-inflammatory could ameliorate
HFpEF and HFrEF. An IL-1 receptor antagonist
improved cardiorespiratory fitness in patients
with HFrEF and HFpEF, with increase of peak
oxygen consumption (Van Tassell et al. 2012,
2014).

All these mechanisms might induce cardiac
interstitial fibrosis that further decreases cardiac
elasticity and compliance, and subsequently
increases energy consumption during LV dias-
tole—an extremely energy-demanding process.
Moreover, these biohumoral and neurohormonal
mechanisms promote enhanced atherosclerosis,
which also may induce HF.

Obesity Paradox

In addition to an excess of fat mass, obese patients
usually also have more lean mass. Patients with
heart failure with increased amount of lean mass
showed better cardiopulmonary fitness, a major
determinant of clinical outcomes in the general
population, and therefore lower mortality risk,
which could be related to the “obesity paradox”
phenomenon. Elevated lean mass represents a
stronger predictor in heart failure in comparison

with fat mass, whereas elevated fat mass in
patients with coronary heart disease could have
protective effects when fat mass is not related
with increased systemic inflammation (Carbone
et al. 2019). Obese patients with decreased
amount of lean mass, despite increased BMI and
fat mass, namely, sarcopenic obesity, suffer
increased mortality. This suggests that lean mass
plays a key role, and therefore exercise training
and dietary interventions could represent impor-
tant strategies.

Cardiovascular Mortality

The “obesity paradox” does not reduce risk in
morbidly obese patients, only in mildly over-
weight cases. Nevertheless, there is still no agree-
ment regarding the U-shape relationship between
BMI and mortality or risk for HF development
(Table 31.1). Mildly overweight patients had the
lowest rates of death or cardiovascular hospitali-
zation (Haass et al. 2011), and absence of obesity
was an independent predictor of mortality in both
HFpEF and HFrEF (Ather et al. 2012). On the
other hand, Mohammed et al. reported that obe-
sity was related with better outcome after adjust-
ment for age, sex, and other comorbidities, and
this association did not show U-shape
(Mohammed et al. 2012).

BMI < 30 kg/m2 pointed toward less 30-day
mortality for HFpEF in one experience (Powell-
Wiley et al. 2018). A modest association was
found in HFrEF subjects, with no risk increase
when BMI > 30 kg/m2. The “obesity
paradox“was not present in HFpEF (Table 31.1).

In another series, lack of obesity was related
with mortality in HFpEF and HFrEF (Iorio et al.
2018). Further confirmation that mortality risk
had a U-shaped form in both HFpEF and HFrEF
is available, however, with the nadir at
30.0–34.9 kg/m2 (Padwal et al. 2014).

One potential mechanism that could explain
the “obesity paradox” is adiponectin, an
adipocyte-specific cytokine, inversely related
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with BMI in HF patients. Lower adiponectin
levels are associated with increased mortality,
which means that patients with increased BMI
have higher adiponectin and lower mortality.
The other mechanisms of “obesity paradox”
involve anti-inflammatory effects of elevated
lipoproteins, and decreased response of the
renin-angiotensin-aldosterone system.

Risks of Bias in the Interpretation
of the Paradox

HF is characterized by decreased and/or inade-
quate cardiac output and elevated systemic vas-
cular resistance, which is why the obese patients
with preserved skeletal muscle mass have a bet-
ter prognosis than HF patients with reduced lean
mass, independent of stroke volume and cardiac
output (Yancy et al. 2013). Furthermore, obese

patients usually have lower systemic vascular
resistance, particularly if they do not exhibit
arterial hypertension (Alpert et al. 2014; Lavie
et al. 2009). Afterload reduction results in
improved forward flow and better cardiac
output.

Recommended Lines for Further
Investigation

Large randomized studies that evaluate inten-
tional weight loss are still missing. Investigation
of the impact of fat mass and lean mass on HF
occurrence and outcome should be encouraged. It
might be reasonable to hypothesize that increase
of lean mass would be associated with greater
muscular strength and better cardiorespiratory fit-
ness, which altogether improve outcome in HF
patients.

Table 31.1 The association between obesity paradox and HFpEF

Refs.
Sample
size

HFpEF/
HFrEF Study type Main findings

I-PRESERVE
(2011)

4109
patients

HFpEF Follow-up (4 years) Overweight was related with lower
mortality
Or cardiovascular hospitalization.
Underweight
And severely overweight patients had
higher
Mortality rates than overweight

Ather et al. (2012) 942
patients

HFpEF/
HFrEF

2-year follow-up Nonobese patients had higher mortality
in
HFpEF and HFrEF patients

Powell-Wiley et al.
(2018)

39,647
patients

HFpEF/
HFrEF

30-day and 1-year
follow-up

The obesity paradox for 30-day
mortality
Existed at all BMI levels only in
HFrEF patients

Iorio et al. (2018) 2314
patients

HFpEF/
HFrEF

31-month follow-up Nonobese patients had higher overall
mortality
In HFpEF and HfrEF patients and
mortality rate
Between these groups was similar

Padwal et al. (2014) 23,967
subjects

HFpEF/
HFrEF

Meta-analysis (3-year
follow-up)

U-shaped form of relationship between
mortality
And BMI was found in HFpEF and
HFrEF patients
With highly positioned nadir at
30.0–34.9 kg/m2

BMI body mass index, HFpEF heart failure with preserved ejection fraction, HFrEF heart failure with reduced ejection
fraction
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Abstract

Up to half of all patients with diabetes will
develop diabetic kidney disease (DKD), the
leading cause of end-stage kidney disease
worldwide. The excess morbidity and mortal-
ity experienced by individuals with diabetes
are primarily driven by the development of
this microvascular complication. Recent
research findings implicate inflammation as a
major mechanism underlying kidney damage,
including the pathological changes associated
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with DKD. Historically, there has been a pau-
city of therapies that are effective in arresting
the development and progression of DKD.
Recently, however, glucose-lowering agents
in the glucagon-like peptide-1 receptor agonist
(GLP-1 RA) class of medications have been
shown to preserve declining kidney function
and reduce albuminuria in patients with diabe-
tes. In addition to controlling modifiable risk
factors such as hyperglycemia, blood pressure,
and weight, it appears that GLP-1 signaling
imparts direct anti-inflammatory, antifibrotic,
and antioxidant effects. Thus, a number of
clinical trials are underway to examine the
impact of GLP-1 RAs on DKD development
and progression.

Keywords

Diabetic kidney disease · Inflammation · GLP-
1 receptor agonists · Kidney outcome trials

Introduction

The end of the twentieth century and the first two
decades of the twenty-first century are marked by
a global epidemic of diabetes, with over 500 mil-
lion individuals projected to have diabetes world-
wide by the year 2030 (Whiting et al. 2011). This
pandemic is largely driven by the staggering bur-
den of obesity. Globally, the number of people
with obesity increased from 104 million in 1975
to 641 million in 2014 (Collaboration NCDRF
2016), with the adjusted prevalence of obesity in
the United States (U.S.) climbing to 35% and
40% among men and women, respectively
(Flegal et al. 2016).

A microvascular complication of diabetes, dia-
betic kidney disease (DKD), occurs in up to half
of patients with diabetes and is now the leading
cause of end-stage kidney disease (ESKD)
(Reutens 2013; Alicic et al. 2017). Clinically,
DKD is identified by persistently elevated urinary
albumin excretion (urinary albumin-to-creatinine
ratio [UACR] >30 mg/g), or a reduction of kid-
ney function (estimated glomerular filtration rate
[eGFR] <60 mL/min/1.73 m2) (National Kidney
Foundation 2012). A diagnosis of obesity often

precedes the diagnosis of diabetes and DKD, with
obesity acting as a continuous risk factor
(Macisaac et al. 2014).

The development of DKD amplifies the
already-increased cardiovascular risk of
individuals with diabetes, and also puts these
individuals at greater risk for infections and can-
cer (Cheung et al. 2017; Rao Kondapally
Seshasai et al. 2011). In fact, most of the excess
risk for both all-cause and cardiovascular-related
mortality in patients with diabetes is related to the
presence of DKD (Afkarian et al. 2013). Even
early stages of DKD are associated with a three-
fold increase in all-cause mortality, and a 16-year
loss in life expectancy (Wen et al. 2017). Indeed,
only a minority of DKD patients live long enough
to reach ESKD and require kidney replacement
therapy. Unfortunately for those who do survive
long enough to require kidney replacement ther-
apy, dialysis and kidney transplant are cost pro-
hibitive in many parts of the world, thus equating
a diagnosis of ESKD to a death sentence (Couser
et al. 2011).

The number of deaths attributed to DKD
almost doubled between 1990 and 2012 (Lozano
et al. 2012). These data underscore the compel-
ling need for both an improved understanding of
the pathomechanisms behind the genesis and per-
petuation of the disease, and the development of
more effective therapies to prevent and
treat DKD.

The Inflammatory Pathogenesis
of Diabetic Kidney Disease

Activation of the innate immune response and
associated inflammatory pathways is increasingly
recognized as the origin of the functional and
structural changes observed in DKD (Alicic
et al. 2017, 2018). Inflammatory mediators are
detectable in the urine of patients diagnosed
with diabetes long before and after development
of DKD, thus indicating a role of inflammation in
both instigation and progression of the disease
(Alicic et al. 2018; Van et al. 2017; Goldberg
2009). While the specific mechanisms responsi-
ble for obesity-induced kidney damage remain to
be fully elucidated, it appears that endothelial
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injury and activation of inflammatory pathways
are important contributors (Alicic et al. 2017,
2018; Van et al. 2017; Goldberg 2009; D’Agati
et al. 2016).

The phenotype of diabetes—hyperglycemia,
oxidative stress, and elevated production of
advanced glycation end-products—collectively
activates the interstitial population of
macrophages and dendritic cells (the mononu-
clear phagocyte system) in the kidney
(Fig. 32.1) (Pichler et al. 2017; Navarro-Gonzalez
et al. 2011). Once activated, these innate immune
cells are engaged in the kidney and recruit addi-
tional cells, resulting in excessive immune cell

invasion of the kidney and the destruction of
important structures. This self-perpetuating cycle
of activation and recruitment is mediated by the
release of proinflammatory cytokines from
activated immune cells, which recruits other
circulating populations of immune cells, includ-
ing monocytes, macrophages, and mast cells
(Fig. 32.2) (Alicic et al. 2018).

Recruitment of mast cells in particular
perpetuates this cycle through release of inflam-
matory cytokines, as well as release of chymase,
which converts angiotensin I to II, thus directly
perturbing glomerular hemodynamics (Maeda
et al. 2010; Reilly et al. 1982). The degree of

Fig. 32.1 Inflammatory pathways in diabetic kidney dis-
ease. AGE advanced glycation end-product, JAK-STAT
Janus kinase/signal transducer and activator of transcrip-
tion, KMNPS kidney mononuclear phagocyte system,
NADPH nicotinamide adenine dinucleotide phosphate-
oxidase, NF-κB nuclear factor kappa B transcription fac-
tor, PKC protein kinase C, RAS renin-angiotensin system,
RAGE receptor for advanced glycation end-products, ROS
reactive oxygen species, TGF-β transforming growth

factor beta. " upregulated; $ unchanged. *JAK/STAT
signaling can be unchanged or upregulated in early and
later stages of diabetes, respectively. (Reprinted with per-
mission from (Alicic et al. 2018). This figure was
published in Advances in Chronic Kidney Disease, volume
25, Alicic RZ, Johnson EJ, Tuttle KR. Inflammatory
Mechanisms as New Biomarkers and Therapeutic Targets
for Diabetic Kidney Disease, pages 181–191, Copyright
by the National Kidney Foundation, Inc. (2017))
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Fig. 32.2 Anti-CD68 (KP-1) immunohistochemistry of
kidney biopsies from diabetic patients without and with
histological features of diabetic kidney disease. CD68
antibodies highlight influx of macrophage lineage cells in
different kidney structures. Immunohistochemistry with
anti-CD68 (KP-1) antibody (Roche Diagnostics,
Indianapolis, IN) used at a concentration of 0.4 μg/mL.
(a–c) Human kidney from diabetic patient without histo-
logical features of diabetic kidney disease (control); mag-
nification: 200� (a), 400� (b), 600� (c); (d) Interstitial
macrophage lineage cells infiltrates in diabetic kidney

disease (magnification: 200�). (e) Macrophage lineage
cells in peritubular capillaries (magnification: 400�). (f)
Macrophage lineage cells in glomerular capillary (magni-
fication: 600�). (Reprinted with permission from (Alicic
et al. 2018). This figure was published in Advances in
Chronic Kidney Disease, volume 25, Alicic RZ, Johnson
EJ, Tuttle KR. Inflammatory Mechanisms as New
Biomarkers and Therapeutic Targets for Diabetic Kidney
Disease, pages 181–191, Copyright by the National Kid-
ney Foundation, Inc. (2017))
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tubulointerstitial inflammation, glomerulo-
sclerosis, and rate of loss of eGFR are closely
related with the degree of macrophage infiltration
and mast cell degranulation (Hiromura et al.
1998; Okon and Stachura 2007; Ninichuk et al.
2007; Furuta et al. 1993).

The proinflammatory cytokines are a group of
polypeptide signaling molecules that promote
autocrine, paracrine, and juxtacrine signaling to
coordinate the innate immune response. Their
release by activated immune cells is associated
with numerous abnormalities observed in DKD.
Interleukin (IL)-1 contributes to perturbed hemo-
dynamics via increased production of prostaglan-
din E (Pfeilschifter and Muhl 1990), and
increased endothelial permeability in the kidney
vasculature (Royall et al. 1989). IL-6 contributes
to basement membrane thickening and albumin-
uria (Nosadini et al. 2000; Dalla Vestra et al.
2005; Nagayama et al. 2014) and worsens inter-
stitial invasion by neutrophils (Kaplanski et al.
2003; Jones 2005). Through mechanisms that
are not fully understood, IL-18 contributes to
microvascular damage in the diabetic kidney,
and its levels correlate with early signs of kidney
impairment and macroalbuminuria (UACR
>300 mg/g) (Fujita et al. 2012; Araki et al. 2007).

The inflammatory cytokine tumor necrosis
factor α (TNFα) is released by activated immune
cells, and is elevated in the urine and serum of
patients with DKD compared to that of patients
without diabetes or with uncomplicated diabetes.
TNF-α is cytotoxic to kidney cells, alters glomer-
ular hemodynamics, and increases oxidative
stress (Navarro et al. 2005; Navarro and Mora-
Fernandez 2006).

Monocyte-chemotactic protein-1 (MCP-1)/
chemokine C-C motif-ligand 2 (CCL2), C-X3-C
motif chemokine (CX3CL1), and C-C motif che-
mokine 5 constitute a subgroup of cytokines
known as chemoattractant molecules, which
recruit inflammatory cells to the kidney, further-
ing tissue damage (Navarro-Gonzalez et al. 2011;
Furuta et al. 1993). Janus kinase/signal transducer
and activator of transcription (JAK/STAT), an
intracellular cytokine-associated signaling path-
way, is upregulated in the glomerular cells of
patients with DKD and correlates inversely with

eGFR (Table 32.1) (Berthier et al. 2009; Brosius
et al. 2016).

In sum, inflammatory markers have a clear
association with the development, progression,
and severity of DKD. The histological damage
and functional impairment associated with DKD
are primarily driven by the excessive and
misdirected immune cell invasion of the kidney,
which damages important kidney structures, and
results in a self-exacerbating cycle of inflamma-
tion (Fig. 32.3).

Conventional Therapeutic
Interventions for the Treatment
of Diabetic Kidney Disease

Optimized blood glucose and blood pressure con-
trol has historically been the cornerstone of ther-
apy, as poor glycemic control is clearly associated
with the development and progression of DKD.
Early in the course of diabetes, intensive
glycemic control in patients with type 1 diabetes
(HbA1c 6–6.9) reduces the risk of developing
DKD (Nathan and Group DER 2014; Group
DER et al. 2011; UK Prospective Diabetes
Study (UKPDS) 1991). For instance, an absolute
difference in HbA1c of 0.9% is associated with a
20% relative risk reduction in the development of
macroalbuminuria (UACR >300 mg/g), ESKD,
kidney-related death, or eGFR <30 mL/min/
1.73 m2 (Zoungas et al. 2017; Retnakaran et al.
2006).

It is hypothesized that the prolonged beneficial
effects of early intensive glycemic control, often
referred to as the “legacy effect” or “metabolic
memory,” can be explained by prevention of
metabolism-driven epigenetic modifications
(Tonna et al. 2010; Thomas 2014). Unfortunately,
once diabetes complications develop, intensive
glycemic control (targeting HbA1c levels <7%)
places patients at risk for hypoglycemic episodes,
and does not appear to decrease risk of cardiovas-
cular complications (Group AC et al. 2008;
Duckworth et al. 2009; Gerstein et al. 2008).
Lower HbA1c may be even more detrimental to
people with DKD, who showed 30% and 40%
higher risk for all-cause mortality and
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Table 32.1 Recognized actions of inflammatory molecules and pathways in diabetic kidney disease (DKD)

Innate immune cells

Cell type Actions/biological effect

Kidney Mononuclear Phagocytic System
(coexpressing markers of macrophages and dendritic
cells)

• Release cytokines and paracrine signaling molecules
(Pichler et al. 2017; Navarro-Gonzalez et al. 2011)

• Recruit circulating monocytes and macrophages (Nelson
et al. 2012; Chow et al. 2005)

• Magnitude of infiltration correlates with
glomerulosclerosis, loss of eGFR, and tubulointerstitial
inflammation (Ninichuk et al. 2007; Furuta et al. 1993;
Nguyen et al. 2006; Lin et al. 2012)

Mast cells • Conversion of angiotensin I to angiotensin II (Reilly et al.
1982)

• Release many inflammatory mediators and proteolytic
enzyme (Maeda et al. 2010)

Interleukin and tumor necrosis family

Adhesion molecules Actions/biological effect

Interleukin -1 (IL-1) • Augment the expression of chemokines and adhesion
molecules (Elsherbiny and Al-Gayyar 2016)

• Stimulate prostaglandin E2 formation leading to alteration
in glomerular hemodynamics (Pfeilschifter and Muhl 1990)

• Increase vascular endothelial cells permeability and
mesangial cell proliferation (Vesey et al. 2002)

• Upsurge glomerular cellularity by elevating hyaluronan
production (Jones et al. 2001)

Interleukin -6 (IL-6) • Instigate podocyte hypertrophy, thickening of GBM
(Dalla Vestra et al. 2005; Nagayama et al. 2014)

• Cause alterations in plasma flow rate (Roscioni et al. 2014)
Interleukin -18 (IL-18) • Promote production of cytokines by mesangial cells

(Schrijvers et al. 2004)
• Induce tubulointerstitial lesions (Turner et al. 2014)
• Associated with albuminuria in early stages of DKD (Kim

et al. 2012)
Tumor necrosis factor alpha (TNF-α) • Regulate immune cells and cytokine release (Navarro and

Mora-Fernandez 2006)
• Alter glomerular hemodynamics (Baud et al. 1998)
• Directly induce production of ROS (Koike et al. 2007)
• Related to kidney hypertrophy and sodium retention

(DiPetrillo et al. 2003)
• Induce cell necrosis and apoptosis (O’Brien et al. 1998)

Chemokines

Adhesion molecules Actions/biological effect

C-C motif chemokine 2 (CCL2) or monocyte
chemoattractant protein 1 (MCP-1)

• Involved in release of monocytes from bone marrow
(Moser and Loetscher 2001)

• Increased levels correlate with kidney macrophage
accumulation (Wang et al. 2000)

• Angiotensin II probably induces MCP/CCL2 expression
(Mizuno et al. 2006; Amann et al. 2003)

• In vitro, induce podocyte proliferation, migration, and
affects podocyte motility (Burt et al. 2007)

• Urine levels correlate with albuminuria (Lee et al. 2009)
CX3-C motif chemokine 1 (CX3CL1) • Chemoattractant for monocytes, T-cells, and natural killer

cells (Umehara et al. 2004)
• Induce cell adhesion (Umehara et al. 2004)

(continued)
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cardiovascular-related mortality, respectively,
with intensive glycemic control compared with
standard therapy (Papademetriou et al. 2015).
Control of hyperglycemia is therefore
recommended to be stratified based on clinical
and demographic factors, and patients with diabe-
tes and kidney disease should generally not be
treated to an HbA1c target of <7.0% (National
Kidney Foundation 2012; ADA 2020).

Arterial Hypertension

Hemodynamic insults to the kidney accelerate the
progression of DKD. For instance, after 15 years
of follow up, individuals newly diagnosed with
type 2 diabetes and treated to blood pressure
<150/85 mmHg had significant reduction in
overall risk of microvascular complications
(37%, p ¼ 0.009) compared to those treated to a
target blood pressure <180/105 mmHg (Adler
et al. 2000). Each 10-mmHg increase in mean

Table 32.1 (continued)

C-C motif chemokine 5 (CCL5)
RANTES

• Chemoattractant for immune cells (Appay and Rowland-
Jones 2001)

• Expressed by fibroblasts mesangial and tubular epithelial
cells (Appay and Rowland-Jones 2001)

• Expression in tubular cells directly correlated with the
degree of albuminuria (Herder et al. 2006)

Adhesion molecules

Adhesion Molecules Actions/biological effect

Intercellular adhesion molecule 1 (ICAM-1) • Involved in leukocyte endothelial transmigration (Gu et al.
2012)

• Associated with cardiovascular and all-cause mortality
(Astrup et al. 2008)

• Levels correlated with severity of albuminuria (Rubio-
Guerra et al. 2009)

Vascular cell adhesion protein 1 (VCAM-1) • Promote adhesion of immune cells (Ina et al. 1999)
• Expressed by endothelial and smooth muscle cells (Ina

et al. 1999)
• In patients with HTN and DM 2 circulating levels correlate

with albuminuria (Rubio-Guerra et al. 2009)
• High plasma concentration correlates with increased risk

of death, independent of other risk factors (Stehouwer et al.
2002)

Endothelial cell-selective adhesion molecule (ESAM) • Selectively expressed by glomerular endothelial cells
(Nasdala et al. 2002)

• Regulate vascular permeability and adhesion (Nasdala
et al. 2002)

• Suggested that its downregulation may promote
albuminuria (Nasdala et al. 2002)

E-selectin (CD62E) • Selectively expressed on endothelial cells following
exposure to cytokines (Navarro-Gonzalez et al. 2011)

• Soluble levels correlate with the albuminuria and presence
of cardiovascular disease in DM 1 patients (Soedamah-Muthu
et al. 2006)

• Strongly correlated with presence of DKD (Lopes-Virella
et al. 2008)

Α-Actinin 4 • Exclusively expressed in podocytes C (Kimura et al. 2008)
• Expression inversely correlated with the extent of

mesangial expansion (Kimura et al. 2008)

Reprinted with permission from (Alicic et al. 2018). This article was published in Advances in Chronic Kidney Disease,
volume 25, Alicic RZ, Johnson EJ, Tuttle KR. Inflammatory Mechanisms as New Biomarkers and Therapeutic Targets
for Diabetic Kidney Disease, pages 181–191, Copyright by the National Kidney Foundation, Inc. (2017)
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systolic blood pressure was associated with a
13% ( p < 0.0001) increase in hazard ratio for
development of both micro- (UACR �30 to
�300 mg/g) and macroalbuminuria and impaired
kidney function, defined as eGFR <60 mL/min/
1.73 m2, or doubling of the blood creatinine level
(Adler et al. 2000).

There is a clear evidence that blood pressure
control with renin-angiotensin system (RAS)
blockade, with either an angiotensin-converting
enzyme (ACE) inhibitor or an angiotensin recep-
tor blocker (ARB), reduces the progression of
established DKD in patients with
macroalbuminuria (Adler et al. 2000; Bakris
et al. 2003; Pohl et al. 2005; Brenner et al.
2001). Current treatment guidelines recommend

that the majority of patients with diabetes should
be treated to a systolic blood pressure (SBP) goal
of <140 mmHg and a diastolic blood pressure
(DBP) <90 mmHg. Lower SBP and DBP goals,
such as <130/80 mmHg, may be appropriate for
individuals at high risk of cardiovascular disease,
with use of a maximally tolerated dose of either
an ACE inhibitor or ARB in patients with diabe-
tes and UACR �30 mg/g creatinine, and particu-
larly in those with UACR �300 mg/g creatinine.
ACE inhibitors and ARBs can essentially be con-
sidered interchangeable, but should not be given
together due to higher risks of hyperkalemia and
acute kidney injury, without additional benefits
for DKD (National Kidney Foundation 2012;
ADA 2020; de Boer et al. 2017; Fried et al. 2013).

AA

EA

Glomerulus

Thickened 
GBM

Foot process 
effacement

Mesangial
expansion

Interstitium

Distal convoluted tubule

Kidney mononuclear phagocytes
(macrophages/dendritic cells)

Circulating
mononuclear
phagocyte in

intraglomerular
capillary

Macula 
densa

Proximal convoluted tubule

Inflammation

Mast cells

Fig. 32.3 Conceptual model of immunity and inflamma-
tion in diabetic kidney disease. Metabolic and hemody-
namic abnormalities induced by diabetes instigate
cytokine production and activate resident macrophages,
dendritic cells, and mast cells. This leads to recruitment
of the additional immune cells and further cytokine
release. Biological effects of the inflammatory process
include podocyte foot process effacement, thickening of
the glomerular basement membrane, mesangial expansion,

extracellular matrix remodeling, and phenotypic transfor-
mation of a variety of kidney cells to myofibroblasts.
(Reprinted with permission from (Alicic et al. 2018).
This figure was published in Advances in Chronic Kidney
Disease, volume 25, Alicic RZ, Johnson EJ, Tuttle
KR. Inflammatory Mechanisms as New Biomarkers and
Therapeutic Targets for Diabetic Kidney Disease, pages
181–191, Copyright by the National Kidney Foundation,
Inc. (2017))
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Healthy Lifestyle

The Verona Diabetes Study reported that obese
participants with type 2 diabetes and preserved
kidney function (baseline eGFR �60 mL/min/
1.73 m2) exhibited significantly faster
age-adjusted annual eGFR decline during
10 years of follow-up (�1.2 � 0.1 mL/min/
1.73 m2/year) compared with normal weight
individuals (Zoppini et al. 2012). Lifestyle
modifications such as regular physical activity,
reduction of dietary fat consumption, and smok-
ing cessation are also known to reduce incidence
of DKD, and attenuate loss of kidney function
(Pongrac Barlovic et al. 2019; Gaede et al. 2003,
2008).

New Therapeutic Approaches:
Glucagon-Like Peptide-1 Receptor
Agonists

GLP-1 RAs are analogs of the pleiotropic hor-
mone, GLP-1. GLP-1 is produced by
enteroendocrine (EEC) intestinal L- cells and is
released post-prandially. In vivo, the hormone is
quickly degraded by DPP-4, a proteolytic
enzyme. Intestinal L-cells are regulated by
nutrients, cytokines, bacterial metabolites, and
endotoxins (Drucker 2016). Endogenous GLP-1

stimulates glucose-dependent insulin secretion
from pancreatic β-cells, suppresses inappropri-
ately elevated glucagon secretion from pancreatic
α-cells, delays gastric emptying, and induces sati-
ety via a direct action in the central nervous
system (Neumiller 2012). The GLP-1 receptor is
most abundantly expressed in the pancreas and
duodenum, followed by the stomach and kidney,
with very low expression in the heart, lung, and
distal intestine, and undetectable expression in the
liver and thyroid (Mima et al. 2012; Park et al.
2007; Fan et al. 2019). Currently available GLP-1
RAs are resistant to the DPP-4 enzyme, and can
be divided into two main structural categories:
shorter-acting exendin-4-based (exenatide and
lixisenatide), and longer-acting human GLP-1-
based analogs (liraglutide, dulaglutide, and
semaglutide) (Table 32.2) (Neumiller 2012;
Ahren 2011; Trujillo and Nuffer 2014).

Stemming from the 2008 FDA Guidance for
Industry (FDA 2008), all newly marketed
glucose-lowering therapies must undergo assess-
ment for cardiovascular safety in a designated
cardiovascular outcome trial (CVOT). Implemen-
tation of this guidance has provided the medical
community reassurance that newly marketed
glucose-lowering therapies are safe from a cardio-
vascular perspective. In CVOTs for the GLP-1
receptor agonists, a multitude of unexpected ben-
eficial biological and clinical effects beyond

Table 32.2 Summary of Currently Available GLP-1 RAs

Entity
Route of
administration

Administration
frequency

Half-
life Recommended renal dose adjustment

Exenatide SC Injection Twice daily ~2.4 h • Not recommended with CrCl <30 mL/min
• Caution recommended with initiating or escalating

the dose with CrCl 30–50 mL/min
Lixisenatide SC Injection Once daily ~3 h • Not recommended with CrCl <15 mL/min
Liraglutide SC Injection Once daily ~13 h • No dosage adjustments recommended
Exenatide
XR

SC Injection Once weekly ~1 w • Not recommended with eGFR <45 mL/min/1.73 m2

or ESKD
Dulaglutide SC Injection Once weekly ~5 d • No dosage adjustments recommended
Semaglutide SC Injection Once weekly ~1 w • No dosage adjustments recommended

Oral Once daily

Abbreviations: CrCl creatinine clearance, d days, eGFR estimated glomerular filtration rate, ESKD end-stage kidney dis-
ease, GLP-1 glucagon-like peptide-1, h Hours, SC subcutaneous, w weeks, XR extended release. Information from
(Exenatide (Byetta®) Injection 2018; Lixisenatide (Adlyxin®) Injection 2019; Liraglutide (Victoza®) Injection 2019;
Exenatide Extended-Release (Bydureon®) Injectable Suspension 2019; Dulaglutide (Trulicity®) Injection 2019;
Semaglutide (Ozempic®) Injection 2019; Semaglutide (Rybelsus®) Tablets 2019)
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glycemic control were observed, including reduc-
tion of macroalbuminuria and attenuation of kid-
ney function loss in patients with type 2 diabetes,
with or without chronic kidney disease (Greco
et al. 2019; Pfeffer et al. 2015; Mann et al.
2017; Marso et al. 2016a, b; Tuttle et al. 2018a).

Glucagon-Like Peptide-1 Receptor
Agonist Trials

Dulaglutide

The AWARD-7 trial enrolled 577 individuals
with moderate-to-severe DKD (mean eGFR:
38 mL/min/1.73 m2) who were randomized to
receive (1:1:1) dulaglutide 1.5 mg once weekly,
dulaglutide 0.75 mg once weekly, or insulin
glargine. All participants received insulin lispro
for prandial glucose control. Following 52 weeks
of treatment, both dulaglutide treatment groups
experienced less eGFR decline when compared
to those participants in the insulin glargine group:
average eGFR decline was �3.3 mL/min/1.73 m2

in the insulin-treated group and �0.7 mL/min/
1.73 m2 in both higher (1.5 mg weekly) and
lower (0.75 mg weekly) dose dulaglutide-treated
groups (Tuttle et al. 2018a). Among AWARD-7
patients with macroalbuminuria at high risk for
progression, attenuation of mean eGFR decline
was maintained (�5.5 mL/min/1.73 m2 in insulin
glargine group compared with �0.7 mL/min/
1.73 m2 and 0.5 mL/min/1.73 m2 in dulaglutide
0.75 mg and 1.5 mg groups, respectively) (Tuttle
et al. 2018a).

Notably, fewer patients in the higher dose
dulaglutide group reached the composite end-
point of end-stage kidney disease or >40%
eGFR decline, compared to the insulin glargine
group (5.2% versus 10.8%, p¼ 0.038) (Fig. 32.4)
(Tuttle et al. 2018b). The lesser decline was not
influenced by body weight loss (Tuttle et al.
2019a). An additional post hoc analysis found
that a composite endpoint of�40% eGFR decline
or ESKD was lower by approximately half in
participants receiving dulaglutide 1.5 mg once-
weekly versus those receiving insulin glargine
(Tuttle et al. 2019b).

More recently, the Researching Cardiovascu-
lar Events with a Weekly Incretin in Diabetes
(REWIND) trial findings were reported (Gerstein
et al. 2019). Approximately 20% and 35% of the
participants had eGFR <60 mL/min/1.73 m2 and
microalbuminuria, respectively. REWIND
included a predefined secondary kidney compos-
ite outcome inclusive of new-onset
macroalbuminuria, a sustained decline in eGFR
of �30% from baseline, or chronic kidney
replacement therapy. Significantly less
participants receiving dulaglutide experienced a
kidney-related event when compared with pla-
cebo (17% vs. 20%, respectively), thus
supporting the kidney protective effects observed
in AWARD-7 (Fig. 32.4) (Gerstein et al. 2019).

Liraglutide

The Liraglutide Effect and Action in Diabetes:
Evaluation of Cardiovascular Outcome Results
(LEADER) trial enrolled participants with type
2 diabetes and high cardiovascular risk (Marso
et al. 2016a). Approximately 23% of participants
had moderate-to-severe DKD. Prespecified sec-
ondary kidney outcome was a composite of
new-onset persistent macroalbuminuria, persis-
tent doubling of the serum creatinine level,
end-stage kidney disease, or death due to disease
(Mann et al. 2017). Liraglutide treatment was
associated with a lower rate of kidney events
compared to those receiving placebo (161 vs.
215 patients; hazard ratio (HR): 0.74; 95% CI:
0.60 to 0.91; p ¼ 0.004). The progressive decline
in eGFR at 36 months was 7.44 and 7.82 mL/min/
1.73 m2 in the liraglutide and placebo groups,
respectively, corresponding to a 2% less decrease
observed with liraglutide (Fig. 32.4) (Mann et al.
2017). This finding is supported by several other
studies in patients with type 2 diabetes reporting a
reduction in albuminuria with liraglutide
(Zavattaro et al. 2015; von Scholten et al. 2015).
However, results from the Liraglutide Versus Pla-
cebo as Add-on to Glucose-Lowering Therapy in
Patients With Type 2 Diabetes and Moderate
Renal Impairment (LIRA-RENAL) trial did not
report a beneficial effect of liraglutide treatment
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on eGFR decline over a shorter period of time of
26 weeks (Davies et al. 2016).

Semaglutide

The Trial to Evaluate Cardiovascular and Other
Long-term Outcomes with Semaglutide in
Subjects with Type 2 Diabetes (SUSTAIN-6)
was designed to assess the cardiovascular safety
of injectable semaglutide (Marso et al. 2016b).
SUSTAIN-6 included a secondary outcome of
new or worsening nephropathy, which was
lower in the group receiving semaglutide (HR:
0.64; 95% CI: 0.46–0.88; p ¼ 0.005) (Marso
et al. 2016b). This finding was largely driven by
an observed reduction in new-onset
macroalbuminuria in the semaglutide (2.5%) ver-
sus placebo (4.9%) groups (Fig. 32.4) (Marso
et al. 2016b).

Lixisenatide

The Evaluation of Lixisenatide in Acute Coro-
nary Syndrome (ELIXA) trial enrolled patients
with type 2 diabetes and a recent history of
myocardial infarction or hospitalization for unsta-
ble angina (Fig. 32.4) (Pfeffer et al. 2015). An
exploratory analysis of ELIXA, which included
4441 participants with normoalbuminuria
(UACR <30 mg/g), 1148 participants with
microalbuminuria, and 389 participants with
macroalbuminuria, investigated the percentage
change in albuminuria and eGFR according to
baseline albuminuria status, and examined the
time to new-onset macroalbuminuria and dou-
bling of serum creatinine. After adjustment for
traditional risk factors such as HbA1c,
lixisenatide was shown to reduce the progression
of albuminuria in macroalbuminuric participants
(�39.18%; 95% CI: �68.53 to �9.84;
p ¼ 0.0070). It was also associated with a lower
risk for new-onset macroalbuminuria adjusted for
baseline, and on-trial HbA1C (HR: 0.808; 95%
CI: 0.660–0.991; p¼ 0.0404 and HR: 0.815; 95%
CI: 0.665–0.999; p ¼ 0.0491, respectively).

There were no differences in eGFR decline
between treatment groups (Muskiet et al. 2018).

Exenatide

The Exenatide Study of Cardiovascular Event
Lowering (EXSCEL) trial was a large cardiovas-
cular outcome study, enrolling a total of 14,752
patients with type 2 diabetes with or without
previous cardiovascular disease (Holman et al.
2017). The primary outcome was a cardiovascular
composite that included death from cardiovascu-
lar causes, nonfatal myocardial infarction, or non-
fatal stroke. While kidney-related outcomes were
not reported with the primary trial findings,
results for additional prespecified microvascular
analyses were recently published (Bethel et al.
2020). After median follow-up period of
3.2 years, the mean change in eGFR from base-
line was found to be similar in the exenatide and
placebo groups. New-onset macroalbuminuria
was noted in 2.2% and 2.5% of participants in
the exenatide and placebo groups, respectively
(HR: 0.87; 95% CI: 0.70–1.07; p ¼ 0.19) (Bethel
et al. 2020). Another recently reported post-hoc
analysis comparing the effects of twice-daily
exenatide versus titrated insulin glargine on kid-
ney function and albuminuria in patients with
type 2 diabetes without overt nephropathy, like-
wise was not shown to affect kidney function
decline or progression of albuminuria (Muskiet
et al. 2019).

Glucagon-Like Peptide-1 Receptor
Agonist Trials: Ongoing
Kidney-Outcome Studies

In consideration of the benefits observed in the
GLP-1 RA trials summarized, several key studies
are ongoing that will shed additional light on the
potential benefits of GLP-1 receptor agonism on
kidney-related outcomes, in individuals with
moderate-to-severe kidney disease. The Effect of
Semaglutide Versus Placebo on the Progression
of Renal Impairment in Subjects with Type 2 Dia-
betes and Chronic Kidney Disease (FLOW) is an
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ongoing randomized clinical trial expected to
complete in August 2024 (Clinicaltrials.gov
2019). An estimated 3160 participants will be
enrolled and randomized to treatment with
weekly injectable semaglutide or placebo. The
overall objective of FLOW is to determine the
effect of semaglutide on the progression of CKD
in patients with type 2 diabetes. Enrolled
participants will have renal impairment defined
by:

1. An eGFR �50 and �75 mL/min/1.73 m2 and
UACR >300 and <5000 mg/g; or

2. An eGFR �25 and <50 mL/min/1.73 m2 and
UACR >100 and <5000 mg/g.

Participants will additionally be treated with a
maximally titrated or tolerated ACE inhibitor or
ARB. FLOW will examine time to first occur-
rence of a composite of eGFR decline of �50%
from baseline, ESRD, or death from kidney or
cardiovascular disease, as well as prespecified
secondary outcome measures (annual rate of
change in eGFR, time to occurrence of all-cause
death, time to occurrence of each individual com-
ponent of the primary composite outcome and
relative change in UACR).

Putative Mechanism of Observed
Kidney Outcomes

The exact mechanisms responsible for the
observed kidney protective effects are subjects
of ongoing inquiry. Benefits are likely exerted
through influences on modifiable risk factors
such as glucose reduction, blood pressure control,
and weight loss, as well as direct biological
effects on the kidney. The distribution of GLP-1
receptor in kidney is still under investigation, but
receptors have been detected in arterial vascula-
ture, glomerular capillaries, endothelial cells,
macrophages, juxtaglomerular cells, and cells of
the proximal tubules (Fujita et al. 2014; Kodera
et al. 2011; Schlatter et al. 2007; Korner et al.
2007; Pyke et al. 2014).

Addition of a GLP-1 RA to background
antihyperglycemic therapy leads to additional

reductions in HbA1C, ranging from �0.3% to
�1.9%, compared to controls in the clinical trials
evaluating cardiovascular safety (Pfeffer et al.
2015; Marso et al. 2016a, b; Madsbad 2016). In
patients with moderate-to-severe chronic kidney
disease (CKD) at stages 3 and 4, active treatment
with insulin glargine and dulaglutide resulted in
similar reductions in HbA1c (Tuttle et al. 2018a).

Treatment with liraglutide or semaglutide has
been associated with SBP reductions of approxi-
mately 2–5 mmHg compared to placebo or active
treatment with insulin or a sulfonylurea (Sun et al.
2015a). Unfortunately, this effect is blunted or
absent in people with moderate-to-severe kidney
disease (Tuttle et al. 2018a; Bode 2012).

GLP-1 RAs additionally promote reductions in
waist circumference and body weight, with
weight reductions of approximately 3 kg on aver-
age achieved with GLP-1 RA treatment when
compared to other glucose-lowering treatments
(Vilsboll et al. 2012; Potts et al. 2015; Sun et al.
2015b). Moreover, the weight loss effect with
GLP-1 RA treatment is preserved in patients
with CKD (Tuttle et al. 2018a; Davies et al.
2016).

Some of the proposed direct effects on the
kidney include alteration in fluid and electrolyte
metabolism, through reduction of Na+/H+

exchanger 3 (NHE3)-dependent proximal tubule
sodium reabsorption, and decrease in sodium
bicarbonate and water reabsorption. This is the
probable mechanism behind natriuresis and diure-
sis observed in rats, mice, and humans following
GLP-1 receptor activation (Farah et al. 2016;
Skov et al. 2013, 2016).

GLP-1 has general anti-inflammatory effects,
which may protect the kidney from inflammatory
events that induce histological changes and per-
turb glomerular hemodynamics (Lee and Jun
2016; Deb et al. 2017). Treatment with
dulaglutide lowers serum levels of C-reactive
protein (CRP) by approximately 1 mg/L, and
with exenatide by a mean of 0.5 mg/L (Bunck
et al. 2010; Ferdinand et al. 2014). A meta-
analysis of randomized controlled trials with
GLP-1 RA treatment in patients with type 2 dia-
betes found an approximately 2 mg/L reduction in
serum CRP (Mazidi et al. 2017). In experimental
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DKD models, GLP-1 RA treatment exhibits anti-
inflammatory and antioxidative effects, resulting
in protection from endothelial injury and reduc-
tion of proteinuria (Park et al. 2007; Kodera et al.
2011; Hendarto et al. 2012). Plausible candidates
for the anti-inflammatory and anti-oxidative
mechanisms are increased production of cyclic
adenosine monophosphate (cAMP) and protein
kinase A (PKA). Even the downstream target of
cAMP and PKA activation is unclear. The proba-
ble candidate is NAD(P)H oxidase, a major
source of oxidative stress in DKD (Jha et al.
2014; Dieter et al. 2018).

In rats, liraglutide has additionally been shown
to attenuate oxidative stress, expression of
transforming growth factor–beta and fibronectin,
and reduce albuminuria (Hendarto et al. 2012).
Furthermore, exenedin and liraglutide infusions
in rats and humans prevent macrophage infiltra-
tion, and inhibit release of proinflammatory
cytokines from macrophages, decrease protein
levels of intercellular adhesion molecule-1
(ICAM-1) and type IV collagen, decrease
TGF-β1 and TGF-β1R expression with inhibit
activation of downstream Smad3 and ERK1/2 sig-
naling, activating nuclear factor-κB in kidney tis-
sue (Kodera et al. 2011; Hogan et al. 2014).

Future Perspectives

Major organizations such as the American Diabe-
tes Association (ADA) now recommend GLP-1
RAs with proven cardiovascular benefits be con-
sidered for use in patients with indicators of high
risk or established atherosclerotic cardiovascular
disease, CKD or heart failure independent of
baseline HbA1C or individualized glycemic
targets (American Diabetes Association 2020).
The multitude of biological effects exerted
include antihyperglycemic effects, weight loss,
and blood pressure reduction.

In addition, a mounting body of knowledge
indicates that the GLP-1 RAs address the princi-
pal pathomechanism of DKD through their anti-
inflammatory, antioxidant, and antifibrotic
effects. AWARD-7 suggested that dulaglutide
attenuates eGFR decline and progression of

albuminuria in patients with type 2 diabetes and
moderate-to-severe CKD, providing the first evi-
dence to suggest a benefit of GLP-1 receptor
agonism on kidney disease progression in this
population (Tuttle et al. 2018a). Additional evi-
dence is needed, however, to determine GLP-1
RAs impact on kidney outcomes in at-risk
patients, and effects on cardiovascular risk in
this group of patients. Findings from ongoing
clinical trials, such as FLOW, will continue to
inform our understanding of the role of GLP-1
RAs in patients with established kidney disease.
Hopefully, ongoing trials will confirm GLP-1
RAs as one of the most promising therapeutic
interventions, to mitigate the risk of development
and progression of DKD.
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Abstract

Type 2 diabetes has worldwide increasingly
become a disease clustering among the low
educated. The steep negative gradient of dis-
ability across levels of education among both
men and women, contrasts with a positive
gradient for both diabetes and obesity among

men. It is found that both diabetes and depres-
sion clusters among the low educated, and the
two disorders also cluster to each other. The
effect of diabetes on disability is much stron-
ger among people also suffering from depres-
sion, and that interaction is particularly
remarkable among men. It is also stronger
among low educated, particularly among
low-educated women.

The unequal prevalence of diabetes is partly
due to a similar patterning of obesity, but it is

F. Diderichsen (*)
University of Copenhagen, Joao Pessoa, PB, Brazil
e-mail: fidi@sund.ku.dk

# Springer Nature Switzerland AG 2020
J. Faintuch and S. Faintuch (eds.), Obesity and Diabetes, https://doi.org/10.1007/978-3-030-53370-0_33

457

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53370-0_33&domain=pdf
mailto:fidi@sund.ku.dk
https://doi.org/10.1007/978-3-030-53370-0_33#DOI


found that there exists a differential suscepti-
bility, in which the association between obe-
sity and diabetes is stronger among the low
educated. That seems partly due to higher sus-
ceptibility to obesity among those suffering
from comorbid depression.

There is thus evidence not only of a vicious
circle between diabetes—depression—obe-
sity—diabetes, but the actual impact on
people’s daily life and capability of these
comorbidities, is also aggravated by an inter-
action between the two disorders and with low
socioeconomic status. Diabetes and depression
thus show a pattern of syndemics in the con-
text of large social inequalities of Brazil.

Keywords

Poverty · Disability · Depression · Diabetes ·
Social inequality · Disease burden

Introduction: Why Diabetes
and Depression?

Some comorbidities are more interesting and
important than others—for populations and for
patients. The combination of diabetes and
depression is one of them. For at least five
reasons. Both disorders occur with high and—
and for diabetes at least—increasing prevalence.
They have both substantial effect on disability
and disease burden. Thirdly, both occur with con-
siderable class and gender disparities, in patterns
that however differs across populations and social
contexts. The two disorders tend further not only
to co-occur but also to cluster—i.e., suffering
from one of the disorders increases the risk of
having the other. Finally, there is evidence that
they might interact, i.e., one disease influence the
course and consequences of the other.

The research interest in this comorbidity has
been extensive. The first published paper on the
association between diabetes and depression
came in 1949, and since 2010 the annual number
of publications is 100–200 (Sweileh 2018). Most
of them from high-income countries. In this

chapter we shall, with data from the latest
Brazilian Health Survey (PNS 2013—see Box
33.1), analyse the social epidemiology of diabe-
tes, and examine how depression is associated
with the occurrence, social disparities, and
consequences of diabetes.

Box 33.1 Analysis of the Brazilian National
Health Survey (PNS 2013)
We use the latest Brazilian National Health
Survey PNS 2013 (Szwarcwald et al.
2014). It is a cross-sectional household sur-
vey designed with a three-stage random
sampling procedure. The census tracts are
the primary units, the households are the
second-stage units, and one resident per
household aged 18 years or older is the
third-stage unit. The sample includes
81,357 households. A total of 8.1% did
not want to participate or could not be
contacted. Interviews on health issues
were carried out with 60,202 individuals.
The survey was approved by the Comissão
Nacional de Ética em Pesquisa (CONEP—
National Commission of Ethics in
Research—no. 328,159). PNS 2013 is
thus a large survey with sufficient size for
the power-demanding interaction analyses;
however, it is cross-sectional, which limits
any attempt to draw causal inferences.

Disability is here measured as self-
reported consequence of long-term
diseases. Disability is based on questions
raised for each of 13 different chronic
disorders (including one “other diseases”
category): “to what degree the disease or
its complications limit daily activities
including work. Those who answer “mod-
erate, serious, or very serious” to at least
one of these questions are classified as hav-
ing disability, i.e., limiting activities due to
illness. The basic individual exposure is the
highest level of education achieved.

Prevalent diabetes is based on an affir-
mative answer to the question: ‘Has any

(continued)
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Box 33.1 (continued)

doctor told you have diabetes?’ Compared
to laboratory measurements with Hba1c
levels >6.5% or medication self-report, it
seems to underestimate the prevalence
(Malta et al. 2019). Symptoms of depres-
sion are based on the patient health ques-
tionnaire—9 (PHQ-9 scale) with a
sum-score ranging from 0 to 27. Having
moderate or severe depressive symptoms
(Depression) is defined as scoring ten or
higher. For the regression analysis,
Generalized Linear models with binomial
distribution were used in IBM SPSS v25.
Associations are thus measured in absolute
terms as risk-difference (RD) in percentage
units of prevalence. We have chosen this
measure of associations since it is more
policy relevant and adequate for estimating
interaction. The size of interactions
between two exposures is estimated as the
difference in disease prevalence between
those exposed to both compared to those
exposed to none, minus the sum of the
effects of single exposures. Some
confounders are included in the regression
model as indicated under the tables, but
several other potential confounders are not
included since they are not collected in the
survey. We have applied weights to adjust
for sampling stratification and differential
non-response in the survey (Szwarcwald
et al. 2014).

Diabetes: Increasingly a Disorder
of Poverty

Diabetes is often described as a disease of mod-
ernization, including industrialization and urbani-
zation. In upper middle-income countries like
Brazil where these processes develop faster than
elsewhere, the diabetes prevalence is increasing
approximately 2% annually (NCD RisC 2016a).
The industrialization of food production and
global shift in diets, with growing marketing and
consumption of foods and beverages with added

sugars and salt, refined carbohydrates, grain-
based desserts and savoury snacks, has hit low-
and middle-income countries harder than in the
industrialized North, and Latin America earlier
than many other regions (Popkin et al. 2012;
Popkin and Reardon 2018). Time and energy
use on physical activity linked to work, home
production, travel and leisure time activities
have also changed, and contributed to the rise in
obesity and type-2 diabetes (Ng and Popkin
2012).

These changes are universal, but the effects on
obesity and diabetes have differed, not only
between countries at different economic levels,
but also within countries between men and
women, and between different socioeconomic
groups. Diabetes shows, in both European (Espelt
et al. 2012; Imkampe and Gulliford 2011) and
some Asian countries (Kim and Nam 2017),
increasing disparities and occurs now with steep
social gradients, even in welfare states with rela-
tively small socioeconomic inequalities (Agardh
et al. 2011). In Brazil, increasing educational
inequalities in diabetes have also been observed
in the period 1998–2013 (Beltran-Sánchez and
Andrade 2016), a period when income inequality
in Brazil was declining (see Box 33.2). In that
sense, diabetes has become more a disease of
poverty than a disease of modernization
(Mendenhall 2019).

Box 33.2 The Brazilian Context
Brazil is a middle-income country with a
gross domestic product per capita that is
7 times lower than in the US and 4.5 times
higher than in India. It experienced in the
years 1990–2014 a strong economic
growth, where income inequality and pov-
erty declined sharply. Since 2015 these
indicators have however pointed in the
opposite direction with growing
inequalities. Brazil implemented since
1990 a fast-expanding public health service
programme (SUS) that generated access to
care nationwide, but in particular for poor
populations in the North of Brazil. Specific

(continued)
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Box 33.2 (continued)

programmes for child health and for the
control of non-communicable diseases
(NCD) like diabetes and hypertension
have been implemented. The human devel-
opment index (HDI) is a composite index of
human development, including measures of
education, income and longevity. The aver-
age HDI of Brazil increased from 0.611 in
1990 to 0.759 in 2017. There are however
still large inequalities between Brazilian
states. In 2010, HDI varied from 0.631 in
Alagoas in the North East region (similar to
Honduras), to 0.824 in the Federal District
where Brasilia is located (similar to
Argentina). These differences in HDI thus
correspond to more than 25 years’ develop-
ment in Brazil. States with high HDI tend
also to be more industrialized, urbanized
and with higher average income. They
have at same time smaller income
inequalities. Epidemiologically, Brazil has
experienced a very fast decline in commu-
nicable disorders and, as elsewhere, a
slowly increasing prevalence of many
NCDs, including diabetes.

The social epidemiology of depression is
much less clarified, particularly in low and
middle-income countries. There is no strong evi-
dence that the prevalence of depression is actually
increasing (Ferrari et al. 2013), but several studies
from Brazil and other middle-income countries
have shown higher prevalence among women
and among underprivileged groups (Silva et al.
2014; Munhoz et al. 2016; Brinda et al. 2016).

The epidemiological development of diabetes
in the Brazilian population has made it a major
priority in national health policies, with detailed
vertical programs to be implemented in primary
care (Almeida-Pititto et al. 2015). When, like in
Brazil, 70% of diabetes cases have only primary
school or less, policies aimed at tackling the dia-
betes epidemic must address the growing social
inequality in diabetes.

The Social Patterning of Diabetes,
Obesity and Depression in Brazil

The empirical analysis in this chapter is based on
the latest Brazilian National Health Survey (PNS
2013). See text Box 33.1 for details.

Figure 33.1 shows the age-adjusted prevalence
of diabetes, obesity, depression and disability
across levels of education for men and women.

In Fig. 33.1, it can be observed that there is a
steep educational gradient in prevalence of dis-
ability for both women and men. Disability is
here measured as moderate-to-severe limitation
of daily activities. We have calculated for disabil-
ity among women the Slope Index of Inequal-
ity—SII (Mackenbach and Kunst 1997) as
�12.5 percentage points (p.p.), with 95% confi-
dence interval (CI: �14.2; –10.8), and for men as
�13.8 (CI: �15.5; –12.3). They confirm signifi-
cant inequality for these samples. In the Brazilian
population, both diabetes and depression (Yokota
et al. 2016) are important causes of disability. As
many as 36% of diabetics report disability, 48%
of those with moderate-to-severe depressive
symptoms, and 75% suffer from both.

The steep negative gradient in disability might
therefore be influenced by social disparities in the
prevalence of diabetes and depression, but many
other diseases might play a role too. In Fig. 33.1,
it can be seen that there indeed is a negative
gradient for diabetes (SII ¼ �7.4; CI: �8.5; –
6.2), but only among women. For men the asso-
ciation between education and diabetes is weakly
positive (0.6 CI: –0.5; 1.7) When compared to the
disability gradient it raises the question, whether
the disability consequences of diabetes are stron-
ger among men than women, and in particular for
low educated men?

The inequality in diabetes is stronger in the
rich (and economically more equal) states in the
south of Brazil. Slope index of inequality for
diabetes in women is �10.8 (CI: –12.7; –8.9) in
these states, compared to�4.4 (CI:�6.4; –2.5) in
the poorer (and more unequal) less developed
North Eastern states. Even within Brazil the eco-
nomic development seems to transform diabetes
from a disease of modernization increasingly to a
disease also of poverty.
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The curves in Fig. 33.1 raise the question why
the association between education and diabetes is
so different for men and women. What makes
women more susceptible to the protective effect
of education on diabetes? It seems in Fig. 33.1
that, at least partly, it could be due to a sex
difference in the social patterning of obesity.
The educational slope of obesity is negative for
women (SII ¼ �10.5 CI: �12.5; –8.5), but posi-
tive for men (SII ¼ 7.7 CI: 5.9; 9.5). It would
however still not explain that obesity and diabetes
are more strongly associated for low-educated
women than for others.

Figure 33.1 reveals negative educational
gradients for depression with SII ¼ �4.6 CI: –
3.5; –5.6) for men, and for women an even
steeper gradient with a SII ¼ �9.7 (CI: 8.2;
11.1). As was the case for diabetes, the gradient
is stronger in the rich more industrialized states in
the South of Brazil, with a SII of �10.6 (CI: –
12.9; –8.3) compared to �5.6 (CI: –8.1; –3.1) in
the Northeast. Since depression is both a cause
and an effect of both obesity and diabetes
(Jantaratnotai et al. 2017) the comorbidity with
depression might, as we shall see, contribute to
some of the questions mentioned here.

To sum up: the simple description of the social
patterning of disability, diabetes, depression and
obesity in Fig. 33.1 raises at least two questions
where the diabetes-depression comorbidity might
play a role: (1) Does diabetes have differential
consequences in terms of disability across sexes

and educational levels? (2) Does obesity have
differential effects on diabetes across sexes and
levels of education?

Mechanisms of Health Inequalities

These two questions point to two of the generic
mechanisms driving disparities in morbidity and
disability (Diderichsen et al. 2001). From an ethi-
cal point of view, it is relevant to start with the
inequality of the disabling consequences of dis-
ease. Amartya Sen has argued that if an important
quality of human development is greater freedom
for people to live the lives they have reason to
value, then inequalities in the origins of that
un-freedom becomes central. Bad health due to
escapable disabilities and premature mortality is a
critical source of such un-freedom (Sen 2002).

Differential Consequences

If we go backwards in the causal chain, it is
evident that disparities in disability and participa-
tion are generated by disparities in underlying
morbidities (Schuring et al. 2019). Diabetes and
depression are two obvious sources in the
Brazilian population, but several other chronic
diseases contribute as well, including cardiovas-
cular and musculoskeletal disorders (Malta et al.
2016). Epidemiological studies have since long

Fig. 33.1 Prevalence (%) of obesity (BMI �30), self-
reported diabetes, moderate-to-severe symptoms of
depression (PHQ-9 � 10) and disability (self-reported
moderate to severe limitation of daily activities including

work, due to long-term illness). Brazil PNS 2013. Educa-
tion (1 ¼ less than primary school, 2 ¼ primary school,
3 ¼ secondary school, 4 ¼ tertiary school or higher).
Prevalence in percent adjusted for age and state
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indicated that with a given morbidity the rate and
degree of disability and participation might differ
across levels of education, i.e., differential
consequences (Burström et al. 2000). That might
be a result of not only unequal access to and
quality of health care, but also unequal levels of
comorbidity and demands at the labour market not
compatible with ill-health and short education.
Only few studies have analysed the inequalities
in disability specifically for diabetes, but they
have found clear educational and sex disparities
in disability (Ervasti et al. 2016) (Table 33.1).

Table 33.1 unsurprisingly indicates that
depression has a very strong association with
disability and is stronger than diabetes. The asso-
ciation between disease and disability is more
prominent among low educated, particularly for
women. That difference is estimated by the inter-
action between education and disease in the last
row of Table 33.1. There are thus indications of
differential consequences across levels of educa-
tion—in particular for depression and for women.
This may have many explanations. Education
might play a role for perceived disability, because
the labour market often demands more physical
ability among people with low education, and the
consequences in terms of reduced workability
might therefore be stronger among those
suffering from short education (Schuring et al.
2019).

Interacting Comorbidity

Another reason there might be differential
consequences of diabetes is the unequal

prevalence of comorbid depression, in case
depression interacts with diabetes in the effect
on disability. Several clinical studies have
shown that depression interferes with the care,
control, and course of diabetes (Ciechanowski
et al. 2000; Pirraglia and Gupta 2007; Petrak
et al. 2015). Few studies have however looked
at whether there is an interaction between diabe-
tes and depression, in their association with dis-
ability (Egede 2004; Kalyani et al. 2017;
Diderichsen and Andersen 2019). Table 33.2
demonstrates the interaction.

In Table 33.2, it can be noticed a rather strong
interaction between diabetes and depression, par-
ticularly among men. We might here have a
mechanism contributing to the paradox found in
Fig. 33.1, that low-educated men show high
levels of disability, however, relatively low prev-
alence of diabetes and depression. That might
thus be due to depression, interfering with the
course and consequences of their diabetes.

Clustering

The impact on population health of interaction
between disorders will depend on the degree of
co-occurrence and clustering. The more cluster-
ing there is of two or more disorders to the same
individuals, the more opportunities will there be
for them to interact. In Brazil, there is indeed a
clustering of diabetes and depression. In the
alluded-to survey (PNS 2013), the prevalence of
diabetes is 6.2% and for depression 7.7%. This
means that the prevalence of co-occurrence by
chance would be 0.48%. In reality it is 0.92%,

Table 33.1 Differential consequences. The interaction between short education (� prim educ.) and disease (diabetes or
depression) in relation to disability. Percentage points prevalence difference with 95% CI. Adjusted for age and state.
Brazil PNS 2013

Diabetes Depression

Men Women Men Women

�Prim. educ. + disease
�Prim. educ. 0 disease
>Prim. educ. + disease
>Prim. educ. 0 disease

18.3 (16.2;20.5)
6.2 (5.4;7.0)
14.1 (11.4;16.7)
0 (ref.)

24.2 (22.3;26.3)
4.7 (3.8;5.6)
14.4 (11.3;17.5)
0 (ref.)

45.5 (43.3;47.6)
4.9 (4.2;5.7)
31.0 (28.3;33.8)
0 (ref.)

42.7 (41.1;44.4)
2.5 (1.6;3.4)
25.9 (24.0;27.8)
0 (ref.)

Interaction educ.*disease �2.0 (�5.3;1.4) 5.2 (1.6;8.8) 9.5 (6.1;13.0) 14.4 (11.8;16.9)

Prim. educ. Primary education; ref. Reference category for the table
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i.e., 1.9 times higher than expected. This level of
clustering has been found in other countries too
(Nouwen et al. 2019).

Clustering can be due either to shared causa-
tion or to bidirectional causal relationships
between the two disorders. As recent reviews
have shown, there have been numerous longitu-
dinal studies documenting the bidirectional causal
relationship between depression and diabetes
(Nouwen et al. 2019; Chireh et al. 2019; Zhao
et al. 2019). There is also evidence indicating
several shared causes (Chireh and D’Arcy
2019). Shared causation by obesity and short
education has been mentioned here, but there are
other candidates. A Scandinavian twin study has
demonstrated that type 2 diabetes and depression
may share a genetic component, albeit with dif-
ferent genetic factors being at play in males and
females (Kan et al. 2016).

The dysregulation of the hypothalamic-
pituitary-adrenal (HPA) axis is a much-discussed
biological link between stress, depression, obesity
and type 2 diabetes, even if many mechanistic
details are badly understood (Joseph and Golden
2017; Milaneschi et al. 2019). Origins of stress
reactions and HPA-dysregulation might therefore
be shared, causes, including childhood poverty
and maltreatment, generating increased inflam-
matory vulnerability to the effects of later
exposures (Milaniak and Jaffee 2019). Violence,
unemployment and living in communities with
large income inequalities are examples of partic-
ular relevance in Brazil, and might increase stress
and thereby both depression and diabetes (Kelly
and Ismail 2015; Hammen 2015).

Diseases that cluster and interact with each
other and with the social context have been called

syndemics (Singer et al. 2017). The diabetes/
depression comorbidity is an example of a
syndemic between non-communicable disorders
(Mendenhall et al. 2017; Diderichsen et al. 2019).
Mendenhall argues, based on her anthropological
studies, that we should consider diabetes invari-
ably in a syndemic context. Poverty and violence
are very prevalent in Brazilian slums (‘favelas’),
and generate a chronic level of stress that could
drive the occurrence of both depression, diabetes
and their complications (Mendenhall 2019).

Differential Exposure

If we go a step further back in the causal chains,
the inequalities in the incidence of a disease will
be driven by unequal distribution of major causes
of the disease—i.e., differential exposure.

Obesity is the most important cause of type
2 diabetes and might explain a considerable part
of the social disparities in diabetes (Smith et al.
2013; Steele et al. 2017). Obesity prevalence has
been rising for both men and women in low- and
middle-income countries (LMIC) (NCD RisC
2016b); however, the rise has been much more
pronounced among low-educated and underprivi-
leged groups, leading to a reversal of the educa-
tion/obesity relationship from positive in
low-income countries to negative in middle- and
high-income countries (Jaacks et al. 2019). That
trend has been found to be particularly strong
among women (Ford et al. 2017). The association
between education and body mass index (BMI)
seems mainly to be mediated by environmental
and psychosocial factors (Blüher 2019; Claassen
et al. 2019).

Table 33.2 The interaction between diabetes and depression in relation to disability. Percentage points prevalence
difference with 95% CI. Adjusted for age, education and state. Brazil PNS 2013

Men Women

+ Diabetes; + depression
+ Diabetes; 0 depression
0 Diabetes; + depression
0 Diabetes; 0 depression

65.0 (60.3;69.8)
9.1 (7.4;10.8)
33.8 (32.0;35.6)
0 (ref.)

57.7 (54.2;61.3)
14.1 (12.4;15.8)
32.2 (30.8;33.5)
0 (ref.)

Interaction diabetes*depression 22.1 (16.8;27.4) 11.5 (7.4;15.5)

ref. Reference category for the table
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Obesity Patterns in Brazil

As shown in Fig. 33.1, for women in Brazil there
is a graded negative association between educa-
tion and obesity, while it is positive for men. That
has not always been the case. In 1975, the associ-
ation between BMI and income was positive for
both men and women in Brazil (Monteiro et al.
2007; Gomes et al. 2019). Since then, the preva-
lence of obesity has increased faster among
low-income than high-income groups for both
genders. In the 1990s, the prevalence of obesity
actually declined among high-income women.
The changing social patterning of obesity clearly
plays a major role in the changing patterns of
diabetes, but does not fully explain it (Espelt
et al. 2012; Kim and Nam 2017). The reason
why the profiles in Brazil have become so differ-
ent for men and women might be due to labour
market segregation, as low-educated women to a
high-degree work with domestic service, and
low-educated men work in agriculture, construc-
tion and industry.

Gene Expression and Miscellaneous
Mechanisms

Genotype is another underlying cause of type
2 diabetes. Studies so far have not indicated that
the genetic risk is associated with education, but
they have suggested that education might modify
the epigenetic expression, and effect on obesity
and diabetes (Liu et al. 2015; van Zon et al. 2017;
Frank et al. 2019).

Low birthweight is associated with type
2 diabetes (Knop et al. 2018). Wells has
formulated the risk for diabetes as an interaction
between low metabolic capacity (influenced by
impaired foetal and infant growth), and metabolic
load generated by adiposity, sedentary life style
and psychosocial stress (Wells 2019). The
combination of impaired foetal growth and adult
metabolic load is particularly relevant in middle-
income countries like Brazil, where changes have
happened fast within a lifetime. The health effects
of undernutrition early in life and later exposure

to obesogenic environments thus represent a dual
burden of malnutrition. Fortunately, prevalence
of stunting (as a sign of early undernutrition)
has declined rapidly in Brazil since the 1970s,
and social disparities have been reduced
(Monteiro et al. 2010).

Social stress has in several studies been shown
to impact on the risk of diabetes, including early
adversities (Milaniak and Jaffee 2019) and adult
social stress from work (Xu et al. 2017). Poor
housing and violence have also been identified
as risk factors and potential modifiers of the
obesity-diabetes relationship—partly through the
metabolic effects of stress (Kelly and Ismail
2015; Volaco et al. 2018; Heraclides et al. 2011).

Stress mobilizes biological responses, includ-
ing the release of glucose and lipids into the
circulation, inflammatory cytokine expression
and increased blood pressure. Repeated stress
might in the long run generate allostatic load,
with dysregulation of glucose metabolism and
chronic low-grade inflammation. Stress might in
addition influence behaviours, including dietary
habits and physical activity (Hackett and Steptoe
2017). Stress can also generate depression, and
both stress and depression might work through
sleep disturbances in their impact on diabetes
(Anothaisintawee et al. 2016).

Differential Vulnerability

As the aforementioned causes might work in the
same causal pathway as obesity, they might inter-
act and modify the effect of obesity. Since social
stress and childhood adversities are strongly
related to education and income, they might gen-
erate a differential vulnerability to obesity
(Diderichsen et al. 2019).

Vulnerability is a concept used in many
disciplines with different meanings, and often
including many dimensions. One is the lack of
capability to change, cope with—or adapt to—
determinants of ill health. Since health is a critical
constituent of capabilities (Sen 2002), this
approach provides a feed-back pathway where
ill health and its consequences, through changed
capabilities, influence causes and consequences
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of disease. Since many different interacting
causes in the same pathway might mediate the
health effect of social position, the effect of a
single cause might differ across social positions,
if it interacts with some other cause related to
social position—differential susceptibility.

It is well known that the association between
BMI and type 2 diabetes varies across ethnic
groups, with stronger effects among Asian
populations (Chiu et al. 2011). Some studies indi-
cate that the obesity-diabetes association is stron-
ger in countries with higher-income levels,
compared to low-income countries (Wang et al.
2014). Body fat distribution modifies the
BMI-diabetes association and waist circumference
has, for the same BMI levels, increased in many
countries (NCD RisC 2016b). Stress is associated
with increased abdominal adiposity (Surkan et al.
2018) and might contribute to this development.

From an equity point of view, the interesting
question is whether the BMI-diabetes association
differs across level of education. In Fig. 33.2, data
on this are shown for Brazil.

The Impact of Obesity

It can clearly be seen that the association is
steeper for the low educated. While ten-point
increase in BMI-average is associated with 6 per-
centage points increased prevalence of diabetes
among the low educated, it is only 2–3 percentage

points for the better educated. There is in other
words an interaction between obesity and short
education that can be estimated to 2.6 percentage
points (CI: 1.3; 4.0) for women and 4.8 (CI: 3.4;
6.2) for men.

That differential association of BMI and dia-
betes can be due to interaction between obesity
and some other risk factor for diabetes associated
with education. The survey we have access to
here has measured smoking, dietary habits and
physical inactivity and none of them show any
interaction with obesity. As the data are cross-
sectional, the behavioural factors might act as
both causes and effects of diabetes, which
makes the interpretation complicated. There is
no measure of perceived stress in the PNS, but
depression might be an indicator strongly linked
with exposure to stress.

Obesity has been found to be associated with
depression in a bi-directional causal relationship
(Wu and Berry 2018; Stunkard et al. 2003). The
relevant question here is to what extent depres-
sion modifies the association between obesity and
diabetes. Figure 33.3 illustrates that for both men
and women there is an interaction between obe-
sity and depression: 3.5 percentage points (CI:
1.4; 5.5) for women and 6.8 (CI: 3.8; 9.8) for
men (Fig. 33.3). Similar findings have recently
been announced in China (Ning et al. 2019).
Since depression is more prevalent among low
educated, this might contribute to the differential
susceptibility in Fig. 33.2.

Fig. 33.2 Prevalence (%)
of self-reported diabetes
(adjusted for age and state)
according to BMI stratified
for education. PNS
Brazil 2013
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Summarizing

It is well known that the causal sequence of dia-
betes-depression-obesity-diabetes can create a
vicious circle. What this analysis adds is that the
disabling effect on people’s daily life and
activities of the combined diabetes-depression
comorbidity is stronger than the sum of each of
the two disorders. That interaction between the
two disorders is, for underprivileged groups,
aggravated by the fact that low education in com-
bination with either diabetes or depression has a
strong impact on disability.

We also find that the clustering of two
disorders is driven partly by a shared social deter-
mination. Being low educated in the highly
unequal society of Brazil represents a shared
cause of both disorders, particularly for women.
Short education also enforces the association of
obesity with diabetes, indicating a differential
susceptibility to the effect of obesity. We have
found the concept of syndemics useful when deal-
ing with clustering and interaction, between
diseases that mediate the effect of social position
on disability. If one disease is associated with low
social position, the consequences of another
interacting disease might differ across social
positions, which means it has differential
consequences.

Tackling the vicious circle mentioned here
might use different entry points. One is to prevent
obesity, which will demand powerful policy

initiatives regulating the food industry to produce
affordable healthy foods, and planning the physi-
cal environment to promote physical activity.
Physical activity improves depressive symptoms,
insulin sensitivity and glycaemic control. Other
entry points are treatment of depression and/or
diabetes. A review suggests that treatment of
comorbid depression and diabetes is more effec-
tive with an integrative approach addressing both
conditions together (Darwish et al. 2018).

Most selective serotonin reuptake inhibitor
antidepressants have however been found to
increase BMI; however, they could on the other
hand have a limiting effect on diabetes and
complications via reduced depressive symptoms.
Several studies on the effect of glycaemic control
in diabetes patients with depression or distress
have yielded heterogeneous results (Bystritsky
et al. 2014). A recent systematic review
concluded that psychological interventions with
diabetes and elevated diabetes distress, with
symptoms of depression and/or anxiety, can
improve glycaemic control (Schmidt et al. 2018).

Treatment of obesity might similarly lead to an
improvement of depressive symptoms (Sevilla-
Gonzalez et al. 2017). Better treatment of depres-
sion associated with diabetes is therefore a high
priority, and a better understanding of the psycho-
logical and physiological mechanisms involved
in this comorbidity would be helpful. Diabetes
care has improved substantially in recent years
in Brazil, but the large inequalities in quality and
effect of care still exist (Neves et al. 2018). The

Fig. 33.3 Prevalence (%)
of self-reported diabetes
(adjusted for age and state)
according to BMI and
stratified for depression.
PNS Brazil 2013
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epidemiological patterns shown here for Brazil,
and the anthropological research on the diabetes-
depression syndemic make it clear that the social
and economic context is critical.
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Abstract

Approximately 463 million adults are living
with diabetes worldwide, and another

374 million people are at increased risk of
developing type 2 diabetes. Hyperglycemia,
one of the significant risk factors for type
2 diabetes mellitus, is also involved in the
initiation and progression of major cardiac
complications, such as atherosclerotic coro-
nary heart disease. Food as a source of nutri-
tion is closely related to the occurrence of
many chronic diseases. A bundle of risk
factors has been identified, including a high
intake of saturated fat, short on fruits,
vegetables, and whole grains, as well as
heavy alcohol use. This chapter deals with
diabetic care and cardiac mortality due to
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hyperglycemia and unhealthy diet, along with
strategies and practical solutions on how to
improve cardiovascular disease prevention
and management.

Keywords

Hyperglycemia · Diabetes · Obesity ·
Cardiovascular risk · Unhealthy diet ·
Dysglycemia · Dyslipidemia

Obesity, a Risk Factor
for Cardiovascular Disease

Epidemiological and clinical evidence
demonstrates that obesity will produce a variety
of structural and functional adaptations of the
cardiovascular system, such as reducing cardiac
output and left ventricular systolic function,
increases peripheral resistance, left ventricular
mass, left ventricular wall thickness, and internal
size (Saeedi et al. 2019; Newell et al. 2010; Alpert
et al. 2018; Piche et al. 2018). These changes are
often associated with high blood pressure and
deranged blood lipids, which, in turn, increase
the risk of cardiovascular disease (CVD). An
unhealthy dietary pattern contributes to obesity
(healthy dietary style is shown in Fig. 34.1). Indi-
rect effects are mediated by coexisting cardiovas-
cular risk factors, such as insulin resistance,
hyperglycemia, hypertension, and dyslipidemia.
As a result, obese people are more likely to
develop CVD and manifestations of CVD, espe-
cially coronary heart disease (CHD), angina,
myocardial infarction (MI), atrial fibrillation,
heart failure (HF), and sudden cardiac death
(SCD).

Chronic Inflammation

One possible link between diabetes and obesity
and subsequent CVD is low-grade inflammation
(Duncan et al. 2003). Diabetes and insulin resis-
tance are associated with overexpression of many
cytokines in adipose tissue (Shimobayashi et al.

2018). Elevated C—reactive protein (CRP) levels
in diabetic patients may be related to endothelial
dysfunction. Diabetic patients also suffer from
decreased adiponectin secretion, leading to
decreased endothelial function (Shimobayashi
et al. 2018). Insulin resistance is associated with
elevated plasma free fatty acids, which lead to
increased triglyceride stores in muscles, increased
glucose production in the liver, and increased
insulin production in people with type 2 diabetes
(Leahy 2005). Insulin resistance in diabetic
patients is also associated with hypertrophy of
cardiomyocytes and systolic dysfunction (Leahy
2005; Belke et al. 2002).

Dietary Pattern and Its Impact

An unhealthy dietary pattern contributes to obe-
sity (Healthy dietary style is shown in Fig. 34.1).
Saturated fats and trans fats will raise cholesterol
and low-density lipoprotein (LDL) levels
(de Souza et al. 2015; Hooper et al. 2011).
Sugar-sweetened beverages are incriminated in
overweight, obesity, and may lead to ischemic
heart disease (Huang et al. 2014). Higher fruit,
vegetable, and fish (omega-3 and omega-6 fatty
acids but not fish oil) consumption has been
emphasized.

The Mediterranean Paradigm

The Mediterranean diet (higher consumption of
fish, legumes, and supplementary nuts or extra
virgin olive oil) has been considered one of the
healthiest dietary patterns, which proved to
reduce CVD mortality by 30%. In this regard
eating a diet rich in animal protein, mainly red
and processed meat, refined grains, sweets,
desserts, and low in fiber, has been linked to an
increased risk of cardiovascular death (Chen et al.
2013; Song et al. 2016). Diabetes, high blood
pressure, and hypercholesterolemia may be con-
sidered intermediate factors in the relationship
between dietary patterns and CVD mortality.
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Metabolic Disease and Dysglycemia

CVD is a leading cause of death and morbidity in
the diabetic population (Matheus et al. 2013).
Metabolic syndrome is analogously more prone
to CVD events (Ford 2005; Malik et al. 2004;
Morrish et al. 2001; Wong 2007). In 2015, the
GBD project (Mortality 2015) estimated that dia-
betes mellitus had become the sixth leading cause
of disability worldwide. Approximately 17.7 mil-
lion people died of cardiovascular disease,
accounting for 31% of global deaths, according
to WHO. Compared with nondiabetic patients,
diabetic patients have a 2–4 times higher risk of
cardiovascular disease (Poznyak et al. 2020;
Chichareon et al. 2020; Preis et al. 2009). Cardio-
vascular deaths accounted for 44% of deaths in
people with type 1 diabetes and 52% of deaths in
people with type 2 diabetes (Morrish et al. 2001).
The leading causes of death in diabetic patients
include ischemic heart disease, malignant tumors,

cerebrovascular disease, and pneumonia/influ-
enza. The most common manifestations of CVD
in diabetes are peripheral artery disease (16.2% or
more) and heart failure (14.7%), followed by
angina and nonfatal MI.

In the SAN Antonio heart study, which
followed 4875 patients for 7–8 years, diabetes
was significantly associated with increased CVD
mortality. The risk of heart failure in diabetes
mellitus rose to 40%, compared with an
age-adjusted ratio of 2.8 for nondiabetics,
representing a two- to threefold elevated risk
(Go et al. 2014).

Predisposing Factors tor Type
2 Diabetes

The risk of type 2 diabetes is determined by
genetic and metabolic factors, including immuta-
ble circumstances such as race, family history,

Fig. 34.1 The 2000-
Calorie Level of Healthy U.
S.-Style Eating Pattern
Daily (2015–2020 Dietary
Guidelines for Americans.
8th Edition). NOTE: Food
group amounts shown in
cup-(c) or ounce-(oz)
equivalents (eq). Oils are
shown in grams (g)
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gestational diabetes history, and age, along with
modifiable ones such as obesity, unhealthy diet,
insufficient physical activity levels, and smoking.
Excess fat is often associated with insulin resis-
tance and is a significant risk factor for type
2 diabetes and CVD (Hardy et al. 2012). Seden-
tary lifestyle, dyslipidemia, and hypertension
affect endothelial dysfunction, which can further
accelerate atherosclerosis (Rodriguez-Araujo and
Nakagami 2018). Inflammatory markers such as
C-reactive protein (CRP) in diabetic patients may
also predict further risk for cardiovascular and
peripheral artery disease.

Insulin resistance is one of the direct causes of
cardiovascular disease. Due to the increase of
insulin content in the blood, the dilatation func-
tion of the blood vessel wall cannot proceed,
increasing the patients’ blood pressure. On the
other hand, the occurrence of insulin resistance
can cause endothelial cell function damage in
patients. Besides, insulin resistance also can
cause injury of endothelial cells and lead to
myocardial ischemia, which is the direct patho-
genic factor of several cardiovascular diseases.

The Impact of Dyslipidemia

Dyslipidemia is common in diabetic patients and
is associated with an increased risk of CVD
(Matheus et al. 2008; Incalza et al. 2018), espe-
cially for myocardial infarction, atherosclerotic
stenosis, and aortic valve stenosis. A large case-
control study involving 52 countries
demonstrated that for first myocardial infarction
(MI), dyslipidemia was the most critical risk fac-
tor (Yusuf et al. 2004). Primary prevention
randomized controlled trials (RCTs) evidenced
that reducing low-density lipoprotein (LDL)
lowers the risk of CVD, which aligned with the
range of pretreatment LDL levels (Collins et al.
2016). In a well-designed meta-analysis, the
degree of reduction in CVD is proportionate to
the degree of lowering of LDL cholesterol, till

levels as low as 21 mg/dL (0.5 mmol/L) (Sabatine
et al. 2018).

Endothelial Damage

Endothelial cell injury is one of the leading
pathways toward cardiovascular disease related
to metabolic syndrome. Patients with low lipid
metabolism and insulin resistance can prompt fat
cells to release free fatty acids, which enter the
veins and cause an increase in low-density protein
(LDL) in the blood. LDL attaches to endothelial
cells in large quantities and causes endothelial
cell damage.

General Biomarkers and Novel
Technologies

There are several categories of CVD biomarkers
(Biomarkers Definitions Working G 2001;
Bossuyt et al. 2012; Moons 2010; Braunwald
2008) addressing heart failure (brain natriuretic
peptide/BNP, N-terminal BNP/NT-BNP, atrial
natriuretic peptide/ANP, suppression of
tumorigenicity/ST-2), or atherosclerotic coronary
artery disease (troponin T or I, creatinine
phosphokinase-MB). Additionally, they can tar-
get inflammation (C-reactive protein, interleukin/
IL-6, fibrinogen, monocyte chemotactic protein-
1, tumor necrosis factor/TNF-a), oxidative stress
(isoprostanes), and metabolic conditions (low-
and high-density lipoprotein, apolipoprotein/
ApoB 100, lipoprotein-associated phospholipase
A2, homocysteine, vitamin D, fibroblast growth
factor 23, adiponectin, glycated hemoglobin,
haptoglobin).

ALT, AST, and cardiac-specific troponin I or
troponin T levels are clinically used as surrogate
predictive markers in CVD progression and prog-
nosis. For myocardial infarction, the ratio of cre-
atine kinase CK-MB1 to CK-MB2 isoforms is
specific and a sensitive predictor. The issue
remains for the clinical application of these
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cardiac markers (CK-MB, troponin I, and tropo-
nin T), and the profiles have an inevitable delay.

New Biomarkers

Novel biomarkers, including cardiac troponins
(cTn), cardiac myosin light-chain kinase
(cMLCK), and heart-type fatty acid-binding pro-
tein (H-FABP), have emerged (Parsanathan and
Jain 2020); however, their clinical value has not
yet been fully elucidated. Conventional noninva-
sive anatomical and electrophysiological
biomarkers, namely, carotid intima-media thick-
ness (CIMT) and coronary artery calcification
(CAC), continue to be investigated. Carotid
intima-media thickness can be used in younger
populations to predict CVD events. Coronary CT
angiography is often used to measure intimal and
medial calcification associated with arterial stiff-
ness. CAC is an independent risk factor to predict
subclinical atherosclerosis. Additionally, several
microRNAs, including miR-126, miR-223, and
miR-197, and a panel of 27 single-nucleotide
polymorphisms (SNPs) from genome-wide asso-
ciation studies, have been anticipated as
biomarkers to predict CVD. However, the gains
are arguably modest, and further research is
needed to identify new biomarkers and to deter-
mine whether multimarker strategies are a viable
approach to better risk stratification.

Big Data and the Gut Microbiome

Big data approaches may deliver clinically rele-
vant phenotypes, scalable insights from real-
world evidence (biomedical and omics-data)
driving disease prediction, and personalized med-
icine through advanced analytics. The intestinal
microorganisms should not be excluded from this
target. Previous studies had shown that
Akkermansia muciniphila has health benefits,
such as reducing obesity, glucose intolerance,
insulin resistance, as well as fat accumulation in
the liver in animal models. In a clinical protocol
with overweight and obese insulin-resistant
patients, 3- month administration of the

pasteurized bacteria (1010/day) was well tolerated
and did not interfere with the general microbiome
profile. Effectively insulin sensitivity improved,
whereas insulin and cholesterol levels, body
weight, and additional anthropometric
measurements, as well as inflammatory markers
all diminished (Depommier et al. 2019).

The Precision Medicine Approach

Large epidemiologic databases, including CVD
information are now available, such as the Global
Burden of Disease (GBD) Study (UNC Carolina
Population Center 2020; Institute for Health
Metrics and Evaluation (IHME) 2020; World
Health Organization 2018). Along with large-
scale observational and clinical trials, these repre-
sent a significant step toward the precision medi-
cine concept; however, more is needed in the
realm of multi-omics cardiovascular screening.
The genotype, endophenotype, and clinical phe-
notype in commonly seen cardiovascular diseases
has been demonstrated to be more heterogeneous
than previously believed, thus representing a
challenge to the short-term application of the
multi-omics concept (Leopold et al. 2020). Nev-
ertheless, advanced machine-learning
methodologies applied to available conventional
datasets, such as the classification and regression
tree (CART) algorithm, are already permitting the
highest accuracy and reliability in the diagnosis of
coronary artery disease. In a protocol starting
with a 55-independent feature diagnostic panel,
the 18 best and also just the 10 highest-rated
variables, structured within the CART algorithm,
already outperformed previously published
models (Ghiasi et al. 2020).
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Abstract

Gestational diabetes mellitus, characterised as
glucose intolerance first recognised during the
second or third trimester of pregnancy, which
is clearly not type 1 or type 2 diabetes, imposes
a significant burden on maternal and neonatal
health. Women with gestational diabetes are at
an increased risk of subsequent progression to
type 2 diabetes, a chronic metabolic disorder
associated with multiple comorbidities and
reduced life expectancy. This chapter will
underline the pathophysiological mechanisms
involved in gestational diabetes, review the
current guidelines and recommendations for
screening and disease management, discuss
future prognosis for both mother and child, as
well as look into post-partum care strategies to
delay or prevent type 2 diabetes onset.

Keywords

Gestational diabetes mellitus · Diabetes
mellitus · Hyperglycaemia · Pregnancy ·
Pathophysiology · Screening · Diagnosis ·
Management

Gestational Diabetes: A Growing
Problem

Gestational diabetes mellitus is glucose intoler-
ance with onset or first diagnosis during the sec-
ond or third trimester of pregnancy that is neither
pre-existing type 1 nor type 2 diabetes (American
Diabetes Association (ADA) 2019a). Widely
recognised risk factors for gestational diabetes
include non-white ethnicity, advanced maternal
age, obesity, excessive weight gain during preg-
nancy, family history of diabetes, gestational dia-
betes in prior pregnancy, foetal macrosomia and
unexplained stillbirth (Martis et al. 2018). In
2019, the International Diabetes Federation
estimated that, on a global scale, 20.4 million or
15.8% of live births were affected by
hyperglycaemia in pregnancy, with 83.6% of
those cases being due to gestational diabetes
(International Diabetes Federation 2019). This

prevalence is expected to rise due to trends in
physical inactivity and increased caloric con-
sumption, promoting the spread of the global
obesity epidemic (Hunt and Schuller 2007).

Pregnancy is by nature a diabetogenic condi-
tion as it is associated with a decrease of insulin
sensitivity, which is accompanied by a compen-
satory increase in insulin secretion. The purpose
of these metabolic changes is to ensure that ade-
quate levels of glucose and other nutrients are
available for the foetus (Di Cianni et al. 2003).
However, obesity and inheritance often interfere
with these metabolic shifts, leading to inadequate
insulin secretion due to the inability of pancreatic
β-cells to adapt, and hence women develop gesta-
tional diabetes (Di Cianni et al. 2003).

Other Metabolic Features of Pregnancy

In addition to glucose metabolism, pregnancy
induces changes in both lipid and protein metab-
olism. As there is a need for increased glucose
and amino acids supply to the foetus, energy
production shifts from an anabolic to a catabolic
state, promoting the use of lipids instead of
carbohydrates as source (Butte 2000). These
alterations lead to fat accumulation, as total cho-
lesterol, low-density lipoprotein (LDL) choles-
terol, very low-density lipoprotein (VLDL) and
triglycerides are all elevated both during second
and third trimesters, while high-density lipopro-
tein (HDL) cholesterol increases in early preg-
nancy and remains elevated during its whole
duration (Butte 2000; Pusukuru et al. 2016). In
pregnancies complicated by gestational diabetes,
hyperlipidaemia is exaggerated, with an emphasis
on the significantly increased triglyceride levels
throughout the whole gestational period
(Ryckman et al. 2015). With regard to protein
metabolism, plasma levels of branched-chain
amino acids (isoleucine, leucine and valine) are
elevated in women with gestational diabetes, and
these alterations are also positively associated
with a higher incident risk of type 2 diabetes
(Metzger et al. 1980; Tobias et al. 2018).

To date, the complex pathophysiological
mechanisms involved in the development of
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gestational diabetes have not yet been fully
understood.

Screening and Diagnosis

According to the American Diabetes Association
(ADA), screening for gestational diabetes is
performed at 24–28 weeks of gestation in
women who have no history of pre-existing dia-
betes, using either the “One-step” 75-g oral glu-
cose tolerance test (OGTT) or the “Two-step”
approach using a 50-g (non-fasting) screen,
followed by a 100-g OGTT for those who receive
a positive result (American Diabetes Association
(ADA) 2019a). The 75-g OGTT is performed in
the morning, following an overnight fast of at
least 8 h, at the fasting state, 1 and 2 h (American
Diabetes Association (ADA) 2019a). In the
two-step strategy, the patient receives a 50-g
non-fasting glucose load test (GLT), glucose
measurement is performed at 1 h, and based on
the result, a 100-g OGTT is performed (American
Diabetes Association (ADA) 2019a) (Table 35.1).

However, there is a lack of universal agree-
ment on both the screening method as well as the
cut-off values, used for the diagnosis of gesta-
tional diabetes. This often leads to different
estimates of disease prevalence across regions,
while different populations are being targeted

(Behboudi-Gandevani et al. 2019). Table 35.2
highlights the differences between universal
screening guidelines for gestational diabetes.
The majority of guidelines support the use of a
one-step strategy, while some guidelines suggest
both a one-step and a two-step approach.

Managing Gestational Diabetes

Glucose Management

Tight glycaemic control is a key step in the man-
agement of gestational diabetes (Fig. 35.1). The
Fifth International Workshop-Conference on
Gestational Diabetes Mellitus (Metzger et al.
2007) recommends the following target blood
glucose levels for women with gestational diabe-
tes during pregnancy:

• Fasting <95 mg/dL (5.3 mmol/L) and either
• 1-h postprandial <140 mg/dL (7.8 mmol/L) or
• 2-h postprandial <120 mg/dL (6.7 mmol/L).

Dietary Interventions

Dietary interventions are the primary strategy for
the management of gestational diabetes
(Fig. 35.1). Following diagnosis, a nutrition plan

Table 35.1 ADA guidelines on screening and diagnosis of gestational diabetes

One-step strategy

The diagnosis of gestational diabetes is made when any of the following plasma glucose values are met or exceeded:
Fasting: 92 mg/dL (5.1 mmol/L)
1 h: 180 mg/dL (10.0 mmol/L)
2 h: 153 mg/dL (8.5 mmol/L)
Two-step strategy

First step: A 50-g non-fasting GLT is performed. If plasma glucose levels at 1 h following the load are �130 mg/dL,
135 mg/dL, or 140 mg/dL (7.2 mmol/L,7.5 mmol/L, or 7.8 mmol/L, respectively), perform a 100-g OGTT.
Second step: A 100-g OGTT is performed at fasting. The patient receives a diagnosis of gestational diabetes if at least
two of the following four plasma glucose levels (at fasting state and 1 h, 2 h, 3 h during OGTT) are met or exceeded:

Carpenter-Coustana Or NDDG
Fasting 95 mg/dL (5.3 mmol/L) 105 mg/dL (5.8 mmol/L)
1 h 180 mg/dL (10.0 mmol/L) 190 mg/dL (10.6 mmol/L)
2 h 155 mg/dL (8.6 mmol/L) 165 mg/dL (9.2 mmol/L)
3 h 140 mg/dL (7.8 mmol/L) 145 mg/dL (8.0 mmol/L)

GLT glucose load test, NDDG National Diabetes Data Group, OGTT oral glucose tolerance test
a The 2020 ADA guidelines recommend that if a two-step approach is used, the Carpenter Coustan criteria should be
preferred due to lower diagnostic thresholds
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is provided to the patient by a registered dietician
specialised in gestational diabetes, aiming to
achieve sufficient calorie intake for foetal growth
and improve maternal health outcomes (Ameri-
can Diabetes Association (ADA) 2019b). Dietary
interventions should by no means promote weight
loss or excessive gestational weight gain, while
they should focus on achieving optimal

glycaemic control (Brown et al. 2017). There is
no optimal calorie intake for women with gesta-
tional diabetes supported by research so far;
hence, it is suggested that these women should
adhere to the Dietary Reference Intakes for all
pregnant women, suggesting a minimum of 175 g
of carbohydrates, 71 g of protein and 28 g of fibre
(American Diabetes Association (ADA) 2019b).

Fig. 35.1 Management of
gestational diabetes in
pregnancy (Figure created
by Michael Bonar, Diabetes
Research Centre, Leicester,
UK)

Table 35.2 Universal diagnostic thresholds for gestational diabetes

Criteria Method

Fasting 1-h 2-h 3-h

mg/dL mmol/L mg/dL mmol/L mg/dL mmol/L mg/dL mmol/L

ADA (2019a)a 1-Step 92 5.1 180 10.0 153 8.5 – –

ADA (2019a)a 2-Step – – – – – – 140 –

ACOG (2018)b 2-Step – – – – – – – 7.8

ADA (2019a)a,
ACOG (2018)b

2-Step 95 5.3 180 10.0 155 8.6 – –

ADIPS (2014)c 1-Step 92 5.1 180 10.0 153 8.5 – –

CDA (2018)d,i 1-Step
2-Step

– 5.3 – 10.6 – 9.0 – –

EASD (1996)e 1-Step – 6.0 – – – 9.0 – –

IADPSG (2010)f 1-Step 92 5.1 180 10.0 153 8.5 – –

NICE (2015)g 1-Step – 5.6 – – – 7.8 – –

WHO (2013)h 1-Step 92 5.1 180 10.0 153 8.5 – –

ACOGAmerican College of Obstetricians and Gynecologists, ADA American Diabetes Association, ADIPSAustralasian
Diabetes in Pregnancy Society, CDA Canadian Diabetes Association, EASD European Association for the Study of
Diabetes, IADPSG International Association of the Diabetes and Pregnancy Study Groups, NICE National Institute for
Health and Care Excellence, WHO World Health Organisation
aAmerican Diabetes Association (ADA) (2019a)
bThe American College of Obstetricians, and Gynecologists (ACOG) (2018)
cNankervis et al. (2014)
dFeig et al. (2018)
eBrown et al. (1996)
fInternational Association of Diabetes and Pregnancy Study Groups Consensus Panel et al. (2010)
gThe National Institute for Health and Care Excellence (NICE) (2015)
hWorld Health Organization (2013)
iCut-off values only for two-step strategy using a 50-g glucose challenge test, followed, if abnormal, by a 75-g OGTT
(preferred approach), diagnosis of gestational diabetes with one-step strategy with 75-g OGTT: fasting �5.1 mmol/L, 1-
h �10.0 mmol/L, 2-h �8.5 mmol/L)
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Overall, medical nutrition guidelines for ges-
tational diabetes recommend adequate protein
consumption and selection of low glycaemic-
index foods (Tsirou et al. 2019). There are, how-
ever, several inconsistencies across the different
available medical nutrition therapy guidelines, as
recognised by a recent review and critical
appraisal, as they often fail to involve patients
and dieticians in their development, and be real-
istic and flexible, while their applicability is low
(Tsirou et al. 2019). Future research needs to
focus on developing high-quality, evidence-
based guidelines that focus on patients, and can
therefore be applicable in a realistic clinical
setting.

Exercise Programmes

While women with gestational diabetes are first
offered dietary interventions, guidelines often
recommend the combination of diet and exercise
as a more effective approach for disease manage-
ment (The National Institute for Health and Care
Excellence (NICE) 2015; American College of
Obstetricians and Gynecologists (ACOG) 2015)
(Fig. 35.1). Frequent and sustained exercise can
improve insulin sensitivity in skeletal muscle and
achieve better glucose control (Martis et al.
2018). Current pregnancy guidelines focus pri-
marily on the prescription of aerobic exercise,
and secondarily on resistance strength training
(Padayachee 2015). It is generally recommended
that the patient should be offered an
individualised exercise programme, including
moderate-intensity exercise with a duration of at
least 20–30 min a day that should be performed
daily or on most days of the week, unless there is
some contraindication (American College of
Obstetricians and Gynecologists (ACOG) 2015).
Safe types of physical activity during pregnancy
include walking, stationary cycling, swimming
and low-impact aerobics (American College of
Obstetricians and Gynecologists (ACOG) 2015).

Contraindications to Exercise

There are considerable beneficial outcomes
associated with exercise for both the mother and
the foetus, while contraindications must be also
considered. Performing physical activity in preg-
nancy can often be hindered due to pregnancy-
related pain, as pelvic girdle pain or low back pain
prevalence is high and often induces disability
(Wu et al. 2004). Contraindications for physical
activity during pregnancy as recognised by inter-
national guidelines include multiple gestation,
pregnancy-induced hypertension or
pre-eclampsia, cardiovascular disease, thyroid
disease, anaemia, persistent bleeding, premature
membrane rupture, premature contractions or
labour, and cerclage or incompetent cervix,
while a few guidelines recognise morbid obesity,
poorly controlled diabetes mellitus, eating
disorders and placenta previa as contraindications
as well (Evenson et al. 2014).

Glucose-Lowering Medication
and Supplements

Women with gestational diabetes who cannot
achieve favourable glucose control with lifestyle
modifications such as dietary and exercise inter-
vention are administered pharmacological agents
(Fig. 35.1). In the United States, ADA
recommends insulin as the first-line pharmaco-
logical agent (American Diabetes Association
(ADA) 2019b). Insulin is administered by either
multiple daily injections or continuous subcuta-
neous infusion. The Food and Drug Administra-
tion (FDA) has approved human regular insulin,
rapid-acting insulin analogues (lispro and aspart),
Neutral Protamine Hagedorn (NPH) long-acting
insulin, as well as the long-acting insulin ana-
logue Detemir, classifying them as pregnancy
category B, and has established their safety of
use during pregnancy (Kintiraki and Goulis
2018).
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Oral Therapy

The use of oral medication, including both met-
formin and glyburide (sulfonylureas), is
supported by evidence; however, they are still
regarded as a second-line treatment by ADA, as
there is a concern about them crossing the pla-
centa, while long-term offspring safety is also
questionable (American Diabetes Association
(ADA) 2019b). Glyburide has also been linked
to both foetal macrosomia and neonatal
hypoglycaemia (Malek and Davis 2016; Song
et al. 2017). With regard to metformin, it has
been found to induce less weight gain compared
to insulin; while it has been associated with a
lower risk of neonatal hypoglycaemia, it is
associated with a higher risk of preterm birth
(Balsells et al. 2015; Gui et al. 2013).

Consistently with ADA, the American College
of Obstetricians and Gynaecologists (ACOG)
guidelines focus on insulin, and they also recom-
mend metformin as well as glyburide
(sulfonylureas) as an alternative, while the Fifth
International Workshop-Conference in Gesta-
tional Diabetes Mellitus focuses on insulin,
suggests glyburide as an alternative treatment,
and expresses uncertainty about metformin
(Metzger et al. 2007; The American College of
Obstetricians and Gynecologists (ACOG) 2018).
Contrary to that, guidelines by the National Insti-
tute for Health and Care Excellence (NICE) rec-
ommend metformin as a first-line
pharmacological treatment, while insulin is used
when there is a contraindication for metformin,
and glyburide is also considered an alternative
treatment option (The National Institute for
Health and Care Excellence (NICE) 2015).

A few advantages of oral medication are the
ease of use, wide acceptability as well as lower
cost (Ryu et al. 2014). In real-world clinical prac-
tice, healthcare professionals need to weigh both
favourable outcomes and adverse effects in order
to decide upon a treatment option based on the
condition of the individual, while more research
is required to evaluate long-term treatment-
associated outcomes on offspring health.

Vitamins and Other Supplements

The evidence surrounding the efficacy of dietary
supplements for the management of gestational
diabetes is quite contradicting. A double-blinded
randomised controlled trial by Li et al. found that
vitamin D supplementation during pregnancy
affected by gestational diabetes can improve both
fasting plasma glucose and lipid levels (Li and
Xing 2016). Contrary to that, results from a
recently published systematic review support that
there is no adequate evidence on the efficacy of
vitamin D supplementation, in improving glucose
metabolism or maternal and neonatal outcomes
(Rodrigues et al. 2019). Myo-inositol supplemen-
tation has drawn research attention over the last
few years, with several studies demonstrating its
potential in improving insulin resistance in gesta-
tional diabetes and reducing the need for insulin
treatment (Corrado et al. 2011; Costabile and
Unfer 2017; Lubin et al. 2016). The efficacy of
both vitamin D and myo-inositol in pregnancy
complicated by gestational diabetes needs to be
further investigated.

Future Prognosis for Mother and Child

Short-Term Outcomes

A substantial number of maternal complications
have been associated, including gestational hyper-
tension and preeclampsia, preterm birth, perineal
trauma, caesarean delivery and postpartum bleed-
ing (Kim 2010). With regard to foetal/neonatal
health, a diagnosis of gestational diabetes increases
the risk of macrosomia, being born large for gesta-
tional age, shoulder dystocia, bone fractures, nerve
palsy, stillbirth, neonatal hypoglycaemia,
hyperbilirubinaemia and respiratory distress syn-
drome (Martis et al. 2018; Kim 2010).

Long-Term Outcomes

Women affected by gestational diabetes have a
nearly 10-fold higher risk of progression to type
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2 diabetes than those with a normoglycaemic
pregnancy (Vounzoulaki et al. 2020). Incidence
of type 2 diabetes has also been reported to mark-
edly increase in the first 5 post-partum years,
while it seemed to reach a plateau afterwards
(Kim et al. 2002). Among the most common
factors associated with an increased risk of pro-
gression are the degree of glucose intolerance
during pregnancy, maternal age at diagnosis of
gestational diabetes, use of insulin during preg-
nancy, and longer post-partum follow-up periods
(Kim et al. 2002).

Cardiovascular, Metabolic and Other
Complications

Women with a history of gestational diabetes are
at an increased risk of future cardiovascular dis-
ease, while they are also more likely to be
diagnosed with non-alcoholic fatty liver disease
(Goueslard et al. 2016; Foghsgaard et al. 2017),
with both these conditions being associated with
reduced average life expectancy. A previous diag-
nosis of gestational diabetes identifies a patient
group with a twofold higher risk for future car-
diovascular events, and this risk is independent of
subsequent progression to type 2 diabetes
(Kramer et al. 2019). Additionally, not only glu-
cose, but also mean lipid levels such as total
cholesterol, triglycerides, LDL cholesterol, as
well as mean systolic blood pressure, are signifi-
cantly increased in women with previous gesta-
tional diabetes (Meyers-Seifer and Vohr 1996).

During pregnancy, women affected by gesta-
tional diabetes exhibit impaired microvascular
function and skeletal muscle oxygenation as
well as blunted cerebral oxygenation, while
these impairments can persist in the post-partum
period (Dipla et al. 2017; Kintiraki et al. 2018;
Vounzoulaki et al. 2019). The impact of gesta-
tional diabetes is not limited to physical health but
extends to mental health and wellbeing, as
women affected by the disease were found to
have an over fourfold risk of post-partum depres-
sion (Hinkle et al. 2016), with caesarean delivery
and gestational weight gain identified as possible
risk factors (Nicklas et al. 2013).

Complications of the Newborn

Children are more prone to become overweight or
develop metabolic syndrome (Boerschmann et al.
2010; Vääräsmäki et al. 2009), while a recent
longitudinal cohort study also demonstrated that
exposure to gestational diabetes during preg-
nancy, diagnosed by 26 weeks of gestation,
induces a higher risk of autism spectrum disorder
in offspring (Xiang et al. 2015).

Post-partum Screening and Care

Women affected by gestational diabetes during
pregnancy require close monitoring in the post-
partum period. Post-partum screening is
recommended at 4–12 weeks post-partum, using
an OGTT (American Diabetes Association
(ADA) 2019b). The use of glycated haemoglobin
(HbA1c) for post-partum screening is not
recommended by ADA, as it can be affected by
pregnancy red blood cell turnover or blood loss
during labour, while the 75-g OGTT is more
sensitive in detecting both prediabetes and type
2 diabetes (American Diabetes Association
(ADA) 2019b). If test results are normal, further
testing is required every 1–3 years with any
recommended glucose test (HbA1c, fasting
plasma glucose or OGTT), and frequency is
dependent on risk factors such as family history,
body mass index (BMI) before pregnancy, and
use of insulin or oral medication in pregnancy
(American Diabetes Association (ADA) 2019b).
Post-partum care in this population mainly
focuses on lifestyle modification, pharmacologi-
cal treatment and breastfeeding (Fig. 35.2).

Diet, Exercise and Metformin

Both lifestyle intervention and metformin have
been proven effective in attenuating subsequent
progression to type 2 diabetes. Results from the
Diabetes Prevention Program Outcomes study
have indicated that the cumulative incidence of
type 2 diabetes was the lowest in those who
received lifestyle intervention, with the onset of
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diabetes being delayed by about 4 years when
lifestyle intervention was implemented and
2 years when metformin was administered com-
pared with placebo (Diabetes Prevention Program
Research Group 2009). Similar results were
reported from long-term studies conducted in
Finland and China (Lindström et al. 2013; Li
et al. 2008). In particular, in women with previous
gestational diabetes in the Diabetes Prevention
Program Outcomes study, both lifestyle interven-
tion and metformin achieved lower rates of pro-
gression to type 2 diabetes over a 10-year follow-
up period (Aroda et al. 2015).

Another randomised controlled trial
implementing lifestyle intervention with a Medi-
terranean diet and monitored exercise in women
with prior gestational diabetes demonstrated that
these interventions were associated with lower
incidence of impaired glucose regulation and
type 2 diabetes (Pérez-Ferre et al. 2015). The
efficacy of healthful dietary patterns was also
supported by results from the Nurses’ Health
Study II, where once again, the risk of type 2 dia-
betes was lower in women who adopted these
patterns (Tobias et al. 2012). Lifestyle
interventions for the prevention of type 2 diabetes
in this high-risk group have been found to be both
cost effective and cost saving (Lohse et al. 2011).

Other Oral Drugs

Apart from metformin, troglitazone has been
investigated as a potential pharmacological

agent and was found to be effective in the preven-
tion of type 2 diabetes in a cohort of Hispanic
women with previous gestational diabetes
(Buchanan et al. 2002). However, troglitazone
was withdrawn from the market in 2000 as it
was found to cause hepatotoxicity. In a follow-
up of the same patient group where pioglitazone
was administered this time, progression rates to
type 2 diabetes were once again observed to be
lower (Xiang et al. 2006). Previous research has
also evaluated the efficacy of acarbose treatment
in patients with impaired glucose tolerance and
found that it was capable of delaying progression
to type 2 diabetes (Chiasson et al. 2002). How-
ever, there is a lack of evidence for the efficacy of
acarbose for both the management of gestational
diabetes during pregnancy and the prevention of
type 2 diabetes post-partum.

The Multiple Advantages
of Breastfeeding

Breastfeeding should be encouraged among
women with previous gestational diabetes, in
line with current guidelines (American Diabetes
Association (ADA) 2019b). However,
breastfeeding is often hindered by the delayed
onset of lactogenesis, a cause of both diabetes
and obesity that leads to low rates and short
duration of breastfeeding (Gunderson 2007).
Studies have demonstrated that breastfeeding is
associated with reduced post-partum fasting
plasma glucose levels in women with previous

Fig. 35.2 Post-partum
management of women
with gestational diabetes
(Figure created by Michael
Bonar, Diabetes Research
Centre, Leicester, UK)
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gestational diabetes (Shub et al. 2019), while it
can also contribute to post-partum weight reduc-
tion in this population (López-Olmedo et al.
2016). Overall, women with previous gestational
diabetes who breastfeed demonstrate improved
glucose metabolism and insulin sensitivity that
have the potential of reducing the risk of future
type 2 diabetes (Gunderson et al. 2012).

Progression to Type 2 Diabetes

Women affected by gestational diabetes during
pregnancy have an established higher risk of
developing type 2 diabetes in the future. Common
risk factors associated with type 2 diabetes inci-
dence in this population include non-European
ethnicity, family history of type 2 diabetes, use
of insulin during pregnancy and increased BMI
(O’Reilly et al. 2011). The association between
non-European ethnicity and higher incidence of
type 2 diabetes after gestational diabetes has been
extensively investigated and is well recognised
(Ignell et al. 2013; Kousta et al. 2006). However,
research performed in Caucasian women with
previous gestational diabetes, who are considered
to be at lower risk, demonstrated that incidence of
post-partum dysglycaemia was over 10% in the
early post-partum period (6 weeks post-partum),
highlighting the importance of close monitoring
in all women regardless of their ethnicity
(Ogonowski and Miazgowski 2009). Time to
development of diabetes is an important factor
to consider, as development of type 2 diabetes
in the early post-partum period is an indicator of
marked defects in β-cell function, potentially
attributed to genetic predisposition (Kwak et al.
2013).

The Challenges of Effective Screening

Progression to type 2 diabetes can be effectively
delayed or prevented when women with prior
gestational diabetes attend post-partum screening,
as the latter facilitates risk classification for type
2 diabetes and introduction of preventative
interventions. However, studies across the world

have demonstrated that post-partum screening
attendance is suboptimal in this patient group
(Goueslard et al. 2017; Kim et al. 2006; Kwong
et al. 2009; Blatt et al. 2011). There are several
reasons that can justify the low uptake of post-
partum screening. First of all, patient surveys
have highlighted that there is limited awareness
of the need for screening and low-risk perception
about future progression to type 2 diabetes
(Minsart et al. 2014; Sterne et al. 2011). In addi-
tion to that, time restrictions and child responsi-
bilities have also been identified as potential
barriers, while the length and nature of the
OGTT can also hinder screening attendance
(Minsart et al. 2014; Sterne et al. 2011; Van
Ryswyk et al. 2016). Healthcare professionals
are often unaware of the importance of
recommending post-partum screening (Almario
et al. 2008).

E-Health and Postpartum Follow-Up

Results from a randomised controlled trial using
postal reminders showed that women who
received a reminder were almost nine times
more likely to get screened (Clark et al. 2009).
An e-mail reminder system is a cost-effective and
time-efficient means to improve screening atten-
dance, with a 10% improvement in screening
uptake for type 2 diabetes (Halperin et al. 2015).
In Belgium, reminder letters and emails
demonstrated that this strategy improved screen-
ing rates (Benhalima et al. 2017). Again, clinics
that utilised reminders were two to three times
more likely to successful screening (Peticca et al.
2014). All these studies, however, emphasised the
fact that even though screening attendance was
improved with the use of reminder systems, it still
remained low and suboptimal. Improving screen-
ing uptake on a global scale will improve health
outcomes in this population.

Summary

As gestational diabetes is a multifactorial disease,
similar to type 2 diabetes, early detection should
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be a priority to prevent unfavourable health
outcomes. In addition to that, these women
should be closely monitored in the post-partum
period and receive appropriate care designed to
attenuate subsequent progression to type 2 diabe-
tes. A multidisciplinary approach should be
applied both during pregnancy and post-partum,
being flexible and focusing on individual needs.
There are several inconsistencies with regard to
the identification of women with gestational dia-
betes due to different screening methods and
diagnostic cut-offs used around the world. This
introduces barriers in patient care, as different
patients are targeted during pregnancy by the
different guidelines and consequently followed
up in the post-partum period. Future research
needs to address both benefits and harms of dif-
ferent screening methods and diagnostic
thresholds on maternal and neonatal outcomes,
their effect on maternal wellbeing as well as the
associated health costs. Finally, future research
should also aim to identify post-partum screening
barriers and facilitators that will have the potential
to improve screening uptake and reduce progres-
sion to type 2 diabetes.
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Abstract

Gestational diabetes mellitus (GDM) has
become increasingly prevalent in the United
States, and its impact on adverse maternal and
neonatal outcomes necessitates proper screen-
ing, management, and follow up. Although
there is a lack of consensus on screening
methods for GDM, the American College of
Obstetrics and Gynecology (ACOG)
recommends the two-step approach between
24 and 28 weeks. In contrast, the International
Association of Diabetes and Pregnancy Study
Group (IADPSG) recommends a one-step
approach. Once the diagnosis of GDM has
been made, management may consist of
nutritional therapy, alone, or in combination
with pharmacologic interventions such as
insulin, metformin, or less often, glyburide.
Close management is warranted in order to
avoid adverse maternal and neonatal
outcomes, both during delivery and later in
life to both mother and infant.

Keywords

Pregnancy · Diabetes · Screening · Prenatal ·
Insulin · Delivery · Macrosomia

The Growing Prevalence
of Gestational Diabetes

Gestational diabetes mellitus (GDM) is well
known to increase the risk of adverse outcomes
in mothers and infants. Its additional capacity to
contribute to potential maternal and pediatric
morbidity later in life prompts the importance of
investigating the issue from a public health per-
spective (Ferrara 2007). In the United States, the
prevalence of gestational diabetes appears to be
increasing. Between 1989 and 2004, rates
increased from 1.9% to 4.2%, with the largest
increase found in black women younger than
25 (Getahun et al. 2008). More recent data from
2016 have estimated this prevalence to be even
larger at 6.0%, which highlights its pervasiveness
over the last 25 years (Deputy et al. 2018).

Interestingly, the prevalence of GDM has
increased concomitantly with the rise of obesity,
as well as with the trend toward older maternal
age, decreasing physical activity, and more wide-
spread type 2 diabetes (Dabelea et al. 2005;
Ferrara 2007).

In the United States, there is increased preva-
lence of GDM in minority women as compared to
non-Hispanic whites. In a study looking at eligi-
ble pregnancies from 1994 to 2002, the preva-
lence of GDM was highest in Asian and Hispanic
women, intermediate in African Americans, and
lowest in non-Hispanic whites (Dabelea et al.
2005). According to data from 2016, it is highest
in non-Hispanic Asian women at 11.1% (Deputy
et al. 2018). Studies in both Europe and Australia
have shown analogous disparities with higher
GDM prevalence in Asian women (Ferrara
2007). An increased incidence in older mothers
(Getahun et al. 2008; Deputy et al. 2018) also
extends globally, with an Australian study
showing that mothers greater than 40 were more
than six times as likely to develop GDM, than
their 20–24 year old counterparts (Anna et al.
2008).

Additional Influences

In a study from the early 1990s, it was found that
advanced maternal age, family history of diabetes
mellitus, nonwhite ethnicity, higher BMI, weight
gain in early adulthood, and cigarette smoking
predicted an increased risk of GDM (Solomon
1997). Another study from the late 1980s had
already observed similar conclusions, however,
also saw positive correlations between GDM
and parity, history of infertility, preterm delivery,
and stillbirth (Berkowitz et al. 1992). Table 36.1
is adapted from the CDC and summarizes the
variation in GDM prevalence according to a
range of selected maternal characteristics (Deputy
et al. 2018).

Despite these previous studies, several epide-
miological limitations make it difficult to appro-
priately study trends in GDM, including dispute
with regards to diagnostic criteria and screening
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techniques (Ferrara 2007). For example, while there
is clearly a positive association between severe
obesity and GDM, the magnitude of the variation
is different among studies. This is likely due to the
variations in classifications of obesity as well as
diagnostic criteria for GDM (Chu et al. 2007).

Screening and Risk Evaluation

The purpose of screening for GDM is to identify
healthy individuals who have a high probability
of having or developing the disease. However,
identifying these individuals can be confounded
by women with probable pre-existing diabetes
that is diagnosed early in pregnancy. The Ameri-
can Diabetes Association (ADA) defines GDM as

“diabetes diagnosed in the second or third trimes-
ter of pregnancy that was not clearly overt diabe-
tes prior to gestation” in order to separate
pregnant women with undiagnosed type 2 diabe-
tes (American Diabetes Association 2018a).
Screening techniques have also adapted to differ-
entiate GDM from pre-existing diabetes. The
American College of Obstetrics and Gynecology
(ACOG) recommends that overweight or obese
women with diabetic risk factors be screened for
undiagnosed type 2 diabetes at the initiation of
prenatal care. Table 36.2 is adapted from the
American College of Obstetricians and
Gynecologists Gestational Diabetes Mellitus
Practice Bulletin, and it highlights these
characteristics (Gestational Diabetes Mellitus
2018). In women where undiagnosed type

Table 36.1 Pre-existing diabetes and gestational diabetes among women with a live birth (USA, 2016)

Features Previous diabetes mellitus (%) Gestational diabetes (%)

Age < 20 0.4 1.9
20–29 0.5–0.7 3.3–5.1
30–39 1.4 7.0–9.6
40+ 2.1 12.8
Nulliparous 0.8 5.2
Primiparous 0.8 5.9
Multiparous 1.0 7.1
BMI <18.5 0.3 2.9
BMI 18.5–24.9 0.4 3.6
BMI 25.0–29.9 0.8 6.1
BMI 30.0–34.9 1.3 8.8
BMI 35.0–39.9 2.0 11.2
BMI 40+ 3.2 13.9

Modified from Deputy NP, Kim SY, Conrey EJ, Bullard KM. Prevalence and Changes in Preexisting Diabetes and
Gestational Diabetes Among Women Who Had a Live Birth—United States, 2012–2016. MMWR Morb Mortal Wkly
Rep 2018;67:1201–1207. DOI: https://doi.org/10.15585/mmwr.mm6743a2

Table 36.2 Screening for pregestational or early gestational diabetes

Tests are indicated for BMI > 25 (BMI > 23 for ethnic Asians) with overweight/obesity plus any of these:
Insufficient physical activities
Close relatives with diabetes
High-risk ethnicity (Non-European origin)
History of gestational diabetes or macrosomic newborn
Polycystic ovary syndrome
Arterial hypertension, low HDL-cholesterol (<35 mg/dL), high triglycerides (>250 mg/dL)
Impaired fasting glucose or glucose tolerance test, HbA1c > 5.7%, acanthosis nigricans
Cardiovascular disease

Modified from: American Diabetes Association. Classification and Diagnosis of Diabetes. Diabetes Care 2017;40
(Suppl. 1):S11–S24
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2 diabetes is suspected, nonpregnant diabetic
diagnostic criteria can be used for detection
(American Diabetes Association 2018a).

There is a lack of uniformity among national
and international standards for screening and
diagnosing GDM (HAPO Study Cooperative
Research Group 2008). Currently, two strategies,
the one-step and two-step approaches, can be
used to screen and diagnosis GDM, but contro-
versy still exists between which strategy is best
(Saccone et al. 2020). In a meta-analysis
investigating differences in perinatal outcomes
between both methods, researchers found that
the one-step approach was associated with a
lower risk of large for gestational age infant,
NICU admission, and neonatal hypoglycemia
(Saccone et al. 2020). However, additional stud-
ies have argued that the one-step approach will
not only increase incidence of GDM, but will also
increase direct and indirect healthcare costs
(Vandorsten et al. 2013). As such, ACOG
supports the two-step approach, but many
practitioners will choose the one-step approach
if felt more appropriate for their patient
populations (Gestational Diabetes Mellitus 2018).

The two-step approach includes an initial
screening test followed by diagnostic testing
(American Diabetes Association 2018a). In
women who have not previously been diagnosed
with type 1 or 2 diabetes mellitus, current
recommendations suggest that all pregnant
women are screened for GDM between 24 and
28 weeks’ gestation. This can be done via admin-
istration of a 50-g oral glucose solution. This
screening tool does not require fasting, and it is
followed by a 1-h venous glucose determination
(Gestational Diabetes Mellitus 2018). The gesta-
tional timing of this screening recommendation
results from a United States Preventive Services
Task Force systematic review that found insuffi-
cient evidence to suggest screening earlier than

24 weeks (Moyer and U.S. Preventive Services
Task Force 2014). Cutoffs for positive screening
values differ among institutions, but thresholds
vary between 130 and 140 mg/dL. Some studies
argue that the higher threshold of 140 mg/dL may
lead to lower rates of false-positive screening
tests and thus prevent unnecessary maternal
stress, but no randomized controlled trials have
determined one cutoff to be more effective than
others (Rumbold and Crowther 2002; Gestational
Diabetes Mellitus 2018). Therefore, ACOG
recommends providers select a single consistent
threshold for the 1-h glucose screening test that
best fits their patient population (Gestational Dia-
betes Mellitus 2018).

Abnormal results on the initial 50-g screening
test are followed by a 100-g, 3-h diagnostic oral
glucose tolerance test (OGTT). Table 36.3 is
adapted from the ACOG Gestational Diabetes
Mellitus Practice Bulletin and demonstrates diag-
nostic threshold serum glucose values set by the
National Diabetes Data Group and Carpenter and
Coustan. Due to the lack of competitive trials
between cutoff values, there is no clear consensus
on which values to definitively recommend (Ges-
tational Diabetes Mellitus 2018). Historically,
two abnormal values from the 3-h OGTT were
needed to diagnose GDM according to criteria
established in a 1964 study (O’Sullivan and
Mahan 1964). More recent data have come to
suggest that even a single abnormal value may
also be associated with adverse maternal and neo-
natal outcomes. A systematic review showed
women with one abnormal glucose value still
had increased risk for poor obstetric outcomes,
similar to those who were diagnosed with GDM
(Roeckner et al. 2016). Further research is needed
to determine if women with one abnormal value
would benefit from evaluation and treatment, but
currently ACOG guidelines recommend two
abnormal values on the 3-h OGTT to establish a

Table 36.3 Diagnostic cut-off points for gestational diabetes (after oral glucose tolerance test)a

Fasting 95 mg/dL
1 h 180 mg/dL
2 h 155 mg/dL
3 h 140 mg/dL
aTwo or more thresholds equaled or exceeded. Modified from American Diabetes Association. Classification and
Diagnosis of Diabetes. Diabetes Care 2017; 40(Suppl 1): S11–S24
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diagnosis of GDM (Gestational Diabetes Mellitus
2018).

In the one-step approach, a 75-g 2-h OGTT is
used to identify GDM. When one plasma glucose
measurement exceeds the diagnostic threshold,
values set by the International Association of
Diabetes and Pregnancy Study Group (IADPSG),
a diagnosis of GDM can be made (Table 36.4
from IADPSG) (Metzger 2010). In one study
using the IADPSG one-step diagnostic criteria,
women diagnosed with GDM had increased
adverse pregnancy outcomes such as gestational
hypertension, pre-eclampsia, and large for gesta-
tional age infants (Caissutti et al. 2017). Long-
term follow-up of these women showed that a
significantly larger group of patients diagnosed
with GDM via the one-step strategy developed
prediabetes or type 2 diabetes compared to those
women diagnosed with GDM via the two-step
method (Lowe et al. 2018). Those who oppose
the one-step method argue that, by definition, it
increases the incidence and healthcare costs
associated with GDM and increases the potential
for harm with more obstetric and neonatal inter-
vention (American Diabetes Association 2018a;
Lowe et al. 2018; Cheung and Moses 2018).
However, this increasing incidence in GDM
diagnoses via the one-step method could poten-
tially identify a larger pool of women who would
benefit from increased screening for disorders of
glucose metabolism later in life (American Diabetes
Association 2018a). Ultimately, there is no interna-
tional consensus on which diagnostic method is
best, and rising evidence suggests that no one diag-
nostic criteria exists but, rather, must be adapted
locally with population data (Mcintyre et al. 2018).

Of note, screening for GDM using A1C at
24–28 weeks’ gestation is not as effective as the
glucose-loading test (American Diabetes Associ-
ation 2018a). Although glycated hemoglobin
levels may be beneficial in helping to screen for

diabetes that existed before pregnancy, there is no
A1C threshold with both good sensitivity and
specificity that make it an appropriate screening
test for GDM (Moyer and U.S. Preventive
Services Task Force 2014).

Classification of Gestational Diabetes

The White Classification system, first established
in 1949, attempted to use alphabetical groups to
categorize diabetes in pregnancy in a way that
allowed clinicians to stratify patients with risk
factors for fetal and neonatal mortality. These
characteristics included age at onset of diabetes,
duration of disease, and the presence or absence
of hypertensive disorders, vascular, or renal
complications (Sacks and Metzger 2013). Table 36.5
demonstrates the different classes of the 1949
White Classification system (Bennett et al. 2015).

Ambiguity on how to classify cases of GDM
leads to confusion among practitioners (Hare and
White 1980). The majority of the population of
women in which the White Classification was
originally based had diabetes antedating preg-
nancy, primarily type 1 (Hare and White 1980;
Bennett et al. 2015). Therefore, the White Classi-
fication was never originally intended to be used
with GDM. Upon considering diverse obstetric
demographics and the complex nature of GDM,
the White Classification revision in 1980 created
a separate class for GDM (Hare and White 1980).
ACOG further expands the GDM class into
A1GDM or A2GDM, with the latter requiring
pharmacologic therapy to achieve euglycemia
(Gestational Diabetes Mellitus 2018). In class
A1GDM, nutritional therapy alone is sufficient
(Gestational Diabetes Mellitus 2018). Table 36.6
demonstrates an updated classification system
that includes the subcategories of GDM
(Gilmartin et al. 2008).

Table 36.4 International Association of Diabetes in Pregnancy Study Group criteria for diagnosis of gestational or overt
diabetes in pregnancy (after oral glucose tolerance test)a

Fasting �92 mg/dL
1 h �180 mg/dL
2 h �153 mg/dL
aTwo or more thresholds equaled or exceeded.Modified from International Association of Diabetes and Pregnancy Study
Groups Consensus Panel. Diabetes Care 2010; 33(3): 676–682
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Table 36.5 White classification of diabetes in pregnancy: (A) Initial (1949) version and (B) Final (1980) version

(A) Initial 1949 Version

Class
A

Diagnosis of diabetes made on a glucose tolerance test, which deviates but slightly from the normal

Class
B

Duration less than 10 y and Onset age 20 y or older and No vascular disease

Class
C

Duration 10–19 y or Onset 10–19 y of age or Minimal vascular disease (e.g., retinal arteriosclerosis or
calcified leg vessels)

Class
D

Duration 20 y or longer or Onset younger than 10 y of age or More evidence of vascular disease, e.g., retinitis,
transitory albuminuria, or transitory hypertension

Class
E

Calcified pelvic arteries on X-ray

Class
F

Nephritis

(B) Final 1980 Version

Class A Diet alone, any duration or onset age
Class B Onset age 20 years or older and duration less than 10 years
Class C Onset age 10–19 years or duration 10–19 years
Class D Onset age younger than 10 years, duration over 20 years, background retinopathy, or hypertension (not

pre-eclampsia)
Class R Proliferative retinopathy or vitreous hemorrhage
Class F Nephropathy with over 500 mg/d proteinuria
Class
RF

Criteria for both Classes R and F coexist

Class H Arteriosclerotic heart disease clinically evident
Class T Prior renal transplantation

Table 36.6 Updated White classification

A: Abnormal glucose tolerance test at any age or of any duration treated only by diet therapy
B: Onset at age 20 years or older and duration of less than 10 years
C: Onset at age 10–19 years or duration of 10–19 years
D: Onset before 10 years of age, duration over 20 years, benign retinopathy, or hypertension (not preeclampsia)
– D1: Onset before age 10 years
– D2: Duration over 20 years
– D3: Calcification of vessels of the leg (macrovascular disease)
– D4: Benign retinopathy (microvascular disease)
– D4: Hypertension (not preeclampsia)
R: Proliferative retinopathy or vitreous hemorrhage
F: Renal nephropathy with over 500 mg/d proteinuria
RF: Criteria for both classes R and F
G: Many pregnancy failures
H: Evidence of arteriosclerotic heart disease
T: Prior renal transplant
Gestational diabetes
– A1: Controlled by diet and exercise
– A2: Requires insulin
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Obstetric and Pharmacologic
Management

Ideal glycemic levels in GDM are another topic of
controversy, with no controlled trials coming to a
consensus on optimal targets (Gestational Diabe-
tes Mellitus 2018). The ADA and ACOG recom-
mend that fasting glucose levels remain below
95 mg/dL, 1-h postprandial levels remain below
140 mg/dL, and 2-h postprandial levels remain
below 120 mg/dL (Gestational Diabetes Mellitus
2018; American Diabetes Association 2018b).
There are no clinical guidelines establishing
accepted frequencies or timing of glucose moni-
toring. The general recommendations from
ACOG suggest glucose monitoring four times a
day, including fasting and after each meal (Gesta-
tional Diabetes Mellitus 2018). Additionally,
postprandial levels are preferred to preprandial
glucose values. One randomized study showed
that using postprandial levels rather than prepran-
dial to guide therapy allowed for reduced risk of
neonatal hypoglycemia, macrosomia, and cesar-
ean delivery (Veciana et al. 1996). Glucose mon-
itoring may be decreased based on clinical
discretion, if the patient has achieved appropriate
glycemic control with diet (Gestational Diabetes
Mellitus 2018; Turok et al. 2003).

Dietary Guidance

As previously mentioned, GDM can be treated
using nutritional therapy alone (class A1GDM) or
with additional pharmacologic interventions
(class A2GDM). Medical nutrition therapy
continues to be a central component of GDM
management aimed at establishing
normoglycemia, maintaining appropriate weight
gain in pregnancy, promoting adequate fetal well-
being, and preventing ketonemia (American Dia-
betes Association 2008). Specific nutritional
recommendations vary between patients
depending on their pre-pregnancy weights and
ideal gestational weight gain, however, typically
involve a carbohydrate-controlled meal plan
(American Diabetes Association 2008). In

general, three moderately sized meals and two to
four snacks are recommended, with one snack in
the evening to prevent ketosis overnight (Gesta-
tional Diabetes Mellitus 2018; American Diabe-
tes Association 2008).

Carbohydrates should be dispersed throughout
the day and compose 33–40% of total calories,
with a minimum consumption of 175 g (Ameri-
can Diabetes Association 2008; Gestational Dia-
betes Mellitus 2018; Turok et al. 2003). The
remaining calories can be distributed between
protein (20%) and fats (40%) (Gestational Diabe-
tes Mellitus 2018). The ADA recommends
nutritional counseling at the time of diagnosis
with a registered dietitian when possible, in
order to provide individualization of therapy
(Turok et al. 2003). For example, obese women
may benefit from moderate caloric restriction to
improve glycemic control (American Diabetes
Association 2008). Specifics on medical
nutritional therapy should be tailored to the
patient needs, with collaboration between
physicians and registered dieticians in order to
achieve optimal outcomes. Exercise also has a
part in management, but there are limited
randomized controlled trials regarding its role in
patients with GDM. ACOG suggestions reflect
general diabetes care, aiming for 30 min of mod-
erate aerobic exercise 5 days a week or 150 min
total (Gestational Diabetes Mellitus 2018).

Pharmacotherapy

When nutrition and exercise are not sufficient to
establish normoglycemia, pharmacologic man-
agement is indicated, as is the case in Class
A2GDM. A systematic review found no ideal
threshold at which to initiate drug therapy
(Nicholson et al. 2008). Table 36.7 specifies the
glycemic thresholds used by ACOG and ADA
(Gestational Diabetes Mellitus 2018; Gilmartin
et al. 2008). Both ACOG and ADA prefer the
use of insulin to establish normoglycemia in preg-
nancy, as it does not cross the placenta and is
effective in achieving metabolic control (Gesta-
tional Diabetes Mellitus 2018; American
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Diabetes Association 2018b). The initial daily
recommended dosage is 0.7–1.0 units/kg and
can be divided into multiple injections, to opti-
mally correct trends of hyperglycemia. NPH insu-
lin, insulin glargine, and insulin detemir are
acceptable long-acting options, while insulin
lispro and aspart have been utilized for short-
acting drugs. Table 36.8 is adopted from ACOG
and demonstrates the timing of insulin options in
pregnancy (Gestational Diabetes Mellitus 2018).
Insulin regimens should be individualized to the
patient and simplified for optimal results, and
physicians should adjust treatment as pregnancy
progresses and insulin resistances increases
(Turok et al. 2003).

Oral Glucose-Lowering Prescriptions:
Metformin

The Society for Maternal Fetal Medicine
(SMFM) states that metformin is also a reason-
able first-line alternative to insulin, although
many women will still need insulin for glycemic
control (SMFM Publications Committee 2018).
In one meta-analysis comparing the use of met-
formin versus insulin, metformin use in GDM
was associated with less maternal weight gain,
less gestational hypertension, and less neonatal
hypoglycemia, suggesting that perhaps there is a

benefit to using metformin first line rather than
insulin (Gui et al. 2013). However, unlike insulin,
metformin crosses the placenta, and little is
known about long-term outcomes associated
with fetal exposure (SMFM Publications Com-
mittee 2018). Current studies looking at
neurodevelopmental outcomes in 2-year-olds
exposed to insulin and metformin in utero,
respectively, show comparable results (Wouldes
et al. 2017). Another study determined that met-
formin during fetal life for maternal GDM does
not seem to have an impact on growth and body
composition of 8-year-old children (Rø et al.
2012).

Other studies present conflicting results. Met-
formin has been shown to have cord arterial
concentrations at almost twice the level of mater-
nal venous concentrations, and research indicates
that the fetus is exposed to concentrations com-
parable with therapeutic levels in adult
populations (Vanky et al. 2005). A New Zealand
follow-up of children at age 9 exposed to metfor-
min or insulin in utero, showed that metformin-
exposed children were found to have higher
weights, arm and waist circumferences, and
BMI (Rowan et al. 2018). Maternal tolerance to
therapy must also be considered, as metformin
can be associated with extensive gastrointestinal
side effects (SMFM Publications Committee
2018).

Table 36.7 Glycemic thresholds to begin pharmacologic therapy for GDM

ACOG (mg/dL) ADA (mg/dL)

Fasting �95 Fasting �105
1 h post-prandial �140 1 h post-prandial �155
2 h post-prandial �120 2 h post-prandial �130

Table 36.8 Pharmacotherapy features of special insulins

Regular insulin 30 min–8 h
NPH insulin 1–18 h
Glargine insulin 1–24 h
Detemir insulin 1–26 h
Lispro, Aspart 1 min–5 h

Modified from Gabbe SG, Graves CR. Management of diabetes mellitus complicating pregnancy. Obstet Gynecol 2003;
102(4): 857–868
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Glyburide

Another option is the sulfonylurea glyburide.
However, current data suggest that it is inferior
to both insulin and metformin (Balsells et al.
2015). Like metformin, glyburide crosses the pla-
centa and concentrates in cord serum, but there is
no evidence to date about long-term effects on
fetal exposure in utero (SMFM Publications
Committee 2018). Also analogous to metformin,
many women still may require insulin to achieve
glycemic control (Brown et al. 2017). In a 2017
systematic review, glyburide was associated with
increased composite neonatal death and serious
morbidity as composed to metformin (Brown
et al. 2017). Glyburide has also been correlated
with higher birth weight and increased frequency
of macrosomia and neonatal hypoglycemia as
compared to insulin and metformin (SMFM
Publications Committee 2018). Consequently,
ACOG currently recommends that glyburide not
be used first line, as it has not proven equivalent
outcomes as compared to insulin and metformin
(Gestational Diabetes Mellitus 2018). Despite
data that show glyburide is a less effective choice
in treating GDM, studies of commercially insured
women showed an increase in glyburide use from
7.4% to 64.5% between 2000 and 2011 (Castillo
et al. 2014). The increase in use could be
attributed to the fact that oral hypoglycemic
agents, including glyburide and metformin, have
a lower cost and higher patient acceptance com-
pared to insulin, possibly leading to increased
patient satisfaction and compliance (SMFM
Publications Committee 2018). Ultimately,
clinicians are encouraged to counsel patients on
the limited long-term safety data when prescrib-
ing glyburide (Gestational Diabetes Mellitus
2018).

Antenatal Fetal Testing

Achieving euglycemia is foundational to the man-
agement of GDM, but additional obstetric surveil-
lance is also needed to optimize fetal outcomes.
Maternal blood glucose levels are a known risk

factor for stillbirth in patients with GDM (Mackin
et al. 2019). As such, antenatal fetal testing is
initiated at 32 weeks for women with poorly
controlled GDM or who require pharmacologic
management to achieve euglycemia (Gestational
Diabetes Mellitus 2018). In women with
A1GDM, risks for stillbirth have not been
demonstrated, and consequently, ACOG has
found inconclusive evidence regarding the need
for antenatal fetal testing. Specific practices often
vary by institutional guidelines, but in patients
who achieve euglycemia via nutritional therapy
alone, antenatal testing can generally be
implemented later than in women with poorly
controlled GDM (Gestational Diabetes Mellitus
2018). Studies have shown that twice weekly
nonstress tests were effective in preventing still-
birth, but currently no antepartum surveillance
method or frequency has been proven most suc-
cessful (Kjos et al. 1995; Turok et al. 2003). Other
acceptable fetal testing methods include the
modified biophysical profile or full biophysical
profile (Turok et al. 2003).

Indications for Ultrasonographic
Monitoring

Because of the association of macrosomia and
GDM, many clinicians use ultrasonography to
assess fetal growth in the third trimester, although
specific practices vary (Gestational Diabetes
Mellitus 2018). The ADA recommends ultra-
sound measurements of fetal abdominal circum-
ference every 2–4 weeks starting in the early third
trimester and encourages clinicians to use this
information to guide management (Metzger
et al. 2007). In contrast, the International Federa-
tion of Gynecology and Obstetrics vaguely
suggests “periodic clinical and sonographic
growth assessments from diagnosis until term”

(Hod et al. 2015). Ultrasonography can also be
used to estimate fetal weight, but has been shown
to significantly overestimate the prevalence of
large for gestational age (LGA) fetuses in
women with GDM. In a study comparing
estimated fetal weight with actual birth weight,
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only 22% of women with a large for gestational
age ultrasound diagnosis delivered an LGA neo-
nate (Scifres et al. 2015). Estimated fetal weight
via ultrasound has also been found to increase the
risk of cesarean delivery (Little et al. 2012).
While ultrasound can assist traditional clinical
examinations to predict macrosomia, its inherent
limitations in the ability to correctly estimate fetal
weight account for the variance in obstetrical
practices for women with GDM (Johnstone et al.
1996).

Optimal Delivery Time

Timing of delivery is also a challenging topic in
GDM, as there is limited quality evidence to
support universal guidelines. Delivery practices
vary by institution and type of GDM (Gestational
Diabetes Mellitus 2018). In Class A1GDM, the
timing of delivery should not occur before
39 weeks unless other obstetric complications
arise, and expectant management can be utilized
through 40 6/7 weeks (Gestational Diabetes
Mellitus 2018; Hod et al. 2015). However, some
argue that earlier delivery may be indicated when
fetal weight is estimated to be greater than 4000 g
due to increased risk of shoulder dystocia and
subsequent neonatal morbidity (Hod et al.
2015). As previously mentioned, ultrasound’s
inherent limitations in estimating fetal weight
account for discrepancies in its utilization for
delivery, and the advantages of this delivery strat-
egy are still debated (Rouse et al. 1997).
Clinicians are encouraged to discuss the benefits
and risks of elective scheduled deliveries, includ-
ing cesarean delivery, when there is estimated
fetal macrosomia (American College of
Obstetricians and Gynecologists’ Committee on
Practice Bulletins—Obstetrics 2016). For late-
term or post-term Class A1GDM pregnancies,
induction can be considered to reduce neonatal
mortality and maternal morbidity associated with
increased cesarean rates (Middleton et al. 2018).

In Class A2GDM that is well controlled, deliv-
ery can be considered between 39 0/7 and

39 6/7 weeks (Gestational Diabetes Mellitus
2018). Labor before 40 weeks in women requir-
ing pharmacologic management for GDMmay be
associated with lower incidence of shoulder dys-
tocia (Lurie et al. 1996). However, management
is less clear for women with poorly controlled
Class A2GDM, and practices may vary between
clinicians and patients (Valent and Caughey
2016). Delivery between 37 0/7 and
38 6/7 weeks may be warranted in these patients
(Gestational Diabetes Mellitus 2018). Earlier
deliveries in the late preterm should be limited
to patients in which aggressive attempts of
achieving euglycemia, such as in-hospital ther-
apy, have failed (Gestational Diabetes Mellitus
2018).

Intrapartum Glucose Homeostasis

Intrapartum glycemic monitoring is also neces-
sary in women with GDM in order to avoid neo-
natal hypoglycemia and associated morbidities
that may be caused by maternal hyperglycemia
during labor (Ryan and Al-Agha 2013). Class
A1GDM women can often be monitored during
parturition without the need for additional phar-
macologic management for glycemic control
(Ryan and Al-Agha 2013). However, women
with Class A2GDM often require intrapartum
monitoring and pharmacologic intervention, but
there is no consensus on specific practices. A
recent randomized control trial found that tight
maternal glucose control did not result in better
outcomes when compared to more liberalized
maternal management that allowed for higher
maternal glucose levels and less frequent glucose
measurements (Hamel et al. 2019).
Recommendations from the International Federa-
tion of Gynecology and Obstetrics for these
women suggest maternal glucose levels of
72–126 mg/dL during labor and delivery to
avoid adverse outcomes such as neonatal hypo-
glycemia, birth asphyxia, and nonreassuring heart
rate tracings (Hod et al. 2015).

502 M. Jones and A. Akers



Complications and Follow Up

Because GDM arises later in pregnancy after
organogenesis, it is not associated with the same
risks of congenital malformations as pre-existing
diabetes (Nold and Georgieff 2004). However,
GDM is associated with several short-term and
long-term consequences in the fetus and
subsequent neonate. The most established
ramifications of GDM include large for gesta-
tional age, defined as fetal or neonatal weight at
or above the 90th percentile for gestational age,
and macrosomia, often defined as birth weight
greater than or equal to 4500 g (Practice Bulletin
No. 173 Summary 2016; Mitanchez 2010). From
a physiologic standpoint, this is thought to be due
to an increased transplacental transfer of glucose,
leading to increased fetal substrate uptake
and fetal hyperinsulinemia (Hod et al. 2015).
Figure 36.1 highlights the pathophysiology of
maternal hypoglycemia on adverse fetal

outcomes, including LGA and macrosomia (Hod
et al. 2015). In the international, multicenter
HAPO study, researchers found that with increas-
ing maternal glucose levels, the frequency of
large for gestational age infants increased as
well (HAPO Study Cooperative Research Group
2008).

Furthermore, multiple studies have found that
increasing maternal hyperglycemia is associated
with macrosomia, LGA, and the secondary
outcomes associated with macrosomic fetuses
such as operative deliveries, postpartum hemor-
rhage, shoulder dystocia, brachial plexus injury,
birth canal tears, and maternal and fetal morbidity
(Hod et al. 2015; Kwik et al. 2007; Lazer et al.
1986). However, LGA and macrosomia are mul-
tifactorial and are influenced by other factors,
such as maternal weight gain. In one study
looking at the effects of maternal glucose levels
and weight gain on fetal macrosomia risk, 29.3%
of women with GDM who gained more than

Fig. 36.1 Fetal and neonatal complications arising from
intrauterine exposure to maternal hyperglycemia
(Modified from: Hod M, Kapur A, Sacks DA, Hadar E,
Agarwal M, Di Renzo GC, Cabero Roura L, McIntyre HD,
Morris JL, Divakar H. The International Federation of

Gynecology and Obstetrics (FIGO) Initiative on gesta-
tional diabetes mellitus: A pragmatic guide for diagnosis,
management, and care. Int J Gynaecol Obstet. 2015;131
(Suppl 3):S173–211)
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40 pounds had a macrosomic newborn compared
to only 13.5% of women with GDM who gained
appropriate pregnancy weight (Hillier et al.
2009). While confounding factors may influence
the association between GDM and fetal size,
maternal hyperglycemia remains an important
risk factor for LGA and macrosomia.

Additional Neonatal Aberrations

Morbidities associated with GDM include fetal
hyperinsulinemia and beta cell hyperplasia, neo-
natal hyperbilirubinemia, hypoglycemia, polycy-
themia, and increased intensive neonatal care
(HAPO Study Cooperative Research Group
2008; Turok et al. 2003; Hod et al. 2015). Respi-
ratory distress in neonates has also been reported
as a complication to GDM in some studies, but
the ALPS trial argues that newborns of GDM
mothers were not more likely to have severe
respiratory complications (Hod et al. 2015;
Werner et al. 2018). Similarly, some studies
argue that there is an increased risk of stillbirth
in GDM mothers, but the association with mater-
nal hyperglycemia is debated (Gestational Diabe-
tes Mellitus 2018).

Long-Term Complications

These include higher risks of obesity, impaired
glucose metabolism, and diabetes later in life.
Some postulate that this occurs through epige-
netic changes in developmental programming.
Fetal exposure to maternal hyperglycemia in
utero can lead to modification of phenotypic
expression in newly formed cells, and in the
third trimester, this can lead to aberrant prolifera-
tion of fetal adipocytes and muscle cells along
with hyperplasia of pancreatic beta cells and neu-
roendocrine cells. Some argue this physiologic
basis to the long-term effects is seen in offspring
born to GDM mothers (Hod et al. 2015).

Maternal Complications

Women with GDM are at increased risk of devel-
oping pre-eclampsia with increasing risks at
higher levels of maternal hyperglycemia (HAPO
Study Cooperative Research Group 2008; Joffe
et al. 1998). There are risks for developing hyper-
tensive disorders during pregnancy, even after
adjusting for potential confounding factors
(Joffe et al. 1998). Cesarean delivery is another
potential maternal morbidity with 25% of GDM
mothers who require pharmacologic therapy
undergoing cesarean delivery compared to 9.5%
of controls (Gestational Diabetes Mellitus 2018).
However, potentially the most concerning mater-
nal consequences of GDM are the long-term
associations with cardiometabolic disorders. In
women with a previous diagnosis of GDM,
32.9% went on to develop metabolic syndrome
within 5–10 years (Varner et al. 2017). Addition-
ally, a history of GDM has been established as a
risk factor tor types 1 and 2 diabetes. One study
found that younger ages, the need for pharmaco-
logic management, and positivity of
autoantibodies in women with GDM predicted a
higher risk of subsequent progression to type
1 diabetes (Jarvela et al. 2006).

Type 2 diabetes is a well-known consequence
of GDM, with an incidence of almost 20% after
9 years and an estimated 70% within 22–28 years
(Feig et al. 2008; Gestational Diabetes Mellitus
2018). Obesity intensifies this risk, as it does in
the general population (Baptiste-Roberts et al.
2009). GDM has also been found to be an inde-
pendent risk factor for long-term cardiovascular
morbidity (Kessous et al. 2013).

Diagnostic Work Up
and Long-Term Care

Following delivery, screening for diabetes,
impaired fasting glucose levels, and impaired
glucose tolerance is recommended in all women
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with GDM between 4–12 weeks postpartum
(Gestational Diabetes Mellitus 2018). This is gen-
erally done through a fasting plasma glucose and
75-g, 2-h oral glucose tolerance test (Gestational
Diabetes Mellitus 2018). Follow up is critical in
identifying these women, as many randomized
controlled trials have shown the benefit of early
interventions such as diet and exercise or pharma-
cologic therapy, in delaying or preventing type
2 diabetes in women with abnormal glucose tol-
erance (Kitzmiller et al. 2007). Additionally,
women with GDM who have persistent undiag-
nosed hyperglycemia have high risks in addi-
tional pregnancies, including major congenital
malformations with maternal hyperglycemia dur-
ing the first trimester. These risks can be
mitigated by early preconception treatment
(Kitzmiller et al. 2007). Long-term follow up is
essential, and testing is recommended every
1–3 years if initial oral glucose tolerance testing
is normal (American Diabetes Association
2018b). However, while routine follow up is crit-
ical in recognizing women who have progressed
to diabetes, other therapies are available to inter-
vene before diabetes develops.

In a randomized, controlled clinical trial, both
metformin and intensive lifestyle therapies were
found to be efficacious in reducing the incidence
of diabetes by approximately 50%, in women
reporting a history of GDM (Ratner et al. 2008).
Lifestyle changes may also be effective in reduc-
ing future cardiovascular morbidity as well
(Kitzmiller et al. 2007). Finally, women with a
history of GDM should be counseled on the
importance of breastfeeding and its protective
role in preventing childhood obesity and maternal
diabetes (Hod et al. 2015). Ultimately, a multidis-
ciplinary approach between obstetricians, family
physicians, internists, pediatricians, and other
health care providers is needed to optimize long-
term health outcomes in these women.

Ongoing Studies and Future
Directions

Research is still needed in stratification of risk
factors to adequately determine high-risk patients

who need early pregnancy screening. Addition-
ally, the need exists to develop portable and
low-cost point of care testing strategies, to make
universal screening for GDM a realistic possibil-
ity in areas with limited resources, and the US
Preventive Services Task Force maintains that
there is a need to look for screening methods
that are simpler to use than the current
recommendations, such as glycosylated hemoglo-
bin measurement (Final Recommendation State-
ment [Internet] 2019). Intervention studies
regarding optimal glucose control for best
outcomes, and pharmacologic studies identifying
the efficacy and long-term effects of glucose
medications are other areas of future research.
Long-term cohort studies following both women
with GDM and their children are advised, to
determine longitudinal repercussions of diabetes
in pregnancy.

Current research being published from the
ADA seeks to address many of these issues,
such as the effectiveness of metformin in GDM
to the economic burden of GDM. Meanwhile,
other organizations, such as FIGO, highlight
many of the aforementioned research needs,
alongside appeals for greater international
research collaboration to address these knowl-
edge gaps (Hod et al. 2015).
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Abstract

It has long been recognized that diabetes is
associated with a high cardiovascular risk,
although this is not the same in all patients.

Diabetes frequently coexists with other risk
factors that will enhance this cardiovascular
risk, including hypertension, dyslipidemia,
and platelet dysfunction. Treatment of all
these risk factors is essential to lower the risk
in both primary and secondary cardiovascular
prevention settings. The choice of antidiabetic
agent may also impact this risk, as some clas-
ses have been shown to decrease cardiovascu-
lar mortality and others will increase the risk of
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hypoglycemia, and may have an impact on
cardiovascular events.

Keywords

Cardiovascular complications · Peripheral
ischemia · Type 2 diabetes · Cardiomyopathy ·
Arterial hypertension · Dyslipidemia ·
Pharmacotherapy

Introduction

It has always been recognized that patients with
diabetes have a higher risk of vascular disease,
especially cardiovascular complications. These
complications are the main cause of death (Dal
Canto et al. 2019). Adults with diabetes have 2–4
times increased cardiovascular risk compared to
adults without diabetes, despite falling mortality
rates in both groups (Rawshani et al. 2018). This
trend in reduction in mortality rates is present
especially in high-income countries, but not as
clear in the middle-to-low-income countries (Dal
Canto et al. 2019). On average at the age of
60, patients with diabetes and no cardiovascular
disease will have a life expectancy of 6 years less,
and those with diabetes and cardiovascular dis-
ease will have a 12-year shorter life expectancy
(The Emerging Risk Factor Collaboration 2015).
This increased risk will be present in patients
either with type 1 or type 2 diabetes, and some
reports indicate that the relative risk is even
higher for type 1 diabetes (Lee et al. 2019).

Since the report by Haffner et al. (1998), dia-
betes has been considered a high cardiovascular
risk group similar to a nondiabetic secondary
prevention group. However, other studies have
challenged this concept (Afkarian et al. 2016;
Schneider et al. 2016). Although patients with
diabetes have a higher cardiovascular risk com-
pared to patients without diabetes, this risk can
vary with each patient.

High-Risk Groups

Several characteristics will identify subgroups
that have a higher risk. These include the pres-
ence of microvascular complications such as

retinopathy (Sabanayagam et al. 2019),
microalbuminuria (Ninomiya et al. 2009), chronic
kidney disease (glomerular filtration rate of less
than 60 cm3/min) (Afkarian et al. 2016;
Sabanayagam et al. 2019), smoking (Rawshani
et al. 2018), and suffering from diabetes for
more than 15 years (Hu et al. 2001). Most of
these risk groups will also have microvascular
alterations that will further increase the risk of
macrovascular complications. Recent guidelines
support this, recommending risk stratification
within patients with diabetes that will tailor treat-
ment goals (Consentino et al. 2019).

There are several reasons as to why patients
with diabetes have a higher cardiovascular risk.
First, insulin resistance may lay common
pathways that will lead to hypertension, diabetes,
and cardiovascular disease. Therefore, there is a
very close link between hypertension and diabe-
tes. Long-term hyperglycemia may lead not only
to microvascular disease but also to changes in
the vascular bed, inflammation, lipid oxidation,
and an accelerated atherosclerotic process. Addi-
tionally, patients with diabetes may develop dia-
betic cardiomyopathy that will further increase
the risk of cardiovascular disease and heart fail-
ure. Furthermore, platelet dysfunction is common
in patients with diabetes mellitus, and this
increases the risk of atherothrombosis and cardio-
vascular events.

Hypertension

Around 50–80% of patients with diabetes also
have hypertension (Chen-Ku et al. 2019; Whelton
et al. 2018). Hypertension is a strong factor that
increases cardiovascular risk.

Wang et al. (2017) demonstrated that patients
with higher insulin levels (as a marker of insulin
resistance) have a higher prevalence of hyperten-
sion. Insulin resistance will lead to arterial stiff-
ness due to the deposition of extracellular matrix
in the artery walls. Smooth muscle cells will
generate more reactive oxygen species that will
lead to endothelial dysfunction, and there is also
an activation of the renin angiotensin system in
adipocytes (D’Elia and Strazzullo 2018).
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Several proposed mechanisms may link hyper-
tension and diabetes. Insulin resistance leads to an
increase in the sympathetic tone, which causes an
increase in heart rate, cardiac output, and vascular
resistance. Furthermore, there is some evidence
that renal tubular cells will have a higher expres-
sion of SGLT-2 cotransporters that will lead to a
higher sodium retention. This increase of sympa-
thetic tone may lead to an activation of the renin
angiotensin system, with higher levels of angio-
tensin II that will promote vasoconstriction,
myocardial fibrosis, salt and water retention.

Additionally, chronic stress may also lead to
increased sympathetic activity. The stimuli of
alpha 1 receptors generate water and salt retention
and insulin resistance. Furthermore, stimuli of
alpha 2 receptors in the pancreas will inhibit
insulin secretion, which may lead to hyperglyce-
mia. An increased sympathetic tone will enhance
ventricular ejection force increasing blood pres-
sure, and if this is sustained for more than 48 h, it
can lead to an adaptation of baroreceptors and
therefore chronic hypertension (Saxena et al.
2018).

Some studies have shown that in renal tubular
cells, intracellular hyperglycemia will increase
SGLT-2 expression. A higher-salt diet will also
increase tubular SGLT-2 expression (Elliott et al.
2016). Renal tubular cells will increase SGLT2
expression when exposed to norepinephrine, at
least in in vitro models. An increase in SGLT2
activity will lead to greater tubular sodium and
glucose reabsorption, an additional mechanism
that links hypertension and diabetes.

Patients with diabetes are more salt sensitive
than healthy adults. Renal response to insulin is
maintained in insulin-resistance states, leading to
greater renal sodium reabsorption (Uzu 2017).

All of these mechanisms may explain the close
correlation between diabetes and hypertension.
Hypertension will accelerate the development
and progression of microvascular disease
(UKPDS 1998). Also, hypertension is a risk fac-
tor for vascular complications in diabetes, as
patients diagnosed with diabetes and hyperten-
sion will have a higher risk of cardiovascular

and cerebrovascular complications, along with
heart failure (Rawshani et al. 2018). Peripheral
artery disease is another vascular complication
associated with the presence of hypertension
(Mohammedi et al. 2016).

Dyslipidemia

The usual lipid profile that presents in patients
with insulin resistance and diabetes is
characterized by high triglycerides, low HDL,
and an increase in small dense LDL particles.
This is also called atherogenic dyslipidemia. In
insulin-resistance states, there is a higher efflux of
free fatty acids from adipocytes and, under these
stimuli, hepatic VLDL production is increased.
Since insulin is a coactivator of lipoprotein lipase,
when there is insulin resistance there is a decrease
in the activity of this enzyme. The increased
number of triglyceride-rich lipoproteins competes
for a saturable process of lipoproteinlipase-
mediated clearance, leading to a greater number
of remnant lipoproteins particles (Stahel et al.
2018). Meanwhile, hepatic lipase activity is not
affected and it will hydrolyze triglycerides and
phospholipids of these remnants, leading to
smaller, denser particles of VLDL, VLDL
remnants, and LDL, which are more atherogenic
(Miksztowicz et al. 2012). On the other hand,
there is an increased cholesterol ester transfer
protein (CETP)-mediated lipid exchange between
HDL and VLDL particles, leading to triglyceride
enrichment of VLDL particles, which is a pre-
ferred substrate by hepatic lipase, yielding HDL
remnants that are cleared by renal glomerular
filtration leading to low HDL levels (Stahel
et al. 2018).

Diabetes is also characterized as a state of
increased production of reactive oxygen species
that will oxidize LDL particles, making them
more atherogenic. Oxidized LDL particles are
easily captured by macrophages, leading to the
development and progression of the atheroscle-
rotic plaque. Higher levels of angiotensin II and
sympathetic activity will also contribute to the
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generation of reactive oxygen species (Low
Wang et al. 2016).

The role of dyslipidemia in microvascular
complications is controversial. The data that sup-
port that dyslipidemia treatment will decrease the
progression of microvascular complications is not
very clear yet. On the other hand, the evidence in
favor of statins in cardiovascular and cerebrovas-
cular complications is very clear and strong.

Diabetic Cardiomyopathy

Diabetic cardiomyopathy is defined as the pres-
ence of a myocardial structural or functional
abnormality in the absence of hypertension, ath-
erosclerotic, or valvular disease. A more recent
definition by the American Heart Association and
the European Society of Cardiology states that it
is a clinical condition, where there is ventricular
dysfunction without coronary atherosclerosis and
hypertension (Jia et al. 2018). This makes the
clinical diagnosis of this entity difficult since the
absence of atherosclerosis must be demonstrated,
and this often requires invasive tests. Therefore,
the true prevalence of diabetic cardiomyopathy is
unknown.

Several pathophysiologic mechanisms may
explain this condition. Two of the most accepted
mechanisms are related to insulin resistance and
hyperglycemia. Insulin resistance, as stated previ-
ously, will lead to higher levels of free fatty acids
(FFA). These FFA will lead to the activation of
different pathways, including ceramides that will
generate cardiac hypertrophy. Hyperglycemia,
through different mechanisms, including the
polyol pathways, may promote myocyte prolifer-
ation and hypertrophy.

The classic paradigm states that diabetic car-
diomyopathy will present initially as diastolic
dysfunction (heart failure with preserved ejection
fraction), and later will progress to dilation of the
left ventricle and a fall in cardiac output (heart
failure with reduced ejection fraction). It has long
been recognized that patients with diabetes will
have a higher risk of heart failure, and this risk is

related to both disease duration and degree of
hyperglycemia (Erqou et al. 2013). When we
look at the data from the cardiovascular outcome
trials, it has been shown that heart failure hospi-
talization rates were at least the same or even
more frequent as the rates of ischemic strokes,
cardiovascular deaths, or noncardiovascular
deaths (Wiviott et al. 2019). Recent trials have
also shown that SGLT-2 inhibitors have a great
impact on heart failure, and this has raised the
awareness and discussion of the importance of
heart failure in patients with diabetes.

There are several mechanisms by which hyper-
glycemia may lead to contractile dysfunction
(Zamora and Villena 2019):

– Hexosamine biosynthetic pathway leading to
prolonged calcium transients.

– Activation of the protein kinase pathway that
will promote cardiac hypertrophy.

– Advanced glycosylation end products pathway
with an increase in RAGE expression that
promotes oxidative stress, the formation of
irreversible crosslinks, fibrosis, collagen depo-
sition, production of inflammatory cytokines
and growth factors.

– Polyol flux pathway that will end up in cell
apoptosis.

In insulin-resistance states, there is higher free
fatty acid efflux from the adipose tissue, leading
to a higher fatty acid oxidation in the myocar-
dium. An increase in mitochondrial activity will
increase reactive oxygen species formation, and
thus, increasing angiotensin I receptor expression
(Zamora and Villena 2019).

Platelet Dysfunction

There are several mechanisms by which platelets
are dysfunctional in patients with diabetes
mellitus, and these mechanisms may also contrib-
ute to a higher rate of atherothrombotic events
compared to patients without diabetes (Ferreiro
and Angiolillo 2011):
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– Hyperglycemia may lead to P-selectin
expression, activation of PKC and decreased
membrane fluidity, by glycation of surface
proteins.

– Deficient insulin action by insulin resistance
may lead to impaired response to nitric oxide
and PGI2 and increased intracellular calcium.

– Associated conditions such as obesity,
dyslipidemia, and inflammation may lead to
platelet activation.

– There is also upregulation of P2Y12 signaling
and oxidative stress.

Clinical Features of Vascular Disease
in Patients with Diabetes Mellitus

Atherosclerotic Disease

Hypertension and atherogenic dyslipidemia will
lead to an accelerated atherosclerotic process
and a higher risk of myocardial infarction,
stroke, and peripheral artery disease. The bur-
den of disease is not only greater, but it will also
be present at a younger age. Other traditional
risk factors such as smoking will further
enhance this risk. Clinical presentation of ath-
erosclerosis may differ from that of patients
without diabetes.

It has also been demonstrated that patients
with any profile of vascular disease will have a
higher risk of developing vascular diseases in
other beds. There is a high frequency of coexis-
tence of different vascular diseases, such as coro-
nary and cerebrovascular disease (Steg et al.
2007).

Coronary Artery Disease

Coronary artery disease may present classically as
stable angina, unstable angina, or myocardial
infarction. Silent ischemia is more frequent in
patients with diabetes compared to the general
population. Also, plaque burden tends to be
more diffuse. When revascularized, the rate of
restenosis is greater and faster in patients with
diabetes (Makrilakis and Liatis 2017).

As mentioned previously, some patients with
diabetes are at higher risk of coronary artery
disease. These circumstances are called risk
enhancers and they are outlined in Table 37.1
(Grundy et al. 2019a).

Guidelines do not support routine screening
of coronary artery disease either with a stress
test, coronary angiogram, or CT angiography if
the patient is asymptomatic. In asymptomatic
patients, the way to prevent cardiovascular dis-
ease is to have a very strict risk factor control,
which will be discussed later on.

Clinical suspicion for coronary disease should
be very high. Since patients with diabetes can
present with silent ischemia, the presence of dys-
pnea or heart failure obliges to rule out coronary
disease. Also, the frequency of atypical chest pain
is greater. Therefore, all chest pain in patients
with diabetes makes it mandatory to rule out the
presence of coronary artery disease.

Cerebrovascular Disease

Strokes are one of the leading causes of morbidity
and mortality in patients with diabetes mellitus
(Rawshani et al. 2018). Patients with diabetes

Table 37.1 Risk enhancers for coronary artery disease in patients with diabetes mellitus

Long duration of diabetes (�10 years for patients with type 2 diabetes mellitus or �20 years for type 1 diabetes
mellitus)
Albuminuria �30 μg of albumin/mg of creatinine
Estimated glomerular filtration rate <60 mL/min/1.73 m2

Retinopathy
Neuropathy
Ankle brachial index (ABI) <0.9
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mellitus have a higher risk of stroke and this is
considered in risk scores such as CHA2DS2-
VASc (Lip et al. 2010). This risk is further
enhanced especially by the presence of hyperten-
sion, and to a lesser extent dyslipidemia.

Stroke treatment does not differ. Whenever
possible, thrombolysis should be performed in
ischemic stroke.

Regarding stroke prevention, if the patient has
atrial fibrillation, diabetes mellitus, and an addi-
tional risk factor, anticoagulation is
recommended. Otherwise, stroke prevention
should follow guidelines as in the general popu-
lation, where blood pressure and lipid control are
essential.

Peripheral Artery Disease

The risk of peripheral artery disease is inherently
higher in patients with diabetes mellitus. The
presence of this condition increases the risk of
complications associated with diabetic foot dis-
ease, lower-extremity amputation, cardiovascular
disease, and mortality (Nativel et al. 2018). When
defined by abnormal ankle brachial index (ABI),
its prevalence may be up to 20% (Selvin and
Erlinger 2004), becoming greater with advanced
age and diabetes duration.

A small percentage of patients with peripheral
artery disease presents with intermittent claudica-
tion. In some patients, these symptoms may be
confounded with those of diabetic neuropathy
and other conditions such as statin-associated
myopathy. The symptoms of intermittent claudi-
cation may not always be as classically described,
and sometimes it may be only lower-extremity
myalgia. Any deterioration of either walking
quality or speed, as well as fatigue, pain, cramps,
discomfort or burns in buttocks, thighs, calves, or
feet should raise the suspicion of peripheral artery
disease, especially when triggered by exercise
and quickly relieved with rest (Nativel et al.
2018).

Different guidelines recommend peripheral
artery disease screening, initially with an exhaus-
tive interview, and palpation of pedal pulses
(American Diabetes Association 2020). The first

line of noninvasive tests when signs or symptoms
of lower-extremity artery disease become present,
should be the brachial-ankle index. This is a very
simple, low-cost test that may be performed in the
office and should be conducted at least once a
year. If ABI is less than 0.90, it is highly suspi-
cious of peripheral artery disease. The lower the
index, the more critical the obstruction. ABI of
over 1.4 is also considered abnormal indicating
calcified and stiffened arteries. If a low ABI is
present, hypertension and lipid treatment goals
will change, as this will deem the patient as hav-
ing a higher risk of other atherosclerotic vascular
events (Grundy et al. 2019a; American Diabetes
Association 2020).

Treatment

To prevent cardiovascular risk in primary preven-
tion, or lower the risk of a new vascular event in
secondary prevention, the main objectives are to
control risk factors, including smoking, hyperten-
sion, dyslipidemia, and glucose homeostasis.

Lifestyle Modification

Lifestyle modification is the initial approach in all
patients with diabetes mellitus, regardless of car-
diovascular risk, presence of microvascular
complications, or duration of diabetes. However,
there have been few trials that have evaluated the
impact of lifestyle intervention in cardiovascular
endpoints. UKPDS compared intensive pharma-
cologic intervention with conventional lifestyle
intervention, achieving a difference in glucose
control favoring pharmacologic intervention.
Yet the achieved reduction in cardiovascular
events in favor of the pharmacologic intervention
group is not evidence that lifestyle interventions
are ineffective (UK Prospective Diabetes Study
(UKPDS) Group 1998a).

LOOKAHEAD (2007) showed that patients
treated with intensive lifestyle modifications
achieved an initial reduction in weight and waist
circumference, which was paired with an
improvement in glucose and blood pressure
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control. However, this was not sustained in the
long term and therefore it was not associated with
a decrease in cardiovascular disease. However,
the group that was treated with intensive lifestyle
modifications required fewer medications
(statins, antihypertensive drugs) to achieve differ-
ent targets (Look AHEAD Research Group
2013).

Hypertension

Early studies have shown that lowering blood
pressure will decrease not only cardiovascular
disease but also any diabetes-related endpoint
(Emdin et al. 2015). It seems that from a cardio-
vascular perspective, angiotensin-converting
enzyme (ACE) inhibitors, angiotensin II receptor
blockers (ARB), diuretics, calcium channel
blockers, and beta blockers have similar efficacy
in reducing cardiovascular events. However,
there may be small differences as shown in
some meta-analyses, where thiazides are more
effective in decreasing heart failure and stroke
risk, calcium channel blockers may increase
heart failure risk (compared to ACE inhibitors or
ARB), and ACE inhibitors and ARB are more
effective than beta blockers in stroke and cardio-
vascular events (Chen et al. 2018).

What has long been debated is the blood pres-
sure treatment goal. Guidelines recommend dif-
ferent targets, especially of systolic blood

pressure. Table 37.2 summarizes the blood pres-
sure targets recommended by different profes-
sional groups.

Few trials have directly compared blood pres-
sure targets specifically in patients with diabetes.
Most data are derived from subgroup analysis. In
the UKPDS (1998), lower blood pressure was
associated with a lower risk of any diabetes-
related endpoints, including cardiovascular dis-
ease. However, this lower blood pressure group
achieved on average 144/82 mmHg, compared to
the less intensive group (154/87 mmHg). In the
ACCORD-BP trial, a systolic blood pressure tar-
get of 140 mmHg is mentioned, as compared to a
target of 120 mmHg. Overall, no difference was
observed in cardiovascular events except a
slightly lower rate of stroke in the lower blood
pressure target group, however, with a higher risk
of adverse events, including renal failure and
postural hypotension (ACCORD Study Group
2010a).

A meta-analysis (Emdin et al. 2015) has
focused on the benefits of starting antihyperten-
sive drugs if initial systolic blood pressure was
greater than 140 mmHg compared to less than
140 mmHg. In general, if antihypertensive drugs
are started when systolic blood pressure is less
than 140 mmHg, only the risk of stroke and
development of microalbuminuria were
decreased. No difference was observed in
myocardial infarction, heart failure, or other car-
diovascular events.

Table 37.2 Blood pressure treatment goals recommended by different professional groups

American Diabetes Association (2020)
High cardiovascular risk (existing atherosclerotic cardiovascular disease or
10-year atherosclerotic disease risk �15%)

<130/80 mmHg

Lower cardiovascular disease (10-year atherosclerotic cardiovascular risk
<15%

<140/90 mmHg

American Association of Clinical Endocrinologists (AACE) (2019)
Patients with diabetes mellitus <130/80 mmHg
European Society of Cardiology (2019)
Patients with diabetes mellitus 120–130 mgHg Systolic blood pressure,

diastolic 70–80 mmHg
Older people (>65 years) Systolic 130–139 mmHg
Patients at high risk of a cerebrovascular event Systolic <130 mmHg
American College of Cardiology/American Heart Association (2018)
Patients with diabetes mellitus <130/80 mmHg
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State of Art
If we want to summarize current treatment
recommendations, a blood pressure of less than
140/90 mmHg is recommended for most patients
with diabetes mellitus. For those at higher risk
such as secondary prevention or having multiple
cardiovascular risk factors, a target of less than
130/80 mmHg should be adopted. If overt pro-
teinuria is present, even lower blood pressure
targets may be recommended to decrease the
magnitude of proteinuria. Therefore, there is not
one single blood pressure cutoff point, and this
should be individualized.

There is very scarce evidence regarding blood
pressure goals in patients over 80 years of age.
The only trial performed specifically in this
group, the HYVET trial, reached a blood pressure
goal of 150/90, and this was associated with a
reduction in mortality and cardiovascular events
(Beckett et al. 2008). Current guidelines do not
make different recommendations based on
patient age.

Dyslipidemia

Statins are the gold standard in lipid-lowering
therapies. They have been demonstrated to be
efficacious in primary and secondary cardiovas-
cular disease prevention (Costa et al. 2006), and
the benefit does not differ in patients with diabe-
tes compared to the general population (Choles-
terol Treatment Trialists’ (CTT) Collaborators
2008).

In primary prevention, CARDS (2004) and
HPS-diabetes (2003) included patients with dia-
betes over 40 years of age with an additional risk
factor such as retinopathy, microalbuminuria,
hypertension, or smoking. In both of these trials,
intervention with either atorvastatin in a dose of
10 mg daily or simvastatin in a dose of 40 mg
daily, respectively, decreased the rate of major
adverse cardiovascular events (MACE).

In secondary prevention, subgroup analysis of
trials (2010) that compared high-intensity versus
low-intensity statin showed that patients with

diabetes had benefits similar to patients without
diabetes.

In the IMPROVE-IT trial (2018), high-risk
patients treated with ezetimibe combined with
simvastatin compared to simvastatin
monotherapy demonstrated a reduction in
MACE. Subgroup analysis showed some hetero-
geneity, where patients with diabetes showed a
greater reduction in MACE compared to patients
without diabetes. So, it seems that patients with
diabetes may derive greater benefits from this
combination. However, we must interpret these
data with caution since it is a subgroup analysis.

Fibrate Combination
Much has been debated about the role of fibrates
either as monotherapy or combined with statins in
patients with diabetes. It seems very straightfor-
ward that if typical dyslipidemia associated with
diabetes is characterized by high triglycerides and
low HDL, fibrates should confer beneficial car-
diovascular effects. In the FIELD trial (2005),
fenofibrate compared to placebo, had the same
rate of cardiovascular events. However, there
was greater use of statins in the placebo group
compared to the fenofibrate group, and this may
have attenuated the differences and final cardio-
vascular results. In the ACCORD-lipid trial
(2010b), fenofibrate combined with simvastatin
was compared to simvastatin monotherapy and
did not show a significant difference in cardiovas-
cular events. Once again, subgroup analysis
showed heterogeneity and some benefit, in those
patients whose initial triglycerides levels were
over 204 mg/dL and HDL of less than 34 mg/
dL. On an individual basis, each one of these
trials did not show a statistically significant reduc-
tion in cardiovascular disease. However, a
Cochrane systematic review concluded that
fibrates were associated with a slight decrease in
cardiovascular events, although not in total mor-
tality (Jakob et al. 2016). Currently, several trials
are evaluating the benefit of fenofibrate combined
with statin specifically in patients with diabetes,
high triglyceride, and low HDL levels.

516 C. H. C. Ku



Omega 3 Fatty Acids
The REDUCE-IT (2019a) trial evaluated the use
of a dose of 2 g twice a day of icosanpent ethyl
compared to placebo in patients at high cardio-
vascular risk already taking statins, with high
triglycerides (135–500 mg/dL), low HDL (less
than 40 mg/dL), and LDL below 100 mg/dL,
and showed a decrease in cardiovascular events.

Subgroup analysis of the cardiovascular trials
with PCSK9 inhibitors alirocumab and
evolocumab (Sabatine et al. 2017) in secondary
prevention showed the same benefit in patients
with diabetes as in the general population.

State of the Art
Guidelines recommend different LDL targets
based on different risks in patients with diabetes
(Table 37.3). In those patients without microvas-
cular disease and long-standing diabetes (less

than 10 years in type 2 diabetes and 20 years in
type 1 diabetes), LDL of less than 100 mg/dL is
recommended. In those with microvascular dis-
ease and/or long disease duration LDL, the target
of less than 70 mg/dL should be sought after. If
the patient has an established cardiovascular dis-
ease or multiple uncontrolled risk factors or
chronic kidney disease, LDL less than 55 mg/dL
is recommended. Initial therapy should be statins,
and if on the maximally tolerated dose, ezetimibe
can be added and then a PCSK9 inhibitor.

Antiplatelet Therapies

Patients with diabetes mellitus have higher plate-
let reactivity and are also prone to thrombotic
events that contribute to their higher atheroscle-
rotic cardiovascular risk. Despite this

Table 37.3 Lipid management recommendations by different professional groups

American Diabetes Association (2020)
Patients with a 10-year atherosclerotic cardiovascular risk >20% High-intensity statin (to achieve an LDL

reduction of >50%)
40–75 years and those over 75 years without atherosclerotic
cardiovascular disease

Moderate-intensity statin (to achieve an
LDL reduction of 30–50%)

Patients with atherosclerotic cardiovascular disease on a statin with
controlled LDL but with elevated triglycerides (135–499 mg/dL)

Add eicosapent ethyl to statin therapy

American Association of Clinical Endocrinologists (2019)
Extreme risk (diabetes and established clinical cardiovascular disease) LDL less than 55 mg/dL, apoB <70 mg/

dL
Very high risk (diabetes plus major atherosclerotic risk factor such as
hypertension, family history, low HDL, smoking or CKD 3/4)

LDL less than 70 mg/dL, apoB <80 mg/
dL

High risk (diabetes without other major risk and/or age less than 40) LDL <100 mg/dL, apoB <90 mg/dL
European Society of Cardiology (2019)
Very high risk (atherosclerotic cardiovascular disease either clinical or by
imaging, diabetes, and target organ damage,>2 risk factors, early onset of
type 1 diabetes of long duration, over 20 years)

LDL less than 55 mg/dL

High risk (diabetes without target organ damage, with diabetes of more
than 10 years or other additional risk factors, CKD stage 3)

LDL less than 70 mg/dL

Moderate (young patients with diabetes, T1DM less than 35 years, T2DM
less than 50 years with duration of diabetes fewer than 10 years without
other risk factors)

LDL less than 100 mg/dL

American College of Cardiology/American Heart Association (2019b)
In patients with atherosclerotic cardiovascular disease High-intensity statin to lower LDL >50%
Very high-risk patients (history of multiple atherosclerotic cardiovascular
diseases or 1 major atherosclerotic disease plus multiple high-risk
conditions such as diabetes)

LDL <70 mg/dL

Patients with diabetes and 40–75 years of age and LDL over 70 mg/dL Start moderate-intensity statin
Patients with diabetes and 40–75 years of age and LDL over 70 mg/dL at
higher risk, especially those with multiple risk factors or those
50–75 years of age

Start high-intensity statin therapy
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pathophysiologic mechanism, various recent
meta-analyses and trials have shown that aspirin
is ineffective in decreasing total mortality and
cardiovascular deaths in primary prevention,
although there is a slight decrease in myocardial
infarction, transient ischemic attack, and stroke.
However, there is a higher risk of major bleeding,
intracranial bleeding, and gastrointestinal bleed-
ing (Abdelaziz et al. 2019). Therefore, current
guidelines do not recommend the routine use of
antiplatelet therapy in diabetes, except in patients
with multiple risk factors at high risk of cardio-
vascular events (American Diabetes Association
2020).

In patients with established cardiovascular
disease, antiplatelet therapy is effective in
decreasing the risk of a new vascular event. A
meta-analysis by the antithrombotic Trialist’s
Collaboration (2009) showed that aspirin was
associated with a 20% reduction of major
coronary events.

An unanswered question is who should receive
dual antiplatelet therapy beyond the first
12 months after cardiac revascularization. The
THEMIS-PCI trial (Bhatt et al. 2019b) showed
that patients with diabetes and previous percuta-
neous coronary intervention (PCI), had fewer
cardiovascular events when treated long term
with aspirin plus ticagrelor; however, patients
without PCI did not benefit from this dual ther-
apy. There was no difference in total or cardio-
vascular mortality. Patients that were treated with
dual antiplatelet therapy had a higher risk of
major bleeding, and this must be considered
when deciding who should receive dual
antiplatelet therapy in the long term.

Glucose-Lowering Therapies
and Cardiovascular Disease

Glucose Lowering and Cardiovascular
Disease

Decreasing Hba1c will lead to a reduction in
cardiovascular disease in the long term, however
not in the short term. In patients recently

diagnosed with either type 1 or type 2 diabetes,
UKPDS (2008) and EDIC (2005) showed a
reduction in cardiovascular events in the long
term. Therefore, glucose control still is important
not only to decrease microvascular events but
also cardiovascular disease.

In patients with long-term diabetes or
established cardiovascular disease, VADT
(2009), ACCORD (2008), and ADVANCE
(2008) showed that a lower Hba1c target did not
decrease cardiovascular events in the short term.
When all these trials were pooled in a meta-
analysis, it showed that intensive glucose control
was associated with a decrease in total coronary
heart disease and nonfatal myocardial infarction,
however not cardiovascular mortality (Ray et al.
2009). In the ACCORD trial, the intensive treat-
ment group had a higher mortality rate, especially
in those patients that started with a higher Hba1c,
and who despite multiple treatment optimization
strategies were not able to lower Hba1c (Riddle
et al. 2010).

Hypoglycemia
One of the caveats of lowering glucose is the risk
of hypoglycemia. There have been different stud-
ies (Kosiborod et al. 2008) that have shown that
hypoglycemia, especially severe hypoglycemia,
is associated with a higher rate of cardiovascular
mortality. Several mechanisms may explain this
link. First, hypoglycemia may lead to electrocar-
diographic changes, including QT prolongation,
and this will make the patient prone to ventricular
arrhythmias (Nuryani et al. 2012). Second, during
hypoglycemia there is a release of
catecholamines, and this may lead to plaque insta-
bility and acute coronary events. Third, severe
hypoglycemia leads to seizures or loss of con-
sciousness; this may trigger hypoxia, thus
precipitating acute coronary events. There is evi-
dence that hypoglycemia in the coronary care unit
is associated with chest pain and ECG changes
(Desouza et al. 2003). Strategies that lead to
lower hypoglycemia risk should be sought,
including drug treatment choice, patient educa-
tion, and dose titration (including insulin and
sulfonylureas).

518 C. H. C. Ku



Glucose-Lowering Agents
and Cardiovascular Disease

Two classes of drugs have proven to reduce major
adverse cardiovascular events and mortality:
SGLT2 inhibitors and GLP-1 receptor agonists.

Three SGLT2 inhibitors have been evaluated
in cardiovascular outcome trials, empagliflozin,
canagliflozin, and dapagliflozin. Inclusion criteria
and baseline characteristics differ in these trials
and may explain why there are some differences
in results. A meta-analysis (Zelniker et al. 2019)
showed that overall, in the secondary prevention
group, these drugs decreased MACE, especially
cardiovascular mortality and heart failure hospi-
talization. It seems that in patients with multiple
risk factors but without established cardiovascu-
lar disease, there was no benefit in MACE reduc-
tion although there were benefits in heart failure.
Also, there were benefits in renal endpoints.

A more recent trial (Perkovic et al. 2019)
performed in patients with diabetes and protein-
uria showed that canagliflozin 100 mg daily, not
only decreased progression of renal disease but
also lowered cardiovascular disease, including
the primary prevention cohort. In this trial, car-
diovascular endpoints were secondary.
Dapagliflozin has been recently evaluated in
patients with heart failure and an ejection fraction
of less than 40%, with and without diabetes,
showing a significant reduction in heart failure
hospitalization and total mortality. This benefit
was observed in patients both with and without
diabetes (McMurray et al. 2019).

GLP-1 receptor agonists are a very heteroge-
neous group. These agents can be classified
according to their structure, either based on
human GLP-1 (such as liraglutide, semaglutide,
albiglutide, or dulaglutide), or based on exendin-4
(exenatide and lixisenatide). Cardiovascular out-
come trials have been published with almost all of
these agents. Trials with agents based on exendin-
4 structure have been neutral in MACE. On the
other hand, agents based on human GLP-1 have
shown a reduction in MACE and in some of them,
all-cause mortality (Marso et al. 2016a, b). Most

of these trials have shown benefits in atheroscle-
rotic cardiovascular events, such as myocardial
infarction (Hernandez et al. 2018), revasculariza-
tion (Marso et al. 2016b), and stroke (Marso et al.
2016b; Gerstein et al. 2019) especially in patients
at high risk with established cardiovascular dis-
ease. The only trial that has shown a benefit in
patients in the primary prevention is REWIND
with dulaglutide (Gerstein et al. 2019). This is the
only trial with enough power to show a benefit in
primary prevention settings, and also has had the
longest follow up. All GLP-1 receptor agonists
have proven to be neutral in heart failure.

Other Antidiabetic Molecules
Metformin is one of the oldest antidiabetic agents.
It has been backed up by clinical experience,
safety, and low cost. However, there are not that
many randomized controlled trials with enough
power to evaluate its cardiovascular benefit.
UKPDS (1998b) selected patients that were over-
weight to be randomized to metformin, and not
the entire cohort. In this setting, a reduction in
myocardial infarction was shown, and this benefit
was maintained on the long-term follow-up.

There has been some concern regarding the
cardiovascular safety of sulfonylureas since the
results of the UGP. Recently, some trials have
shown that the newer-generation sulfonylureas
seem to be safer. Although not its primary end-
point, in the ADOPT trial (Kahn et al. 2006) in
recently diagnosed patients with type 2 diabetes,
glyburide had a lower rate of cardiovascular
events compared to both metformin and
rosiglitazone, although this was mainly due to a
lower rate of heart failure. ADVANCE (2008)
evaluated a lower Hba1c control based on
gliclazide compared to conventional therapy,
and the results on cardiovascular endpoints were
neutral. TOSCA.IT (2017) randomized patients to
pioglitazone or sulfonylureas (mostly glimepiride
and gliclazide) and showed comparable rates of
cardiovascular events. CAROLINA (2019) was a
randomized controlled trial comparing
glimepiride and linagliptin, and showed no differ-
ence in cardiovascular events. So, it seems that at
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least gliclazide and glimepiride are neutral in
cardiovascular events and comparable to
pioglitazone or a DPP4 inhibitor. However, all
of these trials also showed a higher rate of hypo-
glycemia and weight gain with sulfonylureas.

Thiazolidinediones increase the risk of heart
failure. Rosiglitazone, albeit initial concerns
about its cardiovascular safety, seems to be neu-
tral. Several studies with pioglitazone have shown
some benefit in atherosclerosis compared to
glimepiride. The primary endpoint of PROAC-
TIVE (2005), the cardiovascular outcome trial
of pioglitazone, did not show any clear benefits.
The classic MACE was a secondary endpoint in
this trial and showed a statistically significant
reduction.

DPP-4 inhibitors have been thoroughly
evaluated in cardiovascular outcomes. All of
them, either in primary or secondary prevention,
have been neutral in cardiovascular events.
Saxagliptin in the SAVOR trial (Scirica et al.
2014) showed an increase in heart failure hospi-
talization and alogliptin in the EXAMINE trial
(Zannad et al. 2015) showed the same trend,
although it did not reach statistical significance.
There is no clear explanation of the reason why
these two agents may differ from the other ones in
the group and confer a higher risk of heart failure.
Subgroup analysis in both of these studies
showed that this increase in hospitalization for
heart failure was present, especially in those
patients with higher baseline NT-proBNP levels
and without a known history of heart failure.

Insulin Effects
Despite pathophysiologic mechanisms that may
link insulin to an increased risk of cardiovascular
events, this has not been supported by trial results.
Some preclinical data showed insulin accelerating
atherosclerosis, water, and salt retention. No trials
have evaluated the cardiovascular safety of
human insulins. In the UKPDS (1998a), the treat-
ment with human insulin in order to achieve a
lower blood glucose control was associated with a
decrease in any diabetes-related endpoints,
including cardiovascular disease. However, there
was a difference in Hba1c in both groups, so it is
impossible to discern if the benefit was due to

insulin per se or to glucose control. Insulin
glargine was compared to placebo in the ORIGIN
trial (2012) and showed to be neutral in cardio-
vascular events. Insulin degludec was compared
to insulin glargine in the DEVOTE trial (Marso
et al. 2017) and showed similar cardiovascular
results. Although DIGAMI (Malmberg 1997)
showed initial benefits in acute coronary syn-
drome with intravenous insulin treatment, this
was a small trial. When a larger cohort was
investigated, the results were not replicated
(Malmberg et al. 2005). Therefore, it seems that
insulin is neutral from a cardiovascular
standpoint.

In summary, blood glucose control is impor-
tant to reduce cardiovascular events in the long
term. SGLT-2 inhibitors decrease MACE, cardio-
vascular mortality, renal endpoints, and heart fail-
ure. GLP-1 receptor agonists based on human
GLP-1 structure decrease atherosclerotic
endpoints and mortality. There is some evidence
of cardiovascular benefit with metformin.
Pioglitazone, saxagliptin, and it seems that
alogliptin as well, may increase heart failure hos-
pitalization. Newer-generation sulfonylureas
seem to be neutral in cardiovascular events, and
the same applies to DPP4 inhibitors. Upon all this
evidence, a recent guideline (Consentino et al.
2019) has moved SGLT-2 inhibitors and GLP-1
receptor agonists as first-line treatment in those
patients at high cardiovascular risk or with
established cardiovascular disease, instead of
metformin. All other guidelines still recommend
metformin as first-line therapy, and then SGLT-
2 inhibitors or GLP-1 receptor agonists especially
in patients with established cardiovascular dis-
ease, favoring SGLT-2 inhibitors if there is heart
failure or chronic kidney disease.

Multifactorial Intervention
Few trials have evaluated the benefits of multifac-
torial intervention and cardiovascular outcomes.
STENO-2 trial randomized patients with type
2 diabetes and microalbuminuria to two groups,
one with a strict multifactorial control (total cho-
lesterol less than 190 mg/dL, triglycerides less
than 150 mg/dL, blood pressure less than
140/85 mmHg, Hba1c less than 6.5% and aspirin)
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compared to a less strict control (total cholesterol
less than 250 mg/dL, triglycerides less than
195 mg/dL, blood pressure less than
160/95 mmHg, Hba1c less than 7.5%, no routine
aspirin use). In the initial report, they showed a
great reduction in all diabetes-related endpoints,
including microvascular and macrovascular dis-
ease (Gaede et al. 2003). On follow up, they
pointed out a delay of 7.9 years in the median of
mortality and 8.1 years in the appearance of car-
diovascular events in the intensive control group,
with a risk reduction of 62% regarding cardiovas-
cular events (Gaede et al. 2016).

Bariatric and Metabolic Surgery
There is evidence that bariatric surgery is better
compared to optimal medical management, not
only in diabetes remission but also in cardiovas-
cular risk factors. However, in the STAMPEDE
trial, there was no reduction in cardiovascular
events in the bariatric surgery group, probably
due to the small number of participants (Schauer
et al. 2017). Yet major international associations
endorse continued attention to bariatric and meta-
bolic interventions, as an important option for all
patients with class III obesity (BMI �40 kg/m2),
with or without overt diabetes, for those with
class II obesity and diabetes (BMI
35.0–39.9 kg/m2) who do not respond to conven-
tional glucose-lowering therapy, and even in case
of just class I obesity patients (BMI
30.0–34.9 kg/m2), for those who are refractory
to optimal antidiabetic treatment (BMI cutoff
2.5 kg/m2 lower for Asian patients, in all
categories) (Rubino et al. 2017).
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Abstract

The joint position statement by the American
Diabetes Association (ADA) and the Ameri-
can Heart Association (AHA) supports the use
of high-intensity sweeteners (HIS) or com-
monly referred to as non-nutritive sweeteners
(NNS), replacing sugar-sweetened beverages
(SSB) among individuals with prediabetes and

diabetes. There is much heterogeneity in
results regarding the use of HIS in the litera-
ture. Nonhuman models have previously
demonstrated obesogenic and carcinogenic
potential with high utilization of HIS. How-
ever, to date, there is inconsistent evidence
regarding HISs and their impacts on obesity
and diabetes. In a few well-controlled studies,
there appear to be inconsistent effects of HIS
on metabolic syndrome. This chapter will
describe the different available HISs in the
United States. The effects on appetite, taste
receptors, and glucose homeostasis will be
explored. Furthermore, a review of the poten-
tial health impacts from consuming HIS,
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especially on weight and blood glucose, will
be discussed.

Keywords

Appetite · Intestinal receptors · Food intake ·
Insulin response · Weight control ·
Carcinogenesis · Gut microbiota ·
Cardiovascular disease

Introduction

One main contributing factor to the obesity pan-
demic has been an increased intake of energy-
dense foods leading to an imbalance between
energy consumption and energy expenditure,
contributing to the tripling of obesity prevalence
worldwide between 1975 and 2016 (World
Health Organization 2019). The increasing prev-
alence of obesity and overweight has also
extended into children and adolescents between
the ages of 5 and 19, rising from 4% in 1975 to
over 18% in 2016 (World Health Organization
2019). These 18% of obese and overweight chil-
dren and adolescents accounted for over 340 mil-
lion individuals (World Health Organization
2019).

High-intensity sweeteners (HIS) have been
around since the end of the nineteenth century
after saccharin was serendipitously discovered
(Parker 1978). Human epidemiological studies

and animal feeding studies, suggesting that HISs
may dysregulate energy balance and cause meta-
bolic syndrome, challenge the traditional belief
that these substitutes only deliver a pleasant
sweet taste without bringing any negative
consequences.

High-Intensity Sweeteners

The United States Food and Drug Administration
(FDA) has reviewed scientific data and approved
six products to be considered as safe high-
intensity sweeteners (HIS) to be used in food
products: acesulfame potassium (Ace-K), aspar-
tame, neotame, advantame, saccharin, and sucra-
lose. In addition to these six, there are two
substances on which FDA has received Generally
Recognized as Safe (GRAS) notices; they are
Siraitia grosvenorii Swingle (Luo Han Guo/monk
fruit) fruit extracts (SGFE) and certain high purity
steviol glycosides purified from the leaves of
Stevia rebaudiana Bertoni. The FDA did not
question the notifier’s GRAS notices under the
intentional condition of use (Food and Drug
Administration 2019). Table 38.1 summarizes
the acceptable daily intake determined by the
FDA and the intensity of each sweetener.

Under the FDA’s definition, all eight of these
sweeteners are considered as non-nutritive
sweeteners, except aspartame (Food and Drug

Table 38.1 Names of high-intensity sweeteners (HIS), regulatory status by the FDA, acceptable daily intake, and
intensity (2019)

Names of high-intensity sweetener
(HIS)

Regulatory status
by the FDA

Acceptable daily intake (kg of body
weight, per day) (mg/kg)

Intensity
(compared to
sucrose)

Saccharin Approved 15 200–700�
Aspartame Approved 50 200�
Acesulfame-K Approved 15 200�
Sucralose Approved 23 600�
Neotame Approved 23 7000–13,000�
Advantame Approved 32.8 20,000�
Steviol Glycosides GRAS notified 4a 200–400�
Siraitia grosvenorii (Luo Han Guo)
swingle fruit extracts (SGFE)

GRAS notified Not specified 100–250�

aDetermined by the Joint FAO/WHO Expert Committee on Food Additives (JECFA); FAO Food and Agriculture
Organization of the United Nations
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Administration 2019). Aspartame is a nutritive
sweetener since it contains more than 2% of calo-
ric content in the same amount of sugar. These
high-intensity sweeteners have been commonly
referred to as sugar substitutes, non-nutritive
sweeteners, low-calorie sweeteners, or artificial
sweeteners. People include HIS in their foods
for various reasons. Some may choose to con-
sume HIS in foods and drinks to achieve
improved glucose control or their goal weight,
while others may enjoy the taste and are not
concerned with the presence of HIS.

A joint position statement between the ADA
and AHA on HISs, published originally in 2012,
states that HIS can be utilized to reduce caloric
and carbohydrate consumption for overall diabe-
tes control and to obtain a healthy body weight
(Gardner et al. 2012). Table 38.2 has a summary
of professional organizations and their positions
on HIS.

HIS: Beyond Calorie Restriction

Glucose homeostasis is mainly regulated by
hormones and food composition (Björck et al.

1994). However, scientists suspect many other
possible factors that can affect the blood glucose
control process, including stress level, hot water
immersion, environmental factors, body fat mass,
and timing of food consumption (Patel and Abate
2013; Leicht et al. 2019; Singh et al. 2019; Yang
et al. 2020). As the use of HIS is becoming more
widespread in recent years, scientists question the
possible adverse effects of these substances on the
human body. High-intensity sweeteners are used
to replace sugar in drinks or foods to lower the
caloric and carbohydrate content.

Interactions with Sweet Taste Digestive
Receptors and Insulin Secretion

The preference for sweetness may be innate; how-
ever, some studies have demonstrated that this
preference may have been conditioned and
shaped by the individual’s experiences (Ventura
and Mennella 2011). It was suspected by
scientists that the sweet taste receptor, known as
T1R2/T1R3, can be reduced in responsiveness
and sensitivity to sweet taste when conditioned
to long-term HIS exposure. This adaptation, in

Table 38.2 Professional organizations and their views on sugar substitutes

Association/committee Snapshot of position statements/recommendations

American Diabetes Association
(ADA) (2020)
Evert (2019)

! Replace sugar-sweetened beverages (SSBs) with water as often as possible
!When sugar substitutes are used to reduce overall calorie and carbohydrate
intake, people should be counseled to avoid compensating with the
consumption of additional calories from other food sources
! Using sugar substitutes does not make an unhealthy choice healthy; rather,
it makes such a choice less unhealthy
! ADA supports the American Heart Association science advisory: There is
not enough evidence to determine whether sugar substitute use definitively
leads to a long-term reduction in body weight or cardiometabolic risk factors,
including glycemia

Dietary Guidelines for Americans
(2015–2020)
USDA (2015)

! Replacement of sweetened beverages with beverages containing sugar
substitutes will reduce caloric intake in the short term
! The effectiveness of long-term weight management is uncertain
! Sugar substitutes are considered safe for the general population
! FDA determined that even for high consumers of these sugar substitutes,
their consumption is less than the acceptable daily intake level

Position of the Academy of Nutrition
& Dietetics (2012)
Fitch and Keim (2012)

! Nutritive and non-nutritive sweeteners are considered safe as long as
consumers do not exceed the federal recommendations on daily consumption
! The overall diet plan should be considered along with sugar-substitute-
containing products

38 What We Know and Don’t About High-Intensity Sweeteners 531



turn, would promote the dissociation between
sweet taste and caloric content of drinks/foods,
causing weakened cephalic responses (Schiffman
et al. 1981). As shown in rats, the weakened
cephalic response could cause a higher caloric
intake. This chain of reaction had led to the
hypothesis of HIS indirectly causing weight gain
(Davidson et al. 2011).

Swithers and colleagues found that rats taking
glucose tolerance tests after ingestion of
saccharin-sweetened supplements had a higher
glucose level than those who took glucose-
sweetened supplements (Swithers et al. 2012).
The authors suggested that HIS interfered with
the typical relationship between sweet taste and
calories suppressing glucagon-like peptide-1
(GLP-1) release, which could potentially alter
glucose homeostasis (Swithers et al. 2012). This
study supported the theory by Deutsch that when
rodents consumed HIS long-term, the cephalic
response triggered by sweet taste was weakened
(Deutsch 1974). A few human studies on sweet
taste receptors in the oral cavity and cephalic-
phase insulin release (CPIR) demonstrated
mixed results (Teff et al. 1995; Just et al. 2008;
Ford et al. 2011). There were no changes in
plasma insulin and blood glucose levels among
groups that tasted water, sucrose, saccharin, and
aspartame, when comparing pre- and post-
stimulus area under curves (Teff et al. 1995). In
another study, tasting saccharin increased insulin
level ( p ¼ 0.031); however, there was no signifi-
cant change in blood glucose levels ( p > 0.12)
(Just et al. 2008).

HIS on Sweet Taste Receptors
in the GI Tract

Jang et al. (2007) showed that human duodenal
L-cells expressed sweet taste receptors, the taste
G-protein gustducin, and several other taste trans-
duction elements (Jang et al. 2007). The gut
L-cells are responsible for releasing GLP-1
when appropriate. In the gut of mice, sweet taste
receptors behave very similar to the oral taste
receptors, and the L-cells also express

α-gustducin (Jang et al. 2007). When an antago-
nist to the sweet taste receptors and α-gustducin
are present in mice, incretin response is impaired.
In vitro, HIS can induce secretion of incretins
through the T1R3-dependent mechanism (Jang
et al. 2007). It is proposed that in mice, the
sweet taste receptors in the gut respond to both
nutritive foods (glucose and sucrose) and HIS
(sucralose) to affect the release of incretins,
increasing SGLT-1 expression and thus poten-
tially altering glucose homeostasis (Margolskee
et al. 2007).

HIS and Insulin Response

Previous human studies showed a lack of consen-
sus on the clinical implications of HIS on glucose
homeostasis (Sylvetsky and Rother 2016). In
healthy adult subjects (n ¼ 22), examining the
effects of 240 mL of diet soda (sucralose and
acesulfame-K) vs. carbonated water, followed
by a 75-g glucose tolerance test, diet soda with
glucose consumption showed a significantly
higher GLP-1 secretion compared to carbonated
water with glucose consumption ( p ¼ 0.003), but
no differences in glucose ( p ¼ 0.64) and insulin
levels (at 20 min, p ¼ 0.20; at 25 min, p ¼ 0.28)
(Brown et al. 2012). Interestingly, the same
authors did a similar study 3 years later in youths
with T1DM (n¼ 9), T2DM (n¼ 10), and healthy
controls (n ¼ 25), consuming diet soda with glu-
cose compared with drinking carbonated water
with glucose. They found that GLP-1 levels
increased significantly in T1DM ( p ¼ 0.02) and
healthy control subjects ( p ¼ 0.029) groups, but
without change in the group with T2DM
( p¼ 0.92). Glucose and C-peptide levels showed
no significant differences between the consump-
tion of the two beverages in any group (Brown
et al. 2012). These results indicate that people
with T2DM, compared to healthy subjects or
people with T1DM, may express a different
incretin effect when exposed to HIS or other
ingredients in the diet soda used in this study.

Another study compared sucralose, aspartame,
and water with glucose consumption between
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adults with newly diagnosed drug-naïve T2DM
(Temizkan et al. 2015). The healthy control group
that consumed sucralose had a significantly lower
( p ¼ 0.002) glucose level compared to the group
that drank water before a glucose tolerance test,
with no difference between consuming aspartame
and water ( p ¼ 0.53) (Temizkan et al. 2015).
GLP-1 was significantly higher ( p ¼ 0.04) with
a sucralose preload compared with a water pre-
load in the healthy control group (Temizkan et al.
2015). Results in subjects with T2DM did not
show the same level of difference. In both healthy
subjects and subjects with T2DM, the total area
under the curve (AUC) for insulin (healthy
p ¼ 0.29, T2 p ¼ 0.07) and c-peptide (healthy
p ¼ 0.87, T2 p ¼ 0.46) were not statistically
different between the three consumption settings
(Temizkan et al. 2015). Other studies on healthy
human subjects have shown a similar result of no
significant difference in glycemia and insulin
response (Ford et al. 2011; Ma et al. 2010; Wu
et al. 2012, 2013). When healthy subjects were
studied using HIS (aspartame and sucralose
groups) daily for 2 weeks, the total AUC for
glucose, insulin, active GLP-1, and leptin were
similar to the baseline values (Ahmad et al. 2020).

Discrepancies in Obese Subjects

Pepino and colleagues found that with a preced-
ing sucralose consumption, the glucose tolerance
test showed significantly higher plasma glucose
concentrations ( p ¼ 0.03), a greater incremental
increase in insulin area under the curve
( p < 0.03), a greater peak insulin secretion rate
( p < 0.02), and a decrease in insulin clearance
( p ¼ 0.04) with no significant difference in
plasma active GLP-1 concentrations ( p ¼ 0.72)
(Pepino et al. 2013). A more recent study com-
paring healthy normal weight and obese
individuals ingesting sucralose prior to oral glu-
cose tolerance test (OGTT), resulted in increased
glucose AUC in both weight groups; while insu-
lin response to sucralose decreased in healthy
weight participants (within 20–40 min) and raised
in obese participants (within 90–120 min) (Nichol
et al. 2019).

Impact on Appetite

To achieve the “calorie-saving” goal through the
consumption of HIS-sweetened items, one must
refrain from compensatory energy intake
throughout the day. The potential mechanisms
relating to appetite and food intake affected by
HIS include cephalic phase stimulation, nutritive
and osmotic effects, gut peptide response, palat-
ability, informed use leading to overconsumption,
loss of signal fidelity, activation of reward
systems, and training the palate/learning to like
the familiar (Mattes and Popkin 2009). It has been
concluded that these potential mechanisms of HIS
causing an increase in appetite or food intake
were disproved based on the available evidence,
or were inconclusive due to insufficient evidence.
For example, although adding HIS to pro-
ducts without calories may enhance appetite, the
same effect was not observed when HIS was
consumed with an energy source (Mattes and
Popkin 2009).

The methodologies used in controlled feeding
experiments and free-living trials have added
complexities, to demystifying the extent of other
food item intake due to the consumption of HIS
(Gardner et al. 2012). Since controlled feeding
experiments cannot simulate real-world
situations, such investigations may or may not
exhibit an effect on future calorie intake caused
by HIS. Education is needed to disseminate that
HIS-containing products can assist in weight
management only if utilized to replace full-calorie
food items, and also if the energy deficiency
created for which is not compensated. Many
factors exist in the real world, contributing to
food choice and calorie intake, so the amount of
food consumed after HIS consumption might be
confounded by reverse causality (e.g., future
intake of higher-calorie food items as a compen-
sation for the previous HIS-containing items)
(Gardner et al. 2012).

Glucose Homeostasis

Studies do not support the speculation that HIS
stimulates incretin responses. Sucralose, similar
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to glucose, administered via an intragastric infu-
sion under a fasted state in healthy humans did
not stimulate the release of insulin, GLP-1, or
gastric inhibitory polypeptide (GIP), thus not
compromising gastric emptying (Ma et al.
2009). Sucralose delivered intraduodenaly also
in fasted healthy humans, did not affect
concentrations of postprandial blood glucose,
GLP-1 release, or amount of glucose absorption
in the small intestine (Ma et al. 2010). Lastly,
GLP-1, insulin, or glucose concentration was
also not impacted in healthy human subjects
with a fasted state after sucralose being
administered orally (Ford et al. 2011), or aspar-
tame, acesulfame K, or sucralose being intragas-
trically infused (Steinert et al. 2011). In
disagreement with such findings, a study done in
young, healthy adults revealed that the consump-
tion of HIS in the form of a diet soda before a
glucose load, led to a significant increase in
GLP-1 secretion but not in insulin or glucose
levels (Brown et al. 2009).

Energy Intake

Energy intake has been included as an outcome
(either primary or secondary) in experiments
comparing HIS vs. caloric sweeteners used in
beverages and foods. For example, de la Hunty
and colleagues conducted a meta-analysis (de la
Hunty et al. 2006), concluding that aspartame was
able to create an energy deficit, with 68% of
which uncompensated for 24 h, and the energy
deficit lasted until the next period of consump-
tion. On the other hand, with the four studies in
this meta-analysis examining the effects via
beverages alone, the energy deficit created was
85% uncompensated in the subsequent 24 h post-
HIS consumption (de la Hunty et al. 2006). These
results suggest that substituting sugar-sweetened
beverages with HIS-containing beverages might
result in a higher calorie net reduction than doing
the same in foods.

In a crossover design, when subjects con-
sumed sucrose-sweetened (full calorie)

beverages, a lack of energy intake compensation
was observed. When HIS-containing beverages
were consumed, a net reduction in energy intake
was achieved through consuming HIS (Van
Wymelbeke et al. 2004). In contrast, a 1-month
study generated a similar total energy intake
between sugar-containing soft drinks and
aspartame-containing soft drinks among normally
weighted adults (Reid et al. 2007).

Impact on Body Weight Management

An increased BMI, according to a meta-analysis
of 30 cohort studies (n ¼ 405,907), may be
associated with routine consumption of HIS
(Azad et al. 2017). However, the same meta-
analysis demonstrated an inconsistent effect of
HIS on BMI in seven randomized control trials
(RCTs) (n ¼ 1003) (Azad et al. 2017). A smaller
recent RCT (n ¼ 100) demonstrated that two
doses of aspartame ingested per day did not affect
body weight among healthy lean adults (Higgins
et al. 2018). A common myth is that those who
consume higher amounts of HIS also consume
higher total calories. However, no caloric differ-
ence was demonstrated in a 24-h dietary recall
study of (n ¼ 14,098) American adults that con-
sumed HIS versus no HIS in the National Health
and Nutrition Examination Survey (NHANES)
(Malek et al. 2018).

In a smaller study of older adults (n ¼ 749), a
linear dose-response increase between HIS-soda
consumption and waist circumference occurred
(Fowler et al. 2015). A longitudinal cohort study
of Hispanics between 12 and 18 years old
(n ¼ 98) determined that chronic HIS consumers
compared to controls had higher total body fat at
baseline and 1-year follow-up (Davis et al. 2018).
The children with higher levels of HIS consump-
tion also had higher total energy and carbohydrate
consumption. In the UK Millennium Cohort
Study, children between 7 and 11 years of age
were longitudinally studied to examine the asso-
ciation between HIS consumption and adiposity
over 4 years (Laverty et al. 2015). Daily
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consumption of HIS was associated with higher
body fat (+1.18 kg/m2, 95% confidence intervals:
0.81, 1.54).

Impact on Blood Glucose Management

When BMI is adjusted in both the Nurses’ Health
Study II (n¼ 116,000 women) (Malik et al. 2019)
and the Health Professionals Follow-Up Trial
(n ¼ 40,000 men) (de Koning et al. 2012), there
is no significant increase in type 2 diabetes
mellitus (T2DM) development with HIS intake.
Before adjusting for BMI, the Nurses’ Health
Study II had a 35% higher risk of developing
T2DM and 40% higher in the Health
Professionals Follow-Up Trial (Malik et al.
2019; de Koning et al. 2012). Higher consump-
tion of HIS in the Health Professionals Follow-
Up Trial is hypothesized to be in reaction to
weight gain, which is associated with increasing
T2DM risk (Malik et al. 2019).

In a double-blind, randomized crossover trial
of 60 adults with healthy BMI and without diabe-
tes (Bonnet et al. 2018), all participants
underwent a 4-week washout period and then
consumed two cans of aspartame and acesulfame
K per day or unsweetened, no-calorie beverage
for 12 weeks. There was no significant effect on
insulin sensitivity or secretion. A recent RCT
(n ¼ 100) confirmed that two doses of aspartame
ingested per day did not affect insulin levels,
resting leptin, glucagon-like peptide-1, or gastric
inhibitory peptide after 12 weeks among healthy
lean adults compared to baseline levels (Higgins
et al. 2018).

Other Diseases or Abnormalities

Carcinogenesis
The National Cancer Institute issued a statement
affirming the use of HIS is not associated with
cancer in humans (National Cancer Institute
Website 2019). In many animal models, however,
HISs have been shown as carcinogenic agents.
Soffritti and colleagues found that after aspartame
was administered to Sprague-Dawley rats

(n ¼ 900) at 0, 80, 400, 2000, 10,000, 50,000,
and 100,000 ppm from 8 weeks old to natural
death, both male and female mice had increased
incidences of cancer (e.g., leukemia and lym-
phoma), and increased carcinomas of the renal
pelvis and ureter were found in female mice
(Soffritti et al. 2005). Another study showed a
similar result, where male (n ¼ 457) and female
mice (n ¼ 396) were divided into five groups and
given different amounts of sucralose (0, 500,
2000, 8000, and 16,000 ppm) from 12 days
post-gestation to entire lifespan (Soffritti et al.
2005). The dose-related incidence of malignant
tumors/neoplasms was found significantly higher
in male mice given doses at 2000 and
16,000 ppm.

However, in a controlled protocol with mice
(Mann et al. 2000), three groups of male (n ¼ 52)
and female (n ¼ 52) animals were given a
sucralose-containing diet at concentrations of
3000, 10,000, and 30,000 ppm for 104 weeks.
The incidence of any tumors was not found to
be increased in the sucralose group.

Disruption of Gut Microbiota
An increased ratio between Firmicutes and
Bacteroidetes as well as an increase in
Lactobacilli spp. have been identified following
the consumption of HIS, and this composition
mirrors that of obese organisms (Suez et al.
2014; Nettleton et al. 2016). As known,
aberrations in the gut microbiota have been
associated with the development of obesity, dia-
betes, metabolic syndrome, and cardiovascular
disorders (Kho and Lal 2018).

For some, the phenomenon of metabolic
endotoxemia could underlie such shifts. This is a
low-grade inflammatory response caused by gut
dysbiosis (Cani et al. 2007). Lipopolysaccharides
(LPS) released from dead bacteria in the gut are
taken into the circulatory system, binding to clus-
ter of differentiation (CD)-14 proteins, nucleotide
oligomerization domains (NODs), and Toll-like
receptors (TLRs) on macrophages and dendritic
cells (Tanti et al. 2013). CD14 proteins are
modulators in animals for insulin sensitivity,
directly linked to hyperglycemia,
hyperinsulinemia, and weight gain (Liauchonak
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et al. 2019). Overproduction of inflammatory
cytokines after the activation of the immune
cells could trigger subsequent signaling pathways
in metabolic cells to operate, ultimately leading to
insulin desensitization, downregulating of
proteins for glucose transport, and other meta-
bolic effects (Cani et al. 2007).

Cardiovascular and Kidney Disease
The Nurses’ Health Study revealed that an
increased risk for both coronary heart disease
(CHD) and chronic kidney disease (CKD) was
associated with the consumption of more than
two diet sodas per day, when compared to con-
suming fewer than one diet soda per month (Fung
et al. 2009). After controlling for weight, this
association disappeared (Fung et al. 2009; Lin
and Curhan 2011). Risks for specific medical
conditions only existed when HIS was consumed
in beverages (did not include foods with HIS).

Total and Cardiovascular Mortality
A study published in early 2019, including
37,716 men and 80,647 women, examined the
relationship between the long-term use of SSBs
and HIS, and the risk of mortality in the United
States (Malik et al. 2019). A higher risk for total
and cardiovascular disease mortality was
unearthed (Malik et al. 2019). Besides, a
significant association between mortality and
HIS consumption was identified in females via
cohort-specific analyses, urging further research
(Malik et al. 2019).

Reverse causation may explain some of the
inconsistencies within the data (Fitch and Keim
2012; Dugan et al. 2019). For example, over-
weight or obese individuals are more likely to
consume HIS-containing foods and beverages.
The same population is also more likely to
develop type 2 diabetes mellitus (Fitch and
Keim 2012; Dugan et al. 2019). Based on the
ADA/AHA joint position statement, HIS can
safely be used to replace sugar-containing
beverages and products. However, due to the
inconsistent results in some studies, water may
be the best first choice beverage for those

attempting to lose weight. More research is
needed to fully understand the consequences of
long-term HIS consumption.

Ongoing Studies and Future
Perspectives

Sylvetskym et al. (2016) suggest eight methodo-
logical areas to consider in future studies, which
are:
1. Population selection
2. Control group
3. Habitual consumption of HIS
4. Variation among HIS
5. Consumption route
6. Secondary study outcomes other than weight
7. Eucaloric versus lower calorie consumption
8. Translational research

Studies that include a broad range of age,
gender, body weight, and race/ethnicity subjects
would be helpful for interindividual variations
(Sylvetsky et al. 2016). Few studies are
evaluating HIS in the perinatal period, children,
and elderly (Sylvetsky et al. 2016). A control
group in HIS research is often lacking. Many
lack controls using water, unflavored seltzer
water, or foods without sweetener (Sylvetsky
et al. 2016). HIS is mostly examined in the setting
of weight loss/management. More reviews on
HIS in a population not restricting calories
would be helpful.

Evaluating the effects of HISs in specific
patient groups with metabolic diseases and under-
lying inflammatory states would clarify the
microbial alterations associated with the disease
states (Sylvetsky et al. 2016). Studies that com-
pare the effects of different types of HIS are
needed, since, for example, aspartame, sucralose,
and stevia may have different impacts on post-
prandial glycemia, obesity, and other secondary
outcomes. Also, most individuals that consume
HISs would obtain them from a variety of
products (e.g., tea, coffee, sodas, and foods). Fur-
ther studies should include multiple
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HIS-containing products, which will translate
into a more real-world representation and appli-
cation (Toews et al. 2019).
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Abstract

Exercise, drugs and all sorts of dietary plans
are typical weight loss options that overweight
or obese individuals are offered, besides more
radical actions such as bariatric surgery. How-
ever, weight loss is sometimes incremental,

especially at the very start of a regimen and
this often leads to the people dropping-out of a
dietary programme. Hence, there is a need to
understand and identify biomarkers that are
affected over a short interval, and use them to
provide quantitative biofeedback on the effi-
ciency of a diet. It would also allow
personalised optimisation of dieting
parameters with relevance to short term.
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Importance of Quantitative
Biomarkers of Weight Loss

The worldwide prevalence of obesity has nearly
tripled between 1975 and 2016 (González-
Muniesa et al. 2017; Data and Statistics 2015).
Obesity is associated with several comorbidities
such as type 2 diabetes, cardiovascular diseases
(CVDs), sleep apnoea, metabolic syndrome and
certain types of cancer (Abdelaal et al. 2017).
Obesity is an incredibly complex disease that is
associated with metabolic, genetic and
behavioural deregulations. They should be stud-
ied in combination with environmental factors,
socio-economic status, behaviour, education and
genotype. All these factors affect caloric intake,
thermogenesis, lipid utilisation, nutrient turnover
and differential fat storage in tissues (Hruby and
Hu 2015).

Several blood and physical markers are used to
measure weight loss, such as hip/waist ratio,
BMI, body fat and/or weight for physical
markers, along with high-density lipoprotein
(HDL), low-density lipoprotein (LDL) and
fasting glucose in serum. In most diets, the weight
lost is rapidly regained after the end of the diet
(the “yo-yo” effect); therefore, investigating
possibilities to use molecular information to pre-
dict whether the weight is kept off on a long-term
is an interesting question. There is a range of
approaches available to lose weight from surgical
or drug-based interventions to different diet
programmes.

Weight loss plans involve following a certain
diet regime and/or monitoring net caloric intake.
To date, no dietary intervention combines molec-
ular measurements with digital technology, track-
ing life-style parameters such as food intake or
exercise, despite the availability of several food
tracker apps and websites. All weight loss
programmes give a broad description of the diet
plan, which is often arbitrary. In addition, every
individual has a different metabolism and
responds differently to a diet plan (Tejpal et al.
2019a). Thus, personalised optimisation of the
diet plan needs to be understood to determine
how diet parameters can be adapted to an
individual’s metabolism.

Advantages and Limitations
of Internet and Mobile Resources

Technological support available to help with
weight loss includes diet trackers and activity
monitors. These resources provide information
on nutrition profile and/or caloric content of dif-
ferent food items. They also allow to maintain
records of different meals eaten in a day. Other
types of devices such as activity monitors record
heart rate, number of steps taken in a day, physi-
cal activity levels, sleep patterns and blood pres-
sure. There are also several support networks
available like Weight Watchers and Slimming
World. A support network is a platform where
people trying to lose weight come together shar-
ing their stories, challenges, victories, feelings,
and providing support to others to help achieve
their goals. People also share their food recipes,
diet plans and physical activity routines on such
networks. Such platforms help people to remain
enthusiastic, motivated, set goals, track progress
and stay engaged in the weight loss plan being
followed by them (Soeliman and Azadbakht
2014). Many studies have shown that dieting is
more successful when supported by social
interactions, such as exercising with a friend or
dieting as a group (Higgs and Thomas 2016;
Lemstra et al. 2016).

Dietary Tracking

Tracking and recording eating patterns is a well-
known method for effective weight management
(Liu et al. 2011, 2012). Traditionally, people used
paper forms of the dietary questionnaire, which
were considered tiring (Moshfegh et al. 2008).
Nowadays, there are several internet (Inc A
2016; Abel et al. 2001) and mobile versions for
personal tracking of food eaten (Vereecken et al.
2005; 24th European Congress on Obesity
(ECO2017) 2017). Mis-reporting of food intake
is a well-known problem (Moshfegh et al. 2008;
Conway et al. 2003) in any platform because of
its dependency upon honesty, motivation and
self-awareness (Liu et al. 2012). There can be
under-reporting of the food intake due to
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unconscious bias of an individual (Scisco et al.
2011). Energy expenditure on the other hand can
potentially be tracked without bias using activity
monitors, but they do not provide a direct link to
weight loss. They may show the number of steps
walked or run, calories consumed and/or heart-
beat/min (Shilpa Tejpal et al. 2019). Even if a
device that accurately measures caloric intake
and expenditure is widely available, the infor-
mation may not be sufficient to motivate users to
make changes in their behaviour that would
result in weight loss. Also, these devices are
not 100% tailored to an individual. They only
give an estimate of the calories burnt based on
weight and height, sometimes including gender
and age, but they do not include any information
on fat distribution or hormonal patterns. This
information is therefore generic and thus there
is need for identification of biomarkers to pro-
vide tailored feedback. This may help us under-
stand as to why some individuals fail and/or find
it difficult to lose weight, despite of keeping
records of food eaten in a day (Teixeira et al.
2012).

Biomarkers for BMI and Adiposity

BMI is often used to identify overweight
(25–29.9 kg/m2), obesity (�30 kg/m2) and severe
obesity (�40 kg/m2); however, it may not be the
most efficient method as it is unable to provide
information about body fat distribution (Obesity
W. Obesity Classification 2019). For example,
elderly people lose muscle with age making BMI
a less accurate indicator of body composition
(Adab et al. 2018). BMI can be complemented
with waist circumference (WC) or biometric
impedance measurements, which gives a better
representation of adiposity distribution to differ-
ential fat under the skin (subcutaneous) and intra-
abdominal (visceral) (Seven et al. 2016).
According to the National Institute for Health and
Care Excellence (NICE) guidelines, WC >94 cm
(male) and WC �85 cm (females) indicates a
higher deposition of visceral fat (Obesity
W. Obesity Classification 2019). Biometric imped-
ance involves estimation of body composition,
particularly body fat. The health risk associated
with obesity is identified by combining these
methods, as shown in Table 39.1.

Table 39.1 Identification of risk level for obesity related co-morbidities by combining BMI and Waist Circumference

BMI (kg/m2) Waist circumference (cm) Risk of co-morbidities

<18.5 <94 (men)
<85 (women)

Low

�94 (men)
�85 (women)

Average

18.5–22.9 <94 (men)
<85 (women)

Average

�94 (men)
�85 (women)

Increased

23–24.9 <94 (men)
<85 (women)

Increased

�94 (men)
�85 (women)

Moderate

25–29.9 <94 (men)
<85 (women)

Moderate

�94 (men)
�85 (women)

Severe

�30 <94 (men)
<85 (women)

Severe

�94 (men)
�85 (women)

Very severe

Each BMI category in association with waist circumference is used to identify the risk for developing obesity related
co-morbidities (Obesity W. Obesity Classification 2019)
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Normal adipose tissue expresses anti- and
pro-inflammatory regulators to allow functioning
of adipose tissue (Deng et al. 2016). Interleukin
(IL) 4 is a major anti-inflammatory regulator that
controls the expression of T helper (TH) type
2 cells, regulatory T cells (Tregs) and
macrophages. Macrophage phenotype is divided
into groups, namely classically activated
macrophages (M1) and alternatively activated
macrophages (M2). Expression of M2
macrophages by IL4 promotes systemic insulin
sensitivity in lean mice (Odegaard et al. 2008;
Ricardo-Gonzalez et al. 2010). Many
pro-inflammatory marker levels increase with
higher adiposity. A cross-sectional meta-study
has found association between C-reactive protein
(CRP), a marker for systemic inflammation, and
free fat mass (Cox et al. 2015; Choi et al. 2013;
Eagan et al. 2010). Increased levels of CRP and
triglyceride (TG) are found in overweight women
in comparison to normal weight women (Klisic
et al. 2014). With nutrition overload, lipid activa-
tion and increased energy storage, there is a
switch from M2 to M1 (Deng et al. 2016).

Adipocytes secrete adipokines such as leptin
and adiponectin, which have opposing effects on
immune cell functions. Leptin has
pro-inflammatory effects and increases with ele-
vated nutrition uptake and stimulates production
of IL 1, 6 and 12, and tumour necrosis factor α
(TNFα), while adiponectin has anti-inflammatory
effects and decreases with excess adiposity (Deng
et al. 2016). The overexpressed pro-inflammatory
cytokines are found in obese individuals, and
one-third of total circulating concentrations of
IL-6 originate from adipose tissue (Ellulu et al.
2017). Levels of IL 6 decrease after 12 months of
bariatric surgery in morbidly obese patients
(Illán-Gómez et al. 2012). The abundant energy
substrates in obesity lead to increased reactive
oxygen species (ROS) signalling and mitochon-
drial dysfunction (McMurray et al. 2016). This is
also associated with decreased insulin sensitivity
(McMurray et al. 2016). c-Jun N-terminal kinases
(JNK) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) are
regulated by ROS and are associated with
obesity-induced insulin resistance (Finkel 2011).

Metabolomic Markers

Several metabolomics studies involving
untargeted proton (1H) nuclear magnetic reso-
nance spectroscopy (NMR) and ion exchange
chromatography (IEC), on obese human and
mice urine samples, have identified metabolites
associated with BMI and adiposity (Elliott et al.
2015; Du et al. 2013), summarised in Fig. 39.1.

Biomarkers for Foods and Drinks

Double-labelled water (water with isotopes of
deuterium and oxygen 18) is used to measure
energy expenditure (EE) in an individual
(Potischman and Freudenheim 2003). Urine
samples are collected to determine the rate of
disappearance of each isotope from the body via
mass spectrometry. This disappearance rate is
further used to indirectly calculate carbon dioxide
production to estimate total EE. EE is lower in
obese and overweight population in comparison
to healthy individuals. To be in an energy bal-
ance, energy intake (EI) should be equal to
EE. Increased EE is associated with under-
reporting of food intake. Urine nitrogen is used
as a biomarker for protein intake through dietary
means (Bingham 2003). Constant dietary intake
over longer periods is also associated with daily
nitrogen turn-over and excretion (Bingham
2003). Hydrocarbons in breath are used as a
means to measure lipid peroxidation. Peroxida-
tion of n-6 and n-3 fatty acid releases pentane
and ethane, respectively, into breath (Mayne
2003). Supplementation with β carotene reduces
breath pentane levels significantly (Gottlieb
et al. 1993). Markers for α and β carotene, lyco-
pene and β-cryptoxanthin are correlated with
serum cholesterol levels (Fraser et al. 2016).
Biomarkers for different foods include N-
methylnicotinic acid (NMNA), a niacin-related
(vitamin B3) metabolite marker for coffee
drinking (Lang et al. 2011), proline betaine for
citrus fruit consumption (Heinzmann et al.
2010), and O-acetyl carnitine for red meat intake
(Mozaffarian et al. 2011).
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Phytotherapeutic Interventions

Food components can modulate hunger, satiety
and EE. In particular, benefits of plant bioactive
compounds on metabolism have become a focus
of multidisciplinary studies; and several plant
extracts are studied in the prevention of obesity
(Lu et al. 2013). Based on their nutritional value,
such extracts have physiological benefits and
reduce the risk of chronic diseases (Estaquio
et al. 2008; Liu et al. 2004). Phenols,
anthocyanins and tannins, found in tea, berries
and peas, have been demonstrated to decrease
lipids, through the inhibition of lipase activity
(Sergent et al. 2012). Starch with high glycaemic
index is associated with weight gain (Scribner
et al. 2007, 2008) by causing increased insulin
secretion (Aller et al. 2011).

Diets rich in protein from vegetables (e.g.,
legumes) induce satiety and suppress intake and
appetite by increasing the hormone peptide tyro-
sine (PYY) and decreasing ghrelin (Nilsson et al.
2013; Lonnie et al. 2018). Raspberries decrease
serum glucose, insulin levels, leptin and body
weight in mice fed high-fat diet (Prior et al.

2010). Citrus fruit species are associated with
decreased inflammation and reduced oxidative
stress markers in humans (Coelho et al. 2013).
Other studies have found bergamot, grapefruit
and orange juice to be associated with decreased
total cholesterol, low density lipoprotein (LDL)
and glucose concentration in humans (Mollace
et al. 2011; Dow et al. 2012; Aptekmann and
Cesar 2013). Similar results have also been
found in rats after lemon juice administration
(Oboh et al. 2015). To summarise, the different
plant-based compounds that are present in foods
are shown in Table 39.2.

Appetite Regulation

Appetite can be expressed in terms of physical
behaviour, peripheral physiology and central ner-
vous system functions (Stafleu et al. 2004). Peo-
ple stop eating due to absence of hunger or
because they feel full (Mook and Votaw 1992).
Diet-induced thermogenesis (DIT) is the amount
of energy used above the basal rate during the
breakdown of food in the body. DIT and satiety

Fig. 39.1 Urinary metabolic signatures of BMI and Adiposity in urine. The information for the metabolic signatures
was obtained from (Bouatra et al. 2013)
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are positively correlated and DIT decreases hun-
ger (Westerterp-Plantenga et al. 1997, 1999;
Crovetti et al. 1998). Ghrelin is also associated
with hunger. Infusion of ghrelin in healthy
subjects leads to enhanced appetite and energy
intake levels (Wren et al. 2001). Plasma concen-
tration for ghrelin decreases after administration
of glucose (Mizuta et al. 2002) and
carbohydrates, (Matthys et al. 2003) but there is
no suppression after high-fat administrations
(Matthys et al. 2003; Klok et al. 2007). Insulin
and glucose are therefore indirectly related to
satiety. Neuropeptide Y and Agouti-related pro-
tein (AgRP) are located in the hypothalamus,
their expression is activated in conditions of
fasting and negative energy balance, and they
increase the hunger level (Schwartz et al. 2017).
Pro-opiomelanocortin (POMC) neurons release
the similarly named anorexic neuropeptide that
reduces food intake (Schwartz et al. 1997).

Molecular Biomarkers
in the Real World

Angiotensin-Converting Enzyme

To find a marker for long-term weight loss, a
panel of biomarkers was tested before and after
an 8-week diet, and weight loss maintenance was
determined after 6 months (Wang et al. 2011). In
this study, angiotensin-converting enzyme (ACE)
was shown (amongst the extensive blood
profiling for diverse protein and steroid
hormones) to be the only potential predictor for
sustained weight loss (Wang et al. 2011). At the
end of the 8-week intervention, individuals with
weight loss displayed decreased ACE concentra-
tion (~12%) (Wang et al. 2011), which supports
the previously reported decreased ACE activity in
overweight/obese adults after dieting (Engeli
et al. 2005; Harp et al. 2002). ACE is a zinc

Table 39.2 Bioactive compounds currently prescribed or investigated to treat obesity (Solas et al. 2016)

Molecule Mechanism

Appetite

Saponins (gingenoside) Satiety
Fibre and polysaccharides (diverse)
Terpenes (geniposide)
Steroidal glycosides (P57A53)
Polyphenols (proantho-cyanidins)
Proteins (diverse)
Energy expenditure

Alkaloids (capsaicin) Thermogenesis
Flavonoids (diverse)
Polyphenols (catechin)
Fatty acids (MUFA, PUFA, ...) Beta-oxidation lipolysis/anti-lipogenesis
Curcumin Induction of brown fat-like phenotype
Metabolism

Saponins (astragaloside IV, gingenoside) Lipase inhibition, fat depletion
Fibre Lipid uptake reduction; reduction of energy dietary value;

secretion of anorectic peptides
Pseudo-tetrasaccharide, acarbose Amylase inhibitor
Polysaccharides (diverse) Fat depletion
Alkaloids (berberine betaine, piperine, capsaicin) Browning fat depletion
Polyphenols (resveratrol, proanthocyanidins,
epicatechin, diverse from tea)

Adipogenesis inhibition; fat depletion and absorption lipase/
amylase inhibition

The table describes the different compounds, their source and mechanism of action
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metallopeptidase enzyme involved in the
conversion of angiotensin (Ang) I to angioten-
sin II (Wang et al. 2011; Brewster and
Perazella 2004; Tejpal et al. 2019b). Ang I is
obtained by cleavage of angiotensinogen
(AGT) with the help of renin. Ang II is well
known for its role in increased blood pressure
and retention of salt and water (Brewster and
Perazella 2004).

Lactate and Insulin
A molecular feedback approach to assist dieting
efforts and behavioural responses of people using
a web- and mobile-based application was
investigated. Skipping a meal in a day regardless
of which one resulted in consistent weight loss for
that day, in comparison to control days in which
any number of meals was allowed. Insulin, ACE
and lactate levels in urine showed correlations to
BMI, caloric patterns and weight difference
(Tejpal et al. 2018, 2019a).

Lactate is the by-product of glucose utilisation
by the organs and tissues during hypoxia or gly-
colysis (Arriarán et al. 2015). It helps to modulate
oxygen release in hypoxic tissues and acts as a
substrate for gluconeogenesis (Frayn et al. 1990;
Kerckhoffs et al. 1998). It also acts as a substrate
for lipogenesis in liver and other tissues (Kevin
O’Hea and Leveille 1969; Granata et al. 1976;
Lopaschuk et al. 1992). Release of lactate in
adipose tissue is often attributed to hypoxia, aci-
dosis and stress (Lee Dong et al. 2015; Sestoft
et al. 1982). Lactate production is known to
increase in vitro in large adipocytes from obese
animals, and can reach up to 50–70% of glucose
metabolised (Crawford et al. 2010). Indeed, base-
line lactate concentrations are higher in obese
subjects as compared to lean subjects (Newby
et al. 1990).

Insulin is a small-peptide hormone, whose
secretion is stimulated by increased levels of glu-
cose in blood (Saltiel and Kahn 2001). Insulin
regulates blood glucose homeostasis by increas-
ing glucose uptake in muscles and fat cells and
inhibiting its production in liver (Saltiel and Kahn
2001). It varies with food intake in terms of meal
composition, timing and quantity (Van Cauter
et al. 1992; Stevenson et al. 2005; Scheer et al.

2009). Moreover, its concentration and action are
under circadian regulation, giving rise to “after-
noon diabetes” (Van Cauter et al. 1992; Scheer
et al. 2009; Jarrett and Keen 1969). This finding
has been used to suggest that diet plans should
incorporate meal timing (Hampton and Johnston
2014) with the breakfast meal being the largest
meal, as opposed to the most common behaviour
of highest food consumption in the evening
(Hampton and Johnston 2014; Gill and Panda
2015). Indeed, it is shown that a high-
carbohydrate breakfast promotes greater weight
loss than a diet low in carbohydrates by reducing
food cravings and increased satiety (Jakubowicz
et al. 2012, 2013; Almoosawi et al. 2013).

Ongoing Investigations and Future
Perspectives

A large-scale 2-week PREDICT study involving
1100 UK and US adults (60% twins) studied the
effects of markers such as blood glucose, fat and
insulin to genetics, environment, meal timing,
exercise, sleep and gut microbiome. Even for
the same meal, the blood markers hugely varied
in different individuals. This variation is partially
explained by genetic factors corresponding to
50%, 30% and 20% for glucose, insulin and tri-
glyceride, respectively. The identical twins have
only 37% of shared gut microbiome, which is
only 2% more than the percentage shared by
two unrelated individuals (When it Comes to
Food, One Size Doesn’t Fit All! 2019). Less than
40% of variations between individuals eating the
same caloric load are explained by the nutrients
content on food labels (Cutler 2019). Time of the
meal also affects the individuals’ responses.

The data are being used by ZOE company
together with universities (ZOE 2019) to develop
a machine learning algorithm that will predict a
person’s response to the food eaten. Another
large-scale study has been launched at the Swiss
Federal Institute of Technology named Food &
You. The aim of the study is to confirm the theory
that individuals respond differently to the same
meal eaten, as based on the blood glucose
measurements (Stéphanie Milliquet 2019). It is a
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digital study conducted entirely online, where
participants record their daily food intake for
2 weeks on MyFoodRepo. They also use a
smartwatch or an app to track their physical activ-
ity and sleep. Blood sugar levels are also moni-
tored, and a stool sample is collected once to
analyse gut microbiome. The data collected will
then be used to generate an algorithm that can
predict blood sugar levels after a meal.

Personalised Nutrition
An individual having a potato chip triggering a
six times higher triglyceride peak, can be steered
towards a low-fat snack option based on the
personalised information. The current guidelines
are based on the questionnaire filled by individuals.
The information provided can be mis- or under-
reported creating a bias in the data generated. A
detailed view of metabolic differences, wearable
sensors and machine learning can help structure
the personalised guidance options for people.
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Abstract

Starting in the 1990s, multiple organizations
have published guidelines to address the
management of children and adolescents
with obesity and diabetes. As the rates of
obesity continued to escalate, the guidelines
have been constantly evolving to keep
up. Significant obstacles include the paucity
of controlled trials in children, the bias against
managing obesity as a disease in general and
especially in children, and the dichotomy in
treatment from family based behavioral treat-
ment with modest outcomes to much more
aggressive treatment such as surgery. To
date, medical options for children with obesity
are limited. In this chapter, we chronicle the
evolution of the guideline-based management
of children with obesity over the past 30 years.
We will also review policy on the manage-
ment of type 2 diabetes in children and
adolescents, the incidence of which has
increased along with the incidence of severe
obesity in children. We will then discuss
emerging issues.

Keywords

Obesity · Type 2 diabetes · Guidelines ·
Children · Adolescent · Algorithm

Background

Childhood obesity is a growing global health
problem. One in every three children is either
overweight or obese. Management of this chronic
debilitating condition has evolved over the past
30 years. Initially, prevention and diagnosis was
the focus of management of this developing health
crisis. Discussion of the treatment of children and
adolescents suffering with obesity emerged as it
became apparent that prevention and diagnosis
was not going to address the child or adolescent
living with obesity. Currently, almost every pedi-
atric health problem is impacted by the coexis-
tence of obesity, even those problems that
historically have been associated with low body
mass indices (BMI), i.e., type 1 diabetes mellitus.

Management of the pediatric child with obe-
sity has been directed by various publications
providing recommendations, guidance, and pol-
icy. It has been 22 years since the publication of
the first guidance on the management of this
complex childhood disease. The field continues
to progress with new research and experience, yet
suffers from a lack of randomized controlled clin-
ical trials, a continual struggle to find clinical
resources to manage this population, and a grow-
ing complacency with the existence of obesity in
children among both the health care community
and the general population.
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Overview of Existing Guidelines
and Recommendations

Several medical organizations that are focused on
the health of children have published guidance on
the assessment and management of children with
obesity, including the Department of Health and
Human Services, the American Academy of Pedi-
atrics (AAP) Institute of Healthy Childhood
Weight, the Children’s Hospital Association, the
Endocrine Society, Pediatric Endocrine Society,
and the Obesity Medical Association. Guidelines
have also been developed to guide the manage-
ment of type 2 diabetes (T2DM). In 2013, the
AAP published a clinical practice guideline
addressing this topic and in 2018 the American
Diabetes Association published a position
statement.

The timeline for the recommendations and
policies on the management of children with obe-
sity and type 2 diabetes published to date is
described now and represented in Fig. 40.1.

The first recommendation on the management
of children with obesity was published in 1998,
when the Department of Health and Human
Services convened a committee of pediatric obe-
sity experts (Barlow and Dietz 1998). The AAP
updated the 1998 recommendation in 2007
(Barlow et al. 2007), this time using an Expert
Committee comprising representatives from
15 professional organizations, appointed experi-
enced scientists, and clinicians in three writing
groups. In 2015, the AAP published an update
to the 2007 recommendation and called it the
“Algorithm for the Assessment and Management
of Childhood Obesity in Patients 2 Years and
Older” (Institute for Healthy Childhood Weight
2015) (Table 40.1).

In 2014, the Children’s Hospital Association
published a “consensus statement reviewing man-
agement of conditions associated with obesity”
(Estrada et al. 2014). In 2017, the Endocrine
Society published their “Clinical Practice Guide-
line: Pediatric Obesity—Assessment, Treatment,
and Prevention: An Endocrine Society Clinical
Practice Guideline” (Styne et al. 2017), which
was an update to their previous publication in

2008 (August et al. 2008). In 2016, the Obesity
Medical Association published “The Pediatric
Algorithm,” which was updated in 2018 (Cuda

Fig. 40.1 Timeline of publications for recommendations
on management of children and adolescents with obesity
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et al. 2016). In 2019, the AAP published a policy
statement on “Pediatric Metabolic and Bariatric
Surgery: Evidence, Barriers, and Best Practices”
(Armstrong et al. 2019).

Publications providing guidance on type 2 dia-
betes in children and adolescents were developed
in 2013 (AAP) (Copeland et al. 2013) and in 2018
(American Diabetes Association) (Arslanian et al.
2018). The 2013 AAP Clinical Practice Guideline
was developed in response to the “rapid emer-
gence” of type 2 diabetes, frequently a complica-
tion of obesity, which, up until this time, had
rarely been seen in children. The 2018 ADA
position statement added to the body of knowl-
edge based on new results from two large studies
done in adolescents with type 2 diabetes.

The Maternal and Child Health Bureau,
Health Resources and Services
Administration: 1998 Obesity
Evaluation and Treatment—Expert
Committee Recommendations

This first recommendation addressing children
with obesity reviewed the assessment, medical
complications, indications for referral to an obe-
sity specialist, evaluation, and treatment of chil-
dren with BMI � the 85th percentile. At the time
of the compilation of this document, data from the
National Center for Health Statistics reported a
rate of one in five children as being overweight.
BMI was characterized by overweight, at risk of
overweight, and not at risk for overweight. Tri-
ceps skin folds measurement was recommended
for the assessment of the degree of overweight.
Much of the document focused on the child
whose BMI is between the 85th–94th percentile,
as this was likely the group presenting most fre-
quently for evaluation at the time. Dietary
approach centered on easy ways to reduce caloric
intake and the Committee noted that the Food
Guide Pyramid was the most helpful guide to
healthy eating. Discussion of complications was
brief and focused on identifying orthopedic
conditions, pseudotumor cerebri, sleep disorders,
polycystic ovary syndrome, acanthosis nigricans,
hypertension, and dyslipidemia. There was no

discussion as to the management of these
complications and only a cursory mention of
referring children with suspected diabetes to a
pediatric endocrinologist. Treatment was cen-
tered on family-based behavioral therapy, with
provider realization of weight stigma and the
need for chronic care.

AAP Guidance: 2007 Expert Panel
and 2015 Algorithm
for the Assessment and Management
of Childhood Obesity in Patients
2 Years and Older

The 2007 recommendation was notable for an
evolution from simple identification of obesity
to universal screening and assessment, consistent
preventive health messages, and early interven-
tion. The hallmark of the 2007 Expert Panel Rec-
ommendation was the concept of staged
management, with the first stage in primary care
and progressing to multidisciplinary care and then
to tertiary care at suggested intervals if no clinical
improvement. In the 9–10 years since the publi-
cation from the Maternal and Child Health
Bureau, the prevalence of obesity in children
had increased from one in five to closer to one
in four, leading to the recommendation for uni-
versally assessing children for obesity in primary
care settings. The Expert Panel also suggested a
change in terminology as compared to the prior
recommendation: the term “obesity” should be
applied to those children with a BMI � the 95th
percentile or �30 kg/m2, whichever is lower, and
“overweight” applied to the 85th–94th percentile,
replacing the category of “at risk for overweight.”
A discussion of the increasing prevalence of
severe obesity was included, but no specifics in
relation to level of BMI given.

The 2007 Expert panel indicated that manage-
ment should start with the least intensive stage
and progress through the stages based on
response to treatment, age, BMI, health risks,
and motivation (Barlow et al. 2007). This recom-
mendation goes into more depth on the identifica-
tion and management of complications and
includes problems not previously discussed to
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include nonalcoholic fatty liver disease, type
2 diabetes, hypothyroidism, Cushing Syndrome,
psychiatric disorders, and a very brief mention of
genetic syndromes.

The AAP 2015 Algorithm was based on the
2007 Expert Committee Recommendations plus
“new evidence and promising practices” (Institute
for Healthy Childhood Weight 2015). This
two-page document provided a succinct reference
for office use.

The four stages discussed are: Prevention Plus,
Structured Weight Management, Comprehensive
Multi-Disciplinary Intervention, and Tertiary
Care Intervention. Progression through the stages
is generally at 3–6-month intervals if the child
experiences no improvement in BMI/weight sta-
tus. Treatment is primarily behavior change
involving the family. Treatment is targeted to
the primary care clinic during the first two stages.
At Stage 3, the management moves to a Pediatric
Weight Management Clinic/Multi-disciplinary
team and the intensity of the care increases.
Stage 4 continues in the Pediatric Weight Man-
agement Clinic but now involves consideration of
the use of medications and bariatric surgery in
addition to more frequent and intensive
multidisciplinary care.

The 2007 and 2015 guidance included
recommendations for laboratory screening:
fasting glucose and fasting lipid profile, ALT
and AST. According to these publications, the
clinical utility of measuring vitamin D and fasting
insulin was yet to be determined. These
publications also suggest that although there are
no guidelines, the age at which laboratory screen-
ing should be considered was 2 years of age.

AAP Clinical Practice Guideline
on the Management of Newly
Diagnosed Type 2 Diabetes Mellitus
(T2DM) in Children and Adolescents:
2013

This guideline was developed by a partnership
between the AAP, Pediatric Endocrine Society

(PES), the American Academy of Family
Physicians (AAFP), American Diabetes Associa-
tion, and the Academy of Nutrition and Dietetics.
The document specifically addressed children of
ages 10–18 who met the criteria for type 2 diabe-
tes. This publication recommends the use of insu-
lin for those children with HbA1c >9% or blood
glucose concentrations greater than 250 mg/dL or
in ketoacidosis. For other children with type 2 dia-
betes, metformin in combination with lifestyle
modification was recommended although the
partnership recognized that insulin or insulin
with metformin can be used in those with more
modest levels of hyperglycemia. At the time of
this publication, the results of the TODAY (Treat-
ment Options for type 2 Diabetes in Adolescents
and Youth) trial were becoming available. Evi-
dence from this trial suggested that metformin in
combination with lifestyle management was
superior to metformin alone and also suggested
that metformin in combination with rosiglitazone
was superior to management with metformin
alone. However, all groups showed poor
glycemic control over time.

The Children’s Hospital Association
Consensus Statement: 2014

The Consensus statement was developed over a
3–4 year period by an expert committee work
group. It was designed to be a management tool
for primary care providers. The consensus state-
ment included input from experts working in
25 pediatric obesity centers, a review of literature
and existing guidelines, and consultation with
pediatric subspecialists.

The consensus statement reviewed screening
tests and endorsed the tests recommended by the
AAP expert panel and commented that 50–80%
of pediatric obesity centers also measure HbA1c,
vitamin D 25 OH levels, TSH with reflex-free T4,
and fasting insulin. This statement also noted that
>80% of pediatric obesity centers refer children
for sleep studies who have suggestive symptoms
and performed evaluation of PCOS in females
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with irregular menses and/or signs of
hyperandrogenism.

The consensus statement includes treatment
guidelines for abnormal LDL and/or triglyceride
levels as well as elevated ALT levels, and a
recommendation for the management of elevated
blood pressure according to existing guidelines at
the time of this work. Of note, in 2017, the AAP
published an updated clinical practice guideline
on the management of children with hypertension
(Flynn et al. 2017). Finally, the consensus state-
ment discusses the management of polycystic
ovarian syndrome in the context of normal
blood glucose levels, prediabetes, and type
2 diabetes.

Endocrine Society Clinical Practice
Guideline: 2017 Pediatric Obesity—
Assessment, Treatment,
and Prevention: An Endocrine Society
Clinical Practice Guideline

The Endocrine Society CPG (Styne et al. 2017)
was developed using the grading of
recommendations, assessment, development, and
evaluation approach. The 2017 publication was
an update to the publication of the original
guidelines in 2008 (August et al. 2008). In addi-
tion, two systematic reviews were done to support
the guideline: (1) Treatments of Pediatric Obe-
sity: An Umbrella Systematic Review, and
(2) The Association of Weight Loss and
Cardiometabolic Outcomes in Obese Children:
Systematic Review and MetaRegression. The
first review looked at data from 133 randomized
controlled trials with 30,445 patients. The second
review focused on changes in lipids, liver func-
tion tests, blood pressure, HbA1c, and fasting
blood glucose in children with obesity.

The CPG discusses the diagnosis, prevalence,
laboratory evaluation, comorbidities, genetic obe-
sity syndromes, activity recommendations, sleep
hygiene, screen time, family involvement,
school-based and comprehensive behavioral
change interventions, breast feeding of infants,
dietary guidance that follows the guidelines of

the American Academy of Pediatrics and the US
Department of Agriculture, psychosocial issues,
pharmacotherapy, and metabolic and bariatric
surgery. Each section starts with the recommen-
dation followed by a discussion of the values,
evidence and finally, remarks.

The Obesity Medical Association: 2018
Pediatric Obesity Algorithm

A cooperative group from Obesity Medical Asso-
ciation analyzed the evidence concerning diagno-
sis, evaluation, and management, aiming to
provide comprehensive practical help to the
healthcare professions. The initial version of the
Pediatric Obesity Algorithm was launched in
2016 with an expanded and updated version
published in 2018.

American Diabetes Association (ADA):
Evaluation and Management
of Youth-Onset Type 2 Diabetes—A
Position Statement: 2018

This ADA Position statement (Arslanian et al.
2018) starts with a discussion on the differences
between onset of type 2 diabetes in
youth vs. onset in adulthood. It notes that youth
demonstrate greater insulin resistance for any
degree of adiposity and greater insulin secretion
for any degree of insulin resistance. In addition,
this position statement recommends testing for
pancreatic autoantibodies to exclude the possibil-
ity of autoimmune type 1 diabetes as well as
genetic evaluation for monogenic diabetes if
suggested by clinical presentation.

Due to the recognition of the low rate of hypo-
glycemia in youth with type 2 diabetes, including
those on insulin, the ADA recommends that
HbA1c be <7% for those on oral agents alone.
Increasing evidence for rapidly progressive dis-
ease due to loss of beta cell function suggests that
even lower HbA1c targets may be necessary.

Recognizing that lower-income and minority
youth are the most affected, the ADA
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recommends culturally sensitive educational
materials, assessment of the patient in his or her
social context, and preconception counseling.

However, the ADA also recommends a weight
loss strategy designed to achieve a 7–10%
decrease in excess weight. This should be done
through intensive weight management despite the
finding in the TODAY (Treatment Options for
Type 2 Diabetes in Adolescents and Youth) trial
(Flynn et al. 2017) of no long-term difference
between those who achieved �7% weight loss
with lifestyle management and those who were
only on metformin monotherapy.

In regards to pharmacotherapy, the only differ-
ence between the ADA position statement and the
AAP CPG in 2013 was that insulin was
recommended if the HbA1c was �8.5% instead
of 9%. More recently, liraglutide has been
recommended for use in adolescents with type
2 diabetes and has shown positive effects on
HbA1c, weight status, and fasting plasma glucose
(Tamborlan et al. 2019). This was not however
mentioned in the ADA position statement as the
data were not yet published. Metformin use was
recommended for all youth with type 2 diabetes
and HbA1c < 8.5%; however, a median time to
treatment failure was noted to be a short
11.8 months. The ADA notes that not enough
data exist to recommend early use of insulin in
an attempt to preserve beta cell function.

The ADA discusses the use of bariatric surgery
if the adolescent has uncontrolled hyperglycemia
and a BMI �35 kg/m2. However, they also note
that 13% of adolescents required a second proce-
dure and an additional 13% required an endo-
scopic procedure (Inge 2017).

The ADA Position Statement discusses early
management of hypertension, albuminuria,
screening for neuropathy, retinopathy, evaluation
for NAFLD, screening for obstructive sleep
apnea, treatment for polycystic ovarian syn-
drome, and testing and management of
dyslipidemia. The discussion of these
complications includes concern about the more
rapid progression than seen in adults as well as
more rapid progression than seen in youth with
type 1 diabetes.

AAP Policy Statement: 2019 Pediatric
Metabolic and Bariatric Surgery—
Evidence, Barriers, and Best Practices

This AAP Policy Statement (Armstrong et al.
2019) reviews the outcomes from several studies
on relatively small cohorts of adolescents with
severe obesity who have had surgical procedures.
The majority of the patients had Roux-en-Y gas-
tric bypass. Outcomes were impressive with aver-
age reductions in BMI between 27–29%, and
significant resolution of comorbidities at 3 years.
Comparison groups of adolescents who were
managed with lifestyle all experienced increases
in BMI. Surgical complications were reported as
infrequent (15%) in the early postoperative
period. Eight percent had major perioperative
complications. The Policy recommends that sur-
gery be considered at a BMI of 35 kg/m2 with
complications or 40 kg/m2 with or without
complications. Barriers to care are discussed. A
disparity of care between groups with lower
socioeconomic status and minority race or ethnic-
ity and those with average or high socioeconomic
status and white race is noted. Other barriers
mentioned include providers who are reluctant
to refer their patients for surgery and lack of
insurance coverage. The Policy notes that care
should occur in a multidisciplinary setting that
can provide high-quality pediatric metabolic and
bariatric surgery.

Issues with the Guidelines/
Recommendations

We have reviewed the existing guidelines and
recommendations. The following discussion
considers emerging issues of importance in the
field of pediatric obesity medicine.

Media Use

AAP Council on Communications and Media
policy statement (American Academy of Pediat-
rics Council on Communications and Media
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2016) reviewed publications on television,
videos, and mobile or interactive technologies.
Below age 2 years adult participation is essential,
and excessive media use could be damaging.
Below 18 months nothing besides video-chatting
should be allowed. Within the bracket of 18–-
24 months only selected programs and apps
should be considered, always in the presence
and with assistance of grown ups. Beyond age
2, 1 h or less per day of appropriate movies or
videos could be permitted. Bedtime curfew
starting 1 h before sleep, with removal of all
electronic devices, is another precaution.

Public policy has been historically oriented
toward prevention of childhood obesity. Virtually
no public policy addresses the treatment and man-
agement of the 30% of children and adolescents
suffering with obesity. Even attempts to limit
marketing to children are difficult to enforce,
although in September 2019 the Center for Digi-
tal Democracy was able to pass the Children’s
Online Privacy Protection Act (COPPA) directed
at You Tube, which is the first policy limiting
media targeted at children. Unfortunately only
children aged 12 and younger receive pop ups
directing them to You Tube Kids, which is sup-
posed to be a “safer platform for children” (The
Children’s Online Privacy Protection Act 2019).

Failure to Address the Dramatic
Increase in Youth Onset Type
2 Diabetes

The prevalence of youth onset Type 2 diabetes
has dramatically increased over the past 20 years,
largely as a result of the dramatic increase in
youth with obesity and in particular, in youth
with severe obesity. According to a recent con-
sensus report (Arslanian et al. 2018) on youth-
onset type 2 diabetes, evidence suggests that type
2 diabetes in children is different not only from
type 1 diabetes but also from type 2 diabetes in
adults. Although type 2 diabetes in youth more
closely resembles the pathophysiology in adults
with insulin resistance and nonautoimmune beta
cell failure, youth-onset type 2 diabetes displays
unique features, including rapidly progressive

beta cell decline as well as accelerated develop-
ment of diabetes complications. Several large
studies have contributed to most of what we
know about youth-onset Type 2 diabetes: The
SEARCH for Diabetes in Youth Study (Hamman
et al. 2014), the TODAY (Zeitler et al. 2007;
TODAY Study Group 2013) (Treatment Options
for type 2 Diabetes), and the RISE (Zeitler 2019;
Buse et al. 2018) (Restoring Insulin Secretion
Study). Unfortunately, these trials have shown
that youth who develop type 2 diabetes suffer a
more aggressive, rapidly progressive decline in
beta cell function as compared to older adults
with new-onset type 2 diabetes. In RISE, youth
with prediabetes or recently diagnosed type 2 dia-
betes had 50% lower levels of insulin sensitivity
as compared to adults with similar age-adjusted
BMI. Not surprisingly, insulin secretion was two-
to threefold greater in adolescents as compared to
adults. Importantly, even with treatment with
either metformin or insulin (glargine), beta cell
function significantly declined in 12–15 months
from baseline. Despite this, treatment options for
type 2 diabetes in adolescents have been
extremely limited to two FDA-approved drugs:
insulin and metformin, with the recent addition of
GLP-1 agonist liraglutide, and the promotion of
healthy lifestyles.

The trials mentioned here strongly point to the
need to correct dysregulation of glucose and fat
metabolism before children and adolescents
develop prediabetes and then progress to diabe-
tes. Since progression occurs in spite of pharma-
cotherapy, weight management becomes the front
line of defense against the progression of
glycemic dysregulation. The cornerstones of
pediatric weight management are diet and life-
style modification. However, this is usually
approached with a “balanced diet,” which while
typically includes a decrease in carbohydrate con-
sumption from baseline, may not be enough to
effect an increase in insulin sensitivity. To date,
there is no universal guidance for how to change
carbohydrate consumption to effect insulin sensi-
tivity, and each child has a unique level of insulin
resistance. Parents and children are mostly
focused on a decrease in %BMI or actual weight
instead of an increase in insulin sensitivity when
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the most critical part of their child’s treatment
could be the prevention of glycemic
dysregulation. Historically, we have poorly
defined management of this increasingly common
complication and we are witnessing the
consequences.

The Lack of Pharmacotherapeutic
Options for Children and Adolescents

Pharmacotherapy for adults with obesity is a
mainstay of treatment. Six medications are cur-
rently FDA approved for use in adults with
BMI � 30 kg/m2 or those who are overweight
(BMI � 27 kg/m2) with obesity-related
complications. These medications are covered
by most insurance plans for adults, defined as
those 18 years or older. However, the only weight
loss medication approved by the FDA for chil-
dren or adolescents is orlistat (�12 years), and its
use is curtailed by significant gastrointestinal side
effects. Phentermine is approved for use in older
adolescents >16 years of age. No other
medications are approved by the FDA for weight
loss under the age of 18. There are very limited
data on the safety and efficacy of the use of these
medications in children and adolescents. Over the
past 5 years, pediatric obesity medicine experts
have increasingly used weight loss medications
“off label.” As a group, pediatricians have long
used medications “off label,” so much so that the
American Academy of Pediatrics published a Pol-
icy Statement in 2014 on “Off-label Use of Drugs
in Children” (AAP Policy Statement 2014). The
cardinal principle for the use of off-label medica-
tion is to ensure that the benefit of using the
medication outweighs the risk.

Evolution of the use of medication (other than
orlistat or phentermine) to treat obesity in chil-
dren and adolescents began in 2012 and 2013
when two studies looked at the use of metformin
and lifestyle intervention vs. just lifestyle inter-
vention. Although the results were reported as
statistically significant, the weight loss reported
was relatively small: 1.3 kg/m2 and 1.07 kg/m2

(Mauras et al. 2012; Kendall et al. 2013). Like-
wise, a trial using a GLP 1 receptor agonist in

2013 only showed a 1.13 kg/m2 placebo
subtracted difference (Kelly et al. 2013).

Pediatric obesity medicine specialists face
additional barriers to the use of weight loss
medications other than lack of FDA approval. A
significant barrier is the lack of insurance cover-
age for medications leading to out-of-pocket
expense for the family. Because of this problem,
pediatric obesity medicine specialists who have
determined that the use of weight loss medication
outweighs the risk default to using phentermine,
which is relatively inexpensive to purchase, and
with topiramate, which can be prescribed and
covered by insurance since it is a medication
approved by the FDA for other use in the pediat-
ric population. Similarly, the combination of
buproprion and naltrexone or lisexamfetamine
(approved in 2015 for use in adults or use for
binge-eating disorder) are used. Recently (August
2019), the use of liraglutide was approved for
children and adolescents 10 years of age or
older, but for the indication of T2DM, not for
weight loss.

Metformin is commonly used in the popula-
tion of children and adolescents, although
approved by the FDA only in pediatric patients
10 years of age or older with T2DM. However,
many obesity medicine specialists prescribe met-
formin for PCOS or severe insulin resistance with
or without impaired glucose tolerance. Multiple
trials (McDonagh et al. 2014; Khokhar et al.
2017; Kaplowitz 2017) have shown that a small
amount of weight loss is associated with the use
of metformin, especially in the first few months
after starting the medication.

Obstacles to Bariatric Surgery
in the Adolescent with Obesity

Although the rate of weight loss surgery in
adolescents with severe obesity has been increas-
ing, it is still very low. Bariatric surgery in
adolescents with severe obesity has been found
to be effective in decreasing excess weight and
improving comorbidities. However, data on the
long-term efficacy and safety of adolescent bar-
iatric surgery are limited. Real barriers to this
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treatment modality exist. The leap from behav-
ioral management to surgery is too drastic for
many families. In addition, although the recent
Policy statement from the AAP endorses bariatric
surgery as a safe and effective strategy for youths
with severe obesity, there are few studies on
optimal timing, best preoperative and postopera-
tive care, and adjunctive (including behavioral
and medication) therapy. This compounds the
lack of insurance coverage, reported as less than
half the coverage in adults of similar BMI and
comorbid status, the lack of multidisciplinary
weight management programs with a surgical
tract or referring relationship to a bariatric surgi-
cal program, and the low socioeconomic status of
many of the adolescents with severe obesity who
meet criteria for surgery (Armstrong et al. 2019).

Forty three percent of the adolescents who
start the process of evaluation for bariatric sur-
gery made it through the process in one retrospec-
tive chart review of 145 adolescent patients
(Brode et al. 2018). This statistic is similar to
the surgical completion rate for adults. Previous
adult studies have found an association between
attrition and psychological factors. Interestingly,
the study in adolescents by Brode et al. found no
difference in assessed psychological factors
between those adolescents who completed the
program and had surgery and those who did not
complete the program. Specifically, there were no
differences in current psychotropic medication
use, utilization of outpatient therapy, current sub-
stance use, or previous inpatient hospitalization
for a psychiatric condition. In addition, a recom-
mendation by the clinical team for initiation of
psychological treatment did not accurately predict
completers vs. noncompleters. Male sex was a
significant predictor of noncompletion of surgery,
but the reason for this was not clear.

Another significant issue is the management of
the change in diet required after surgery in the
setting of low-income and minority youth with
severe obesity who get a significant amount of
their daily nourishment from publically funded
meals. Modifying Federally funded School
Breakfast and Lunch meals even with a signed
letter from a medical provider for a “special diet”
is extremely challenging. The new AAP policy

advises the consideration of weight loss surgery
in adolescents with BMI down to 35 kg/m2. This
will include many adolescents who are fully
involved in normal activities, such as sports
teams, school clubs, and social events. Many of
the adolescents are expected to make “healthy
choices.” Following a restrictive diet in these
situations will be challenging at best.

To complicate matters further, there is a lack of
even a basic understanding on the management of
adolescents with severe obesity, with or without
weight loss surgery. There are no studies detailing
dosage of behavioral modification or pharmaco-
therapy before or after surgery. In addition, stud-
ies involving the relative benefit of bariatric
surgery performed during adolescence compared
to young adulthood (18–25 years old) are needed
(Ryder et al. 2018). Historically, pediatricians
have been very reticent to use weight loss
medications in adolescents with severe obesity.
It is difficult to imagine that they will feel more
comfortable with managing adolescents with obe-
sity as they progress through the rest of their
adolescence post surgery.

Few Programs Providing
Multidisciplinary Treatment for Youth
with Obesity

In a prospective study collecting data from
31 pediatric weight management programs across
the United States, early BMI reduction in the first
month of treatment was significantly associated
with greater long-term BMI reduction at 6 and
12 months (�5% BMI reduction from baseline)
in adolescents with obesity-seeking treatment
(Gross et al. 2019). However, the availability of
large multidisciplinary weight management
programs with Stage 3 Comprehensive Multi-
Disciplinary Intervention and Stage 4 Tertiary
Care Intervention is limited with large sections
of certain states devoid of Obesity Medicine
specialists, particularly those with pediatric obe-
sity experience. In a review of 16 studies from
1995 to 2017 (Zolotarjova et al. 2018) analyzing
the effects of multidisciplinary interventions on
weight loss and health outcomes in children and
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adolescents with morbid obesity, positive weight
loss results were observed in numerous studies
with younger children having a greater reduction
in BMI z-score in comparison to adolescents.
Authors noted the importance of early
incorporation of multidisciplinary interventions
in obesity treatment in addition to the lack of
standardization of obtaining parameters. Of note,
cardiovascular risk parameters were only
investigated in three of the studies with
improvements noted in this limited subset, and
only some of the studies analyzed the effects of
intervention on psychosocial well-being. In addi-
tion, few reported long-term follow-up outcome
measures, limiting the utility of the findings in
regards to sustainability and effectiveness of mea-
sure studies with a more standardized approach
warranted.

Recognition of Rare Variants
of Obesity

Obesity is a heterogeneous multifactorial disease,
which results from the interrelationship between
behavioral, environmental, and genetic factors.
Although the genetic causes underlying obesity
remain largely unknown, genetic factors are
estimated to account for 40–70% of the obesity
predisposition of an individual (Zhao and Grant
2011; Ranadive and Vaisse 2008; Serra-Juhe
et al. 2019). There are syndromic causes for obe-
sity; however, obesity is often not accompanied
by specific phenotypes. There are rare genetic
variants affecting several genes such as LEP,
LEPR, MC4R, PCSK1, and POMC found in
nonsyndromic patients (Serra-Juhe et al. 2019),
and it has been estimated that 7% of patients with
severe pediatric obesity may have rare
abnormalities of chromosomes and/or highly pen-
etrant genetic mutations (Styne et al. 2017;
Farooqi and O’Rahilly 2008). MC4R deficiency
is the most common monogenic form of obesity
accounting for 2–5% of severe obesity in adult
and pediatric populations.

Genome-wide association studies (GWAS)
have found strongly associated genomic variants
with a number of loci reported from GWAS
analyses of adult BMI and obesity also having a

role in obesity in pediatric populations. Genome-
wide approach has revealed genes that underlie
the pathogenesis of childhood obesity (Zhao and
Grant 2011). Understanding the genetics of child-
hood obesity is vital in the prevention and treat-
ment of pediatric cases in order to provide
families with individualized follow-up and
genetic counselling as well as therapeutic
approaches for genetic causes of obesity (Chesi
and Grant 2015). Although the GWAS approach
provides a more comprehensive strategy to locate
causal genes related to obesity, the challenge
arises from lack of availability of such resources
for most patients undergoing evaluation, and lim-
ited GWAS-related reports specific for childhood
obesity, with most studies uncovering loci in the
adult context (Zhao and Grant 2011).

Failure to Recognize the Burden
of Risk Factors as Children
with Obesity Become Young Adults

Many studies have addressed the presence of risk
factors in children and adolescents with obesity.
These studies document increased incidence of
metabolic syndrome, hypertension, and glycemic
dysregulation with increasing severity of obesity.
Likewise, in the past two decades, the incidence
of cardiovascular disease in young adults
(18–50 years) has been steady or has increased,
while the incidence of cardiovascular disease in
adults over 50 has decreased. A higher BMI in
young adulthood has a long-term negative effect
on blood pressure and heart structure. These
observations suggest that we may see an increase
in cardiovascular disease as this younger popula-
tion ages. Obesity in youth is a major contributing
factor to this problem. Not only in developed
countries, but also in undeveloped countries, the
prevalence of obesity in childhood has increased.
In the US, the proportion of children (aged
12–19 years) with a healthy BMI declined
between 1999 and 2013, and is now appearing
to level off between 65–70%. As children with a
body mass index percentile at the >95th percen-
tile have a greater chance of maintaining obesity
into adulthood, appropriate counseling and life-
style modifications to families is needed to
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prevent the known complications of excess
weight gain. The goals of treatment involve the
prevention and reduction of the risk of obesity-
related sequelae with improvement of health
outcomes. A weight loss of 5–10% has been
associated with improvement in comorbidities
(Kumar et al. 2019).

Other risk factors associated with obesity that
directly contribute to cardiovascular disease are
physical inactivity, hypertension, diabetes,
dyslipidemia, and dietary intake.

In the US, physical activity levels continue to
decline in children, and especially in adolescents.
Hypertension rates in children with obesity
increase as adiposity increases. Prevalence varies
between 3.8–24.8% in studies of children with
obesity, as compared to the prevalence of 3.5%
in the general population. Furthermore, lack of a
nocturnal dip in blood pressure is characteristic of
children with obesity (Flynn et al. 2017). The
increase in incidence of Type 2 diabetes was
discussed earlier in this chapter. In the last
40 years, lower triglyceride levels and higher
HDL levels have been seen in the general popu-
lation, but not so in children and adolescents with
obesity. In addition, older adults have
demonstrated greater improvement in lipid levels
than younger adults.

A decrease in the dietary intake of trans fats,
total fat, and saturated fat has occurred in the US
over the past 30 years. However, these changes
were not as profound in children aged
12–19 years as they were in those older than
19 years. NHANES noted that those with a low
socioeconomic status, African Americans or
Mexican Americans did not have an improvement
in dietary fat. In particular, excessive consump-
tion of sugar sweetened beverages and processed
meat was strongly associated with
cardiometabolic disease–related mortality.

Conclusions

Rates of obesity in children and adolescents have
dramatically increased over the last 40 years. In
particular, the prevalence of severe obesity
continues to climb. Lower socioeconomic and
minorities are at highest risk. Management of

this global health crisis has not kept up and now
younger adults are suffering unprecedented rates
of type 2 diabetes and early cardiovascular dis-
ease. Family-based behavioral therapy for those
children at highest risk requires access to multi-
disciplinary care in pediatric obesity centers.
Such centers are not available in large areas of
the country, receive poor institutional support,
and often have long waiting times to be seen in
the center. An extraordinary amount of time com-
mitment from the family is expected to meet the
>25 h of patient contact hours over a 6-month
time frame recommended by the USPSTF
(US Preventive Services Task Force 2010). The
leap from medical treatment to surgical is extreme
for many families and insurance coverage is not
universal. Randomized controlled trials are nec-
essary to establish optimal treatment.
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Abstract

The existence of diabetes has been reported for
centuries dating back to the Egyptian period.
As years passed, scientists have identified the

pathophysiology of this disease and its man-
agement. Diabetes is a multifactorial disease
and different types of diabetes have been
reported. Even though this is a disease of
antiquity, its prevalence has been on the rise,
and it is a currently a global epidemic as well
as public health emergency. Different
stakeholders (ranging from the medical profes-
sional, to policy makers and governmental bod-
ies) need to work together to prevent health
inequalities and control this growing epidemic.
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Diabetes: A Historical Disease

Diabetes mellitus was recognized around
1550 BC by the Egyptians, between 400 and
500 BC by Hindu pioneers Charaka and Sushruta,
as well as by Aretaeus of Cappadocia, in the first
century AD. In Greek diabetes means syphon,
suggesting the constant elimination of urinary
fluid by severely affected patients (International
Diabetes Federation 2017; Tattersall 2010).

The pioneer to describe serum hyperglycaemia
and the association with sugar in urine was Mat-
thew Dobson from Liverpool, way back in 1775
(Dobson 1776). In 1797 the surgeon John Rollo
applied the adjective ‘mellitus’, meaning ‘honey-
like’ in Latin, to the already established ‘diabe-
tes’. Furthermore, he concluded that the serum
sugar was originating from vegetables being
digested in stomach, and hence proposed a diet
high in animal produce as a treatment option for
this condition (Rollo 1797). It was in 1815 that
glucose was identified as being the leading sugar
in the diabetic urine, paving the way for chemical
testing, instead of less elegant dipping a finger
and tasting it. However, it was only a century
later, between 1913 and 1915, that the physician
Ivar Christian Bang established a practical micro-
method to measure glucose, contributing to the
introduction of the glucose tolerance test (Tatter-
sall 2010).

During the same era, the pathophysiology of
diabetes was being explored. It was in 1869 that
Paul Langerhans made the great discovery that
the pancreas parenchyma included ‘islands’ of
different cells (Langerhans 1869). Later on,
these ‘islets of Langerhans’ were reported to be
responsible for pancreatic secretions (Laguesse
1893). In the 1900s, the pancreatic secretion was
named ‘insulin’ and was utilized as an injectable
treatment for diabetes (De Meyer 1904; Banting

et al. 1922). It was in January 1922 that Banting
and Best conducted the first human experiment on
an adolescent, using injectable insulin. The
biological abnormalities and the clinical
symptoms related to diabetes were reverted back
to normal, making this experiment successful
(Banting et al. 1922). However, in the 1930s, it
was reported that not every diabetic patient had a
positive outcome following injectable insulin.
There were those ‘sensitive’ and ‘insensitive’ to
insulin therapy (Himsworth 1939). The various
diabetes classifications and types will be
discussed in later sections.

Diabetes management was refined over the
years. Designer insulins lispo, aspart, glargine
and detemir allow custom-tailored prescriptions.
The ‘insulin pen’ made its way in 1981 by John
Ireland, which made the management of serum
glucose by insulin more acceptable to patients
(Paton et al. 1981). Oral hypoglycaemic agents
came around in the 1940s, when sulphonylureas
were found to be insulin secretagogues and were
manufactured (De Franco et al. 2015). Later in
1960 Metformin was introduced on the European
market (Tyberghein and Williams 1957). Since
then, different classes of oral and injectable
hypoglycaemic agents appeared, such as
glitazones, glucose-like peptide 1 (GLP-1)
agonists, and dipeptidylpeptidase-4 (DPP-4)
inhibitors.

Diabetes: A Disease of Many Faces

Himsworth in 1936 pioneered in suggesting the
presence of different types of diabetes
(Himsworth 1939). Over the years, various expert
committees attempted to classify the different
forms of diabetes. In 1965, age of onset was
considered as the determining factor for the type
of diabetes a person develops. The World Health
Organization (WHO) divided diabetes into ‘Juve-
nile-onset’ and ‘Maturity-onset’ disease. This
classification changed in 1976 to ‘Insulin-depen-
dent diabetes mellitus’ (IDDM) and ‘non-insulin-
dependent diabetes mellitus’ (NIDDM) (National
Diabetes Data Group 1979). However, a revised
classification was proposed by the American
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Diabetes Association (ADA) in 1997 and
seconded by the WHO later on in 1999 (The
Expert Committee on the Diagnosis and Classifi-
cation of Diabetes Mellitus 1997; World Health
Organisation Consultation Group 1999), as seen
in Fig. 41.1.

Type 1 Diabetes Mellitus

Type 1 diabetes mellitus (T1DM) affects
individuals usually before 35 years, and is
characterized by severely reduced or absent pan-
creatic beta cells. Hypoinsulinaemia and episodes
of acute diabetes ketoacidosis are the usual
features. These individuals require insulin therapy
for life. Two sub-sets of T1DM have been
identified: (1) Autoimmune and (2) Idiopathic.
Autoimmune attack of the pancreas is more
common in Europids. Autoantibodies, including
anti-glutamine acid decarboxylase (anti-GAD),
anti-insulin and/or islet cell antibodies are usually
detected on presentation (Alberti 2010; Libman
et al. 2011). On the other hand, the idiopathic
T1DM is more common in non-Europid
populations, with the loss of beta cell function
but absence of autoantibodies. However, these
individuals still have episodes of ketoacidosis
and require exogenous insulin for survival
(Alberti 2010; Libman et al. 2011).

Neonatal Diabetes

Neonatal diabetes is conventionally diagnosed
around 3–6 months of age, in the absence of any
autoantibodies (Shield et al. 1997). Two types are
present: transient and permanent. The transient
type is a rare condition, and is associated with
intrauterine growth retardation and the inheri-
tance of two chromosome homologs from the
father alone (Sperling 2006a; von Mühlendah
and Herkenhoff 1995). Diabetes during adult-
hood is a risk in this population (Metz et al.
2002). The latter type of neonatal diabetes has
been associated with activation of KCNJ11 potas-
sium channel subunit, by Kir 6.2 gene mutation,
along with ABCC8 (sulfonylurea receptor 1) and
insulin promoter factor (IPF-1) mutations
(Sperling 2006b). The treatment of choice for
neonatal diabetes is sulphonylureas.

Latent Autoimmune Diabetes of Adults
(LADA)

LADA is mostly detected at age 35 or older,
along with the presence of GAD autoantibodies.
The characteristics of LADA consist of an over-
lap between type 1 and type 2 phenotypes, with
an ultimate exogenous insulin dependence
(Tuomi et al. 1993).

Fig. 41.1 The consensus
between ADA (1997) and
WHO (1999) aetiological
classification of glycaemia
disorders (The Expert
Committee on the
Diagnosis and
Classification of Diabetes
Mellitus 1997; World
Health Organisation
Consultation Group 1999)
T1DM Type 1 diabetes
mellitus, T2DM Type
2 diabetes mellitus, MODY
Mature onset disease of the
young, GDM Gestational
diabetes
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Maturity-Onset Diabetes of the Youth

Maturity-onset diabetes of the youth (MODY) is
composed of a collection of autosomal dominated
inherited disorders that usually present before the
age of 25 years. A history of Hyperglycaemia in
the family is very common. MODY is non-insulin
dependent since it results from a single genetic
defect in the beta cell function, rather than the
presence of insulin resistance (Tattersall 1974,
1998).

Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is a
hyperglycaemic state that presents during preg-
nancy. At-risk mothers undergo diabetes screen-
ing through an oral glucose tolerance test around
28 weeks. Risk factors for GDM include previous
GDM, increase in maternal age, type 2 diabetes
mellitus in the close family, previous macrosomic
babies, and obesity (Metzger et al. 2007; Chan
et al. 2002) The plasma glucose level normally
goes down to normal levels postpartum, yet the
possibility of subsequent type 2 diabetes should
not be neglected.

Type 2 Diabetes Mellitus

Type 2 diabetes mellitus (T2DM) is the dominant
modality. It is a heterogeneous disease suffering
from the impact of environmental and genetic
influences. The genetic inheritance is mainly
linked to the beta cell function, differently from
acquired factors connected to insulin resistance
(Tuomilehto et al. 2001).

Insulin sensitivity of the beta cells determines
glucose homeostasis. Exhaustion of beta cell out-
put along with insulin resistance results in persis-
tent hyperglycaemia. Increased free fatty acid
levels, especially small dense LDL-C and
triglycerides, are similarly observed during insu-
lin resistance and hyperglycaemia, making

T2DM individuals at a higher cardiovascular
risk (Cobb et al. 2013).

Type 2 Diabetes Mellitus: A Spectrum
of Dysglycaemic Profiles

The hyperglycaemia state can be described as a
spectrum of phenotypes with the end stage being
full-blown type 2 diabetes mellitus (T2DM).
However, in most individuals prior to reaching
this state, a mild asymptomatic hyperglycaemic
profile would be present and only picked up on
screening.

Impaired Glucose Regulation

A raised plasma glucose level mildly above the
normal baseline (>7 mmol/L) is considered as
impaired glucose regulation or pre-diabetes.
This hyperglycaemic state is still considered as a
metabolic condition originating from a combina-
tion of pancreatic beta cell dysfunction (primary
or secondary) and insulin resistance. Subsequent
type 2 diabetes, cardiovascular and dyslipidemic
comorbidities cannot be ruled out (Alberti
1996).

Impaired glucose regulation is divided into
two different hyperglycaemic states: impaired
fasting blood glucose (IFG) and impaired glucose
tolerance (IGT). The underlying pathophysiology
for both hyperglycaemic states is insulin resis-
tance; however, the site where this occurs varies.
Hence, the method of diagnosis also varies.
Impaired glucose tolerance (IGT) is investigated
by an oral glucose tolerance test (OGTT), with
7.8–11.0 mmol/L of glucose after 2 h. It is
uncommon in women >60 years.

IGT signals peripheral insulin resistance of the
skeletal muscle, with minimal effect on the liver.
In contrast, impaired fasting blood glucose (IFG)
points towards hepatic insulin resistance with a
normal peripheral pattern. In fact, during an
OGTT, there is severe impairment of the first
phase of insulin response, but insulin secretion
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improves during the second phase. This condition
is more common in men across all age groups;
however, prevalence tends to plateau in the mid-
dle age (Kanat et al. 2012). The diagnostic criteria
for IFG include fasting glucose and OGTT.
Disagreements are present between international
organizations with regard to the diagnostic cut-off
criteria, as seen in Fig. 41.2.

Such disagreements are also present for the
cut-off point for the glycated haemoglobin
(HbA1C). The World Health Organization
(WHO) and International Diabetes Federation
(IDF) recommend 6.0–6.5% for high-risk
individuals (Kilpatrick et al. 2009). The Ameri-
can Diabetes Association (ADA) considers this
state with an HbA1C between 5.7–6.4% (Ameri-
can Diabetes Association 2018). In order to estab-
lish a clinical diagnosis of both IFG and IGT, it
is important that a repeat OGTT is performed
within 3 months of the initial diagnosis. This is
essential since a substantial proportion of these
individuals would have already developed type
2 diabetes.

During impaired hyperglycaemic states, life-
style interventions or else initiation of Metformin
could reduce the risk of developing type 2 diabe-
tes by about 58% (Tuomilehto et al. 2001;
Hamman et al. 2006; Eriksson and Lindgärde
1991; Diabetes Prevention Program Research
Group et al. 2009; Lindström et al. 2003; Pan
et al. 1997; Ramachandran et al. 2006).

Type 2 Diabetes Mellitus Profile

A multilevel approach is depicted in Fig. 41.3
(Susser 1996).

Early Life Genetics and Epigenetics

The risk to develop type 2 diabetes mellitus can
initiate from the intra-uterine period. It has been
reported that a hyperglycaemic foetal environ-
ment predisposes to insulin resistance, obesity
and T2DM in adulthood (Jiang et al. 2013). This

IGT FPG 
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6.1 – 6.9 mmol/L 

ADA

5.6 – 6.9 mmol/L 

2nd hr 

OGTT 

WHO and ADA

7.8 – 11.1 mmol/L

IFG FPG 

WHO

6.1 – 6.9 mmol/L 

ADA

5.6 – 6.9 mmol/L 

2nd hr 

OGTT 

WHO and ADA

<7.8 mmol/L

IFG – Impaired fasting glucose 

IGT – Impaired glucose tolerance

FPG – Fasting plasma glucose 

WHO – World Health Organization 

ADA – American Diabetes Association

OGTT – Oral glucose tolerance test

Fig. 41.2 Different diagnostic criteria for pre-diabetes (American Diabetes Association 2018; World Health Organiza-
tion 2006) IFG Impaired fasting glucose, IGT Impaired glucose tolerance, FPG Fasting plasma glucose, WHO World
Health Organization, ADA American Diabetes Association, OGTT Oral glucose tolerance test
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is followed by early-life growth trajectories
amalgamated with interactions between
non-modifiable (genetics) and modifiable (envi-
ronment) factors that have an effect on insulin
resistance, beta cell function and obesity (Kahn
et al. 2006; Sladek et al. 2007; Alberti et al.
2006). The birth weight of the child is also a
determinant for future T2DM. The thrifty pheno-
type hypothesis suggests that low birth weight
following inadequate nutrition in utero leads to
biological programming later on in life with a
susceptibility to developing T2DM (Randle
et al. 1963). On the other hand, the theory of an
association reported by McCarthy suggests that
an association between diabetes and low birth
weight is due to pleotropic genes, related to both
foetal growth and diabetes onset (McCarthy
1998).

Genetic Element

Twin studies have reported that there is a genetic
linkage for the development of T2DM. Monozy-
gotic twins were reported to have a concordance
rate of 90%, with a 37% concordance rate for
dizygotic twins (Newman et al. 1987; Beck-
Nielsen et al. 2003). A person born to one parent
afflicted by T2DM has a 40% lifetime risk of
progressing to the same condition (Köbberling
and Tillil 1982). A number of single-nucleotide
polymorphisms (SNPs) have been identified that
contribute to the basis for the genetic susceptibil-
ity for T2DM (Cuschieri 2019a). Inappropriate
lifestyle can also induce diabetes-susceptible
genotypes.

Individual / 
Population 

Health
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Genetic / 
Constitutional 

factors 

Individual Risk 
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Living 
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Fig. 41.3 Diabetes mellitus ecologic paradigm over the life course (Kaplan et al. 2000)
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Diagnostic and Screening Testing

The T2DM diagnostic tests are the same as the
screening tests for this disease. In 2006 a consen-
sus was reached between WHO, IDF, and ADA,
endorsing the same diagnostic cut-off points, as
seen in Fig. 41.4.

Obesity

Excess adiposity (obesity) is one of the leading
contributing factors to the diabetic epidemic.
Both diseases have underlying insulin resistance
and inflammatory pathways. The high adiposity
status arises from body fat deposition following
unhealthy dietary habits, sedentary lifestyles as
well as genetic predispositions. The social
determinates of health should not be overlooked
in the context of obesity, with low socioeconomic
status being associated with high adiposity
(Cuschieri 2019b). Furthermore, for most of the
countries, the typical population living environ-
ment is obesogenic in nature, predisposing
individuals to unhealthy habits.

Diabetes: From Historical Curiosity
to a Serious
Epidemic

The (T2DM) burden across different sectors
includes disability; morbidity; diminished life
expectancy; reduced quality of life; individual
and national financial losses; loss of human and
social capital; and ultimately increase in mortality
(Ali et al. 2010). On evaluating European
diabetes-related deaths in 2017, significant mor-
tality rates can be observed across the different
countries, as seen in Table 41.1.

A large proportion of this burden is originating
from the global ageing of the population. In turn,
this has an effect on both the individual and the
country level, with an increase in economic bur-
den across healthcare systems. As a matter of fact,
this can be observed in Table 41.2, where the
mean diabetes expenditure per diabetic person
across the European countries was compared for
the years 2015 and 2017 (International Diabetes
Federation 2015, 2017). Actions targeting the
ageing population with appropriate preventive

Fig. 41.4 Diagnostic
criteria for type 2 diabetes
mellitus (American
Diabetes Association 2018)
FPG Fasting plasma
glucose, RPG Random
plasma glucose, OGTT 75 g
Oral glucose tolerance test,
HbA1C Haemoglobin A1C
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interventions and strategies are required. Further-
more, it has been reported that this growing
T2DM epidemic is occurring hand in hand with

the also exponentiating obesity prevalence, as
seen clearly in Table 41.3. Hence targeting both
conditions is imperative.

Table 41.1 Diabetes related deaths in 2017 across Europe (International Diabetes Federation 2015, 2017)

Diabetes related deaths (20–79 years)

Country 2017
Austria 4963
Belarus 11,564
Czech Republic 9542
Denmark 3165
Finland 3066
Germany 65,178
Greece 5245
Ireland 1092
Israel 2930
Italy 28,695
Malta 280
Portugal 9003
Russian Federation 163,384
Sweden 3730
Switzerland 3100
Turkey 62,473
Ukraine 52,076
United Kingdom 20,846

Table 41.2 Comparison of the mean diabetes expenditure per diabetic person across Europe (International Diabetes
Federation 2015, 2017)

Country

Mean diabetes-related expenditure per person with diabetes (USD)

2015 2017

Austria 6081 7068
Azerbaijan 602 731
Belarus 583 641
Czech Republic 1552 1763
Denmark 7272 8262
Finland 5043 5876
Germany 5315 6235
Greece 2425 2211
Ireland 5732 6587
Israel 3547 4708
Italy 3450 4006
Malta 2174 2966
Portugal 2101 2420
Russian Federation 1146 1244
Sweden 6776 8872
Switzerland 10,862 12,490
Turkey 846 863
Ukraine 356 259
United Kingdom 4373 5277
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Preventive Screening

The backbone structure for screening criteria was
established in 1968 by Wilson and Jungner, to
which T2DM fits perfectly. This is because
T2DM is a serious disease, with frequent
comorbidities and shortened expectancy of life.
Diabetes screening tests are relatively cheap with
no adverse effects (Evans et al. 2011; Wilson and
Jungner 1968). Alas, the setting up of population-
based preventive screening has been debated over
the years even though diabetes has been a grow-
ing disease, affecting both the paediatric and adult
population. In 2003, the World Health Organiza-
tion suggested that if the prevalence of undiag-
nosed T2DM was very high in a population with
an associated cardiovascular disease risk, then
population level screening would be beneficial
and recommended (International Diabetes Feder-
ation 2017). Furthermore, a pan-European popu-
lation-based screening study (ADDITON—
Europe) investigated whether a T2DM screening
programme was feasible using a multi-stage
screening protocol. The researchers concluded
that although this may be challenging, a screening
protocol is feasible to implement at a population
level (van den Donk et al. 2011). One needs to
keep in mind that when screening for T2DM,
individuals suffering from impaired fasting
blood glucose (IFG) and impaired glucose toler-
ance (IGT) would be picked up (depending on the
screening protocol implemented).

Given the possibility of future T2DM, more
adherent follow-up is advised when compared to
normoglycaemic individuals. They may be
initiated on lifestyle interventions or medication
in order to prevent the conversion of their
glycaemic status to full-blown diabetes. Hence,
screening for T2DM may be visualized as sus-
taining an added increase in economic burden on
the healthcare system. Over time, preventive
screening would have a positive outcome on
healthcare systems, mortality and morbidity of
at-risk individuals, with an increase in productiv-
ity and sustainability of the country’s economic
growth.
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Abstract

Most critically ill patients develop hyperglyce-
mia, the degree of which is associated with
mortality. However, randomized controlled
trials investigating tight glucose control have
found a divergent impact on morbidity and

mortality, possibly explained by differences
in glucose targets, monitoring and titration
tools, and nutritional strategies. In patients
receiving parenteral nutrition early in the
course of critical illness, tight glucose control
has shown to be effective and safe when
performed with a validated protocol, including
accurate glucose measurements. The optimal
blood glucose target remains unclear for
patients not receiving early parenteral nutri-
tion, and may differ according to the
premorbid diabetes status. Efficacy and safety
of tight glucose control can be improved by
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using validated decision-support software,
continuous glucose monitoring and closed-
loop insulin delivery, although widespread
implementation of these technologies is pre-
cluded by the ongoing controversy on the
topic, the added cost, and, for some devices,
lack of measurement accuracy.

Keywords

Glucose targets · Intensive insulin therapy ·
Intensive glucose monitoring · Tight glucose
control · Closed-loop glucose control ·
Continuous glucose monitoring ·
Hypoglycemia risk · Hypoglycemia
prevention

Introduction

The stress response evoked by severe medical
illnesses, major trauma, and surgery induces pro-
found metabolic and endocrine alterations,
including insulin resistance and resultant hyper-
glycemia. Numerous observational studies in dif-
ferent subgroups of critically ill patients have
shown a clear relationship between spontaneous
(i.e., untreated) blood glucose concentrations and

subsequent mortality risk, whereby the risk of
mortality is lowest in patients with blood glucose
in the normal, age-adjusted fasting range, and
progressively increases with more severe hyper-
and hypoglycemia (Fig. 42.1) (Falciglia et al.
2009; Kosiborod et al. 2005; Egi et al. 2008). In
patients with pre-existing diabetes, a similar
U-shaped relationship between blood glucose
and outcome has been observed, although the
curve appears flattened and somewhat shifted to
the right. However, whether such associations
reflect a causal relationship between blood glu-
cose concentrations and outcome cannot be
deducted from observational studies. Indeed, the
higher mortality risk in patients with more severe
hyperglycemia and hypoglycemia could equally
be explained by increased illness severity in these
patients, with inherently an increased mortality
risk.

Hyperglycemia and Outcome: A Causal
Relationship or Not?

Assessment of causality can only be performed
by a randomized controlled trial in which patients
are randomized to treating stress hyperglycemia

Fig. 42.1 Association of blood glucose concentrations
with outcome. In critically ill patients, numerous observa-
tional studies have revealed a U-shaped relationship
between upon-admission and mean blood glucose
concentrations and the risk of mortality, with the lowest

mortality risk associated with normal-for-age fasting blood
glucose concentrations in patient without pre-existing dia-
betes. In patients with pre-existing diabetes, the curve is
flattened and the nadir somewhat shifted to the right
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versus tolerating this condition up to a certain
threshold. Randomized controlled trials (RCTs)
on this topic have yielded conflicting results,
however (Van den Berghe et al. 2001, 2006a;
Vlasselaers et al. 2009; Finfer et al. 2009;
Brunkhorst et al. 2008; Preiser et al. 2009;
Annane et al. 2010; Kalfon et al. 2014; Macrae
et al. 2014; Agus et al. 2012, 2017a; Bilotta et al.
2007, 2009; Jeschke et al. 2010).

In three pioneer RCTs performed in Leuven,
Belgium, which were performed in the context of
early use of parenteral nutrition, strictly targeting
the normal, age-adjusted fasting range of blood
glucose (80–110 mg/dL [4.4–6.1 mmol/L] for
adults, 50–80 mg/dL [2.8–4.4 mmol/L] for
infants, and 70–100 mg/dL [3.9–5.6 mmol/L]
for children older than 1 year) with insulin
therapy, an intervention labeled as tight glucose
control, was compared with tolerating hypergly-
cemia up to the renal threshold (215 mg/dL
[11.9 mmol/L]) (Van den Berghe et al. 2001,
2006a; Vlasselaers et al. 2009). The latter thresh-
old was standard care at that time, since more
severe hyperglycemia may induce obvious
complications, including osmotic diuresis
and associated fluid shifts. In the Leuven RCTs,
altogether having included 3448 patients,
tight glucose control significantly improved mor-
bidity and mortality of critically ill adults and
children.

Indeed, among others, the intervention
reduced the incidence of acute kidney injury and
critical illness polyneuropathy, facilitated
weaning from mechanical ventilation, and
reduced the incidence of infectious
complications, hereby reducing dependency on
intensive care, risk of mortality, and costs for
healthcare (Van den Berghe et al. 2001,
2006a, b, c; Vlasselaers et al. 2009; Hermans
et al. 2007). Importantly, the mortality benefit
was maintained on the long-term and in critically
ill children, patients had slightly improved
neurocognitive outcome 4 years after randomiza-
tion, despite the increased incidence of severe
hypoglycemia (Ingels et al. 2006; Mesotten
et al. 2012). Mechanistic studies performed by
the Leuven research group attributed the benefit
to prevention of cellular glucose overload and

associated toxicity, rather than to glycemia-
independent effects of insulin (Ellger et al.
2006; Vanhorebeek et al. 2009a, b; Gunst and
Van den Berghe 2016). Inspired by the clear
benefit of a seemingly “simple” intervention, glu-
cose control strategies were soon implemented in
many centers, albeit with varying targets. Subse-
quently, several implementation studies and small
single-center RCTs confirmed clinical benefit by
implementing tight glucose control (Bilotta et al.
2007, 2009; Jeschke et al. 2010; Krinsley 2004;
Lecomte et al. 2008). However, clinical benefit
was not confirmed in multicenter RCTs, and the
largest multicenter RCT until now, the NICE-
SUGAR study (n ¼ 6104), found excess mortal-
ity by tight glucose control (Finfer et al. 2009;
Brunkhorst et al. 2008; Preiser et al. 2009;
Annane et al. 2010; Kalfon et al. 2014; Macrae
et al. 2014; Agus et al. 2012, 2017a). As a result,
tight glucose control remains debated, and clini-
cal practices vary widely (Gunst and Van den
Berghe 2016; Marik 2016; Niven et al. 2015;
Krinsley and Preiser 2019).

Harm by Iatrogenic Hypoglycemia?

All RCTs on tight glucose control have shown a
significantly increased risk of hypoglycemia (Van
den Berghe et al. 2001, 2006a; Vlasselaers et al.
2009; Finfer et al. 2009; Brunkhorst et al. 2008;
Preiser et al. 2009; Annane et al. 2010; Kalfon
et al. 2014; Macrae et al. 2014; Agus et al. 2012,
2017a; Bilotta et al. 2007, 2009; Jeschke et al.
2010). This has been a concern for clinicians,
since prolonged, severe hypoglycemia may be
life threatening. Moreover, in a secondary analy-
sis of the NICE-SUGAR study, the investigators
attributed the excess mortality by the intervention
to an increased risk of hypoglycemia (Finfer et al.
2012). However, increased incidence of hypogly-
cemia has also been found in RCTs showing
benefit of tight glucose control (Van den Berghe
et al. 2001, 2006a; Vlasselaers et al. 2009; Bilotta
et al. 2007, 2009; Jeschke et al. 2010). Moreover,
in a nested-case control study of patients included
in the pediatric Leuven RCT, iatrogenic severe
hypoglycemia did neither associate with
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increased biomarkers of neuronal damage nor
with impaired neurocognitive outcome (Mesotten
et al. 2012; Vanhorebeek et al. 2010). The pre-
vention of hyperglycemia during glucose reperfu-
sion in the Leuven RCT may have played a role,
since hyperglycemia during glucose reperfusion
is also potentially deleterious (Vanhorebeek et al.
2010; Suh et al. 2007).

In this regard, an animal model has shown that
neuronal death was triggered by glucose reperfu-
sion rather than by hypoglycemia per se (Suh
et al. 2007). Hence, although prolonged, severe
hypoglycemia is harmful and should be avoided,
it remains unclear whether short-term iatrogenic
hypoglycemia by itself impairs outcome. Never-
theless, confirmation of this hypothesis would
require an RCT, which is ethically not justifiable.
Hence, one cannot exclude the possibility that
iatrogenic hypoglycemia may have offset some
of the benefit of tight glucose control in the
Leuven RCTs. Therefore, hypoglycemia should
be prevented and treated early, while carefully
avoiding rebound hyperglycemia.

How to Explain the Discrepant RCT
Results?

Most likely, the outcome differences across
subsequent RCTs relate to methodological
differences among the trials. Indeed, on several
key points, the protocols of the Leuven RCTs and
subsequent multicenter RCTs substantially dif-
fered (Table 42.1). Three key differences include
different blood glucose targets in the randomiza-
tion groups, different protocols to monitor glu-
cose and administer insulin, and different feeding
protocols (Van den Berghe et al. 2009).

Differences in Blood Glucose Targets

The pioneer Leuven studies had a worldwide
impact on blood glucose control practices
(Niven et al. 2015). The shift in standard care
drove researchers of subsequent RCTs to com-
pare tight glucose control no longer with
tolerating hyperglycemia up to the renal

Table 42.1 Key differences between the pioneer Leuven RCTs and subsequent multicenter RCTs

Leuven RCTs Multicenter RCTs

Glucose target
Control group <215 mg/dL In general <180 mg/dL
Intervention group 80–110 mg/dL (adults); 70–100 mg/dL (children older

than 1 year); 50–80 mg/dL (infants)
80–110 mg/dL (regardless of age)

Glucose measurement
Measurement site Predominantly arterial Variable; venous and capillary

measurements in some RCTs
Measurement

device
Predominantly blood gas analyzer Variable; potentially inaccurate

glucometers in some RCTs
Insulin administration
Infusion practice Continuous intravenous infusion Variable; boluses allowed in some

RCTs
Dose adjustment Well-trained nurses, allowing intuitive decision

making
Variable; strict, unvalidated
protocols in some RCTs

Nutritional
management

Full feeding in acute phase of critical illness (including
early PN)

Variable

To convert mg/dL to mmol/L, divide by 18
PN parenteral nutrition, RCT randomized controlled trial
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threshold, but to a lower, intermediate target
[in general <180 mg/dL (<10 mmol/L)]. Hence,
in most subsequent studies, including NICE-
SUGAR, the comparison was different (Finfer
et al. 2009). As a result, the difference in achieved
blood glucose concentrations was generally much
smaller than in the Leuven RCTs, whereby some
RCTs may have been underpowered to detect a
benefit of tight glucose control. However, this
does not explain the observed harm in NICE-
SUGAR.

Aggregating the RCT evidence, one could
argue that targeting an intermediate range of
blood glucose would be optimal. However, no
large RCT has directly compared such intermedi-
ate target with tolerating hyperglycemia up to the
renal threshold. Conversely, a secondary analysis
of the adult Leuven RCTs has suggested a dose-
dependent effect of blood glucose lowering on
outcome. Indeed, regardless of randomization,
patients with blood glucose in the tight range
had better outcome than patients with blood glu-
cose in the intermediate range, which suggests
that tight glucose control may be preferred (Van
den Berghe et al. 2006b). Moreover, apart from a
different glucose target in the control group, other
methodological differences may equally explain
the increased mortality risk in NICE-SUGAR
(Van den Berghe et al. 2009).

Not only the glucose target in the control
group differed between the RCTs. In the pediatric
multicenter RCTs on tight glucose control, the
target in the intervention group differed as com-
pared to the Leuven RCT (Vlasselaers et al. 2009;
Macrae et al. 2014; Agus et al. 2012, 2017a).
Indeed, in Leuven, the target range in the inter-
vention group was age-adjusted and lower than in
adults, to account for the lower fasting blood
glucose concentrations in healthy infants and
children (Vlasselaers et al. 2009). In contrast, in
the pediatric multicenter RCTs, the higher, adult
target was used in the intervention group (Macrae
et al. 2014; Agus et al. 2012, 2017a). Conse-
quently, the achieved difference in blood glucose
in pediatric multicenter RCTs was considerably
lower than in Leuven. Indeed, whereas the mean
achieved difference in blood glucose between
both randomization groups was 34 mg/dL

(1.9 mmol/L) and 45 mg/dL (2.5 mmol/L) for
infants, respectively, older children included in
the Leuven RCT, the mean difference was 7 mg/
dL (0.4 mmol/L), 9 mg/dL (0.5 mmol/L), and
14 mg/dL (0.8 mmol/L) in subsequent multicen-
ter RCTs (Agus et al. 2017b). Hence, the
hypothesized effect size, which was extrapolated
from the Leuven RCT, was probably not realistic.
Consequently, these RCTs were likely underpow-
ered (Gunst and Van den Berghe 2017). Never-
theless, one pediatric multicenter RCT suggested
a potential benefit of tight glucose control in the
high-risk subgroup of noncardiac surgery patients
(Macrae et al. 2014).

Different Protocols to Monitor Glucose
and Administer Insulin

Second, the protocol whereby tight glucose con-
trol was realized, substantially differed between
the consecutive RCTs. In contrast to the Leuven
studies, in which the glucose control protocol was
well standardized, protocols of some subsequent
RCTs, including NICE-SUGAR, lacked
standardization (Van den Berghe et al. 2009).
Standardization, including frequent, accurate glu-
cose measurements and a validated insulin proto-
col, is likely important to prevent and early treat
hypoglycemia. In Leuven, glucose measurements
were predominantly performed on arterial blood
using a blood gas analyzer, which results in a fast
and accurate measurement of blood glucose (Van
den Berghe et al. 2001, 2006a; Vlasselaers et al.
2009). Insulin was administered by continuous
intravenous infusion through a central venous
line, without administering boluses. The insulin
dose was titrated by experienced nurses using a
guideline that allowed intuitive decision making.
Overall, the Leuven protocol led to a high
time-in-target range, and a lower incidence
of hypoglycemia than in NICE-SUGAR (Van
den Berghe et al. 2009).

In NICE-SUGAR, the lack of standardization
with regard to glucose measurements and insulin
titration may have increased the risk of the inter-
vention (Gunst and Van den Berghe 2016).
Indeed, in contrast to Leuven, a variety of point-
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of-care glucometers were allowed, as were capil-
lary and venous glucose measurements. This may
have resulted in a substantial number of inaccu-
rate glucose measurements. In this regard, a cen-
ter participating in NICE-SUGAR has reported
problematic inaccuracies with the glucometer
used at that time, with measurement errors up to
100 mg/dL (5.6 mmol/L) (Cembrowski et al.
2010; Scott et al. 2009). Likewise, capillary and
venous glucose measurements are potentially
inaccurate, especially in patients with shock
and in patients receiving intravenous glu-
cose, respectively (Van den Berghe et al.
2009). Consequently, inaccurate glucose
measurements in NICE-SUGAR may have led
to undetected episodes of prolonged and severe
hypoglycemia, which could explain the excess
mortality.

Moreover, inaccurate glucose measurements
could have increased glucose variability, which
is also associated with impaired outcome
(Krinsley et al. 2013; Bagshaw et al. 2009). The
risk of hypoglycemia in NICE-SUGAR, both
detected and undetected, and of large glucose
fluctuations, was potentially aggravated by the
insulin administration protocol. Indeed, in con-
trast to Leuven, insulin boluses were allowed on
top of continuous infusion (Finfer et al. 2009).
Moreover, insulin was titrated using a strict and
unvalidated if-then algorithm. Altogether, these
methodological differences between trials indi-
cate that safe and effective implementation of
tight glucose control requires a well-standardized
and accurate protocol that includes frequent,
accurate glucose measurements and a validated
insulin protocol.

Different Feeding Protocols

A third important difference between the
subsequent glucose control RCTs is the differ-
ence in feeding protocols, which is explained by
the long-lasting lack of solid evidence on critical
care nutrition (Casaer and Van den Berghe 2014).
Indeed, for a long time, artificial feeding practices

have been based on observational studies and
expert opinion. In the Leuven RCTs on tight
glucose control, all patients received early paren-
teral nutrition when enteral nutrition was insuffi-
cient to meet the caloric target, which was in line
with the European feeding guidelines at that time
(Singer et al. 2009). In subsequent multicenter
RCTs, feeding protocols differed. In NICE-
SUGAR, although not protocolized, on average
much less parenteral glucose was administered in
the acute phase of critical illness (Finfer et al.
2009). This feeding strategy by itself reduces the
degree of hyperglycemia. Recently, two large
multicenter RCTs have demonstrated that early
parenteral nutrition prolonged intensive care
dependency in both critically adults and children,
also when feeding-induced hyperglycemia is
treated (Casaer et al. 2011; Fivez et al. 2016).
Hence, contemporary feeding guidelines now no
longer recommend early initiation of parenteral
nutrition (Singer et al. 2019).

Apart from attenuating the degree of hypergly-
cemia, the current feeding practice of withholding
early parenteral nutrition also increases the risk of
hypoglycemia when tight glucose control is
aimed for (Casaer et al. 2011; Fivez et al. 2016).
Currently, no large RCT has investigated whether
tight glucose control is still beneficial, when
performed with a validated protocol, including
accurate glucose measurements, in the absence
of early parenteral nutrition. A meta-analysis of
existing RCTs suggested that the outcome benefit
of tight glucose control was only present in RCTs
having administered larger amounts of intrave-
nous glucose in the acute phase of critical illness
(Marik and Preiser 2010). However, this meta-
analysis did not correct for other methodological
differences between the included trials. In con-
trast, a secondary analysis of the adult Leuven
RCTs found benefit by tight glucose control also
in patients in the lowest tertile of parenteral glu-
cose administration (Van den Berghe et al.
2006b). Hence, in patients not receiving early
parenteral nutrition, it currently remains unknown
whether stress hyperglycemia should be tolerated
up to a certain threshold or treated using a
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validated protocol. This is being investigated in
the multicenter Tight versus Liberal Blood Glu-
cose Control in Adult Critically Ill Patients
(TGC-fast) study, which is currently enrolling
patients (clinicaltrials.gov, NCT03665207).

Toward Precision Medicine?

Apart from the methodological differences
between the RCTs, one could also question
whether the divergent results could be explained
by inclusion of different patient subgroups. How-
ever, the NICE-SUGAR study, including mixed
intensive care unit (ICU) patients, did not find a
subgroup in whom there was a differential impact
of the intervention (Finfer et al. 2009). Likewise,
secondary analyses from the adult Leuven RCTs
found benefit in all subgroups, with the possible
exception of diabetes patients (Van den Berghe
et al. 2006b).

Do Diabetes Patients Benefit from More
Loose Blood Glucose Control?

Observational studies have shown that the rela-
tionship between spontaneous blood glucose
concentrations and outcome differs between
patient subgroups (Falciglia et al. 2009;
Kosiborod et al. 2005; Egi et al. 2008). Indeed,
in particular, in patients with pre-existing diabetes
mellitus, the U-shaped curve is somewhat flat-
tened and the nadir shifted to the right
(Fig. 42.1). This may suggest that patients with
pre-existing diabetes mellitus may benefit from
less tight glucose control during ICU stay, and
that acutely lowering chronic hyperglycemia may
be harmful. Although there is some physiological
rationale to support this hypothesis, there is no
clear RCT evidence to support it. A pooled anal-
ysis from the adult Leuven studies found that the
mortality benefit of tight glucose control was only
present in the subgroup of nondiabetes patients
(Van den Berghe et al. 2006b). However, the
incidence of acute kidney injury and critical ill-
ness polyneuropathy was numerically lower in

the group receiving tight glucose control, also in
the subgroup of diabetes patients. Likewise, sev-
eral multicenter RCTs, including NICE-SUGAR,
found no different effect of the intervention in
diabetes patients versus nondiabetics (Finfer
et al. 2009; Brunkhorst et al. 2008; Kalfon et al.
2014).

An Individualized Target?

Observational studies in diabetes patients have
indicated that the relationship between blood glu-
cose and outcome differed according to the
estimated antecedent blood glucose control (Egi
et al. 2011; Plummer et al. 2014). Indeed, the
lowest mortality risk was found to associate with
blood glucose concentrations close to the average
preadmission level, as estimated from upon-
admission hemoglobin A1c (Egi et al. 2011;
Preiser et al. 2018). Likewise, a study in
hospitalized patients has suggested that relative
hyperglycemia upon admission, as reflected by an
increased ratio of the upon-admission blood glu-
cose to the estimated average blood glucose con-
centration before hospital admission, may be a
better predictor of outcome than absolute hyper-
glycemia (Roberts et al. 2015). This suggests that
the ideal blood glucose target in critical illness
may depend on the average preadmission blood
glucose concentration.

Nevertheless, confirmation of this hypothesis
requires confirmation by an RCT. Published
RCTs have not separately reported on outcome
in diabetes patients with and without good ante-
cedent glucose control. The multicenter
CONTROLING trial was designed to address
this knowledge gap. The investigators
randomized critically ill patients to individualized
blood glucose treatment versus standard care
(clinicaltrials.gov, NCT02244073). In the inter-
vention group, the individualized target was cal-
culated based on the upon-admission
hemoglobin A1c level. The study was terminated
prematurely by the data safety monitoring board.
At the time of submission of this manuscript, no
results have been published yet.
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Strategies to Optimize Glucose
Control

The conflicting results between the consecutive
RCTs illustrate that tight glucose control is not a
“simple” intervention that is easy to implement,
but an intervention that requires a validated and
accurate glucose control protocol and a skilled
nursing team, with prevention of hypoglycemia
and large glucose fluctuations.

Decision-Support Software

To further improve the quality and safety of tight
glucose control, several computerized algorithms
have been developed, with varying design and
performance (Salinas and Mendez 2019; Chase
et al. 2018). The Leuven research group has
developed a computerized algorithm—the
LOGIC-Insulin software—based on the
experiences of the nurses in Leuven (Van Herpe
et al. 2013). The algorithm takes into account
demographic data, as well as data on steroids,
nutrition, and trends in blood glucose, and conse-
quently advises on the insulin dose and glucose
bolus (in case of hypoglycemia), and on the time
of the next glucose measurement. In the single-
center randomized LOGIC-1 study, the software
was found to be superior to nurse-guided tight
glucose control, with a higher time in blood glu-
cose target range and virtually no episodes of
hypoglycemia (Van Herpe et al. 2013).

Subsequently, the software was validated in a
multicenter RCT, which demonstrated a similar
high performance in the different centers, with a
higher time in target range than in the nurse-
controlled group, and without increasing the risk
of hypoglycemia (Dubois et al. 2017). Apart from
the LOGIC-Insulin algorithm, also other
algorithms have shown to improve the time in
blood glucose target range, without increasing
the risk of hypoglycemia (Salinas and Mendez
2019; Chase et al. 2018). Hence, implementing
such algorithms could greatly improve the effi-
cacy and safety of tight glucose control, espe-
cially in centers not experienced with tight
glucose control.

Continuous Glucose Monitoring

Likewise, (near-)continuous glucose monitoring
(CGM) could theoretically improve the quality of
tight glucose control. However, the use of subcu-
taneous sensors measuring interstitial glucose,
which are often used in ambulatory patients with
diabetes, is complicated in critically ill patients
because of potential inaccuracies due to edema
and poor capillary perfusion, as well as to the
non-negligible time lag between systemic and
interstitial glucose concentrations (van Steen
et al. 2017). Therefore, intravascular sensors
have been developed, and several devices cur-
rently have regulatory approval (van Steen et al.
2017). Despite this, most devices do not meet the
very strict requirements of point accuracy, as set
by a group of critical care experts (Finfer et al.
2013). Theoretically however, this drawback
could be overcome by trend accuracy
(Bochicchio et al. 2019; Righy Shinotsuka et al.
2016). Nevertheless, the limited durability and
added cost of a CGM device, as well as the
current controversy about the benefit-risk ratio
of tight glucose control, preclude widespread
implementation of CGM (Krinsley et al. 2017).

Closed-Loop Glucose Control: The
Artificial Pancreas

Theoretically, the ultimate solution for high-
quality glucose control is the implementation of
closed-loop insulin delivery systems, which com-
bine CGM with automated, software-controlled
insulin delivery. Recent RCTs have demonstrated
improved glucose control as compared to stan-
dard care, by closed-loop insulin delivery in
ambulatory and hospitalized diabetes patients
(Bally et al. 2018; Brown et al. 2019; Boughton
et al. 2019). However in these patients, interstitial
glucose sensors were used and insulin was
administered subcutaneously, which is potentially
hazardous in critically ill patients. To the best of
our knowledge, only one company has an avail-
able closed-loop system that combines intravas-
cular blood glucose measurement, venous in this
case, with venous administration of insulin
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(Salinas and Mendez 2019; Okabayashi et al.
2014). Interestingly, the system has been tested
in a single-center RCT, in which intermediate
glucose control was compared to tight glucose
control guided by the closed-loop device, in
patients receiving early parenteral nutrition. As
compared to the control group, closed-loop glu-
cose control improved clinical outcome
(Okabayashi et al. 2014). However, apart from
not being commercially available in most
countries, the limited durability, extra cost, and
controversy about tight glucose control may pre-
clude clinicians to use such device (Salinas and
Mendez 2019; Krinsley et al. 2017).

Conclusion

The optimal blood glucose target for critically ill
patients remains unclear. When performed in the
context of parenteral nutrition administered early
in the course of critical illness, and with use of a
validated protocol, including accurate glucose
measurements, tight glucose control has shown
to be effective and safe. The impact of tight glu-
cose control, when performed with a validated
protocol in the context of not administering par-
enteral nutrition in the acute phase of critical
illness, remains unclear. The use of clinically
validated decision-support software may improve
the quality of glucose control and decrease the
incidence of hypoglycemia.

There is insufficient evidence to use different
blood glucose targets in subgroups of critically ill
patients, with the potential exception of poorly
controlled diabetes patients, who might benefit
from less strict control. In the absence of new
evidence, it seems prudent to avoid severe hyper-
glycemia, hypoglycemia, and large glucose
fluctuations for all critically ill patients. A large
RCT is currently ongoing to test the impact of
tight glucose control in the context of omitting
early parenteral feeding, and with use of accurate
measurements and a validated insulin-titration
computer-guided algorithm (clinicaltrials.gov,
NCT03665207).
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Abstract

Recent advancements in continuous glucose
monitoring (CGM) represent a novel and
untapped resource to optimize behavior
change interventions for the prevention and
treatment of type 2 diabetes and obesity. In
this chapter, we provide a brief history about
CGM and evidence supporting its use,

including nontraditional indications (people
with type 2 diabetes and nondiabetic
populations). We then discuss current
applications for CGM as a tool for dietary
modification, physical activity behavior
change, and weight control as well as insights
on the theoretical basis for using CGM as
biological feedback to motivate lifestyle
behavior change. The chapter concludes with
a discussion on the future opportunities for
CGM as a wearable lifestyle behavior change
tool for the treatment of obesity and diabetes.
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At least 38% of U.S. adults are obese (Flegal et al.
2016) and nearly 30 million U.S. adults have
diabetes—more than 90% of these patients are
diagnosed with type 2 diabetes mellitus (T2DM)
(Centers for Disease Control and Prevention
2017). In 2015, 1.5 million new cases of diabetes
were diagnosed and another 84 million
individuals were estimated to have prediabetes
(Centers for Disease Control and Prevention
2017). Projections suggest that by 2050 one in
three adults will be affected by this life-limiting
chronic condition (Boyle et al. 2010). In 2017, the
total estimated cost of diabetes was $327 billion,
including $237 billion in direct medical costs
(American Diabetes A 2018). These costs are
expected to rise to more than $622 billion by
2030 (Rowley et al. 2017).

Among patients with T2DM, glycated hemo-
globin (HbA1c) levels are a key indicator of glu-
cose control. Elevated HbA1c levels are
associated with all-cause mortality and the risk
of cardiovascular disease and cancers of the colon
and rectum, stomach, pancreas, breast, and liver
(de Beer and Liebenberg 2014). Lowering HbA1c
levels to 6.5–7% significantly benefits health
outcomes. Efforts to improve diet and exercise
remain the foundation of glycemic management
(Davies et al. 2018). Meta-analyses demonstrate
that intensive lifestyle interventions can reduce
HbA1c by 0.29–0.54% (Martos-Cabrera et al.
2020); however, less encouraging results have
also been observed (Usman et al. 2018).

Barriers to HbA1c Reductions

The gold standard lifestyle intervention protocol
for T2DM management, which was implemented
in the Look AHEAD trial, showed favorable
results in overweight and obese adults with

T2DM; however, 45% of participants were
unable to achieve group weight loss goals (>7%
reduction) and nearly 50% were unable to reduce
their HbA1c to <7% (Pi-Sunyer et al. 2007).
Furthermore, it is widely accepted that intensive
lifestyle interventions like Look AHEAD require
tremendous patient commitment and are resource
intensive. In fact, an early evaluation of the
National Diabetes Prevention Program, which
was the programmatic foundation for Look
AHEAD, show that less than 20% of delivery
costs ($139 of $800 per beneficiary) are reimbursed
(Ritchie and Gritz 2018). More effective and less
resource- and time-intensive interventions that sig-
nificantly improve glycemic control in patients
with T2DM need to be considered.

Continuous Glucose Monitoring

CGM is a method of tracking glucose levels 24 h
a day, and is often used in place of point-of-care
glucometers for self-monitoring of blood glucose
(SMBG). Users of CGM technology wear a
small, transdermal (or implantable) sensor that
measures glucose concentrations in interstitial
fluid for an extended wear time (typically
3–14 days). Glucose readings are transmitted
wirelessly to a receiver or compatible smart
device, where they are displayed continuously or
when the user scans the sensor as in flash glucose
monitoring. The benefit of CGM versus SMBG is
that the displayed data include current glucose
levels as well as historical trends. Having infor-
mation about the rate and direction of change in
glucose levels helps inform treatment decisions.

CGM Use in Type 1 Diabetes

It has been more than two decades since the first
CGM system was approved by the FDA in 1999
for the management of (type 1) diabetes.
Advancements in glucose-monitoring technology
made over the past 20 years (i.e., increased sensor
duration, improved accuracy, and reduced mean
absolute relative difference/MARD to <11%)
have continued to revolutionize diabetes
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management, such that CGM is now widely
accepted for the management of T1DM (Didyuk
et al. 2020). Several diabetes organizations have
reviewed the literature on the appropriate use of
CGM in T1DMmanagement and concluded it is a
useful educational and disease management tool
(Carlson et al. 2017). CGM aids patients and
clinicians to visualize the important role that
diet, exercise, stress management, and diabetes
medications can have in managing diabetes, and
facilitates effective shared decision making as
part of standard clinical care (Carlson et al.
2017). The most recent CGM innovations take
diabetes treatment to an even more exciting
level—insulin pump-CGM combinations and
closed-loop systems. These two systems provide
patients access to insulin pump and CGM data in
one device and automatically adjust insulin
levels, respectively.

Continuous Glucose Monitoring in Type
2 Diabetes

Indications for using CGM have only begun to be
addressed outside of T1DM (Carlson et al. 2017).
The relatively high cost-to-benefit ratio, lack of
standardized format for displaying results, and
uncertainty on how best to use CGM data to
make therapeutic decisions have kept CGM
from widespread use in T2DM (Kompala and
Neinstein 2019; Petrie et al. 2017). Currently,
CGM has only been approved by the FDA for
use by patients with T2DM who are on an inten-
sive insulin regimen. One reason for the limited
approval of CGM for T2DM is there have been
few controlled studies of CGM use in T2DM. A
recently published meta-analysis found only
seven, qualified randomized controlled trials that
tested the utility of CGM in patients with T2DM
(Ida et al. 2019). Results indicated that HbA1c
levels and time spent with hypoglycemia were
significantly lower in the CGM group as com-
pared to the SMBG group. Despite the limited
number of trials, results demonstrate the feasibil-
ity and efficacy of using CGM for T2DM man-
agement. As a testament to this potential, the
American Association of Clinical

Endocrinologists consensus is that more frequent
use of CGM in T2DM is anticipated to increas-
ingly replace SMBG (Garber et al. 2019).

Continuous Glucose Monitoring
in Nondiabetic Populations

It is anticipated that future generations of com-
mercially available body worn sensors, including
CGM, will have the capability to monitor various
health-related biological measures. The earliest
examples of this are wearable heartrate monitors
that, years after their introduction to the market,
became a standard feature on most smartwatches
and activity trackers targeted toward the health-
conscious consumer. More recently, some activ-
ity trackers have features to track sleep by
actigraphy, heart rate, pulse oximetry, electrocar-
diogram, and respiration. As CGM becomes
smaller and more affordable, health-conscious
consumers who are interested in the “quantified
self” will have the power to push the existing
wearable sensor market to make glucose monitor-
ing available to a wider consumer base. If this is
the case, however, there are key questions about
the utility and feasibility of glucose monitoring in
nondiabetic populations that will become impor-
tant to companies that distribute CGM.

Variability of Glucose Concentrations
in Nondiabetic Populations

In nondiabetic populations, glucose levels are
believed to remain within the normal range of
70–100 mg/dL. If glucose levels stray out of this
range, the amounts of insulin and glucagon pro-
duced by the pancreas are adjusted to bring them
back into this range. Despite this, research shows
that glucose concentrations have substantial
variability among nondiabetic populations
despite lacking sizable changes in magnitude typ-
ically seen in people with diabetes. CGM data
from 57 healthy individuals without a prior diag-
nosis of diabetes, followed for 2–4 weeks (Hall
et al. 2018), showed highly variable intra- and
interpersonal patterns of fluctuation. Participants
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were categorized into low variability, moderate
variability, and severe variability based on their
CGM data. These glucose patterns were found to
be correlated with clinical and metabolic
parameters, including HbA1c and triglyceride
concentrations.

In another pilot analysis with 13 healthy adults
(92% overweight/obese) who wore a CGM, an
average of three hyperglycemic events (defined as
glucose level >140 mg/dL) occurred across
5 days, and the average mean amplitude of
glycemic excursion (MAGE) was 2.2 mmol/L or
40 mg/dL (Liao et al. 2018). This is similar to
other studies where the average MAGE ranged
from 1.96 to 2.2 mmol/L, or 35–40 mg/dL in
healthy individuals (Monnier et al. 2006; Zhou
et al. 2011) vs. typically >4 mmol/L or >70 mg/
dL in diabetics (Zhu et al. 2019). Analyses of
blood samples also show a positive association
between HbA1c and 24-h glucose average
estimated from CGM data, as well as the fre-
quency of acute hyperglycemic events over the
monitoring period. In summary, variability in
glucose pattern can be detected by CGM devices
in the nondiabetic populations and has clinically
relevant implications.

Acceptability of CGM in Nondiabetic
Populations

How acceptable is CGM for those with T2DM as
a replacement for SMBG and for those without
diabetes to wear such a device, particularly given
the invasiveness of the current models? Whelan
and colleagues (Whelan et al. 2019) showed that
adults (n ¼ 45) aged �40 years who were at
moderate-to-high risk of T2DM (determined by
the Leicester Risk Assessment) were willing to
wear and engage with a CGM (Freestyle Libre/
www.freestylelibre.com) for as long as 6 weeks.
A majority of the participants in the study found
the CGM comfortable to wear. Participants also
expressed an interest in the information about
glucose fluctuations provided by the CGM. Simi-
larly, among 30 healthy adults (73% women, 67%
overweight/obese, aged 24–64 years) who wore a
CGM (Dexcom G4/ www.dexcom.com) and a

waist accelerometer, and recorded all eating
events using a smartphone app for 7 days,
>90% participants agreed that the CGM device
was easy to use and provided information of
interest (Liao and Schembre 2018).

Another pilot intervention study recruited
insufficiently active adults with overweight or
obesity (n ¼ 19, 84% women, aged
26–55 years, 84% racial minorities). Seventy-
four percent of the participants had elevated
fasting blood glucose (between 100–125 mg/dL)
at their baseline visit. This pilot intervention
involved a 10-day self-monitoring period with a
CGM (Freestyle Libre) (Liao et al. 2020). All
participants agreed that the CGM was easy to
use, and more than 90% agreed that the CGM
provided information that was of interest to them.
All participants also expressed an interest in
receiving messages that provide an interpretive
summary of their glucose patterns, and how they
are associated with their eating and activity
behaviors.

Continuous Glucose Monitors
as Lifestyle Behavior Change Tools

Through January 2018, only six studies using
real-time CGM to promote health-related
behaviors, including dietary intake and physical
activity, for weight control and HbA1c reductions
were published (Ehrhardt and Al Zaghal 2019).

Dietary Modification

The standard-of-care practice for preventing and
treating T2DM includes nutrition therapy.
According to the American Diabetes Association
(Marathe et al. 2017), the primary goals of nutri-
tion therapy for adults with T2DM are to promote
and support healthful eating patterns that achieve
and maintain a healthy body weight, and to attain
individualized glycemic control. However, deter-
mining when and what to eat is the most challeng-
ing part of treatment for patients (Marathe et al.
2017). Nutrition therapy requires education that
is traditionally provided by a registered dietitian
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who has specialized training in diabetes-specific
medical nutrition therapy. Dietitian-delivered
nutrition therapy has been associated with
improvements in glycemic control as evidenced
by 0.5–2% reductions in HbA1c (Marathe et al.
2017). However, many private clinical practices
and community clinics are unable to support a
full-time dietitian. Further, patients from larger
healthcare institutions, where access to certified
diabetes educators is more prevalent, are often not
referred to nutrition therapy by their primary care
provider or they are unwilling to follow through
with the referral. As such, the lack of education or
continued education is a key barrier to disease
management.

Food Diaries and Glucose Monitoring
Feedback
As an adjunct to medical nutrition therapy, self-
monitoring of glucose levels and food journaling
is the standard recommendation for diabetes self-
management. Food journaling most often requires
a person to record all food and beverages con-
sumed for multiple days. The strategy of
documenting the consumption of food throughout
the day and correlating it to its caloric or carbo-
hydrate value can encourage an individual to
incorporate healthier food choices, through
accountability and the ability to identify and mod-
ify problem areas. As an additional benefit,
journaling is believed to help those who regularly
monitor glucose levels to identify how specific
foods might cause their levels to fluctuate
(Neithercott 2011); however, manually or digi-
tally recording monitored glucose levels before
and after each and every meal and snack, to
determine what foods cause glucose spikes, is
burdensome and cognitively taxing. Dietary self-
monitoring, even using digital technology, is
highly burdensome and does not lead to signifi-
cant or sustained changes in behavior (Parkin
et al. 2015).

Smartphone Apps
Popular mobile nutrition apps rely solely on
tracking calories eaten—a highly unreliable and
tedious task, and they most often do not provide
feedback relevant to diabetes management. A vast

majority of these diet trackers (e.g.,
MyFitnessPal, FitBit) lack the ability to personal-
ize behavior change guidance, and have subse-
quently had lackluster effects on improving
dietary intake (and physical activity) among
users (Husain and Spence 2015). Furthermore,
digital journaling tools have not yet been
optimized to function with more advanced glu-
cose monitoring technology. Applications that
have been designed specifically for diabetes man-
agement (e.g., Glooko, mySugr) are similarly
suboptimal. A majority, if not all of the existing
diabetes self-management mobile apps, are lim-
ited in their function as a glucose and diet tracker
for carbohydrate counting, and often require man-
ual data entry (Darby et al. 2016). No existing
diabetes management tools provide, to patients or
providers, automated and personalized guidance
on lifestyle behaviors (e.g., diet, exercise, weight
control) that are based specifically on person-
specific glucose response data (Darby et al.
2016).

The Contribution of CGM Devices
CGM offers users the ability to visualize the
effect food has on glycemic responses (Freeman
and Lyons 2008). It is hypothesized that compar-
ing postprandial glucose excursions to foods con-
sumed at usual meal times that have similar
carbohydrate composition can provide important
insights to patients on how to modify dietary
behaviors in an effort to manage HbA1c levels.
Using CGM data to motivate changes in dietary
intake can be done in real time or retrospectively,
but it relies greatly on one’s ability to collect and
interpret the data. The use of real-time CGM to
improve glycemic control among people with
T2DM has been of recent interest.

A recent systematic review and meta-analysis
included five randomized controlled trials with th
aim of supporting the use of CGM among people
with T2DM (Janapala et al. 2019). Each study
looked at the impact of CGM vs. SMBG on
HbA1c. A significant pooled mean difference in
HbA1c of –0.25% (–0.45, –0.06) favored CGM.
However, only one study provided real-time die-
tary guidance. In a sample of patients (n ¼ 65)
with poorly controlled T2DM
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(8%< HbA1c< 10%), Yoo and colleagues (Yoo
et al. 2008) used real-time CGM once a month for
3 days over a period of 12 weeks. Real-time
dietary instructions to patients were to “take in
little amounts of food” in response to hyperglyce-
mic alarms (>300 mg/dL). Dietary habits were
assessed using food diaries covering 3 days of
meals at baseline and 3 months later. While the
real-time CGM group showed significant
reductions in total energy intake over time, the
difference was not significantly greater than the
SMBG group. Each of the other studies relied on
the patients to interpret the CGM data and
respond accordingly (e.g., modify future meals
that previously resulted in elevated postprandial
glucose excursions).

Periodical Guided Analysis of CGM
Records
An alternative method of providing behavioral
guidance to CGM users is to examine CGM data
and behavioral data retrospectively, with a trained
health care provider. Retrospective CGM
involves the use of a CGM for a predetermined
monitoring period. During the monitoring period,
which usually spans 3–10 days, patients wear a
CGM and record foods consumed and meal times
as well as other behavioral data (e.g., exercise and
medication). The CGM data are later accessed by
the patient’s physician and compared with the
behavioral data. Physicians skilled in the interpre-
tation of the data can offer behavioral instructions
to the patient with the goal of improving clinically
relevant outcomes (e.g., time spent in range,
HbA1c).

Research examining the impact of retrospec-
tive CGM on clinical outcomes is limited
(Alfadhli et al. 2016; Lee et al. 2019; Mohan
et al. 2016). Rarely, if at all, do these studies
describe recommendations made to patients
regarding diet or other lifestyle behaviors. None
of the studies assessed changes in dietary intake.
Only one study (Lee et al. 2019), which
conducted 90 min pattern management-based dia-
betes education sessions in the group randomized
to retrospective CGM (n ¼ 30) vs. the control
group (n ¼ 30), assessed perceived changes in
self-care behaviors, including diet, as well as self-

efficacy (to eat a healthy diet). Scores on both diet
measures were significantly improved in the
CGM group vs. the control group over the
6-month study period, despite there being no sig-
nificant differences in changes in HbA1c over
time between the groups.

Physical Activity Behavior

CGM-based physical activity counseling in inter-
vention settings, which aims to draw the connec-
tion between physical activity and improved
glucose control, has been shown to increase phys-
ical activity. (Allen et al. 2008, 2011). In healthy
individuals, associations were found between
sedentary time, physical activity, and glucose
variability (e.g., standard deviation/SD and
MAGE) in free-living settings (Kingsnorth et al.
2018). Leveraging this type of information, Liao
and colleagues tested a pilot intervention that
featured the use of CGM (Liao et al. 2020). In
this study, sedentary overweight and obese adults
(n ¼ 19) completed an in-person physical activity
education session, followed by a 10-day self-
monitoring period with a CGM and a Fitbit
(www.fitbit.com). During the physical activity
education session, participants received materials
about the benefits of physical activity and an
overview of different types of physical activity.
Participants were also presented with a web-based
glucose simulator that demonstrated how physical
activity (i.e., walking) an impact glucose levels
during the day. After the education session,
participants were given a Freestyle Libre CGM
to wear for the next 10 days.

Participants were instructed to obtain a glucose
reading each morning upon waking, each night
before going to sleep, and at least two other times
throughout the day by scanning the CGM sensor
with the reader. Upon scanning, the reader
displays the current glucose level and a graph
showing 8 h of glucose history, with an arrow
indicating the directional trend. Participants were
encouraged to observe how their daily glucose
patterns were influenced by their behaviors (e.g.,
eating and exercising). The study tested whether
participants increased their motivation to change
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their physical activity behavior after completing
this intervention by examining stages of change.
As described in the transtheoretical model,
individuals will go through six stages of change
when adopting a behavior: precontemplation (not
intending to make changes), contemplation
(thinking about making changes), preparation
(developing plans to make changes), action
(actively engaging in the new behavior), and
maintenance (keep engaging in the new behavior
for an extended period of time).

The study used the Exercise Stages of
Change—Continuous Measure URICA-E2 psy-
chometric questionnaire, to assess the different
stages of change with the assumption that physi-
cal activity behavior is typically a dynamic pro-
cess that moves between different stages (Lerdal
et al. 2009). Compared to preintervention,
participants scored lower in the contemplation
stages and higher in the action stage at
postintervention (ps < 0.05; see
Fig. 43.1) suggesting improvements in motiva-
tion to be physically active.

Weight Control

Eating in response to hunger facilitates energy
homeostasis as an intermediary step in weight
regulation (Feig et al. 2018). Yet, in today’s per-
missive food environment, many eating events
are unrelated to energy depletion. Rather, they
are predicted by nonphysiological determinants
of food intake, such as the hedonic properties of
palatable foods (Blundell and Finlayson 2004;
Lowe and Butryn 2007); individual differences
in hedonic eating behavior (e.g., emotional
eating) (Schembre et al. 2009; Schembre 2011);
sensitivity to food rewards (Cornier 2009, 2011;
Versace et al. 2016; Versace and Schembre
2015); and impulsivity and self-control (Batterink
et al. 2010; French et al. 2012; Meule et al. 2014;
Nederkoorn et al. 2006). Eating behaviors not
regulated by physiological signals of hunger and
satiety have been empirically linked to weight
gain (Bryant et al. 2008; McCrory et al. 2002;
Provencher et al. 2003).

Research has shown that people with obesity
are hypersensitive to interoceptive signals of hun-
ger and may eat when glucose levels, an indicator
of available short-term energy, remain elevated
(Schembre and Huh 2014; Schembre et al. 2020),
and thus may be less likely to distinguish physio-
logical hunger from their hedonic desire to eat
without help (Ciampolini et al. 2013; Ciampolini
and Sifone 2011; Jospe et al. 2015; Taylor et al.
2015). Teaching people to self-regulate their
energy intake by differentiating between physio-
logical hunger and their hedonic desire to eat
without hunger is an empirically supported
weight-control strategy (Bacon et al. 2002,
2005; Daubenmier et al. 2016; Gletsu-Miller and
McCrory 2014; Kristeller 2005; Kristeller et al.
2006). These data provide a strong evidence base
for developing weight control interventions that
use glucose monitoring to self-regulate energy
intake for the prevention and management of
obesity and diabetes.

Hunger Training

Hunger Training teaches people to eat only when
their real-time glucose level is at or below a
pre-established threshold that reflects a fasted
state (Jospe et al. 2015, 2017). The scientific
premise of hunger training does not require glu-
cose to be a valid proxy for hunger. Rather, in
order to promote energy balance, energy intake
should not occur when glucose levels remain
elevated. Hunger Training has more recently
been conceptualized as a form of intermittent
fasting called inter-meal fasting (Schembre
et al. 2020).

Historically implemented using glucometers,
Hunger Training has been validated in
normoglycemic men and women as an effective
weight loss method (Ciampolini et al. 2010b;
Jospe et al. 2015, 2017). In overweight
individuals, as little as 2–4 weeks of hunger train-
ing—without additional diet or physical activity
guidance—results in weight loss of 7% within
5 months (Ciampolini et al. 2010b) and as much
as 1.7% in only 2 weeks (Jospe et al. 2015). When
Hunger Training was combined with a single
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session of diet and physical activity advice and
used consistently, it resulted in weight reductions
of 13 kg in males and 5 kg in females at 6 months
(Jospe et al. 2017). Participants expressed that
hunger training increased their awareness of hun-
gry versus nonhungry eating, improved their abil-
ity to recognize feelings of hunger and satiety,
and reduced their number of eating occasions
(de Bruin et al. 2019).

Hunger Training is as successful for weight
loss with CGM devices as it has been with tradi-
tional glucometers (Jospe et al. 2020). However,
CGM resulted in better adherence to the Hunger
Training protocol, with patients generally prefer-
ring the ease and convenience of CGM, as well as
the detailed feedback that it enables (de Bruin
et al. 2019). Future behavior change interventions
should consider using CGM instead of
glucometers to encourage better adherence.

Restored Glucose Homeostasis
Recommendations to eat at lower glucose levels
are generally consistent with preprandial
glycemic targets (80–130 mg/dL) recommended
by the ADA to manage HbA1c levels among
people with diabetes (American Diabetes A
2017). Relatedly, interventions like Hunger
Training that use blood glucose as a feedback

tool have been shown to have favorable effects
on glycemic control, insulin sensitivity, and beta-
cell function among normoglycemic individuals
(HbA1c < 5.5%) (Allen et al. 2011; Ciampolini
et al. 2010a; Kempf et al. 2013; Virdi et al. 2013;
Yoo et al. 2008) that are comparable to outcomes
of traditional lifestyle interventions for adults
with T2DM (Huang et al. 2015; Pillay et al.
2015; Terranova et al. 2015).

Theory-Based Insights on Using CGM
as Biological Feedback to Motivate
Lifestyle Behavior Change

The use of CGM in health behavior interventions
facilitates biological feedback (biofeedback), a
designated behavior change technique (Abraham
and Michie 2008; Michie et al. 2018). By defini-
tion, biofeedback reflects the collection of physi-
ological or biochemical data using a monitoring
device that is interpreted by an outside agent who
provides feedback to prompt or motivate a
desired behavior or behavior change. Tradition-
ally, biofeedback referred to a therapeutic
approach that used wearable sensors to monitor
and provided real-time feedback on various phys-
iological processes once thought to be

Fig. 43.1 Mean score for each stage of change, captured
by the Exercise Stages of Change—Continuous Measure
(URICA-E2), before and after a physical activity

intervention (n ¼ 19) that features a 10-day CGM moni-
toring. Asterisks indicate a significant difference in mean
scores by a two-tailed paired-sample t-test
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involuntary (e.g., heart rate, brain waves, body
temperature, muscle contraction). The goal of
biofeedback therapy was to teach patients to
alter their physiological activity through changes
in thinking, emotions, and behavior for the
purposes of improving health. Here we are
conceptualizing the use of “biofeedback” differ-
ently, while maintaining many of the operational
characteristics (e.g., providing real-time feedback
to users of wearable sensor technology) and end
goals (improving health). Specifically, we pro-
pose that CGM can be used to provide real-time
feedback on the body’s acute biological response
to health behaviors (i.e., dietary intake and physi-
cal activity) and mood states (i.e., psychological
stress) that impact acute changes in glucose
concentrations, and that this feedback can be
used to motivate behavior changes that can have
short- and long-term impacts on related health
outcomes, if maintained (Schembre et al. 2016).

Consistent with health behavior change
theories, it is hypothesized that biofeedback acts
as a cue to action (Health Belief Model) (Saghafi-
Asl et al. 2020) and increases a person’s intrinsic
motivation (self-determination theory (Deci and
Ryan 2012)) to adopt or maintain a desired
behavior change. It is further hypothesized that
biofeedback increases someone’s perceived sus-
ceptibility to acquiring a disease. More specifi-
cally, biofeedback about indicators of disease
progression (e.g., glucose values and diabetes)
could arouse feelings of vulnerability that
increase one’s intrinsic motivation to take preven-
tive actions (Self-Determination Theory). The
experience of Liao and colleagues (Liao et al.
2020, described earlier) showed that among sed-
entary overweight and obese adults, a brief edu-
cational session demonstrating the acute impact
of physical activity to reduce glucose levels with
simulated CGM data, increased motivation to be
physically active.

Future Opportunities for Continuous
Glucose Monitorings

The use of CGM for the management and preven-
tion of T2DM is currently hindered by the

relatively high cost-to-benefit ratio and uncer-
tainty on how best to use CGM data to make
therapeutic decisions (Kompala and Neinstein
2019; Petrie et al. 2017). Manufacturers are hard
at work with a goal of reducing the cost of CGM
in an effort to expand their market.

CGM can be used to aid dietary choices and
nutrition education, for instance, to show how
various food choices and portion sizes influences
glucose, to increase physical activity and, possi-
bly, to improve sleep and stress management.

There are also research opportunities to opti-
mize understanding of CGM results, which can
be overwhelming for some patients (Hilliard et al.
2019; Kruger et al. 2019; Ritholz et al. 2010).
Strategies are needed to assist patients with
the meaningful interpretation of CGM data in an
effort to make health behavior changes that
impact on glycemic control.
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Abstract

Along with the classic intragastric balloon, sev-
eral endoscopic bariatric therapies (EBTs) are
currently available in clinical practice: aspira-
tion therapy, transpyloric shuttle, gastric reduc-
tion techniques, metabolic procedures focused
on the small bowel, among others. The aim of
this chapter is to summarize the current evi-
dence on EBTs and to provide a glimpse into
the future of the endoluminal treatment of obe-
sity and metabolic disorders.

Keywords

Obesity · Overweight · Endoscopy · Aspiration
therapy · Intragastric balloon · Bariatrics ·
Type 2 diabetes

Introduction

The interventional gold standard for severe obe-
sity has long been bariatric surgery as it promotes
sustainable weight loss and improvement of
obesity-related comorbidities (Colquitt et al.
2014; O’Brien et al. 2019).

As obesity escalates, the number of bariatric
surgeries also rises. Recent data showed a total
of 685,000 bariatric procedures worldwide in
2016 (Angrisani et al. 2018). However, this
number is tiny in the face of the many hundreds
of millions of patients currently suffering from
the disease.

In this context, novel alternatives to bariatric
surgery are certainly needed. As such, endoscopic
bariatric therapies (EBTs) have recently become a
field of interest in most interventional endoscopy
groups. Initially, EBTs were mainly composed of
space-occupying devices, mimicking the
intragastric balloon. However, creative
procedures have been proposed over the last
20 years and EBTs currently entail gastric aspira-
tion, gastric reduction methods, endoscopic
bypass liners, duodenal mucosal resurfacing,
and magnetic partial jejunal diversion.

Gastric Aspiration: Aspire Assist®

The AspireAssistTM is a modified percutaneous
gastrostomy device composed of a discreet exter-
nal port (Fig. 44.1) and a large fenestrated 15-cm-
long intragastric tube. The external port connects
to a portable aspiration device that allows
removal of around 30% of the recently ingested
food (Sullivan et al. 2013).

Initially, two noncontrolled series assessed
weight loss outcomes at 1 year and both reported
excess weight loss (EWL) around 50% (Sullivan
et al. 2013; Noren and Forssell 2016). In 2016,
the U.S. Food and Drug Administration (FDA)
approved the AspireAssistTM after the publication
of an American randomized multicenter con-
trolled trial. The study enrolled 171 patients for
either aspiration therapy (AT) plus lifestyle inter-
vention versus lifestyle intervention alone in a 2:1
ratio. The technical success rate was 97% (111 of
114 attempts). At hour, the mean EWL and total
weight loss (TWL) were 31.5 � 26.7% and
12.1 � 9.6% for the AT group versus
9.8 � 15.5% and 3.5 � 6.0% for the control
group, respectively ( p < 0.001). The authors
also reported amelioration of HbA1c,
triglycerides, and low-density lipoprotein levels,

Fig. 44.1 The external port of the AspireAssistTM device.
It should be connected to a portable aspirator to partially
remove the recently ingested food
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reduction in systolic and diastolic blood pressure,
and an increase in high-density cholesterol.

The serious adverse events (SAEs) rate was
3.6%, namely, one case of severe abdominal
pain, one patient with peritonitis, one gastric
ulcer, and one case of port malfunction requiring
tube replacement (Thompson et al. 2017). More
recently, the same group published the 4-year
follow-up results from this cohort. Among the
58 patients who continued in the study,
43 withdrew the AT before completing 4 years.
The reasons for withdrawal were either meeting
weight loss goals (25 cases) or insufficient weight
loss (18 cases). For the 15 completers, the mean
%TWL was 18.7 � 11.7 and the %EWL was
50.8 � 31.9%. The most common adverse events
after the first year were peristomal inflammation
and persistent fistula. The latter was ten times
more frequent from years 2 to 4 than during
year 1 (Thompson et al. 2019).

In another series, Nyström et al also reported
4-year data from a post-market European registry
study (Nystrom et al. 2018). Five centers gathered
data from 201 individuals undergoing AT. All
patients presented a BMI of at least 35 kg/m2

and had failed conservative weight loss therapies.
The mean %TWL at 1, 2, 3, and 4 years were
18.2 � 9.4% (n ¼ 155/173), 19.8 � 11.3%
(n ¼ 82/114), 21.3 � 9.6% (n ¼ 24/43), and
19.2 � 13.1% (n ¼ 12/30), respectively. There
were 42 postprocedural AEs, namely, 12 gastric
leaks, 10 stomal irritation/granulation tissue,
9 infections or possible infections, 8 buried
bumpers, and 3 tube dislodgments.

Current data suggest AspireAssistTM therapy
is effective and safe in addressing moderate-to-
severe obesity. Nonetheless, it does not seem
a perennial therapy and there are still little data
on weight maintenance after removal of the
device.

Space-Occupying Devices: Intragastric
Balloon (IGB)

The intragastric balloon (IGB) is the oldest and
the most commonly employed endoscopic bariat-
ric therapy. It is an effective but mainly transitory
method to control obesity. Its most attractive

advantage is the minimal risk for major
complications (Sallet et al. 2004). Besides pri-
mary treatment, it may also serve as a bridging
therapy to bariatric surgery for patients at high
surgical risk (e.g., superobese individuals)
(Dumonceau 2008).

Since the early 1980s, when the pioneer
air-filled Garren-Edwards Gastric Bubble was
firstly released, several modifications have been
implemented on the IGBs. Such refinements have
been mainly tailored by the experts’ suggestions
from a conference held in Tampor Springs,
in 1987.

Currently, different models of IGBs are avail-
able for clinical use. Most are silicone-based
spheres, either water or gas-filled (Fig. 44.2),
adjustable or nonadjustable, including single,
double, or triple balloons. Some IGBs require
endoscopic placement, whereas there are IGBs
that circumvent such procedure. All devices
demand endoscopic removal after 6- or
12-month indwelling.

IGB therapy provides EWL of around 30%
and AWL varying from 4 to 28 kg. Patients with
higher BMIs tend to present more remarkable
results (Imaz et al. 2008). Sham-controlled stud-
ies have demonstrated statistical superiority of
IGB versus control regarding absolute weight
loss, %TWL, and BMI reduction (Moura et al.
2016). A recent meta-analysis has also proven
that water-filled balloons provide better weight

Fig. 44.2 The nonadjustable liquid-filled 12-month
indwelling intragastric balloon
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loss compared to the air-filled ones in a non-head-
to-head comparison (Saber et al. 2017). Of note,
however, not all patients undergoing IGB implan-
tation lose weight satisfactorily. Up to 40% fail to
achieve adequate outcome (defined as %
TWL < 10% or %EWL < 25%). Early removal,
early adaptation to restrictive symptoms, de novo
dietary disorders (e.g., binge eating) could
explain such high clinical failure rates
(Dumonceau 2008).

Type 2 Diabetes

Chan et al. investigated the impact of this therapy
on glycemic levels in non-insulin-dependent
overweight patients. The authors demonstrated a
significant reduction in HbA1c levels (8.6–7.3%),
and the proportion of patients presenting
glycemic levels over 100 mg/dL dropped from
50% before IGB to 12% after treatment. More-
over, 58% of the patients had hypertrigly-
ceridemia before IGB versus only 19% after the
treatment. Serum transaminases also sharply
dropped with the treatment (Chan et al. 2008).

Regarding bridging therapy to bariatric sur-
gery, strong data support IGB as an effective
and safe modality (Busetto et al. 2004). Some
studies have also demonstrated the bridging
sleeve gastrectomy (SG) as an alternative to the
IGB in this scenario. However, even less invasive
surgeries such as the laparoscopic SG have higher
complication rates than most endoscopic
techniques, which renders the IGB an attractive
option (Genco et al. 2005).

A recent meta-analysis found that nausea and
vomits are the most frequent adverse events. A
subgroup analysis demonstrated that water-filled
balloons elicit symptoms more frequently than
the air-filled ones (Trang et al. 2018); however,
they seem to be more effective in terms of weight
loss (Saber et al. 2017). A large series with more
than 2000 procedures showed an overall AEs rate
of 2.8%, including rare cases of perforation
(0.19%) and gastric outlet obstruction (0.76%)
(Genco et al. 2005).

Transpyloric Shuttle® (TPS)

The Food and Drug Administration (FDA) has
recently approved the TPS (BARONova Inc, San
Carlos, CA) for marketing. Its mechanism of
action is intermittent gastric outlet obstruction
rather than simple space restriction. The device
is composed of two different-sized silicone-based
bulbs connected by a flexible tether. The large
bulb anchors in the pylorus to prevent migration,
while the smaller one stays in the duodenum.
Consequently, the device remains in a
transpyloric fashion, and the antral pump inter-
mittently dislocates the large bulb to allow tran-
sient food passage (Fig. 44.3).

Patients (10 each) were compared in a
3-month vs. 6-month TPS treatment. Three-
month patients presented mean EWL and TWL
of 25.1 � 14% and 8.9 � 5%, respectively.
Six-month patients had mean %EWL and AWL
of 41 � 21.1% and 14.5 � 5.8%. However,
10 patients (50%) presented gastric ulcers, two
requiring early removal (Marinos et al. 2014).
Such an elevated rate fostered refinements in the
device focused on safety improvement.

Recently, a multicenter double-blind trial
(NCT02518685) enrolled 270 patients in a 2:1
ratio to receive TPS treatment or sham. The

Fig. 44.3 Schematics of the Transpyloric Shuttle device
in place
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upgraded TPS provided greater TWL than sham
at 1 year (9.5% [8.2, 10.8] vs. 2.8% [1.1, 4.5],
p < 0.0001). Sixty-seven percent of the TPS
cohort achieved the predetermined goal of �5%
TWL. Furthermore, there was a mean BMI reduc-
tion of 3.5 kg/m2 for treated patients versus
1.01 kg/m2 in the sham group ( p < 0.0001).
Ten percent of patients required early removal
(before 12 months). There were no bleeding or
perforation cases despite a 10% gastric ulcer rate.
Only 2.5% were considered serious adverse
events (Rothstein et al. 2018).

In spite of the relatively good performance of
the TPS at promoting weight loss, the ulceration
and early removal rates are still elevated.

Gastric Reduction: Endoscopic Sleeve
Gastroplasty (ESG)

To perform an ESG, an endoscopic-suturing
device—the Apollo OverstitchTM—is attached
to a therapeutic double-channel gastroscope and
delivers full-thickness stitches (Fig. 44.4). The
suturing pattern varies among centers; however,
most perform running sutures from the anterior to
the posterior wall passing through the greater
curvature, and then back to anterior where the
suture is finally cinched (Brunaldi and Galvao

Neto 2019). Recently, some authors have also
employed reinforcing interrupted stitches
in-between the running sutures. The procedure is
performed in an antrum-fundus direction, pre-
serving the fundus. That creates a fundal pouch
that possibly delays gastric emptying and
enhances weight loss by improving satiety (Abu
Dayyeh et al. 2017). The final aspect is sleeve-
like anatomy with a prominent fundal pouch
(Fig. 44.5).

Abu Dayehh et al. first described the ESG
procedure in 2013 (Abu Dayyeh et al. 2013).
Initially, simple interrupted stitches were
employed, but as the experience grew worldwide,
the technique was refined to the current running
suture. Kumar et al. recently summarized such
evolution in a comprehensive multicenter series
(Kumar et al. 2018).

The ESG is probably the most promising
transoral gastric-reduction procedure addressing
obesity. Since its first description in 2013, several
studies with more than 1500 cases have been
reported in the world, including Brazil (Galvao-
Neto et al. 2016), USA (Sharaiha et al. 2015),
India (Bhandari et al. 2019), Saudi Arabia
(Alqahtani et al. 2018), and Spain (Lopez-Nava
et al. 2017).

Fig. 44.5 An upper gastrointestinal series showing the
endoscopic sleeve gastroplasty anatomy at 3 months
postoperatively

Fig. 44.4 The Apollo Overstitch full-thickness endo-
scopic suturing device
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To date, the largest series was published by
Alqahtani et al. in 2018 (1000 ESG patients from
a single center). Baseline BMI and age were
33.3 � 4.5 kg/m2 and 34.4 � 9.5 years, respec-
tively. Procedure time was 61 � 16 min, and
patients were routinely discharged on the same
day. Most complained of mild postoperative
abdominal pain and nausea (92.4%), but all
symptoms were controlled with oral medications.
Twenty-four patients (2.4%) were readmitted due
to severe abdominal pain (8), postprocedural
bleeding (7), perigastric collection with pleural
effusion (4), or postprocedural self-limited fever
(5). There was neither mortality nor emergency
interventions. Patients presented TWL of
13.7 � 6.8% (n ¼ 369/423), 15.0 � 7.7%
(n ¼ 216/232), and 14.8 � 8.5% (n ¼ 54/63) at
6, 12, and 18 months, respectively. All 28 cases
of hypertension, 13 of the 17 cases of diabetes,
and 18 of the 32 cases of dyslipidemia had com-
plete remission by the third month. During
follow-up, eight patients were revised to sleeve
gastrectomy due to weight loss failure, and five
underwent redo ESG due to weight regain
(Alqahtani et al. 2018).

Lopez-Nava et al. have published the longest
follow-up to date. In an international multicenter
series of 248 cases, the authors reported TWL of
18.6% [95% CI: 15.7–21.5], which was similar
for all the three participating centers ( p ¼ 0.7). In
a linear regression analysis, they found that
weight loss at 6 months highly predicted weight
maintenance and weight loss at 24 months, thus
pointing to an important early-on treatment pre-
dictor of poor long-term outcome (Lopez-Nava
et al. 2017). A congress abstract reported even
longer-term data, with AWL of 18.7 kg
(10–27.3) and TWL of 14.5% (8.2–20.9) at
5 years. Patients achieved the nadir weight at
24 months and presented a mean weight regain
of 2.4 kg by the final follow-up (Hajifathalian
et al. 2019).

In a meta-analysis of 8 studies comprising
1772 procedures, TWL was 15.1% [14.29, 16],
16.4% [15.16, 17.82], and 17.1% [14.64, 19.66]
at 6, 12, and 18–24 months, respectively. The
AEs rate was as low as 2% (Hedjoudje et al.
2020). Even though there are no controlled

data yet, retrospective studies have shown
ESG to be superior to IGB (Fayad et al. 2019),
and similar to laparoscopic sleeve gastrectomy
(LSG) in mildly obese individuals (Novikov
et al. 2018).

Currently, a Chinese study is comparing ESG
to the LSG (NCT03124485). A multicenter
open-label trial comparing ESG to lifestyle inter-
vention is also going on. At the end of a 1-year
follow-up, patients from the control group will
be allowed to cross over to undergo ESG. Eight
centers in the USA are participating, and the
enrollment goal is 200 not morbidly obese
individuals (BMI �30 and �40 kg/m2)
(MERIT Trial NCT03406975).

POSE (Primary Obesity Surgery
Endoluminal)

The primary obesity surgery endoluminal (POSE)
method employs a platform initially developed
for natural orifices surgery/NOTES (IOP®,
USGI Medical, San Clemente, CA), in order to
plicate the fundus and distal body.

Before addressing primary obesity procedures,
the IOP system had been tested and approved for
gastrointestinal tissue apposition. In this sense,
endoluminal cholecystectomy (Swanstrom et al.
2008), gastrotomy closure (Sclabas et al. 2006),
repair of gastro-gastric fistulas (Raman et al.
2011), transgastric appendectomy (Horgan et al.
2011), and remodeling of gastrojejunal anastomo-
sis in weight regain (Borao et al. 2010) have been
reported.

The IPO is a four-channel working platform
that allows the passing of different instruments,
including a gripper with a suture cutter, a tissue-
driven propeller, a suture anchor catheter, and a
channel for a thinner endoscope. It allows the
delivery of full-thickness plications under endo-
scopic guidance. The original POSE procedure
(Fig. 44.6) consisted of two parallel lines of 4–5
plications each in the gastric fundus, followed by
an additional three or four on the greater curva-
ture of the distal gastric body (Kumar 2017).
Therefore, this procedure aims at impairing
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gastric accommodation by reducing the gastric
fundus (Kumar 2017).

After exciting results from noncontrolled stud-
ies (Espinos et al. 2013; Lopez-Nava et al. 2015),
a large multicenter sham-controlled trial failed to
demonstrate significant weight loss with the orig-
inal POSE procedure (Sullivan et al. 2017). In
“the ESSENTIAL trial” with 332 moderately
obese patients, at 20 months, TWL was only
4.95 � 7% in the procedure group versus

1.30 � 5.5% in the sham group ( p < 0.0001).
Only 41% of patients presented TWL �5% at the
final follow-up. Despite the statistical superiority,
the intervention group did not achieve
predetermined thresholds of 5% TWL and
responders’ rate of 50%.

A newly developed procedure—POSE 2.0—
aims at delaying gastric emptying rather than
impairing accommodation (Fig. 44.7). There are
a few ongoing studies that might become avail-
able soon.

Endomina Method

The European regulatory agency—the
Conformité Européen—has already approved
the triangulation platform named Endomina®

(Endotools S.A., Gosselies, Belgium) for clinical
use. This is an incisionless single-use device that
allows full-thickness suturing to promote gastric
volume reduction.

Probably, the most attractive feature of the
Endomina is that it attaches to any standard gas-
troscope, exempting the need for specific
endoscopes. However, it requires two operators
to deliver stitches: the first controls the handles of
the device, while the other manipulates the scope.
The procedure begins with a regular upper endos-
copy followed by the placement of two
guidewires in the duodenum. Then, the endo-
scope is removed and the platform is gently
introduced over the guidewires. The endoscope
is finally inserted and fixed to the system, while
the guidewires are retrieved (Cauche et al. 2013;
Huberty et al. 2019).

Using a 5Fr preloaded needle, the system
creates an apposition of opposing walls along
the greater curvature from the antrum to the fun-
dus. Bipolar coagulation at the suturing sites has
also been employed to enhance the durability and
strength of the plication. The total duration of the
procedure varied from 126 to 147 min in the first
published series (Huberty et al. 2017; Wallstabe
et al. 2018).

To date, three human studies assessing the
efficacy and safety of the Endomina method
have been published. All studies involved a Bel-
gian center that helped develop both device and

Fig. 44.6 The original POSE procedure. On the left side
of the image, note the last fundal plication line. On the
right side, the plication line on the greater curvature of the
distal body

Fig. 44.7 The endoscopic final appearance of the POSE
2.0 procedure
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procedure. Huberty et al. published the first-in-
man study in 2016 enrolling 12 obese patients. At
6 months AWL, TWL, and BMI reduction were
10.9 � 7.3 kg, 11 � 8%, and 3.9 � 2.3 kg/m2,
respectively. No serious adverse events were
reported (Huberty et al. 2017). The following
series demonstrated similar results, but slightly
worse outcomes at a longer-term (Wallstabe
et al. 2018; Huberty et al. 2018). Controlled
data are still lacking, and the real therapeutic
potential of the Endomina method is yet to be
determined.

Metabolic Procedures: Duodenal
Mucosal Resurfacing (Fractyl®)

The duodenal mucosal resurfacing (DMR) is
based on the hypothetical central role of the duo-
denum in regulating glycemic homeostasis. Gut
hormones produced by the normal duodenum
possibly stimulate the surrounding endocrine
pancreatic tissue and systemic insulin receptors,
thus helping control serum glucose levels. This is
called the incretin effect. Conversely, in patients
with type 2 diabetes (T2D), alterations in the
proximal bowel epithelium could impair such
paracrine and endocrine network, leading to sys-
temic insulin resistance and glucose intolerance
(Moran-Atkin et al. 2013). Animal and human
studies suggest that bypassing the duodenum
improves T2D, which is unrelated to weight loss
(Kindel et al. 2009; de Jonge et al. 2013). This
observation corroborated the so-called foregut
hypothesis and fostered the development of endo-
scopic alternatives to surgical bypass—such as
the DMR.

The DMR procedure promotes a catheter-
based hydrothermal ablation of the superficial
duodenal mucosa (Fig. 44.8) (de Moura et al.
2019). After re-epithelization, new cells are
expected to be healthier and more efficient at
producing and releasing incretin hormones, thus
improving diabetes control.

The first-in-man trial enrolled 44 individuals to
undergo the DMR procedure in a 6-month follow-
up study. Patients experienced a reduction of
1.2% in HbA1c (Rajagopalan et al. 2016).

One-year data from a multicenter study with
46 patients showed not only a reduction in
HbA1c, but also improvement in fasting plasma
glucose and HOMA-IR score. However, 52% of
the patients experienced at least one AE related to
the procedure, of which one was considered a
serious AE (van Baar et al. 2020). Currently,
there is an ongoing large multicenter sham-
controlled trial with a crossover design
(NCT02879383).

Duodenal Jejunal Bypass Liner/DJBL
(EndoBarrier®)

This is an endoluminal device composed of three
main parts: the anchor, the liner, and the delivery
system. The anchor has a large nitinol-based
opening with bidirectional barbs for fixation.
The liner is a 62-cm-long impermeable
fluoropolymer sleeve that avoids contact of the
food with the duodenal mucosa (Fig. 44.9). The
delivery system is a single-use device preloaded
with the implant.

The rationale of the DJBL is based not only on
the foregut hypothesis, but also on the hindgut

Fig. 44.8 The Duodenal Mucosal Resurfacing proce-
dure. The catheter has two blue external marks 1 cm
apart that allow the endoscopic guidance for insertion.
On the top of the figure, there is an endoclip demarcating
the level of the major papilla. Distally, the duodenal
mucosa has already been injected with saline plus methy-
lene blue and superficially ablated (whitish mucosa)
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hypothesis. The latter advocates that the presence
of intact bile acids and undigested food in the
distal gut triggers the release of incretin hormones
(Verdam et al. 2011; Penney et al. 2015). There-
fore, bypassing the duodenum with an imperme-
able liner precludes contact of the food bolus with
a possibly impaired duodenal mucosa (foregut
hypothesis), and delivers chyme into the distal
gut (hindgut hypothesis).

Tarnoff et al. published the first animal study
on DJBL in 2008. Six pigs underwent endoscopic
deployment of the device and presented signifi-
cant lower rates of weight gain compared to con-
trol animals (0.42 kg/day vs. 0.23 kg/day,
p ¼ 0.01) (Tarnoff et al. 2008).

Since the first human experience in 2009
(Rodriguez-Grunert et al. 2008), five randomized
studies have already been published. Most report
a significant impact on HbA1C levels and some
also describe amelioration of metabolic
parameters. A recent systematic review compris-
ing all RCTs showed a mean reduction by 1.3% in
HbA1c levels at the explant. Such a result
outweighed by 0.9% the control group. Accord-
ingly, HOMA-IR decreased by 4.6 [2.9, 6.3]
(Jirapinyo et al. 2018).

In time, however, the high incidence of SAEs
undermined the routine adoption of the DJBL.
Some series reported up to 68% of severe
complications, including liver abscesses and
cholangitis (Forner et al. 2017; Quezada et al.
2018). Recently, Betzel et al. published a system-
atic review on AEs related to the DJBL and found
891 reports from 1056 procedures. Thirty-three

were considered SAEs, including 11 liver
abscesses (Betzel et al. 2018). Probably, the
sharp anchoring barbs were responsible for most
of the related complications, as they ulcerate the
duodenal wall, thus creating a solution of conti-
nuity that allows bacterial translocation and
injures surrounding vessels.

Such an AEs rate deterred further studies on
the DBJL, culminating in withdrawal from the
market. New prototypes with different anchoring
strategies as well as devices deployed in the stom-
ach are under development and might be
available soon.

Endoscopic Magnetic Partial Jejunal
Diversion/EMPJD

This is also based on the hindgut hypothesis,
which is observed after surgical ileal interposition
or biliopancreatic diversion. The technique
involves the deployment of two self-assembling
magnets (one anterograde and the other retro-
grade), that should be driven to couple across
the wall of two intestinal segments. The magnetic
compression deters the blood flow leading to
round necrosis that works as a wide anastomosis
a week after coupling. Usually, the magnets are
uneventfully expelled during defecation (Ryou
et al. 2011).

The proof-of-concept study was first published
in 2016. Five pigs underwent EMPJD however
due to the particular anatomy of the porcine intes-
tine, the only possible anastomosis was jejunoco-
lonostomy. The average duration of the procedure
was 14.7 min. At 3 months, the authors typically
found a 3.5 cm-wide epithelized anastomosis.
The animals undergoing EMPJD presented sig-
nificant weight stabilization compared to litter-
paired control pigs (Ryou et al. 2016).

In the Czech Republic, 11 obese individuals
who failed conservative weight loss methods
were selected to undergo EMPJD. After
12 attempts, 10 cases were technically successful.
Per protocol, all procedures were laparoscopy-
guided. The laparoscopic forceps was used to
assist coupling if sole endoscopic manipulation
was not successful. Eight out of ten cases required

Fig. 44.9 The duodenal jejunal bypass liner device
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laparoscopic assistance for coupling magnets.
Upper endoscopy confirmed broad anastomoses
at 2, 6, and 12 months (Machytka et al. 2017).

Mean TWL was 8.2%, 10.6%, and 14.6% at
3, 6, and 12 months, respectively. Accordingly,
EWL was 21.7%, 28.3%, and 40.2%. Diabetic
patients experienced a distinct reduction in
HbA1c at 12 months compared to baseline
(7.8 vs. 5.9). There were significant reductions
in postprandial insulin at 2 and 6 months, and a
significant increase in PYY at 2 months
(Machytka et al. 2017).

Currently, there is an ongoing open-label trial
settled in Argentina. As the sole endoscopic cou-
pling of magnets incurs substantial technical
difficulties, this method shall be converted to a
combined surgical-endoscopic procedure shortly.
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Abstract

Gastric arterial embolization has historically
been used to treat gastrointestinal hemorrhage.
After the discovery of the appetite-inducing

hormone, ghrelin, gastric fundal embolization
or bariatric embolization has gained impor-
tance for weight reduction. Although still in
initial experimental stage, the only effective
nonsurgical intervention for reduction of
ghrelin is bariatric gastric embolization. Pre-
liminary findings from early single-arm clini-
cal trials have demonstrated that bariatric
embolization results in significant decrease of
plasma ghrelin levels and leads to weight loss.
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It is a safe, novel, promising technique that has
the potential to be an alternative procedure to
surgery for patients with body mass index
between 30 and 40. Common side effects
include transient epigastric pain, nausea,
vomiting, and stomach ulcers.

Keywords

Bariatric embolization · Left gastric artery
embolization · Ghrelin · Weight loss ·
Appetite-stimulating hormone

Introduction

The World Health Organization recognizes obe-
sity as a global epidemic (Afshin et al. 2017;
WHO 2000; Caballero 2007), and in 2013, the
American Medical Association (AMA)
categorized obesity as a separate disease entity
with multiple pathological aspects, requiring a
variety of surgical and nonsurgical interventions
(A.M.A. Recognizes Obesity as a Disease 2019;
Kosti and Panagiotakos 2006). In a recent report
of countries of the Organization of Economic
Cooperation and Development (OECD), includ-
ing the United States, one child out of five was
found to be overweight or obese (OBESITY
Update 2014). Obesity is a risk factor for type
2 diabetes mellitus (T2DM) (Al-Goblan et al.
2014), cardiovascular diseases (CVD) such as
hypertension (DeMarco et al. 2014), stroke, and
coronary heart disease (Jin 2013), gall bladder
disease (Everhart 1993), and cancer (endometrial,
breast, prostate, colon) (Stone et al. 2018),
resulting in increased risk of disability or prema-
ture death (Smith and Smith 2016; Abdelaal et al.
2017). Obesity is also linked with nonfatal
diseases, including gout, respiratory conditions
(chronic obstructive pulmonary disease, asthma,
obstructive sleep apnea) (Poulain et al. 2006),
gastro-esophageal reflux disease, osteoarthritis,
and infertility. There are also serious psychoso-
cial health implications of obesity due to societal
prejudice against obesity (Simon et al. 2006).

Current Techniques

The mechanisms of weight loss for bariatric
surgeries such as Roux-en-Y gastric bypass,
sleeve gastrectomy, and gastric banding include
restricting meal size, inhibiting nutrient absorp-
tion, and altering gastrointestinal hormones
involved in metabolic homeostasis (Elder and
Wolfe 2007; Beckman et al. 2010; Cummings
et al. 2002; Karra et al. 2010; O’Rourke et al.
2006; Paxton et al. 2013; Sumithran et al. 2011).
Surgical and endoscopic bariatric interventions
can be associated with short- and long-term
complications (Neff et al. 2013) (Table 45.1).
Leaks, stenoses, bleeding, and venous thrombo-
embolic events (VTE) are listed in the early post-
operative period (Lim et al. 2018). Late surgical
complications include band slippage, band ero-
sion, megaesophagus or pseudoachalasia, gall-
stone disease, perforation, bleeding, small bowel
obstruction, and internal hernia (Lim et al. 2018).

Role of Interventional Radiology

Recently, there have been advancements in inter-
ventional radiology to treat obesity as a minimally
invasive alternative (Neff et al. 2013). Current
radiological interventions include percutaneous
computed tomography (CT)-guided
cryovagotomy (Prologo et al. 2019) and image-
guided gastric fundal embolization (bariatric
embolization) (Arepally et al. 2007). Percutane-
ous CT-guided cryovagotomy involves the use of
cryoablation to freeze the posterior vagal trunk
located at the base of the esophagus, which nor-
mally transmits the hunger signal from the stom-
ach to the brain (Prologo et al. 2019). Bariatric
embolization is a minimally invasive, image-
guided procedure that targets the appetite-
stimulating endocrine functions of the gastric fun-
dus (Gunn and Oklu 2014; Madoff 2013).
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Table 45.1 Current surgical, endoscopic, and interventional radiology methods for weight reduction

Specific
category Procedure detail

Proposed
mechanism
of action for
obesity Benefits Risks

% Of
1 year
weight
loss

Roux-en-Y
gastric bypass

Small, upper gastric
pouch connected to small
bowel; larger lower
“remnant” pouch;

Reduction of
gastric size
with
resulting
decrease in
appetite

Rapid weight loss; No
device inside the body;
Quick improvement in
comorbidities (Diabetes
and hypertension)

Long healing;
Nutrient
absorption
Dietary
restrictions;
Irreversible,
possible
surgical
complications

31.2

Sleeve
gastrectomy

Resection of the stomach
to decrease its size

Reduction of
gastric size
with
resulting
decrease in
appetite

Rapid weight loss; No
device inside the body;
Short recovery time

Irreversible
procedure
Complications,
including leak,
bleeding, etc.

25.2

Adjustable
gastric band

Inflatable silicone device
laparoscopically placed
around the top portion of
the stomach to decrease
food consumption

Reduction of
gastric size
with
resulting
decrease in
appetite

Lower risk of
complications
No cutting of the
stomach
Short hospital stay

Infection ,
erosion,
complications
Several
adjustments
Gradual weight
loss

13.7

Biliopancreatic
diversion with
duodenal switch
(BPD/DS)
(Baltasar et al.
2001)

Duodenal switch with a
vertical subtotal
gastrectomy and pylorus
preservation

Reduction of
gastric size;
decrease in
appetite;

Drastic, significant
weight loss

Dumping,
osteoporosis
Poor nutrition
bleeding,
infection,
hernia

70.1 (%
EWL) a

Endoscopic
sleeve
gastroplasty
(accordion
procedure)
(Sharaiha 2017)

Endoscopic suturing
device to reduce stomach
size

Reduction of
gastric size
with
resulting
decrease in
appetite

No incisions,
Low cost,
Outpatient procedure

Bleeding, leak,
venous
thrombosis,
pulmonary
embolism

20

Transpyloric
shuttle (TPS)

Silicone rubber balloon
endoscopically placed in
the stomach for
12 months

Decreased
food
absorption
and appetite

Nonsurgical,
Longer effect,
Significant weight loss

Bleeding,
infection,
tearing
of the
esophagus or
stomach

9.5

Endoluminal
magnetic partial
jejunal diversion

Endoscopically placed
magnet for intestine
diversion

Nutrients,
digestive
fluids
circumvent
part of the
small bowel

Significant weight loss Vitamin
deficiencies
Abdominal
distension
Diarrhea
Constipation
Vomiting

14.6

Bariatric
Embolization
(Hafezi-Nejad
et al. 2019)

Embolization of the LGA Decrease in
ghrelin and
appetite

Safe with no major
complications

Gastric ulcer/
ischemia/
perforation,
splenic
infarction,
acute
pancreatitis

8.7

(continued)
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Basis of Bariatric Embolization
for Weight Loss

Appetite and Ghrelin Production

Ghrelin is an orexigenic hormone secreted pre-
dominantly by the stomach (Druce et al. 2004;
Strader and Woods 2005; Inui et al. 2004; Inui
2001). Ghrelin-producing cells are located in the
fundus of the stomach, and directly stimulate
appetite resulting in weight gain (Hayashida
et al. 2001; Takiguchi et al. 2012). It has been
shown by Maksud et al. that ghrelin-forming cells
have higher density and expression in the stom-
ach mucosa of obese patients (Maksud et al.
2011). Because of the unique nature of this hor-
mone and its effect on appetite, multiple
approaches to modulate ghrelin production have
been attempted; however, no direct clinical tech-
nique has been shown to be successful
(Cummings and Shannon 2003; Hu et al. 2005;
Murray et al. 2003; Loftus et al. 2000; Wren et al.
2001). In 2007, Arepally et al. (2007, 2008)
described an endovascular procedure that directly
targeted the gastric fundus and its function. In this
investigation, gastric artery chemical emboliza-
tion (GACE) was performed by injecting a liquid
sclerosing agent, sodium morrhuate, into the main
left gastric artery (LGA) with fluoroscopic guid-
ance, resulting in a decrease in the plasma level of
ghrelin.

Stomach as an Endocrine Organ

Ghrelin is the only hormone that stimulates food
intake. Discovered by Kojima et al. (1999), it
activates the growth hormone secretagogue
receptor in the hypothalamus or anterior pituitary.
Ghrelin inhibition on the central nervous system
is promptly followed by anorexia and loss of
weight (Hu et al. 2005; Loftus et al. 2000). In
humans ghrelin injection elicits hunger and
enhanced caloric intake (Cummings et al. 2001).

The tendency to recover lost weight after
dieting could be partially explained by rebound
ghrelin elevation (Strader and Woods 2005).
After meals ghrelin decreases in the normal how-
ever not in most obese individuals, potentially
triggering hyperphagia (English et al. 2002).

Anatomy of the Gastric Fundus

Seven parts are admitted in the stomach: cardia,
fundus, antrum, pylorus, lesser curvature, greater
curvature, and incisura angularis. The
neuroregulatory pathway involved in satiety and
appetite stimulation is fundamentally located at
the fundus (Cummings et al. 2002, 2005;
Frühbeck et al. 2004; Tritos et al. 2003), which
contains 10–20 times more ghrelin than the duo-
denum, which is second (Druce et al. 2004; Inui
et al. 2004). The left gastric artery perfuses the

Table 45.1 (continued)

Specific
category Procedure detail

Proposed
mechanism
of action for
obesity Benefits Risks

% Of
1 year
weight
loss

Percutaneous
CT-guided
cryovagotomy

Argon gas used to freeze
the posterior vagal trunk
located at the base of the
esophagus

Disruption
of the
hunger
signal from
the stomach
to the brain

No data available No data
available

No data
available

aThe percent of excess weight loss or %EWL (i.e., [initial weight–actual weight/actual weight–ideal weight] � 100) is
accepted as a good measure of end results, and %EWL > 50 is considered a success
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fundus (Fig. 45.1), and it is amenable to percuta-
neous endovascular catheterization.

The short gastric arteries, and the
gastroepiploic artery, which have different
origins, have a more modest participation. Gastric
arterial embolization is effective in cases of bleed-
ing and is also safe, as existing vascular arcades
prevent unplanned ischemia.

Ghrelin Suppression After Gastric
Bypass Surgery

Since gastric bypass surgery isolates the gastric
fundus from ingested nutrients, ghrelin profiles
are shown to be lower by 77% compared to
those in controls (Murray et al. 2003; Cummings
et al. 2005; Nakazato et al. 2001; Okumura et al.
2002). Furthermore, the normal diurnal pattern of
ghrelin is interrupted, and the meal-initiated
fluctuations are blunted (Murray et al. 2003;
Cummings et al. 2005).

Bariatric Embolization

Gastric embolization, previously used for hemor-
rhage only, could target the appetite-stimulating
endocrine functions of the gastric fundus (Madoff
2013; Lu et al. 2014; Loffroy et al. 2010, 2015;
Gunn and Oklu 2014). Spherical embolics
(300–500 μm) are delivered via a transcatheter
approach into the LGA (Madoff 2013). Fundal
mucosal ischemia depresses the production of
ghrelin (Paxton et al. 2013; Sumithran et al.
2011; Arepally et al. 2007, 2008). Weight and
ghrelin response were documented in both
animals (Arepally et al. 2007, 2008; Bawudun
et al. 2012) and humans (Bin et al. 2018; Kim

et al. 2018; Kipshidze et al. 2015; Syed et al.
2016; Weiss et al. 2017).

Patient Selection

Patients with BMI between 30 kg/m2 and up are
the typical candidates. In case of GI disease
(stomach or duodenum ulcer, cancer) or local
radiation therapy, exclusion applies. It is not
known whether bariatric surgery is safe and fea-
sible after bariatric embolization. Future bariatric
surgery should be preoperatively discussed with
the patients.

Vascular Access

Transfemoral or transradial arterial access are
available. The transradial approach looks more
feasible and safe (Pirlet et al. 2019).

Embolic Agents

Historically sodium morrhuate was employed;
however, better options are now in the market
(Arepally et al. 2007). Bead block microspheres
(300–500 μm) (www.bostonscientific.com),
polyvinyl alcohol (PVA) particles (500–700 μm)
(www.cookmedical.com), and embosphere
microspheres (300–500 μm) (www.merit.com)
are preferred (Vaidya et al. 2008). Spherical
embolics of 300–500 μm size are conventionally
injected (Table 45.2). Microspheres are biocom-
patible, hydrophilic, nonresorbable particles pro-
duced from an acrylic polymer and impregnated
with porcine gelatin (No Title 2019; Kshirsagar
and Saudagar 2016).

Fig. 45.1 Normal arterial
supply of the stomach
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The exact choice will depend on the arterial
anatomy, angiographic findings, types of emboli-
zation (localized, proximal, or segmental), dura-
tion of occlusion desired, the need for tissue
viability, and the patient comorbidities (Lubarsky
et al. 2009, 2010; Shin 2012). Bead block
microspheres, used in other contexts (Liaw et al.
2012), are a valid option (Kipshidze et al. 2015;
Syed et al. 2016). Polyvinyl alcohol (PVA) agents
are also a possibility (Bin et al. 2018; Pirlet et al.
2019) (Fig. 45.2).

In the BEAT Obesity trial, 300–500 μm-
calibrated embospheres were technically feasible,

well tolerated, and followed by short- or
intermediate-term weight loss (Weiss et al.
2019). Experimentally smaller microspheres
show greater weight gain suppression and fundal
ghrelin expression, but with more gastric ulcera-
tion (Fu et al. 2018). Radio-opaque embolic beads
(Mikhail et al. 2018) have advantages regarding
intraprocedural monitoring of target and nontar-
get embolization, and postprocedural evaluation
of embolization (Duran et al. 2016; Thompson
et al. 2018). Other embolic agents are listed in
Table 45.3 (Gunn and Oklu 2014; Brown et al.
2016; Anton and Rahman 2015).

Fig. 45.2 Left gastric
artery embolization
procedure in a 54-year-old
female with morbid obesity.
Celiac artery angiogram
showing Celiac artery
(arrow A), Common
Hepatic artery (arrow B),
Splenic artery (arrow C),
and Left Gastric Artery
(arrow D)

Table 45.3 Different types of embolic agents

Embolic agents types

Temporary

Permanent

Nonabsorbable microparticles
Mechanical embolic
agents

Liquid embolic
agents

Gelatin sponge Polyvinyl alcohol particles
(spherical and non-spherical)

Pushable coils N-butyl-2-
cyanoacrylate

Oxidized cellulose and
microfibrillar collagen

Tris-acryl gelatin microspheres Liquid coils Ethylene vinyl
alcohol copolymer

Thrombin Embozene microspheres Detachable coils
Vascular plugs (covered
and non-covered)
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Radiation Dose

Fluroscopic dose follows the recommendations of
the Society of Interventional Radiology (SIR),
American College of Radiology (ACR), Ameri-
can Association of Physicists in Medicine
(AAPM), and National Council on Radiation Pro-
tection and Measurements (NCRP) (Stecker et al.
2009; Miller et al. 2004; Radiology AC of 2015;
Mahesh 2012; Balter et al. 2012). There is no
evidence of skin burns from bariatric emboliza-
tion in the Beat Obesity trial, and interventions
usually take less than 1 h (Weiss et al. 2017).

Post-procedure Immediate Care

Gastric ulcer is a risk, and proton pump inhibitors
are recommended before and after the procedure.
A subsequent overnight admission can be needed
in circumstances of nausea, vomiting, or
epigastric pain.

Long-Term Metabolic Effects

Nejad et al. have shown 8.1% weight loss in
1 year (Hafezi-Nejad et al. 2019), less than the
13.7–31.2% outcome after surgical intervention
(Arterburn et al. 2018). However, bariatric embo-
lization is more safe and effective especially for
patients who have contraindications (Gunn and
Oklu 2014; Bin et al. 2018; Hafezi-Nejad et al.
2019; Stahl and Malhotra 2019), or are not inter-
ested in bariatric surgery.

Combination Therapy with Clinical
and Surgical Maneuvers

The inclusion of diet control and exercise could
contribute to weight control on a longer term.
Embolization is not proposed as a replacement
for bariatric surgery, but as a complementary
method to facilitate weight loss with lifestyle
modification.

Ongoing Human Trials and Other
Lines of Investigation

There are only few clinical trial results for weight
reduction, along with others in the recruitment
phase (Table 45.2). Most of the safety data have
been derived from studies to treat gastrointestinal
hemorrhage.
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Abstract

Beta-cells play a decisive role in regulating
glucose homeostasis, via insulin synthesis and
release. Beta cell maintenance (mass, architec-
ture, survival) and function (insulin release) are
central to type 2 diabetes (T2D), in which the
pancreas is technically normal to begin with.
Yet progressive loss of beta cells tends to occur

with disease progress, due to glucolipotoxicity
and additional mechanisms. Many candidate
probes for beta cell imaging have been designed
based on the screening of genomic, SNP, or
proteomic β cell databanks, but no consensus
on the ideal probes has yet been reached. Mon-
itoring the beta-cell mass requires a reliable
method for noninvasive utilization. Despite the
non-negligible challenges, many advances have
been reached in preclinical studies, and human
trials are going on.

Keywords

Glucotoxicity · Lipotoxicity · Beta cell mass ·
Noninvasive imaging · Islet cell histology ·

B. L. Faintuch (*)
Nuclear and Energy Research Institute, Butantã, Sao
Paulo-SP, Brazil
e-mail: blfaintuch@hotmail.com

S. Faintuch
Beth Israel Deaconess Medical Center, Division of
Interventional Radiology, Boston, MA, USA

# Springer Nature Switzerland AG 2020
J. Faintuch and S. Faintuch (eds.), Obesity and Diabetes, https://doi.org/10.1007/978-3-030-53370-0_46

631

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53370-0_46&domain=pdf
mailto:blfaintuch@hotmail.com
https://doi.org/10.1007/978-3-030-53370-0_46#DOI


Optical imaging · Magnetic resonance
imaging · Radiopharmaceutical imaging ·
SPECT/CT imaging · PET/CT imaging

Introduction

In physiological conditions, concentrations of
blood glucose are stable within a relatively nar-
row range, despite large fluctuations in intake
(intermittent meals, night fasting) as well as con-
sumption (mild office or household activities,
hard-working jobs or sports, sedentary periods,
sleeping).

Insulin secretion, dependent on pancreatic
beta cell population and function, is often more
critical than insulin resistance in T2D, despite
the strong association between insulin resistance
and obesity, the most frequent precipitant of
diabetes onset (Fig. 46.1) (Ashcroft and
Rorsman 2012).

Beta cell insults include cytokine-induced
inflammation, obesity and insulin resistance, and
saturated fat and free fatty acids (FFA), along
with hyperglycemia itself. A progressive decline
of beta cell function leads to beta cell exhaustion.
Even incretin-mimicking drugs like glucagon-
like peptide 1 receptor agonists, well-regarded
worldwide for their excellent clinical response in
T2D, can induce exhaustion in some contexts
(Van Raalte and Verchere 2016).

Main Chronic Disorders Related
to Beta-Cells

The fundamental nononcological diseases
precipitated by beta-cell aberrations are type
1 and type 2 diabetes. Obesity is intimately
related although it should not be listed among
the consequences as it is obviously one of the
causes of dysglycemia, along with genetics,
epigenetics, aging, glucolipotoxicity, and other
mechanisms (Li et al. 2020a). Incidentally the
interplay with obesity is complex, with different
clusters of obese patients exhibiting patterns of
insulin responsivity, secretion, and resistance that
range from the perfectly healthy to the highly
deranged (Li et al. 2020b).

In the course of obesity, both insulin sensitiv-
ity and β-cell function tend to decrease (Li et al.
2020a, 2020b). In a healthy organism, there is a
continuous feedback relationship between the
β-cells and the insulin-sensitive tissues. If adipose
tissue, liver, and muscles exhibit a larger glucose
turnover, this will lead to a parallel and propor-
tional increase in insulin supply.

Glucotoxicity

Should insulin resistance ensue, β-cells will be
overworked in order to maintain the same normal
levels of glucose. At some moment pancreatic
β-cell demise could occur, partly as a conse-
quence of glucotoxic effects of persistently ele-
vated blood glucose. Further decompensation of
glucose homeostasis, potentially leading to predi-
abetes of full-blown type 2 diabetes, should be
anticipated. Reduced proliferation and enhanced
beta cell apoptosis have been recognized for some
time in T2D (Li et al. 2017).

Lipotoxicity

Plasma nonesterified fatty acids (NEFA) levels
play a major role in insulin release, yet the con-
tinuous exposure to them interferes with glucose-
stimulated insulin secretion pathways, and can
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result in reduced insulin biosynthesis. Insulin
resistance and failure of the compensatory
mechanisms of β-cells further contribute to
increased amounts of NEFAs. Indeed adipose
tissue release of NEFAs into plasma is inhibited
by the antilipolytic action of insulin.

During metabolic syndrome and obesity, it is
possible to measure both glucose-specific and
NEFA-specific insulin resistance, which are
clearly different from normal. The combined
effect of lipotoxic increases in plasma NEFA
levels and the rise of glucose levels might pro-
duce the typical combined outcome glucolipo-
toxicity (Walker et al. 2020).

b-Cell Mass in Human Obesity

In nondiabetic subjects, obesity is associated with
a modest expansion of β-cell mass, in parallel
with the α-cell mass, so that the proportional
elevation of both glucagon and insulin is
maintained in this bihormonal, multifaceted dis-
ease (Ellenbroek et al. 2017).

Adiposity and particularly ectopic fat in the
pancreas, liver, muscle, and other glucose recipi-
ent organs will exacerbate insulin resistance,
which subsequently impairs beta cell function.
Obesity also increases insulin demand; therefore,
hyperfunction of beta cells may ultimately
exhaust them, as a result of beta cell dysfunction
(Cerf 2013).

In those individuals who develop diabetes,
beta cell physiological compensation declines
due to hyperglycemia resulting in a persistent
progressively increasing metabolic load that
could be further influenced by aging and an even-
tually adverse genetic profile.

Current mathematical models try to integrate
such diverse factors as fasting plasma glucose,
insulin, leptin, glucagon, nonesterified fatty
acids (NEFA), and very-low-density lipoprotein
triglyceride (VLDLTG), as well as muscle,
hepatic, and pancreatic lipids, fat mass, and
mass of β-cells. Combined with dietary pattern,
the model is likely to predict the trajectory to both
fat and lean T2D (Hassell Sweatman 2020).

Beta Cell Mass in T2D

As alluded to, beta cell mass shrinks in T2D;
however, differences between lean and over-
weight/obese diabetics are not remarkable
(41% and 38% decrease, respectively). Duration
of disease is a robust and widely recognized
driver in such circumstances, with 24% reduc-
tion in subjects with less than 5 years after
diagnosis, versus 54% in those with over
15 years of overt diabetes (Rahier et al. 2008;
Butler et al. 2016).

Rodent Versus Human b Cells

The vast majority of experimental investigations
concerning beta cell imaging are conducted in
rodents. This has been a hindrance for clinical
translation, as major anatomical and functional
differences separate these nonhuman species
from patients (Kang et al. 2020). It is worth
emphasizing this point, as nominally successful
animal techniques continuously appear, without
sufficiently highlighting such critical detail.

Cell Types

Pancreatic islet cells are not dissimilar between
man and rodents: β, α, δ, ε, and pancreatic poly-
peptide cells (Fig. 46.2).

Yet microvascularization, cytoarchitechture,
and composition of cell clusters, which are
merely histological arrangements yet with signif-
icant functional impact, pursue conflicting
models.

In rodents, 80% of the islets consist of insulin-
expressing β cells, forming a core surrounded by
other cell types. In turn, only 50–60% of the islet
cells are of the β variety in humans, and their
distribution is scattered. About 30% are
glucagon-producing α-cells, along with small
proportions of δ-cells (somatostatin), γ—or PP
cells (pancreatic polypeptide), and ε-cells
(ghrelin) (da Silva Xavier 2018). Additional
differences in the cells concern calcium ion
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oscillation, and the main transporter for glucose
uptake, which is GLUT2 in rodents and GLUT1
in humans. In addition to functional differences
(Johnston et al. 2016), such architecture interferes
with imaging profiles (Murakami et al. 2019)
(Fig. 46.3).

As a result, species-specific expression level
and islet distribution of beta cells are inevitable
during imaging procedures with positron emis-
sion tomography (PET) and single-photon emis-
sion computed tomography (SPECT),
complicating the interpretation of such diagnostic
resources

Beta-Cell Imaging

In front view, the adult pancreas measures about
3.0 cm at the head, 2.5 cm at neck and body, and
2.0 cm at the tail (these values are not applicable
to old persons, given the age-related atrophy of
the gland). The pancreatic islets constitute 1–2%
of this mass and are widely scattered throughout
the pancreatic parenchyma. Given an estimated

total number of 3.2–14.8 million islets, and an
individual diameter of 30 μm to >400 μm, total
islet volume could reach 0.5–2.0 cm3. This is not
a sufficiently large size for single islet identifica-
tion, and a challenge even for global tracing given
their widespread distribution in a much larger
host organ, yet with specific cell probes, collec-
tive beta cell imaging can be envisaged (Huang
et al. 2018).

Histological Estimations

Histometric techniques for beta cell mass calcula-
tion are well established. Most commonly, islet
beta-cell area is defined on pancreatic tissue
sections and extrapolated for total pancreatic vol-
ume. Yet, no routine clinical application will
emerge as multiple biopsies would be required,
entailing the risk of pancreatitis, bleeding,
pseudocysts, and other serious complications.
Such approach is useful as a gold standard, for
experimental validation of imaging procedures
(Linnemann et al. 2014).

TYPE  OF 
CELL SECRETION FUNCTION

Alpha cell

Beta cell

Delta cell

PP Cell

Epsilon Cell

Glucagon

Insulin

Somatostatin

Pancreatic
Peptide

Ghrelin

Raises blood glucose levels

Lowers blood glucose levels

Inhibits growth hormone
release from pituitary

Regulates digestive secretin
and motility

Orexigenic hormone

Fig. 46.2 Composition of pancreatic islets
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Noninvasive Imaging of Pancreatic
b Cells

Diagnosis of beta-cell loss or dysfunction in dif-
ferent phases of diabetes would be conspicuously
helped by imaging of the beta cell mass (BCM).
Interventions aiming at preservation or regenera-
tion of beta-cells, based on incretin analogs or cell
therapy techniques, could be directly monitored.
These include cell-based immunomodulatory
approaches for type 1 diabetes (Black and Zorina
2020)

As alluded to, when diabetes is diagnosed, a
significant proportion of insulin-secreting pancre-
atic β cells are already dysfunctional or destroyed
(Rahier et al. 2008; Butler et al. 2016). Early
evaluation of BCM could entail better preserva-
tion procedures, in order to prevent such often
irreversible loss.

Single Diagnostic Tools

Optical Imaging
Bioluminescence tomography (BLT), fluores-
cence molecular tomography (FMT), and optical
projection tomography (OPT) are not employed
yet in the clinical setting, however, have been
successful in experimental protocols.

Optical methods rely on the detection and
image acquisition of natural or notably induced
light emission from a known biological source,
with a particular wavelength. Fluorescent proteins
have been used for a long time to track cells and
proteins, both in vitro and in vivo.

Also, the enzyme luciferase has been
transfected to isolated human beta cells, acting as
a source of bioluminescence (Kracht et al. 2018).
However, no translational applications are foreseen
for this complicated intervention in the near future.

HUMAN PANCREAS RODENT PANCREAS 

versus

1. Islets consist of 50-60% β-cells among other
endocrine cell types
2. Islets consist of 30% α cells
3. Lower threshold for insulin secretion
4. GLTU1 is the main transporter for glucose
uptake

1.Islets consist of 70-80% β cells in
the core of the islet
2.Islets consist of <20% α cells
3. Higher threshold for insulin secretion
4. GLTU2 is the main transporter for
glucose uptake

Fig. 46.3 Differences between human and rodent islets
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Fluorescent probes, after excitation at a spe-
cific wavelength, emit an optical signal.
Fluorophores range from 510 nm to 900 nm,
with better penetration at longer wavelengths.
Despite the fact that fluorescence alone is not
feasible yet for pancreatic β cell tracking
in vivo, encouraging results were announced
with a hybrid technique, combining a fluores-
cence probe with a radioactive marker (18 F). In
animals, this enabled the successful identification
of pancreatic beta cells with the help of a PET
scan (Kang et al. 2019).

Magnetic Resonance Imaging (MRI)
This classic tool uses strong magnetic fields to
excite hydrogen atoms. These emit radio fre-
quency signals that can be detected by a receiver
and transformed into an image.

MRI contrast agents suffer from limited sensi-
tivity of the systems, and the MRI signal is diffi-
cult to quantitate in absolute numbers, in order to
calculate the β cell mass. As classic computed
tomography and other traditional methods, it
lacks specificity and resolution power for the chal-
lenge represented by beta cells (Kang et al. 2019).

Radiopharmaceutical Imaging
The physical basis for nuclear medicine imaging
is the detection of radiation emitted from a radio-
active isotope (biological marker). Many tracers

have been tested within the context of pancreatic
β cells, particularly monoclonal antibodies and
peptides, targeting β cell specific antigens,
receptors, or its major secretion molecule,
namely, insulin. Table 46.1 lists imaging agents
studied in experimental conditions for PET or
SPECT imaging of pancreatic beta cells, and
radiolabeled with a variety of radioactive
isotopes, along with MRI protocols.

Single Photon Emission Computed
Tomography (SPECT)
Based on γ-ray-emitting radiotracers, this is one
of the most valued nuclear medicine technologies.
It offers a high diagnostic sensitivity in the
picomolar range, something desirable when deal-
ing with pancreatic islets and related molecules.
Combination with computed tomography
(SPECT/CT), it could be endowed with the right
assessment qualities for BCM, as discussed now.

Combined Diagnostic Tools

Fusion Imaging linking functional and anatomic
imaging data via PET/MRI, PET/CT, SPECT/CT,
or PET/fluorescence probe, could bypass the
weaknesses of single methods by means of meth-
odological synergies, thus paving the way for
clinically relevant information (Singh et al. 2017).

Table 46.1 Summary of the main targets and imaging agents

Target Imaging agent Type of imaging

VMAT2
Vesicular monoamine transporter 2 neutrotransmission

11C-DTBZ
18F-FP-DTBZ

PET

β-Cell surface antigen 111In-IC2 (mAb) SPECT
Gangliosides on the plasma membranes of pancreatic β cells 125I-R2D6 (mAb) SPECT
Dopamine receptors
(D2 and D3)

11C-PHNO
11C-5-HDP

PET

GLP1R
Glucagon-like-peptide 1 receptor

18F-(Nle14,Lys40)-exendin-4
111In-DTPA-Lys40-exendin-3
177Lu-Do3A-VS-Cys40-exendin-4

PET
SPECT
SPECT

TMEM 27
Transmembrane protein 27

89Zr-8/9 mAb PET

ZnT8 protein
Zinc transporter 8

125I-Ab31
125I-exendin 4

SPECT

GPR44—Pancreatic protein GPR44 antagonist 11C-AZ12204657 PET
FXY-D2ya Gd-DOTA-P88 MRI
Zn +@ Gd-DOTA-diBPEN MRI
Ca+2 Channel MnCl2 MRI
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PET/MRI
PET-MRI is one of these promising approaches.
The contrast for MRI was manganese ( Mn), an
ion gated by voltage-dependent calcium channels,
involved in insulin secretion by pancreatic beta
cells, along with radiolabeled exendin-4 for PET,
a glucagon like peptide 1 receptor agonist, which
stimulates beta cell metabolism. In vivo quantifi-
cation of β-cell function and mass was thus
achieved (Michelotti et al. 2020).

SPECT/CT
Creative diagnostic interventions were recently
developed in mice, with potential for future use in
humans. In one model, pancreatic alpha and beta
cells were traced by a dipeptidyl peptidase 6 (DPP6)
antibody (nanobody “4hD29”). Subsequent
SPECT/CT investigation allowed identification of
implanted human pancreatic islet cells in mice. The

possibility of employing PET/CT for the same pur-
pose is also envisaged (Demine et al. 2020).

Glucagon-like peptide 1 analog exendin-4,
radiolabeled with Indium 111, has been proposed
for specific quantification of BCM, by means of a
SPECT/CT protocol. Preliminary results in dia-
betic mice were very positive (Murakami et al.
2019) (Fig. 46.4).

Clinical Trials

A trial was conducted a couple of years ago,
using an 18F-FP DTBZ (fluoropropyl-
dihydrotetrabenazine) marker, with the aim of
evaluating an islet imaging technique and mea-
suring BCM, in both prediabetes and diabetes,
compared to healthy obese volunteers (Cline
et al. 2018). This marker binds to vesicular mono-
amine transporter type 2 (VMAT2), which is

BIOIMAGING BETA-CELLS

Optical Imaging Conventional Imaging
Modalities

Bioluminescence

Fluorescence

Fluorescence molecular 
tomography

Structural Functional

Fusion Imaging

SPECT,PET 
(Nuclear MedicineCT, MRI

CT/MRI
CT/PET
PET/MRI

Fig. 46.4 Tools to bioimage beta-cells
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expressed by insulin-secreting beta cells. Results
were consistent with the hypothesis, and
suggested that measured loss of BCM contributed
to deficient insulin secretion in humans with type
2 diabetes. Binding potential had previously been
tested in type 1 diabetes and repeatable values
were observed, anticipating its interest in this
population as well (Freeby et al. 2016).

This line of investigation didn’t receive
unblemished acclamation. In a relatively widely
cited criticism by investigators from the Univer-
sity of Pennsylvania, it was recommended that
PET scanning be reserved for more substantial
cell masses, or for highly concentrated clusters,
such as occurring after beta cell transplantation,
or hyperinsulinism/insulinoma. The limit for
effective PET detection is stated as 8–10 cm3,
something incompatible with islet cell size and
histological distribution (Alavi and Werner
2018). Nevertheless the authors stood their
ground, in face of their results, and of continuous
advances in PET imaging technology (Gotthardt
et al. 2018).
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Abstract

In oncology positron emission tomography/
computed tomography (PET/CT) is a standard
imaging procedure for cancer staging,
restaging, treatment monitoring, and radiation

therapy planning. Despite the availability of
many radiotracers, 18F-fluoro-2-deoxy-2-D-
glucose ([18F]FDG) is still the most used for
most cancers staging.

Hyperglycemic conditions, antidiabetic
oral medications, or insulin can have an impact
on [18F]FDG PET/CT scan accuracy. A cor-
rect knowledge of how these conditions influ-
ence [18F]FDG distribution is fundamental for
patients management before [18F]FDG
PET/CT. International PET/CT guidelines
propose protocols for patients’ adequate prep-
aration and therapy management before [18F]
FDG administration, in particular with regard
to diabetic patients.
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Clinical Importance of 18F FDG PET/CT
in Cancer Staging

In oncology positron emission tomography/
computed tomography (PET/CT) is a standard
procedure, commonly used in several cancers
for staging, restaging, treatment monitoring, and
radiation therapy planning. Despite many
radiotracers being available, according to differ-
ent applications, 18F-fluoro-2-deoxy-2-D-glu-
cose ([18F]FDG) is the most widespread.
Focusing on cancer TNM staging, local tumor
(T) extension is frequently a prerogative of mor-
phological imaging such as CT scan or MRI to
evaluate local extension, but [18F]FDG PET can
help in a better tumoral mass characterization,
especially identifying necrotic or fibrotic areas
inside the tumoral mass to guide biopsy or
locoregional treatment. Furthermore [18F]FDG
is a very important tool for lymph-node (N) and
distant metastases (M) detection: baseline [18F]
FDG PET/CT is fundamental to assess tumor
burden, which not only is a prognostic factor but
also is fundamental to plan the optimal therapeu-
tic strategy (Gallamini et al. 2014).

Indications in Lymphomas

[18F]FDG PET/CT is recommended in disease
staging in several tumors, in particular both in
Hodgkin lymphoma (HL) and in [18F]FDG-avid
non-Hodgkin lymphoma (NHL) subtypes. [18F]
FDG PET/CT improves the accuracy of staging
both for nodal and extranodal sites, allowing a
staging change (sometimes upstaging) in 10–30%
of patients, in particular for a better definition of
splenic involvement and for its high sensitivity in
the case of bone marrow involvement: in the case
of bone marrow [18F]FDG PET/CT uptake in
HL, bone marrow biopsy is in fact no longer
indicated (Cheson et al. 2014). In the case of LH

or [18F]FDG-avid NHL, [18F]FDG PET/CT is
fundamental also in response to therapy assess-
ment to define complete or partial response, stable
or progressive disease using a 5-point scale
(Deauville score), based on [18F]FDG lesion
uptake compared to background (Cheson et al.
2014).

Carcinoma and Adenocarcinoma

[18F]FDG PET/CT has demonstrated a pivotal
role also in several [18F]FDG-avid solid tumors.
Despite T extension being often provided by con-
ventional imaging (CT, MRI), PET/CT scan
could provide additional information: for exam-
ple solitary pulmonary solid nodules greater or
equal to 8 mm can safely be considered benign if
the PET-CT scan is negative (Madsen et al.
2016). On the other hand, in the case of advanced
NSCLC the main advantage of [18F]FDG
PET/CT is the assessment of tumor spread to the
pleura (Gallamini et al. 2014). In the case of
breast cancer, despite [18F]FDG PET/CT not
being recommended for staging localized disease,
evidences support its use in locally advanced
breast cancer based on improved regional and
distant staging, and also for its prognostic role,
as baseline tumor glycolytic activity is associated
with biological behavior and prognosis (Caresia
Aroztegui et al. 2017).

The fundamental role of [18F]FDG PET/CT in
solid tumors staging has been widely
demonstrated in N and M assessment. For exam-
ple in the case of NSCLC, [18F]FDG PET/CT is
superior to contrast-enhanced CT (CeCT), by
adding metabolic information able to disclose
morphologically undetectable nodal dissemina-
tion: despite this superiority the sensitivity of
PET-CT is in general insufficient to rule out
mediastinal lymph node metastasis (Madsen
et al. 2016) and surgical staging remains the stan-
dard (Gallamini et al. 2014). In the case of
advanced breast cancer, the imaging-guided sen-
tinel lymph node biopsy with 99mTc-colloid
remains the gold standard, but the high positive
predictive value of [18F]FDG PET/CT (�90%)
could guide an axillary lymph node dissection in
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the case of axillary node uptake (Gallamini et al.
2014).

In the case of melanoma staging, [18F]FDG
PET/CT could add clinical information for
patients with palpable or macroscopic
locoregional nodal metastasis: approximately
60% of patients with locoregional nodal metasta-
sis will develop distant metastases (Perng et al.
2015). In M detection, there’s no doubt on [18F]
FDG PET/CT leading role, and it is widely
supported by international guidelines. For exam-
ple, in NSCLC no curative-intent treatment
should be planned until a PET-CT scan has
excluded occult distant metastases (Madsen
et al. 2016) or, in the case of melanoma, numer-
ous studies have shown that FDG PET/CT can
detect M parameter with high sensitivity (86%)
and specificity (91%) (Perng et al. 2015).

Tumor Uptake and Hyperglycemia

Several conditions can impact [18F]FDG
PET/CT accuracy, first of all peculiar tumor
[18F]FDG avidity related to tumor
aggressiveness, histology, and metabolism.
Hyperglycemia is the second most important con-
dition that can impact [18F]FDG PET/CT scan
results, and an accurate knowledge of [18F]FDG
uptake mechanism and management of patient
glycemic status before performing the exam are
pivotal to obtain the maximum quality of the
procedure.

Mechanism of [18F]FDG Uptake

The chemical structure of [18F]FDG is similar to
natural glucose, differing in a carbon-2 atom
labelled with [18F] (Ido et al. 1978), a radioiso-
tope with a half-life of 109.8 min and a positron
emission decay. Cancer tissue presents
accelerated glucose metabolism even in the pres-
ence of oxygen, with an associated increase in
lactate production (Potter et al. 2016). This phe-
nomenon was firstly described by Warburg in
1920 and named “Warburg effect” (Warburg
and Negelein 1924). On the basis of the increased

lactate production even in the presence of oxygen,
he hypothesized a mitochondrial dysfunction that
was not supported by further research. Aerobic
glycolysis, in fact, is a favorable metabolic path-
way for tumoral cell because, despite generally
leading to a lower production of ATP molecules
compared to mitochondrial oxidative phosphory-
lation, on the other hand it is much faster and in
the same amount of time, produces a higher num-
ber of ATP molecules (Chen et al. 2017).

Intracellular Pathways of Glucose
and Labelled Glucose

As normal glucose, [18F]FDG is transported by
membrane specific glucose transporters (GLUT)
into the cell cytosol, and phosphorylated by hexo-
kinase to [18F]FDG 6-phosphate that, differently
to glucose 6-phosphate, is not a good substrate for
further enzyme action through the glycolytic
chain, and it is trapped into the cell and not
metabolized to carbon dioxide and water (Larson
2006).

Five different glucose transporters (GLUT) are
responsible for [18F]FDG transport across cell
membrane: GLUT-1 is ubiquitously expressed
in the cell membrane of various tissues and it is
up-regulated by several growth factors (Pauwels
et al. 2000); GLUT-2 expression is regulated by
glucose concentration and it is mainly expressed
by intestine, kidney, liver, pancreatic islets, and
brain (Theorens et al. 1988); GLUT-3 is
expressed in neurons and ensures a glucose sup-
ply in the brain even in hypoglycemic conditions
(Maher 1995); GLUT-4 is stimulated by insulin
and it is expressed in skeletal and cardiac muscle,
and in brown and white adipose tissue (Rea and
James 1997); GLUT-5 is expressed in the small
intestine and is responsible for fructose transport
(Kayano et al. 1990).

In euglycemic status, several organs present a
physiologic biodistribution of [18F]FDG that
reflects GLUTs expression (Fig. 47.1). It is very
intense in brain, moderate in liver, and weak in
skeletal muscle; furthermore it is variable in the
cardiac muscle because myocardial cells primar-
ily use the beta oxidation pathway of fatty acids,
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but following a glucose load may present a meta-
bolic shift toward glucose metabolism; moreover,
myocardial cells protect themselves from hypoxic
state by means of the “glucose-fatty acid cycle”
(Randle et al. 1963).

Finally, urinary system presents high [18F]
FDG concentration due to it physiological urinary
tracer excretion. Despite the absence of glycos-
uria in physiological and euglycemic status, renal
tubular cells, in addition to GLUTs, also present a
sodium-dependent glucose transporter (SGLT)
that is responsible for re-uptake of glucose from
the filtrate in the proximal tubules, promoting
glucose transport against its concentration gradi-
ent (Szabo et al. 2006). SGLT presents a lower
affinity for [18F]-FDG compared to glucose, due
to the replacement of a hydroxy group in
D-glucose with a [18F] atom (Moran et al.
1999), and for this reason [18F]-FDG cannot be
reabsorbed in the proximal tubules of the kidney

and it is accumulated in the urine (Qiao et al.
2007).

Cancer Cell Pathways

Cancer cells [18F]FDG uptake can vary substan-
tially depending on glycolysis levels at one site
and it is associated with both increased GLUT
and intracellular hexokinase expression (Brown
and Wahl 1993); moreover, in cancer cells, glu-
cose 6-phosphatase is markedly downregulated,
so its levels are insufficient to break down [18F]
FDG 6-phosphate (Larson 2006).

Generally, aggressive and proliferating tumors
present a high expression of GLUT and
hexokinases, so in these case [18F]FDG uptake
is generally very high, but FDG avidity can differ
among different histological subtype: Hodgkin
Lymphoma, Diffuse Large B Cell Non-Hodgkin
Lymphoma (DLBCL) or Follicular Lymphoma

Fig. 47.1 Physiologic biodistribution of [18F]FDG. In
fasting and euglycemic conditions [18F]FDG uptake
reflects GLUTs expression: [18F]FDG uptake is intense
in brain, because of GLUT-3 expression that ensures
correct glucose levels even in hypoglycemic condi-
tions, weak in skeletal muscle for GLUT-4 expression

stimulated by insulin, variable in cardiac muscle that
primarily uses free fatty acids, but may present a meta-
bolic shift to glucose metabolism after glucose load;
intense in the urinary system because of [18F]FDG phys-
iological urinary excretion
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presents high [18F]FDG uptake, while other
hematologic malignancies, such as Marginal
Zone Lymphoma (ML), for example, demonstrate
low [18F]FDG uptake (Fig. 47.2). Also solid
tumors may have different [18F]FDG avidity. In
the case of lung cancer, in fact, Non-Small Cell
Lung Carcinoma (NSCLC) presents high [18F]
FDG uptake, while tumors with neuroendocrine
differentiation (typical carcinoid) present

low/absent [18F]FDG uptake (Fig. 47.3). Other
well-differentiated tumors that use different met-
abolic pathway, for example, membrane
phospholipids turnover in cell membrane instead
of glycolysis, such as Prostatic Carcinoma or
Hepatocellular Carcinoma (HCC), present a very
low [18F]FDG avidity and should be studied
specifically with other PET tracers.

Fig. 47.2 [18F]FDG PET/CT in a patient with marginal zone lymphoma: laterocervical and inguinal lymphnodes that
present very low [18F]FDG avidity

Fig. 47.3 [18F]FDG PET/CT scan in two patients with
recent diagnosis of pulmonary nodule prior to histological
diagnosis: left apical node of patient A presents very high

[18F]FDG uptake compared to medium lobe node of
patient B. Subsequent histological diagnosis revealed in
case A a NSCLC instead in case B a typical lung carcinoid
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[18F]FDG uptake may be influenced not only
by tumoral histological characteristics, but also
by intra-tumoral heterogeneity in the case of
intra-tumoral necrosis, that is responsible for
low and heterogeneous uptake (Fig. 47.4) and
cell dedifferentiation (undifferentiated neuroen-
docrine tumors, for example, may present high
[18F]FDG uptake). Also different therapies
effects may modify [18F]FDG uptake: cytotoxic
therapies such as chemotherapy or external radio-
therapy may reduce [18F]FDG uptake, but may
also cause flogistic reaction with increased [18F]
FDG uptake at that site. For these reason an
interval of at least three weeks from the last

cycle of chemotherapy and three months from
the end of radiotherapy is often required, espe-
cially in hematologic malignancies, before
performing [18F]FDG PET/CT scan to avoid
false positive findings.

Effects of Hyperglycemia on [18F]FDG
Distribution and PET/CT Scan
Interpretation

Several clinical conditions may affect [18F]FDG
uptake. Several published studies described the
effects of hyperglycemia and hyperinsulinemia

Fig. 47.4 Different [18F]FDG uptake in a patient with
DLBCL. (a) prevascular lymphnode; (b) iliac lymphnode;
(c) heterogeneous hepatic localization of lymphoma with

central necrotic component that reduce [18F]FDG uptake;
(d) bone localization of lymphoma
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on [18F]FDG biodistribution. Hyperglycemia is
the leading cause of altered biodistribution
because, both in normal and in cancer cells, it
leads to a direct competition between plasmatic
glucose and [18F]FDG uptake (Di et al. 2018),
reducing the binding site of [18F]FDG (Wahl
et al. 1992). Reactive hyperinsulinemia to hyper-
glycemia results in a higher skeletal and
myocardial muscle [18F]FDG uptake (Diederichs
et al. 1998) for GLUT-4 up-regulation with lower
uptake in cancer cells compared to physiological
tissue leading to the risk of false negative
findings. Also the standardized uptake value
(SUV), a semiquantitative parameter expressing
FDG concentration in tissues (Juweid and Cheson
2006), may be affected by blood glucose levels.
SUV is the a-dimensional semiquantitative
expression of the tracer uptake in a region of
interest (ROI), for example, tumoral lesion,
normalized by total amount of activity
administered and body weight (Body weighted
SUV—SUVbw) or body surface area (SUVbsa);
it is used as SUVmax or mean or peak to compare
[18F]FDG uptake on pre and post-therapy scan
and to define response to therapy (Wahl et al.
2009). Furthermore, SUVs of healthy tissues,
such as liver and mediastinal blood pool, are
used as references in international criteria to
define disease uptake and to assess response to
therapy in lymphoproliferative disease
(Barrington and Kluge 2017).

In 2013 Büsing et al. (2013) enrolled
90 patients with Blood Glucose Levels (BGL)
ranging from 50 to 372 mg/dl to assess the impact
of chronically elevated BGL on [18F]FDG tumor
uptake and biodistribution in healthy organs. The
authors found a significant association between
BGL increase and both cerebral uptake reduction
( p < 0.001) and muscle uptake increase
( p < 0.001) and weak associations between
BGL and liver uptake ( p ¼ 0.06), tumoral
( p ¼ 0.133), fat, lung, and spleen uptake
expressed as SUVmax ( p ¼ 0.136–0.157).

Sprinz et al. in 2018 investigated the effects
of glycemia on [18F]FDG uptake in healthy
liver, brain, and lungs in 5623 patients that
underwent PET/CT, stratified into four groups
by serum glucose levels. All organs showed

significant differences in mean SUVmax
according to different groups ( p < 0.001) in
univariate analysis, while multivariate analysis
adjusted for sex, age, and BMI, confirmed sig-
nificant differences only for brain and liver and
not for lung uptake.

The effect of BGL on SUVmax and SUV
mean of [18F]FDG uptake was assessed in 8380
patients collected in a recent meta-analysis
published in 2019 (Eskian et al. 2019). Patients
were divided into 5 groups by BGL, and
SUVmax and SUVmean values of tumor, brain,
muscle, liver, and blood pool were recorded. Sig-
nificant inverse correlations ( p < 0.001) were
found between BGL and SUVmax and SUVmean
both in brain and in muscle, while positive
correlations were found between BGL and
SUVmax and SUVmean in liver ( p ¼ 0.001,
p ¼ 0004) and blood pool ( p ¼ 0.008,
p < 0.001). No significant correlation was found
between BGL and SUVmax or SUVmean in
tumors.

All hyperglycemic groups compared to the
euglycemic group presented significantly lower
brain and muscle SUVs ( p < 0.001 for both),
while higher SUVmax and SUVmean in liver
( p ¼ 0.001, p ¼ 0004) and blood pool
( p ¼ 0.008, p < 0.001) were reported. On the
contrary, tumoral tissue presented significantly
lower SUVmax only in the case of BGL
>200 mg/dl. The explanation could be that in
tumoral tissue GLUT could be not saturated
even in the case of high BGL because tumoral
cells overexpress GLUT in order to respond to the
hypoxic condition subsequent to induced angio-
genesis (Eskian et al. 2019; Yang et al. 2017)
demonstrated in various cancer types (Macheda
et al. 2005; Carvalho et al. 2011).

Diagnostic Strategies in Normal
and Disglycemic Patients

In order to avoid hyperglycemic status guidelines
to manage correct patient preparation for [18F]
FDG PET/CT scan have been proposed by inter-
national societies such as the European Associa-
tion of Nuclear Medicine (EANM) (Boellaard
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et al. 2014), the Society of Nuclear Medicine and
Molecular Imaging (SNMMI) (Delbeke et al.
2006), the American College of Radiology
(ACR) (American College of Radiology 2007),
and the National Cancer Institute (NCI) (Shankar
et al. 2006).

Non-diabetic patients should fast for at least
4–6 h and parenteral nutrition and intravenous
fluids containing glucose should be discontinued
for the same time before [18F]FDG injection to
prevent high insulinemia. BGL must be measured
by a glucometer prior [18F]FDG administration
(Boellaard et al. 2014; Delbeke et al. 2006; Amer-
ican College of Radiology 2007; Shankar et al.
2006); for clinical routine the accepted upper
BGL threshold is 200 mg/dL, while for research
trials ranges between 126 and 150 mg/dL are
recommended (Boellaard et al. 2014). In the
case of hyperglycemia, it is possible to decrease
BGL in patients by hydration until an acceptable
level is achieved (Boellaard et al. 2014). The
management of diabetic patient is more challeng-
ing providing specific recommendations in this
setting (Boellaard et al. 2014) for diabetic patients
treated by oral medication or insulin.

For diabetic patients treated with oral medica-
tion such as metformin, fasting for at least 4–6 h
before [18F]-FDG injection in association with
adequate hydration is recommended, without
oral medication withdrawal to allow for a con-
trolled blood sugar level. PET/CT scan should
preferably be performed in the late morning. Met-
formin decreases BGL by lowering gluconeogen-
esis, increasing insulin sensitivity and enhancing
glucose consumption by enterocytes (Rena et al.
2017). Its known action on the bowel assumes a
critical role in [18F]FDG physiological distribu-
tion: metformin significantly increases [18F]FDG
accumulation in the bowel, in particular in
the colon (Martin and Saleem 2014) (Fig. 47.5a
and b).

Massolo et al. (2013) in 2013 verified this
phenomenon in fifty-three mice that performed
dynamic acquisitions for [18F]FDG kinetic eval-
uation under fasting conditions over a 4-month
study period. Mice were divided into 4 groups:

untreated mice (group 1), mice exposed to met-
formin treatment for 48 h before each PET scan
(group 2), mice treated for the whole study period
(group 3), and mice in which treatment was
interrupted 48 h before PET scan (group 4).
They found that prolonged drug administration
significantly increased bowel [18F]FDG uptake
after a relatively long period of treatment and
persisted after drug washout.

This increased [18F]FDG uptake has been also
demonstrated in clinical practice.

A prospective study published by Gontier at
al. (2008) demonstrated an intense, diffuse, and
continuous pattern distribution of [18F]FDG
along the bowel, strongly predominant in the
colon, in patients treated with metformin. They
enrolled fifty-five patients under oral medication
for diabetes mellitus divided in two groups on
the basis of anti-diabetic treatment (group 1a
treated with metformin and group 1b in anti-
diabetic treatment excluding metformin) and
compared to control group (group 2, patients
without diabetes mellitus). Patients treated with
oral medication presented significantly increased
[18F]FDG bowel uptake compared to controls
( p < 0.001); [18F]FDG bowel uptake was signif-
icantly higher in group 1a compared to group 1b
( p < 0.01).

The effect of metformin on [18F]FDG bowel
uptake must kept in mind in the case of PET/CT
scan performed for abdominal evaluation, in par-
ticular in the case of suspected peritoneal carci-
nomatosis, colo-rectal or gynecological neoplasm
in which increased [18F]FDG bowel uptake could
hide pathological uptake and induce false nega-
tive results (Gontier et al. 2008). No guideline
consensus is available on the oral anti-diabetic
treatment management in the case of abdominal
evaluation, but several published studies on the
timing of metformin discontinuation are
available.

A retrospective study published in 2016 (Lee
et al. 2016) aimed to assess the impact of metfor-
min discontinuation up to 72 h in [18F]FDG
bowel uptake. Two hundred and forty diabetic
patients were divided into four groups on the
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basis of metformin discontinuation:<24 h (group
A), 24–48 h (group B), 48–72 h (group C), and no
metformin at all (control group). Compared with
the control group, [18F]FDG uptake increased
significantly from the ileum to the rectosigmoid
colon in group A ( p< 0.001), from the transverse

to the rectosigmoid colon in group B ( p < 0.001)
and from the descending colon to the
rectosigmoid colon in group C ( p < 0.001),
highlighting a suboptimal metformin discontinu-
ation <72 h for images interpretation, in particu-
lar for the distal colon segments

Fig. 47.5 (a) [18F]FDG PET/CT scan performed for
characterization of a hepatic lesion in a 41 year old dia-
betic patient treated with metformin. High intestinal
uptake is visible in particular in descending colon. (b)
[18F]FDG PET/CT scan performed for suspected occult

lesion in a 51 year old diabetic patient treated with metfor-
min and hepatic lesions suspected for metastases. High
intestinal uptake is visible in particular in transverse and
sigmoid colon
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Conversely, a prospective study published in
2010 (Oh et al. 2010) concluded that discontinu-
ation of metformin for 2 days is feasible to reduce
high [18F]FDG bowel uptake. One hundred
thirty-eight diabetic patients were divided into
two groups: group A treated with metformin and
group B in which the regimen did not include
metformin and they were compared to patients
without diabetes mellitus (control group). Group
A was divided into two subgroups on the basis of
metformin discontinuation (group A1 continued
metformin; group A2 stopped metformin treat-
ment 2 days before PET/CT scan). Ten diabetic
patients underwent two consecutive PET/CT
scans before and after the discontinuation of met-
formin. Group A1 compared to group A2 and
group B presented a significantly higher
( p < 0.001) [18F]FDG bowel uptake. In
10 patients who underwent serial PET/CT scans,
[18F]FDG bowel uptake decreased by 64% and
hidden colorectal malignancies were revealed in
two patients after the discontinuation of the drug.

Despite no consensus being available on the
timing metformin discontinuation, in the case of
[18F]FDG PET/CT scan for abdominal
malignancies, a careful evaluation of patient’s
drug treatment must be conducted, to ensure the
optimal patient preparation in order to avoid false
negative result preventing the rise of BGL.

In the case of treatment with insulin, European
guidelines (Boellaard et al. 2014) suggest differ-
ent options for scheduling [18F]FDG PET/CT
scan on the basis of treatment protocol. Com-
monly, insulin-dependent patients can be sched-
uled for PET/CT scan in late morning or midday,
[18F]FDG should be injected no sooner than 4 h
or 6 h after subcutaneous injection of rapid-acting
and short-acting insulin respectively after break-
fast in the early morning and subsequent fasting.
For patients treated with intermediate-acting
and/or long-acting insulin, [18F]FDG injection
is not recommended on the same day of insulin
administration and PET/CT scan should be sched-
uled in the early morning after insulin injection
the evening before and after night fasting. Partic-
ular attention needs long-acting insulin manage-
ment that could interfere with FDG uptake; thus,
intermediate-acting replacement is mostly

recommended. In the case of continuous insulin
infusion, patients should be scheduled in the early
morning and the insulin pump stopped for at least
4 h prior [18F]FDG injection.

The basis of this careful attention on insulin
administration is the insulin’s affinity for GLUT-
4, expressed in the skeletal and cardiac muscle,
and in brown and yellow adipose cells (Rea and
James 1997): insulin causes the shift of GLUT-4
from intracellular location to the plasma mem-
brane (Huang and Czech 2007; Bryant et al.
2002), promoting both normal glucose and
[18F]FDG intracellular uptake and resulting in
altered radiotracer biodistribution and suboptimal
image quality (Martin and Saleem 2014; Surasi
et al. 2014). The aforementioned study by Büsing
et al. (2013) also found out that diabetic and
insulin treated patients compared to nondiabetics
and noninsulin patients presented significant
lower mean cerebral SUVmax ( p < 0.001) and
higher mean muscular SUVmax ( p < 0.001).

An increase up to 50% was also observed in
average fat tissue SUVmax and myocardial
uptake in diabetic patients and insulin patients,
respectively.

Despite this known effect of both endogenous
and exogenous insulin on [18F]FDG
biodistribution, several studies investigated the
impact on image quality of insulin administration
before [18F]FDG injection to correct hyperglyce-
mia (Fig. 47.6).

In 2006 Turcotte et al. (2006) assessed the
impact of intravenous insulin 60 min before
[18F]FDG injection on muscular, liver, or lung
[18F]FDG uptake. They compared 53 diabetic
patients with BGL>7.0 mmol/l vs 53 euglycemic
nondiabetic patients and found no significant dif-
ference for the SUV calculated on the lung, liver,
heart, and skeletal muscles.

A study published in 2009 (Roy et al. 2009)
aimed to assess the clinical impact of intravenous
administration of short-acting insulin in
63 patients with glycemia greater than 10 mmol/
L according to standardized protocol: 2 units for
glycemia of 10.0–12.0 mmol/L, 3 units for
glycemia of 12.1–14.0 mmol/L, and 4–6 units
for glycemia of 14.1 mmol/L and above to reach
a glycemia lower than 10.0 mmol/L. In the case of
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glycemia above 10.0 mmol/L after 30 min, a
second insulin dose was given. [18F]FDG was
administered at least 60 min after the last insulin
administration. After PET/CT scan patients were
divided in two groups on the basis of [18F]FDG
visual distribution: group A with adequate
biodistribution (normal biodistribution, mild
muscular uptake or muscular uptake involving
more than one muscle group) and group B with
altered biodistribution (diffuse muscular uptake
of moderate intensity or diffuse, intense muscular
uptake resulting in a nondiagnostic examination).
[18F]FDG distribution was also semi-
quantitatively assessed by SUV mean of liver,
gluteal muscles, and myocardium. Group A com-
pared to group B presented a significantly longer
delay between insulin and [18F]FDG injections
( p < 0.01), higher glycemia reduction after insu-
lin injection ( p < 0.01), higher hepatic mean
SUV ( p < 0.01) and lower gluteal muscular
mean SUV ( p < 0.01). This study concluded
that an interval of at least 90 min between insulin
and [18F]FDG administration should be consid-
ered and that hepatic and muscular SUVs could

be useful tools to define adequate biodistribution
of [18F]FDG.

In 2013 Caobelli et al. (2013) evaluated the
usefulness and impact on muscular [18F]FDG
uptake of a protocol of intravenous insulin admin-
istration before [18F]FDG PET/CT scan in 130
diabetic patients. In 20 patients with BGL
>180 mg/dl intravenous insulin was administered
30 min before 18F-FDG injection (group 1); in
ten patients with BGL>160 mg/dl and<200 mg/
dl, no insulin was injected (group 2); 100
euglycemic patients were used as control group.
Biodistribution was adequate in group 2, control
group, and in 95% of patients in group 1. No
significant differences in gluteal muscle SUVmax
were found between groups (p = 0.20) and no
false negative result was recorded at 6-month
follow-up evaluation. In 2013 Song et al. (2013)
assessed the impact of intravenous ultra-short
insulin administration 60 min before [18F]FDG
injection in 105 diabetic patients: 52 patients with
BGL>190 mg/dl received 3–5 IU of insulin were
compared to the remaining 53 with BGL
<190 mg/dl who did not receive insulin and no
significant differences in image quality (p = 0.47),

Fig. 47.6 [18F]FDG PET/CT scan performed for restaging of Hodgkin lymphoma after 6 cycles of chemotherapy in a
65 years old diabetic patient treated with short acting insulin. High muscular [18F]FDG uptake is visible in particular in
quadriceps muscle
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hepatic SUVmean (p = 0.13), gluteal muscle, and
brain uptake (p = 0.71 and p = 0.16, respectively)
were found.

A study conducted by Garcia et al. in 2014
concluded that the quality of [18F]FDG PET/CT
scan is not affected by subcutaneous administra-
tion of rapid-acting insulin if radiotracer is
injected at least 4 h later. They enrolled
120 patients divided in 4 groups on the basis of
insulin administration and delay to [18F]FDG
injection: 30 diabetic patients with
BGL<160 mg/dl without further insulin adminis-
tration (group 1), 30 diabetic patients with BGL
ranging from 168 to 260 mg/dl in which subcuta-
neous rapid-acting insulin was administered and
[18F]FDG injection after a delay of 30–115 min
with BGL below 160 mg/dl (group 2), 30 diabetic
patients with BGL ranging from 192 to 324 mg/dl
in which 18F-FDG was injected 4 h after subcu-
taneous rapid-acting insulin (group 3), and
30 nondiabetic patients with normal BGL
(72–104 mg/dl) (control group). For each patient
SUVmax of rectus femoris muscle was calcu-
lated: in group 2 SUVmax deviated without rela-
tion between BGL and [18F]FDG muscle uptake
and the quality of PET-CT scan was suboptimal
in 60% of patients in group 2, in 13% of patients
in group 1, while it was optimal in all patients of
group 3.

Despite several studies investigating protocols
of intravenous administration of insulin before
[18F]FDG administration in order to reduce
BGLs, none has yet been validated. EANM and
SNMMI guidelines (Boellaard et al. 2014;
Delbeke et al. 2006) recommend, in the case of
necessity of insulin to correct hyperglycemia, an
appropriate delay between [18F]FDG and insulin
administration depending on the type and insulin
way of administration. Furthermore EANM
guidelines (Boellaard et al. 2014) suggest
avoiding insulin administration unless this inter-
val is less than 4 h and preferring rapid-acting
insulin subcutaneous injection (effective life
2–4 h), while short-acting, intermediate-acting,
or long-acting insulin is not recommended for
their longer effective life (3–6 h, 12–18 h and
24 h, respectively).

Conclusions

The management of hyperglycemia in both dia-
betic and non-diabetic patients represents an issue
in PET/CT practice, extensively described by the
studies mentioned above. Both hyperglycemia
and oral and insulin medications showed
advantages and disadvantages on PET/CT scan
accuracy: the respect of simple rules guarantees a
good quality [18F]FDG PET/CT in staging can-
cer, and it assumes a pivotal role in patient clini-
cal management.
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Abstract

The medical and social burden of T1DM places
large constraints on both patients and their
families. Transplantation of pancreatic beta
cells can be a viable therapeutic alternative.
Current challenges are the shortage of donors
and the toxicity of immunosuppression. Xeno-
transplantation and biomaterial protection are
currently the most promising technology.
Immunoisolation is necessary to protect the
recipient from foreign antigens. In turn, shortage
of donors ceases to be a barrier. Improvements
in certain areas of immunoprotection and graft
site neovascularization are the focus of current
clinical efforts.

Keywords

Islet engraftment · Autologous pancreatic
islet · Xenogeneic pancreatic islet ·
Immunosuppression pancreatic
transplantation · Pancreatic islet protection ·
Islet site neovascularization

Cost and Prevalence of Diabetes

In 2015 diabetes affected over 9.4% of the US
population (5–10% type 1 diabetes), with 1.5 mil-
lion new cases every year, and many more cases
(33.9% of the population) suffered from predia-
betes. Worldwide as many as 642 million
diabetics will be seen by 2040 (Control 2017;
Cho et al. 2018). The world financial burden
reaches US$1.31 trillion (Bommer et al. 2017),
with the highest expenses corresponding to the
United States. They reached $327 billion (1.69%
of the 2017 US GDP (Group TWB 2019)), or
26% more than 5 years earlier (2012) (Associa-
tion AD 2018).

Diabetes Pathophysiology

Pancreatic β-cells sense glucose by means of
GLUT2 (Thorens 2015) and other pathways,
monitoring shifts such as elevations in the post

absorptive state (Leibiger et al. 2008). They allow
glucose entry in multiple cells enabling glycoly-
sis, glycogenesis, and lipogenesis (Leibiger et al.
2008). Impairment of glucose-stimulated insulin
secretion, or GSIS, is one of the central
derangements of diabetes (Boland et al. 2017).
Insulin resistance and β-cell dysfunction predom-
inate in type 2 diabetes (T2DM) (Petersen and
Shulman 2018), differently from type 1 or
insulin-dependent diabetes mellitus (T1DM,
IDDM), in which autoimmune destruction of pan-
creatic β-cells is the hallmark.

A Type IV hypersensitivity reaction is
described in T1DM (McLaughlin et al. 2016),
leading to β-cell destruction (Lampasona et al.
2010; Rewers and Ludvigsson 2016; Pociot and
Lernmark 2016). When 90% of β-cell mass is
damaged, insulin dependence becomes inevitable
(Atkinson et al. 2014). Highly dangerous diabetic
ketoacidosis and/or hyperosmolar hyperglycemia
are some of the possible consequences of ensuing
glucose elevation (Umpierrez and Korytkowski
2016).

Chronically macroangiopathy and particularly
microangiopathy can be followed by microvascu-
lar and neural troubles, including retinopathy and
neuropathy (Madonna et al. 2017). Cardiovascu-
lar events and peripheral arterial obstruction are
other possibilities, with risk of appendage/limb
amputation (Chillarón et al. 2014).

Exogenous Insulin Treatment

Since 1922 (Best 1956), insulin, along with self-
monitoring of blood glucose (SMBG), has been
introduced in clinical routine (Association AD
2019). In the Diabetes Control and Complication
Trial (DCCT), intensive insulin therapy dimin-
ished the advent of major complications (Control
and Group CTR 1993). Among cases of non-
insulin-dependent diabetes mellitus (NIDDM)
and T2DM patients in the UK Prospective Diabe-
tes Study (UKPDS), restoration of glucose
homeostasis was equally beneficial (Group
UPDS 1998; Ohkubo et al. 1995).

Even careful exogenous insulin confers less
protection against long-term organ damage than
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physiological release. Moreover, intensive ther-
apy entails a higher risk of hypoglycemia
(McCall 2012). Two hypoglycemic episodes
(BG < 50 mg/dL ¼ 2.8 mmol/L) per week have
been documented during intensive insulin ther-
apy, with at least one of these potentially dis-
abling (Arabi et al. 2009; MacLeod et al. 1993).

Islet Transplantation

In 1893, Minkowski and von Mering, in
Strasbourg, France, performed a subcutaneous
partial auto-transplantation of the pancreas in a
dog, which marginally improved physiology after
subsequent pancreatectomy (Minkowski 1893).
Williams subsequently attempted sheep pancreas
transplantation in an IDDM adolescent (Williams
1894). The endocrine tissue eventually emerged
as the relevant fraction (1–2% of total mass), with
acinar tissue potentially precipitating inflamma-
tion, necrosis, and graft failure (Fichera 1928;
Heuser et al. 2000; Gray 1989).

The Edmonton Protocol clinical trials
(NCT00014911) introduced sirolimus (0.2 mg/
kg; 0.1 mg/kg/day), low-dose tacrolimus
(3–6 ng/ml), and daclizumab (5 � 1 mg/
14 days) for immune suppression. (Shapiro et al.
2000; Ryan et al. 2001) A trial adopting the
Edmonton protocol achieved 31% insulin inde-
pendence for over 2 years (Shapiro et al. 2006).
Over 50% insulin independence for 5 years was
subsequently accomplished (Tekin et al. 2016).

Intrahepatic Duct Site

The intrahepatic duct was selected for some time;
however, instant blood-mediated inflammatory
reaction (IBMIR), hypoxic apoptosis, and
supraphysiological levels of drugs and nutrients
resulted in frequent failures (Johansson et al.
2005; Shapiro et al. 2005). Portal hypertension
and thrombosis were additional risks, besides the
inconveniences of the invasive operation and
prolonged immunosuppression (Bottino et al.
2018; Ryan et al. 2005).

Clinical Autologous Islet Engraftment

Over 827 infusions in 819 recipients are available
at the Clinical Islet Transplant Registry (CITR)
since 1999 (Registry 2017a). Indications mainly
address severe and refractory pancreatitis requir-
ing pancreatectomy (Bellin et al. 2017). Total
pancreatectomy with islet transplantation
(TPIAT) is similar to islet allotransplantation;
however, it is free from rejection.

Approximately 90% of TPIAT patients have
islet graft function; however, only one-third
become insulin independent. Islet autograft attri-
tion may also occur especially in cases>35 years,
resulting in low insulin retention after 5 years. In
turn when doses of �275,000 islet equivalents
(IEQs) are administered to those in a lower age
bracket (18–35 years), over 70% insulin indepen-
dence is demonstrated (Registry 2017a).
C-peptide responds in all age groups, however
not HbA1c (baseline < 7.0%), with favorable
outcome only for age groups 12–18 and
18–35 years old. Differently from exogenous
insulin prescriptions, hypoglycemia practically
never occurs (Registry 2017a).

Clinical Islet Allogenic Engraftment

Allotransplantation uses cadaveric islets, col-
lected from digested pancreatic tissue. As occurs
with all allotransplantations, a long waiting list
for suitable donors and strict matching criteria
mean very substantial delays till treatment. More-
over immunosuppression is necessary and entails
an array of potential complications (Shapiro et al.
2017; Registry 2017b).

Post-procurement islet culturing before
allotransplantation is currently a routine, from
just 35% from 1999 to 2002 to 100% from 2015
to 2018. Culturing time is now longer, consistent
with the benefits of stabilizing the donor islets.
Total islet graft volume is diminishing, without
affecting the IEQs and IEQ/kg ratio, thus render-
ing the transplant less invasive. Total β-cells and
β-cells/kg recipient ratio are higher, with less
endotoxin content.
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Islet Graft Assessment

Approximately 10,000 IE/kg of body weight is
recommended. Multiple donors may be required
to this aim. In 2015 the CITR Registry included
data on 1086 allogeneic islet transplant recipients
(877 islet transplant alone “ITA,” 183 islet after
kidney “IAK,” 24 simultaneous islet kidney
“SIK,” and 2 kidney after islet “KAI”) (Registry
2017b). Insulin independence was 70% and
55% respectively, after one and 5 years, with
C-peptide of 90% and 70% after identical
follow-up periods.

Blood glucose of 60–140 mg/dL for 5 years
was achieved in the majority (80%), without
severe hypoglycemic episodes. Re-infusion was
often necessary (73%); nevertheless, the
procedures were less invasive and with consider-
ably milder post-operative complications than
whole pancreas transplantation.

Clinical Islet Xenogeneic Engraftment

Massive demand and limited cadaver donors are a
significant barrier for allogenic transplants
(Peloso et al. 2015; Ris et al. 2004). Furthermore
whole pancreas transplantations are preferred,
because of a rather well-established experience.
Islet xenotransplantation is a very promising
route (Markmann et al. 2016; Cozzi et al. 2009;
Van Der Windt et al. 2012). particularly porcine
pig islets (Lanza et al. 1991; Bottino et al. 2014).

Human and porcine insulin differ by only
one amino acid (Richter and Neises 2003; Han
and Tuch 2001). Pure transgenic, pathogen-free
donors, available in unlimited numbers and
devoid of ethical constraints, are other important
points. For ideal islet size, yield, and functionality
juvenile porcine islet sources (JPIs) seem the best
(Kim et al. 2009; Bottino et al. 2007; Smith et al.
2018; Nagaraju et al. 2015). They are also more
resistant to hypoxia (Nagaraju et al. 2015).

While adult porcine islet (API) donors yield
large amounts of mature islets (Fig. 48.1), the
isolation and digestive process is more extensive
and costly than with JPI, even though these are

not fully mature and require culturing in nutrient-
rich media (Lau et al. 2019; Lau et al. 2018).
Porcine islets can maintain viability in vivo,
(O’Shea and Sun 1986) with insulin secretion
in vivo for up to 174 days (Omer et al. 2003).
Also in T1DM patients, encapsulated porcine
islets remained active for 9.5 years (O’Shea and
Sun 1986).

Long-term Challenges

In keeping with endogenous defense against non-
self-antigens in general, hemagglutinating and
lympho-cytotoxic antibodies against pig tissue
occur in humans, (McKenzie et al. 1968) includ-
ing α-(1,3)-galactose, incriminated in acute host
immune rejection (Omori et al. 2006; Sandrin and
Mckenzie 1994), potentially requiring immune
suppression. Porcine endogenous retroviruses
(PERVs) and other microorganisms could be
another source of concern. (Sandrin and
Mckenzie 1994) Biocompatible polymers to
encapsulate xenogeneic tissues could avoid most
of these obstacles. Yet xenografts in the United
States are strictly regulated; therefore, most stud-
ies proceed in animal models (Cooper et al.
2017).

Regulatory Issues

Some protocols prefer other countries, in order
to avoid rigorous FDA scrutiny. In Mexico,
two cohorts underwent xenograft implantation
of a collagen-covered pre-vascularized scaffold
(250,000 islets, 30,000–100,000 Sertoli cells).
HbA1c, insulin requirements, and C-peptide
responded for up to 4 years; no pig-related
microorganisms were detected in these
populations (Valdés-González et al. 2005;
Valdes-Gonzalez et al. 2010).

DIABECELL microencapsulated islet scaffold
(Living Cell Technologies/LCT, Melbourne,
Australia) has been intraperitoneally injected for
unstable type 1 diabetes. This microencapsulated
graft is delivered via laparoscopy into the
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intraperitoneal (IP) cavity, and has been approved
in Russia, New Zealand, and Argentina. In the
Russian pilot protocol all eight patients partially
responded, and two became insulin independent
for 4 weeks post-operation (Schuurman 2011).
Somewhat analogously in New Zealand,
14 IDDM patients (5000–20,000 IE/kg, wild-
type pre-weaned JPI) were followed with no
immunosuppression for 52 weeks, with partial
response in 57% (8/14) (Matsumoto et al. 2016).
As many as 10 bacteria, 15 viruses including
porcine endogenous retroviruses, and one proto-
zoan were systematically screened with no trans-
mission observed (Wynyard et al. 2014; Morozov
et al. 2017).

Acceptance by Hospital Personnel

Past graft failures have generated negative
attitudes against xenotransplantations; however,
this could be overcome with better results and
more transparent information (Abalovich et al.
2017).

Advances in Immunosuppression
Regimes

Robust immune suppressors, such as those
adopted in the Edmonton protocol, are compati-
ble with prolonged function, of up to 10–12 years

Fig. 48.1 Characterization of Porcine Islet Endocrine
Composition. Characterization of porcine pancreatic islet
cellular composition using fluorescence immunohisto-
chemistry. Neonatal porcine islets (a) demonstrate a
lower incidence of insulin positive cells (green) compared
to juvenile (b, c) and adult pigs (d) and are significantly
smaller in size ( p ¼ 0.001). Juvenile porcine islets

(weaned (b) and pre weaned (c)) are significantly smaller
( p ¼ 0.03, pre weaned; p ¼ 0.04, weaned) but do not
demonstrate significant differences in insulin content
( p ¼ 0.4, pre weaned; p ¼ 0.1, weaned). Glucagon posi-
tive cells stain red. A blue counterstain (DAPI) is used to
stain the nuclei
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(Ryan et al. 2005; Brennan et al. 2016). Less
positive outcomes are also noticed (Shapiro
et al. 2006), with insulin independence after one
and 2 years of 44% and 31% respectively.
Tacrolimus has recently been the most adopted
drug, with a substantial reduction of sirolimus and
other mammalian targets of rapamycin (mTORs)
(Berney et al. 2018).

Nevertheless calcineurin inhibitors (CI),
encompassing tacrolimus, can have diabetogenic
effects and β-cell toxicity (Rangel 2014). CI-free
immunosuppressant belatacept and the anti-
leukocyte antigen-1 antibody efalizumab could
be an option (Posselt et al. 2010). Janus kinase
inhibitor tofacitinib is also being investigated
(Kim et al. 2018).

Advances in Immunomodulatory Drugs

Various modalities of rejection can be inhibited
through modulation of immune cells by
cytokines, interleukins, and chemokines (Tian
et al. 1996; Kovarik 2013). One such cocktail
utilized in conjunction with islet allograft adopted
T-cell mediator thymoglobulin, an interleukin-1β
(Il-1β) blocker called anakinra, and tumor necro-
sis factor-α (TNF-α) blocker etanercept, with
extended survival of the graft (Naziruddin et al.
2018; Matsumoto et al. 2011).

Enhancing Immunoisolation
Technology

The use of fibrin has extended islet survival and
functionality as well as diminished the marginal
islet mass up to 90% (Pappalardo 2019; Riopel
et al. 2015).

Microencapsulation of Islet Graft

Alginate and other biocompatible materials have
been used to create a semi-permeable capsule, for
immunoisolation without impairing glucose sen-
sitization and insulin release (de Vos and

Marchetti 2002; Pawar and Edgar 2012; Food
and Drug Administration 2019; Sondermeijer
et al. 2016; De Vos et al. 1997a; Paques et al.
2014; Goosen et al. 1987). Viscous alginate can
be polymerized into a rigid hydrogel capsule,
(Paques et al. 2014; Goosen et al. 1987) and
further polycations (e.g., poly-l-lysine) (Thu
et al. 1996) can be added to increase both the
integrity and immunoprotection (De Vos et al.
1997b; Fritschy et al. 1991) (Fig. 48.2).

All these advances notwithstanding results in
non-human primates (Bottino et al. 2014; Safley
et al. 2018) and humans (Matsumoto et al. 2016)
are not as favorable as in other species. Lack
of metabolite supply to the intraperitoneal trans-
plantation site, spherical aggregation, and
pericapsular fibrotic growth (PFO) are significant
problems (Krishnan et al. 2017). Capsules often
clump together in the Douglas space (recto-
uterine pouch). Incidentally the whole peritoneal
cavity has been described as a low-oxygen envi-
ronment, which prevents adequate functioning of
the encapsulated graft.

Macroencapsulation

Retrievable macroencapsulation devices have
room for large amounts of islets within a biocom-
patible shell, potentially made with alginate

Fig. 48.2 Alginate Encapsulated Porcine Islet with poly-
l-lysine (PLL) coating. Image taken by research associates
of the Lakey lab at UC Irvine. Porcine Islets stained with
dithizone for 15 min. Image taken with inverted-light
microscopy (EVOS Microscope system, Thermo Fisher)
at 4/10PH lens at 20� magnification. Scale bar ¼ 200 μm
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(de Vos et al. 2002; Dufrane et al. 2010; Evron
et al. 2018), collagen (Harrington et al. 2017),
polycaprolactone (Smink et al. 2017, 2018;
Marchioli et al. 2016), polyurethane (Zondervan
et al. 1992), and polytetrafluoroethylene (Boettler
et al. 2016). The subcutaneous space (SC) has
been the suggested site (Bottino et al. 2018). In
order to overcome the scarcity of oxygen, one
polyurethane shell with inner chamber islet-
containing alginate matrix was designed to
receive external oxygen infusion (β-Air, Beta-O2

Technologies. Rosh-Haayin, Israel). Preliminary
results indicated no immunization or rejection for
6 months, even though viability was insufficient
(Rotem and Avni 2017; Carlsson et al. 2018).

Pre-vascularization of engraftment site, with
the help of such agents as vascular endothelial
growth factor (VEGF), was attempted to solve
hypoxia-induced graft loss with the macroencap-
sulation technique (Sakata et al. 2014). Good
vascularization and islet structure preservation
were noticed with the two-step Sernova Cell
Pouch procedure (Sernova Corp, London,
Ontario, Canada); however, functional end points
were not successful (Gala-Lopez et al. 2016).
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Abstract

Pancreas transplantation (PT) is the only cur-
rently available therapeutic modality capable of
definitely treating type I diabetes mellitus
(T1DM). The patient can recover endogenous
pancreatic function avoiding continuous use of
exogenous insulin. Furthermore, stable blood
glucose allows avoiding severe complications

associated with diabetes. Simultaneous
pancreas-kidney transplantation presents better
results than isolated pancreas or kidney trans-
plants, being followed by lower incidence of
perioperative morbidity such as graft thrombo-
sis and lower immune rejection. These and other
modalities, including robotic surgery, stem
(beta) cell implants and bioprinting/organoid
techniques, are discussed in the chapter.
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transplantation · Pancreatic thrombosis · Type
1 diabetes · Type 2 diabetes

Introduction

The first pancreatic transplantation (PT) (Redfield
et al. 2015a) was performed by William Kelly and
Richard Lilley at the Minnesota University in 1966
(Kelly et al. 1967). The patient was a young female
with T1DM in association with end-stage renal
failure. She died a couple of days following trans-
plantation. The 1970s were called “the partial graft
period” in the United States and Europe due to the
implantation of a partial body and tail pancreas
graft in the iliac vessels of the recipient (Gliedman
et al. 1973; Dubernard et al. 1978; Sollinger et al.
1983). Only in the middle of the 1980s with the
introduction of cyclosporine and the creation of the
International Pancreas Transplantation Association
(IPTA) did PT treatment for T1DM increase patient
and graft survival, becoming an efficient treatment
(Starzl et al. 1981; Wadstrom et al. 1995; Brayman
et al. 1994; Cantarovich et al. 1997; Stratta et al.
1994, 1996; Knechtle et al. 1991).

T1DM causes renal failure in around 9% of the
patients, who should undergo replacement renal
therapy such as dialysis or kidney transplant
(Mogensen et al. 1983a; de Boer et al. 2007).
T1DM patients who are in hemodialysis and
have no medical contraindication should be sub-
mitted to kidney and pancreas transplant, for bet-
ter survival. It can be done with a living kidney
donor first, followed by cadaver PT alone. Or the
simultaneous transplantation of both organs can
be performed from the same deceased donor
(Gruessner and Gruessner 2018).

In early times PT was associated with a high
number of postoperative complications that caused
pancreas graft loss in 8–30% of the recipients. In
the last two decades advances in surgical
techniques, improvement in the immunosuppressor
field and better management of postoperative
complications contributed to pancreas graft survival
comparable to kidney and liver transplants
(Redfield et al. 2015b; Lindahl et al. 2013, 2014;
Sollinger et al. 2009).

Indication

There are advantages for PT when compared with
other therapies in patients with T1DM and
end-stage renal disease (Dean et al. 2017; Dunn
2014). It is well recognized that PT is the gold
standard treatment to achieve exogenous insulin
independence. PT recipients present adequate
glucose control, avoiding secondary diabetic
complications encompassing retinopathy,
nephropathy, and neuropathy (Redfield et al.
2015a; Boggi et al. 2013; Lombardo et al. 2017).

Type 1 Diabetes

Around 425 million of adults present different
types of diabetes worldwide. One million children
and adolescents have T1DM with a higher inci-
dence in children under 15 years. Geographical
variation occurs, with 38.4 cases per 100,000
individuals in Finland, 7.6 in Brazil, and just 0.5
in Korea (International Diabetes Federation
2018).

Microvascular complications such as retinopa-
thy, neuropathy, and nephropathy occur in
patients with worse glycemic controls suggesting
that glycated hemoglobin has a direct relationship
with morbidity (Groop et al. 2009). According to
Morgensen et al., in a large number of patients
(30–50%) renal function deteriorates (Mogensen
et al. 1983b). The author classified kidney injury
in five phases: the first one presents proteinuria
only whereas the last phase, occurring in 9% of
the patients, is considered end-stage renal failure.
At this time, only replacement therapy by means
of dialysis or kidney transplant can be a lifesaving
option.

Type 2 Diabetes (T2DM)

Type 2 diabetes accounts for around 90% of the
cases of diabetes, being the cause of renal failure
in 30% of the kidney transplant waiting lists
(Stumvoll et al. 2005). Pancreas transplant has
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been performed in nearly 10%, representing 90%
of the total of PT (Gruessner and Gruessner
2016). The most import issue in T2DM with
end-stage renal disease is a refined selection of
these patients. Currently, even in insulin-
dependent patients with measurable C-peptide,
criteria similar to T1DM cases selected for PT
have been applied. Comorbidities, body mass
index (BMI), and age are some of the benchmark
variables utilized for these selections (Light and
Tucker 2013; Light and Barhyte 2005; Stratta
et al. 2015).

In the United States, the United Network for
Organ Sharing (UNOS) helped the pancreas
transplantation society to regulate T2DM patients
that should be selected for PT. The criteria are
insulin-dependence with positive C-peptide
(at least 2 ng/ml), and maximum BMI of
30 kg/m2, depending of the percentage of the
T2DM patients in waiting list. BMI and
C-peptide limits in T2DM candidates are still
controversial, and debates go on.

The International Pancreas Transplant Regis-
try (IPTR) evaluated the results in T2DM
recipients (Gruessner et al. 2017). The data was
divided over three eras: 1995–2001, 2002–2008,
and 2009–2015. PT in T2DM was performed in
1514 patients. The vast majority of the recipients
(97%) were submitted to pancreas transplantation
in association with kidney transplant, either
simultaneously or pancreas transplant after kid-
ney transplant. The pancreas graft survival
improved significantly after 1 and 3 years from
80.2% and 70.5% in era 1–89.0% and 83.3% in
era 2 (Al-Qaoud et al. 2018).

Simultaneous Pancreas Kidney (SPK)
The International Registry of Pancreas Transplan-
tation reported more than 50,000 pancreas
transplants described by the end of 2016.
According to Gruessner et al., from 2011 to
2016, 84% of total PTs were SPKs (Gruessner
and Gruessner 2018). In the study from Indiana
University, SPKs made up 63% of PT modalities,
for those aged 30–39 (Shah et al. 2013). In fact,
SPK is well accepted as the main therapy in type
1 diabetes patients with end-stage renal disease,
on dialysis or pre-dialysis with glomerular

filtration rate (GFR) <20 mL/min/1.73 m2

(Gruessner and Gruessner 2018). These patients
should undergo kidney transplant simultaneously
from the same deceased donor. The kidney graft
presents better survival when performed with
simultaneous PT due to diabetes control, in com-
parison with cadaveric kidney alone (Gruessner
and Sutherland 2005). SPK is particularly
recommended in T1DM candidates who lack an
available living donor for isolated kidney trans-
plantation first.

Perioperative morbidity such as graft thrombo-
sis and immune rejection during a 3-year period
are lower (Gruessner and Sutherland 2005). We
can speculate that grafts (pancreas and kidney)
from the same donor can reduce exposure to
different antigens decreasing the risk of immuno-
logical rejection. The anticoagulant effects of ure-
mia could also explain the lower risk of vascular
thrombosis in this scenario.

At the Liver and Gastrointestinal Transplant
Division, Department of Gastroenterology, Uni-
versity of Sao Paulo Medical School, 89.7% of
the pancreas recipients were simultaneous pan-
creas kidney transplants. In a cohort study, there
were no differences between the three transplant
modalities concerning graft loss due to thrombo-
sis. However, we notice that global graft failure
seems to be higher in the pancreas after kidney
modality (Rocha-Santos 2018).

Pancreas After Kidney (PAK)
PAK is the second main modality of PT. It is
considered for T1DM patients who have already
undergone kidney transplant. These kidney
recipients are already under immunosuppression,
and can be evaluated for PAK in order to obtain
the potential benefits of sustained euglycemia.
The selection criteria of patients for PAK include
normal renal graft function and it can be
performed 4–6 months after the kidney transplant.

In Brazil, the waiting list for a pancreas graft
follows chronological criteria including blood
type. At Sao Paulo city, the waiting time for
SPK transplantation can be greater than 2 years,
extending dialysis therapy and increasing risk of
death. In this context when there are living kidney
donors, kidney transplantation should be
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conducted first, and then a cadaveric PT. PAK
presents slightly worse results when compared
with SPK, concerning graft thrombosis and
immunological rejection (Gruessner and
Gruessner 2018).

Pancreas Transplantation Alone (PTA)
PTA is the minor modality of PT. It is considered
for patients with labile T1DM usually
characterized by an endocrinologist, including
acute and severe metabolic complications such
as hypoglycemia, hyperglycemia, or ketoacidosis
requiring medical attention; clinical and emo-
tional issues due to exogenous insulin therapy,
that are so severe as to be incapacitating; and
consistent failure of insulin-based management
to prevent acute complications. GFR>60 mL/
min/1.73 m2 is required, since nephrotoxicity
caused by calcineurin inhibitors can be associated
with progressive nephropathy, accelerating the
advent of end-stage renal failure. In such
circumstances, subsequent need for a kidney
transplant can be complicated by the patient's
hypersensitization due to previous PTA. Thus a
solitary transplant should be considered early on,
before the patient develops end-stage renal dis-
ease (Niederhaus 2015; Gruessner and Gruessner
2013).

The number of patients submitted to PTA
remains relatively stable, and survival was the
highest compared with other categories. Such
outcome notwithstanding, there is still hesitancy
to consider PTA without severe diabetic second-
ary complications, given the postoperative surgi-
cal and immunosuppression risks.

Contraindications

As pancreas transplant presents a high level of
perioperative complications, even in young
patients, preoperative evaluation is very impor-
tant to select the best recipient (Stockland et al.
2009; Fridell et al. 2011; Gilabert et al. 2002).
Patients able to tolerate medical or surgical
complications should be preferred. Reoperations
can be needed, and some candidates suffer from
hemodynamic lability due to long periods of

diabetes, needing high doses of vasopressors.
On the other hand, the waiting list mortality for
PT candidates submitted to dialysis has been
described as 6.6% at one year and 54% at
5 years (Gruessner et al. 2004). A multidisciplin-
ary transplantation team is essential to critically
compare mortality risk in the waiting list versus
morbidity and mortality in the postoperative
period.

Malignancies, chronic and acute infections,
and severe cardiovascular morbidity are contrain-
dications for PT. Older recipients above 50–55
years of age should be avoided due to the long
period of diabetes. On the other hand when PT is
pondered, biological age could be more relevant
than chronological age (Siskind et al. 2014a).
Obese patients also present worse post-transplant
results.

Cardiac and Pelvic Vascular Assessment

Preoperative cardiovascular evaluation should
include cardiac stress testing and cardiac catheter-
ization. T1DM patients, due to the long period of
diabetes, often suffer from severe atherosclerosis,
and cardiovascular complications are the main
cause of death after pancreas transplantation
(Samoylova et al. 2019). In the preoperative eval-
uation, we routinely perform Doppler ultrasonog-
raphy of the iliac vessels. Upon any alteration of
the flow or caliber of the vessel, a noncontrast
computed tomography scanning of the pelvis is
requested to evaluate the extent of calcification of
the iliac vessels. This strategy permits the choice
of the best preoperative strategy for PT implanta-
tion or even, in case of severe stenosis, to rule
out PT.

Psychosocial status should also be evaluated,
as these candidates will require permanent treat-
ment after hospital discharge.

Surgical Complications

Pancreas graft failure is higher during the first
year of PT. Among the complications of the first
60 days pancreatitis occurs in 3–12%, wound
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infection or abscess in 1–5%, and focal or diffuse
pancreas graft necrosis in 12% of the recipients
(Grochowiecki et al. 2014).

Major complications, including graft thrombo-
sis, have been demonstrated in 6–17% of PT,
duodenal fistula in 0.5–2%, and intra-abdominal
hemorrhage in 0.5% of the patients
(Grochowiecki et al. 2014; Sansalone et al.
2005; Michalak et al. 2005; Gruessner et al.
2010; Malaise et al. 2005). Reoperations, abdom-
inal wall dehiscence, infection, malnutrition, and
graft failure with renal dysfunction and death are
also listed. Thrombosis is the most important
cause of pancreas graft loss.

Cohort Study

In our Service, the standard surgical technique for
pancreas transplantation was adopted (Fig. 49.1),
and risk factors that lead to early pancreas graft
loss due to thrombosis were the aim (Fig. 49.2).
We evaluated the records of 137 individuals in a
retrospective design, from March 2000 to May
2017 (Table 49.1).

Thirty-five transplants (25.5%) had cold ische-
mia time over 14 h; in 44 recipients (32.1%) it
was less than 10 h, and in the other 58 patients
(42.3%) the range was 10–12 h. Fourteen patients
(10.2%) underwent isolated transplants, with
13 pancreas transplants after kidney and one
PTA (Rocha-Santos 2018). In all univariate
analyses, the experience of the harvest team
( p ¼ 0.04) was the only feature that achieved
significance. With multiple logistic regression in
addition to the team ( p ¼ 0.021), age of the
recipient less than 30 years, donor intensive care

Fig. 49.1 Pancreas graft:
(1) body of the pancreas,
(2) duodenum, (3) portal
vein, (4) y-graft,
(5) superior mesenteric
artery and (Starzl et al.
1981) splenic artery

Fig. 49.2 Pancreatic thrombosis
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unit time ( p ¼ 0.033) and donor blood glucose
( p ¼ 0.023) were significant (Table 49.2). Pan-
creas graft survival was 86.7%, 85.7%, and
85.7% after 1, 5, and 10 years respectively.
Patient survival at 1, 5, and 10 years was 88.0%,
82.5%, and 78.5%, respectively.

In the late postoperative period, patients can
stay euglycemic for a period superior to 10 years.
Even when late failure occurs due to so-called
“immunological graft loss,” there is little invasive
surgery risk. Only rarely will the transplanted
patient need to undergo a new laparotomy
(Sansalone et al. 2005; Michalak et al. 2005;
Gruessner et al. 2010).

Age

Most centers worldwide limit PT for patients youn-
ger than 50 years (Shah et al. 2013; Sener et al.
2010). According to IPTR, only 2% were
performed in those older than 60 years (Fourtounas
2014). Some studies recommend that pancreas
transplantation should be performed in patients
younger than 45 years, in order to decrease postop-
erative morbidity and mortality (Freise et al. 1998).
On the other hand, the chronological age cannot
express the real health condition of the patients. In
fact, the upper age cutoff point has been questioned
(Heldal et al. 2010; Schmitt et al. 2009).

Table 49.1 Clinical characteristics of the 137 recipients who underwent pancreas transplantation

Gender N % CI 95%

Male 83 60.6 52.3–68.5
Female 54 39.4 31.5–47.7
BMI
Underweight 14 10.2 6.0–16.1
Normal 95 69.3 61.3–76.6
Overweight or obese 28 20.4 14.3–27.8
Dialysis
No 11 8.0 4.3–13.5
Yes 117 85.4 78.8–90.6
Without information 9 6.6 3.3–11.6
Type of dialysis
Fistula 90 71.4 63.1–78.8
Catheter 15 11.9 7.1–18.4
Peritoneal 6 4.8 2.0–9.6
Without information 15 11.9 7.1–18.4

N Number of patients, CI 95% 95% confidence interval

Table 49.2 Multiple logistic regression analysis of factors influencing graft loss by thrombosis

Variable B Standard error p value OR/CI 95%

Age
�29 years 1.00
30–40 years –2.58 1.038 0.013 0.08 (0.01–0582)
�40 years –2.16 0.901 0.017 0.12 (0.02–0.676)
Donor ICU stay
�10 days 1.00
>10 days 0.21 0.113 0.05 1.24 (0.99–1.542)
Experienced team
No 1.00
Yes –1.75 0.881 0.046 0.17 (0.031–0.973)
Donor Glucose 0.01 0.004 0.023 1.01 (1.001–1.019)

B Beta coefficient, OR (CI 95%) odds ratio and 95% confidence interval
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At the University of Indiana, recipients older
than 60 years with simultaneous pancreas kidney
transplantation presented no statistical difference
concerning postoperative morbidity and cardio-
vascular events (Shah et al. 2013). In contrast, in
the experience of Strata et al. older recipients
presented higher graft loss. They seem to die
more often due to cardiac events in contrast to
younger recipients, who in turn suffer higher
immunological graft loss (Tullius et al. 2010).

The higher risk of death due to preoperative
morbidity, compared to the risk of immunological
pancreas graft loss in young patients, should be
balanced. If more aged patients survive the post-
operative period with no cardiac events, graft
function can increase patient survival for a long
period of time.

Outcomes by age using the UNOS database
indicated that out of 280 patients over 60 years
old who underwent pancreas transplantation,
154 (55%) were submitted to SPK. Survival was
shorter in older patients, however, with minimal
differences between the various age groups. No
difference in one-year graft survival was observed
for any age group. Those with 40–49 years
achieved 67.8% 5-year graft survival, among
those with 50–59 years survival was 59.9%, and
for the 18- to 29-year bracket it was not better
than 56.8% (Siskind et al. 2014b).

In our series age was mostly 25–40 years and
BMI 18–25 kg/m2. This is a safe range for both
age and BMI. Only 5 individuals (3.6%) were
older than 50 years. Surprisingly, in the multiple
logistic regression model, those under age of
30 had a greater possibility of graft loss. We
speculate that although the arteries for the implant
are healthier in younger patients, coagulation cas-
cade could be more active. The intrinsic
thrombophilia of the diabetic could be the main
risk factor, without technical interference (Rocha-
Santos 2018).

Obesity

The ONUS database evaluated simultaneous pan-
creas kidney transplants as related to obesity
(Zalewska and Ploeg 2014). Among 5725

patients BMI <25 corresponded to 56%, 33%
were overweight (BMI 25–29.9), and 11% obese
(BMI 30–40). Postoperative transplant
complications, including delayed kidney graft
function, pancreas graft thrombosis, and mortal-
ity, were higher in the obese group.

The growing prevalence of obesity in the gen-
eral population accelerates insulin resistance in
the T1DM population. In most studies, obesity
of the recipient is a risk factor for graft loss
(Bumgardner et al. 1995). A few authors have
published good results in low-grade obesity
(Laurence et al. 2015). In our experience with
23 patients (16.8%) exhibiting BMI above
25, no increased risk for graft thrombosis
emerged. In contrast, 16 patients (11.6%) had a
BMI below 18. The effects of malnutrition on
graft thrombosis are poorly studied.

Donors

There is a consensus that donor advanced age,
obesity, certain causes of brain death, and pres-
ence of shock are risk factors for thrombosis of
the pancreas graft (Fridell et al. 2011). In a multi-
variate analysis, Troppman et al. concluded that
donor age and cardiovascular cause of brain death
increase the risk of vascular thrombosis of the
pancreas (Troppmann et al. 1996).

These variables are so important that scales
assessing the risk of graft loss according to
donor features were published. Axelrod et al.
analyzed data from 9401 transplants and calcu-
lated a donor risk index for graft one-year sur-
vival. Variables were age, BMI, height, serum
creatinine, gender, ethnicity (African-American,
Asian, Caucasian), stroke, donation after cardiac
death, transplantation modality. and cold ische-
mia time. The reference donor was male, 28 years
old, white, with a BMI of 24, height of 173 cm,
absence of stroke, serum creatinine less than
2.5 mg/dl, pancreas not donated after cardiac
death or pancreatitis, with up to 12 h of cold
ischemia (Axelrod et al. 2010).

The Eurotransplant Group pre-acquisition pan-
creas adequacy score (P-PASS considers donor
age, body mass index, admission to the intensive
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care unit (ICU), cardiac arrest, serum sodium,
serum amylase, serum lipase, and use of
catecholamines. The study concludes that high-
score P-PASS donor grafts reduced the risk of
organ loss by up to 3 times. However, several
studies have shown that these risk scores are not
necessarily appropriate for other populations
(Schenker et al. 2010; Blok et al. 2016; Woeste
et al. 2010).

Perspectives

Robotic Pancreas Transplantation

The first robotic pancreas transplant was
performed in 2012 by Boggi et al. (2012).
Although they reported only two patients, they
proved that it was feasible despite technical
challenges, with lower surgical morbidity. On
the other hand, ischemia time was higher. Large
series are now available (Spaggiari et al. 2013).
Robotic transplant surgery is standard at a small
number of pioneering centers, (Stiegler and
Schemmer 2018) not being routinely adopted.

b Cell Replacement

PT for T1DM includes the exocrine pancreas,
which can precipitate pancreatitis and duodenal
and pancreatic fistula. New perspectives aim to
bypass the exocrine portion of the pancreas.

Pancreas Islet Transplantation

From 1990 to 1999, the International Islet Trans-
plant Registry informed a one-year islet survival
of 41%, with 11% insulin free (Brendel et al.
2001). The Edmonton immunosuppression proto-
col in 2000 improved the outlook. It included
corticosteroid-free immunosuppression and islet
infusion from different donors (Shapiro et al.
2000). Seven patients became insulin free
(1 year), which to some extent continued thereaf-
ter (5 years) (Shapiro et al. 2000; Ryan et al.
2005). The technique is accepted as a valid option

for beta cell replenishment (Rheinheimer et al.
2015).

A transhepatic catheter inoculates islets into
the portal vein. Surgical catheterization of the
mesenteric vein is also possible (Mallett and
Korbutt 2009). A receptive vascular bed with
little rejection and long-term graft function
would be ideal; (Rajab 2010) however, few
locations fulfill such requirements.

The stomach submucosa, chosen for our
experimental study, has already shown a reduced
inflammatory response (Echeverri et al. 2009). It
is a well-vascularized region with easy approach
for the graft and subsequent analysis, which in
larger organisms could be done by endoscopy
(Echeverri et al. 2009; Wszola et al. 2009). Ade-
quate glycemic control and reduced immunologi-
cal response are also expected (Xinnong et al.
2014). In our experience, five rats were
inoculated in the gastric body submucosa, and
four in the fundus submucosa. No immunosup-
pression was used. The gastric body location was
associated with better glycemic control
(de Mesquita et al. 2018).

The omentum also enjoys convenient vascu-
larization, and blood flow straight to the portal
vein. An in situ adherent, resorbable plasma-
thrombin biological scaffold has already been
tested in rats. The subcutaneous area could not
be overlooked as a potential inoculation region
either, as it is convenient, safe, and compatible
with easy graft removal, if necessary. Unfortu-
nately blood supply is insufficient (Berman et al.
2016).

Stem Cell–Derived Beta Cells
The B cell replacement from whole organ trans-
plantation continues to be the gold standard ther-
apy for T1DM with end-stage kidney failure.
Although this invasive therapy can provide
insulin-free independence, it is well recognized
the great number of postoperative complication
leading a high number of morbidity and mortal-
ity. On the other hand, the B cell replacement
from islet transplantation presents a higher
benign postoperative course, although the
insulin-free independence is poor and patients
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present the morbidity associated with the
immunosuppression.

The results displayed above open the doors for
others options for B cell replacement. The Inter-
national Pancreas and Islet Transplant Associa-
tion, in collaboration with the Harvard Stem Cell
Institute, the Juvenile Diabetes Research Founda-
tion (JDRF), and the Helmsley Foundation, held a
2-day Key Opinion Leaders Meeting in Boston in
2016 (Odorico et al. 2018).

Advances concerning the successful transplan-
tation of stem cell–derived beta cells for diabetic
patients have been remarkable. The steady gener-
ation of pure populations of fully functional beta
cells remains obscure and according to this
meeting, the question persists as to whether pure
or mix of beta cells with other islet endocrine cells
can provide superior presentation. Maybe it will
be necessary to create an immunoisolation strat-
egy that offers a hospitable environment while
preventing immune-mediated injury and to define
an ideal local for its location. Despite these chal-
lenge, development has been done since several
teams working together in early phase trials.
Moreover, the growth in the field of genome can
help this issue in the future by creating better
disease models and producing safer and more
effective health cell mass. The meeting concluded
that “It seems inevitable that stem cell–derived
beta cells will play an important role in the care of
diabetic patients within the next decade.”
(Odorico et al. 2018).

3D Bioprinting
The 3D bioprinting method employs degradable
biopolymer scaffolds mimicking the islet archi-
tecture (Wang and Rosenberg 1999). Hydrogel
capsules provide a semi-permeable membrane
with favorable oxygen and nutrient supply
(Gibly et al. 2011). Despite some scaffold loss,
extracellular matrix proteins are deposited,
enhancing islet survival (Berman et al. 2009).

Loss of extracellular matrix interactions is del-
eterious for beta cell survival. In another protocol
in our laboratory, extracellular protein laminin
(LN) was combined with a biodritin (alginate)
microencapsulation procedure. Satisfactory sta-
bility and biocompatibility were achieved in a

mouse transplantation model, with long-term
islet survival (Campanha-Rodrigues et al. 2015).
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Abstract

Type 2 diabetes mellitus (T2DM) is the most
common form of diabetes, distinguished by

insulin resistance and beta-cell dysfunction.
Increased body mass index and central adipos-
ity are in a strong relationship with insulin
resistance, and are believed to be among the
key factors involved in the incidence of
T2DM. The prevalence of T2DM is exponen-
tially expanding, and has paralleled that of
obesity. The objective of this review is to
encapsulate the pharmacology of major
antidiabetic drug families along with efficacy,
effect on body weight, dose, contrain-
dications, and associated adverse effects. It
also focuses on recent pharmacological
approaches and drugs under clinical trial, for
the successful therapy of T2DM and diabesity
in the future.
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Introduction

Type 2 diabetes mellitus (T2DM) can be
characterized by insulin resistance and variable
insulin secretion that is associated with increased
blood glucose levels and glucotoxicity. The num-
ber of diabetics globally is expected to reach
642 million by 2040 (Upadhyay et al. 2018).
Increased BMI or obesity is found to be in strong
association with many pathophysiological
conditions, notably T2DM, as both share insulin
resistance. Obese individuals can be up to
80 times more likely to develop T2DM in com-
parison to individuals with BMI< 22 (Al-Goblan
et al. 2014; Diabetes.co.uk 2019a). Therapeutic
targets include tight control of glycosylated
hemoglobin (HbA1c � 7.0%) levels, to prevent
long-term complications and mortality
(Upadhyay et al. 2018). In the case of obesity
(BMI � 27 for Asian countries, or BMI � 30 in
the Western world), medications are
recommended, and it is a prerequisite to review
the weight gain or weight loss effect of
antidiabetic medications before prescribing.

A minimum 5% weight loss in obese T2DM
patients is desired, and if the goal is not attained,
alternative medication with good efficacy and
reduced risk of hypoglycemia should be consid-
ered (American Association of Diabetes
Educators 2016). Weight reduction in overweight
and obese individuals could help in improving
insulin sensitivity, as well as attenuating the risk
of metabolic and cardiovascular complications
(Diabetes.co.uk 2019a).

Major Antidiabetic Drug Families

Sulfonylureas

Sulfonylureas (SUs) were the first oral
antidiabetic agents approved by FDA, starting in

1958. Their origin is traced to the observation in
1942 that some sulfonamide antibacterial
products triggered critical hypoglycemia in
typhoid patients (Upadhyay et al. 2018). These
are produced from substitution at a para position
on the benzene ring, and at one nitrogen residue
of urea moiety (Brunton et al. 2013). First-
generation SUs are rarely used, as they carry a
great risk of hypoglycemia in contrast to
modern SUs.

Mechanism of Action
SUs act as insulin secretagogues by modulating
ATP sensitive potassium ion channels (KATP

channel), via sulfonylurea receptor present on
the pancreatic beta-cell membrane. SUs bind
with KATP channel and cause its inhibition,
which leads to an increase in the concentration
of K+ ions in the cytoplasm of beta-cells, and
depolarizes calcium ion channels. This leads to
the increased influx of calcium ions into the beta-
cell that provokes exocytosis of insulin granules
and stimulates insulin release. To some extent,
SUs also bind and activate Epac2 (guanine nucle-
otide exchange factor), which further works
together with Rap1 protein to increase the
approachability of insulin vesicles, to meld with
the plasma membrane of the beta cell (Thulé and
Umpierrez 2014).

Extra-Pancreatic Actions
Increased expression of glucose transporter
GLUT-4 in the periphery and reduced peripheral
insulin resistance are recognized. Suppression of
sarcolemma and mitochondrial ATP channels on
cardiac cells, and KATP channels on smooth mus-
cle cells, by binding with sulfonylurea receptor
SUR2A which causes cardiovascular
complications, is also mentioned. Gliclazide
causes reduced hepatic glucose output, with
anti-oxidant and antiplatelet effect. Glyburide, in
turn, aggravates blood pressure due to sympa-
thetic activation (Kalra et al. 2015).

Efficacy
All SUs are equally efficacious at equipotent
doses. Therapy is initiated from a lower dose
range, on the basis of glycemic control. Longer-
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acting SUs are administered as a single dose daily
and rest is available in extended-release dosage
forms (glipizide) or micronized tablets
(glyburide), to prolong the duration of action
and the dose is kept lower. SUs reduce glycated
hemoglobin by 1.5%–2%, with a fasting plasma
glucose (FPG) decrease of up to 60–70 mg/dl.

Usually, the primary failure of SU
monotherapy is seen in patients with low
C-peptide levels and high FPG levels
(>250 mg/dl). In such patients, SUs cause less
than 30 mg/dl decrease in FPG levels. Almost
75% of the patients come under secondary failure
on SU monotherapy, initially responding well
(>30 mg/dl reduction in FPG), however failing
to reach acceptable glucose control (Brunton et al.
2013; Dipiro et al. 2005).

Effect on Body Weight
Older SU drugs (glimepiride, glyburide,
glipizide, gliclazide) are reported to induce
weight gain of 1.8–2.6 kg in previous studies
(Pappachan et al. 2019). Modern SUs
(glimepiride, gliclazide) are widely preferred
over SUs due to less risk of hypoglycemia, weight
gain, and cardiovascular complications. The Scot-
tish Intercollegiate Guidelines Network (SIGN),
International Diabetes Federation (IDF), and
National Institute for Health and Care Excellence
(NICE) recommend SUs use in patients who are
not obese. Weight neutrality is reported with
glimepiride ER and gliclazide MR during the
period of 1 year. Regular consumption of
glimepiride produces weight neutrality for about
1.5 years (Kalra et al. 2015).

Contraindications
SUs are not used in patients with cardiovascular
diseases, liver, and renal dysfunction, as well as
those exhibiting hypersensitivity to the drug.

Adverse Effects
Due to the narrow therapeutic index, SUs even in
small doses can induce hypoglycemia in pediat-
rics and geriatrics. High doses can cause chronic
hypoglycemia (less than 60 mg/dl), rarely leading

to death due to neuroglycopenia and
cardiotoxicity (Klein-Schwartz et al. 2016).

Glinides (Meglitinides/D-Phenylalanine
Analogs)

This class of anti-diabetic drugs includes
repaglinide and nateglinide, which act as
ATP-sensitive potassium channel blockers. They
are also insulin secretagogues, and are sometimes
named prandial glucose regulators. They have
a similar mechanism of action (MOA) as SUs
but are structurally unrelated. The first agent of
this class, repaglinide, was approved by FDA in
1997, and nateglinide in 2000. They are rapidly
absorbed and have a short duration of action, in
contrast to second-generation Sus; thus, flexible
dosage can be designed (White 2010).

Mechanism of Action
Both meglitinides, analogously to SUs, block
ATP-dependent potassium ion channels, causing
insulin release from pancreatic beta-cells.
Repaglinide is derived from benzoic acid, while
nateglinide is derived from d-phenylalanine
(Brunton et al. 2013). Meglitinides bind to sulfo-
nylurea receptor SUR1, and are also reported to
bind at a separate site on beta-cells. Nateglinide
shows larger selectivity for SUR1 over SUR2, in
contrast to repaglinide and SUs. Nateglinide
remains bonded to the receptor for a very limited
period of about 2 s, contrasting with repaglinide
which stays for 3 min, whereas the dissociation
from the receptor is 90 times greater than
repaglinide. Therefore nateglinide has a very lim-
ited on-off impact on insulin discharge
(Guardado-Mendoza et al. 2013).

Efficacy
These agents are reported to treat long-term
hyperglycemic stages in patients with T2DM. In
a 3.6 months clinical trial, repaglinide (0.5–4 mg/
meal) reduced glycated hemoglobin level by
1.57%, while nateglinide (60–120 mg/meal)
achieved 1.04% decrease. Repaglinide reduced
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pre-prandial glucose values by 57 mg/dl, while
nateglinide by 18 mg/dl, in a period of 16 weeks
(Rosenstock et al. 2004).

Effect on Body Weight
Patients on repaglinide suffer a weight gain of
1.8 kg and with nateglinide 0.7 kg, after
3.6 months of therapy (Rosenstock et al. 2004).
Meglitinides are indeed associated with minor to
moderate weight gain, as per a report by the
American Association of Diabetes Educators
2016 (American Association of Diabetes
Educators 2016).

Contraindications
They are contraindicated in diabetic ketoacidosis,
hypersensitivity, and renal and liver diseases.
Repaglinide is contraindicated in patients on
lipid-lowering gemfibrozil, as it can increase
repaglinide blood levels by 28.6 fold (Grant and
Graven 2016).

Adverse Effects
Meglitinides are associated with hypoglycemia
(16–31%) and weight gain, however less remark-
ably than Sus (Hinnen 2015; Hossain and Pervin
2018).

Biguanides

Guanidine is the active ingredient in Galega
officinalis, a small tree found in Europe andWest-
ern Asia, which was prescribed in primitive times
for diabetic patients. However, guanidine and
derivatives showed toxicity. First-generation
biguanides (phenformin and buformin) were
introduced for diabetes pharmacotherapy in
1950. In 1970 phenformin was withdrawn due
to cardiac mortality and lactic acidosis. Metfor-
min appeared as a safer alternative and was
approved in the United States in 1995. Now it is
one of the most widely prescribed antidiabetic
agents (Hundal and Inzucchi 2003).

Mechanism of Action
Metformin is an AMPK (AMP-dependent protein
kinase) activator. When cellular energy stores are

reduced, AMPK is stimulated by phosphoryla-
tion. Stimulated AMPK initiates the process of
fatty acid oxidation and glucose uptake, reducing
lipid production and gluconeogenesis. The net
outcome of such actions is decreased hepatic glu-
cose output, enhanced insulin sensitivity in fat
cells and muscles, enhanced storage of glycogen
in skeletal muscles, and reduced blood glucose
levels. The exact mechanism by which metformin
stimulates AMPK is unknown. Metformin has
shown reduced cellular respiration by selectively
affecting mitochondrial complex I. It does not
disturb the discharge of any islet hormones, and
hardly causes hypoglycemia (Brunton et al.
2013).

Efficacy
Metformin decreases glycated Hb level by 1.5%–

2%, with fasting glucose reduction by 60–80 mg/
dl. It is acceptable even in cases of extremely high
postprandial glucose (PPG) (>300 mg/dl), and is
also able to reduce triglycerides and LDL-C by
8%–15%, with a slight increase in HDL-C by 2%.
It stimulates PAI-1 (plasminogen activator
inhibitor-1), and induces a decrease in weight by
2–3 kg (Dipiro et al. 2005).

Effect on Body Weight
Metformin is recommended for diabesity patients
on account of suppression of hepatic gluconeo-
genesis, increased insulin sensitivity in peripheral
tissue, and some degree of anorexia. Approxi-
mately 31% reduction in episodes of T2DM in
highly obese patients has been achieved by met-
formin as stated by Diabetes Prevention Program
(DPP) clinical trial (The Diabetes Prevention Pro-
gram Research Group 2002). A combination of
metformin with lifestyle modification has shown
improvement in gestational diabetes (Pappachan
et al. 2019).

Contraindications
Caution is advised for patients liable to display
metabolic acidosis including renal insufficiency,
hepatic failure, alcoholism, congestive heart fail-
ure (CHF), sepsis, and surgery. Certain studies
reported the safety of metformin with stable CHF,
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resulting in reduced mortality rates (Upadhyay
et al. 2018).

Adverse Effects
Gastrointestinal symptoms (10–25%) can include
dyspepsia, diarrhea, nausea, and intestinal muscle
spasm. Dosage tapering or an intake with a meal
can be helpful. Reduced levels of cobalamin
(20–30%) in malabsorption is a possibility. Over-
dose, or regular use of metformin for years, can
rarely precipitate metabolic acidosis (3–6/
100,000 patients) (Brunton et al. 2013).

Thiazolidinediones (TZDs)

TZDs (insulin sensitizers) were approved for clin-
ical use by FDA in 1997, though controversies
surrounded the first agent of this class,
troglitazone. Troglitazone was withdrawn from
the market due to liver toxicity (Yki-Jarvinen
2004). Pioglitazone is the only widely used
TZD, as rosiglitazone was also withdrawn in
some countries in terms of cardiovascular safety
(Pappachan et al. 2019).

Mechanism of Action
TZDs or glitazones are the selective synthetic
ligands of nuclear peroxisome-proliferator–
activated receptor gamma (PPARγ)
(Yki-Jarvinen 2004). Such types of receptors are
a subfamily of 48-member nuclear–receptors, and
regulate transcription of genes linked to glucose
and lipid metabolism (Brunton et al. 2013;
Yki-Jarvinen 2004). PPARγ is mainly expressed
in adipocytes, with minor findings on skeletal,
cardiac, smooth muscle cells, pancreatic β-cells,
macrophages, and vascular endothelial cells
(Brunton et al. 2013). Hence adipose tissue is
the main target of PPARγ agonists. However,
there is no evidence whether TZDs reduce insulin
resistance by directly acting on to the target
tissues, or indirectly through the release of
secreted products by adipocytes such as
adiponectin, that increases insulin sensitivity.
TZDs binding with PPARγ receptor induce a
conformational change, and form a heterodimer
with another nuclear receptor (retinoid X

receptor), which then further binds with peroxi-
some proliferator response element. Such activa-
tion causes adipocyte differentiation, increases
subcutaneous fat cells, FFA oxidation, FFA
uptake into adipocytes, and storage from extra-
adipose tissues to adipose tissues. Such effects
enhance insulin sensitivity in fat cells, muscles,
and liver (Brunton et al. 2013; Dipiro et al. 2005;
Yki-Jarvinen 2004).

Efficacy
Pioglitazone or rosiglitazone therapy for 6 months
decreases glycated hemoglobin by 1.5%, and
PPG level by 60–70 mg/dl at a higher dose.
TZDs slowly reduce blood glucose levels for
about 3–4 months, after which the highest glu-
cose response is seen. Patients must be counseled
regarding such point, so that they continue ther-
apy without any drop-out (Brunton et al. 2013;
Dipiro et al. 2005).

Effect on Body Weight
A weight gain of 3.6 kg after 35 months has been
registered in a large trial (Dormandy et al. 2005).
TZDs lead to weight gain of up to 3–4 kg in
6 months and 5 kg in 3–5 years as per UKPDS
(Ko et al. 2017). Weight gain varies on the basis
of dose regimen used (Wilding 2006). These
agents also affect lipid parameters such as TGs,
LDL-C, and HDL-C. Pioglitazone reduces tri-
glyceride levels by 10–20% while rosiglitazone
has a neutral effect. Rosiglitazone increases
LDL-C up to 5–15%, whereas pioglitazone is
devoid of such effect. Both are able to alter
minor, dense LDL-C particles to bulky soft
particles, which are less dense and less athero-
genic, and also increase HDL-C up to 3–9 mg/dl
(Dipiro et al. 2005).

Contraindications
In patients with New York Heart Association
(NYHA) class III and IV cardiac failure, and
even in class I and II patients, caution is advised
(Dipiro et al. 2005).

Adverse Effects
TZDs as single oral anti-diabetic agents do not
produce hypoglycemia, whereas in combination
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with SUs can slightly increase the risk (Elte and
Blicklé 2007). Other adverse effects include
edema (2–4%) due to sodium/water retention
and enhanced vascular permeability, cardiac fail-
ure, and weight gain. The severity of edema
(approx. 15%) increases in combination with
insulin. Edema is dose-dependent, so by dropping
the dose and using diuretics, alleviation could
follow, especially if edema is not severe (Dipiro
et al. 2005).

GLP-1 Receptor Agonists (Injectable
Drugs)

These are also called incretin mimetics. Incretins
are hormones produced by epithelial intestinal
L-cells, in response to food ingested: GIP
(glucose-dependent insulinotropic polypeptide)
and GLP-1 (glucagon-like peptide 1). GLP-1
administration reduces blood glucose levels by
mediating insulin release, and also inhibits it
when the glucose level is normal, while GIP is
not clinically effective in T2DM patients
(Brunton et al. 2013; Hinnen 2017; Yammine
et al. 2019).

Pancreatic alpha-cells produce and split
proglucagon into glucagon and a large peptide
(C-terminal) comprising GLPs (GLP-1 and
GLP-2), whereas intestinal L-cells transform
proglucagon into a large peptide (N-terminal)
comprising glucagon or GLPs. GLP-2 is of little
importance for diabetes management. It mainly
influences epithelial cell proliferation in the
digestive tract; hence, it has been approved as an
orphan drug (teduglutide; GLP-2 agonist) for the
treatment of short bowel syndrome, by both the
FDA and the European Medicine Agency
(Brunton et al. 2013).

Mechanism of Action
There are two GLP-1 receptor agonists (exenatide
and liraglutide) prescribed intravenously for type
2 diabetic subjects. These agents increase insulin
secretion which is glucose-dependent, inhibit glu-
cagon, slow gastric emptying, reduce appetite and
body weight, and normalize pre-prandial and

postprandial glucose levels, by stimulating
GLP-1 receptor (Brunton et al. 2013; Meloni
et al. 2013). These receptors are G-protein cou-
pled receptors (GPCR) expressed in pancreatic
alpha-cells, beta-cells, specific neurons in hind-
brain, intestinal cells, and other structures.

Beta-cell functioning is required for incretin-
based therapy; else, it could lead to failure
(Tripathi 2013). GLP-1 as such has limited thera-
peutic potential, due to rapid degradation by
dipeptidyl peptidase 4 enzyme (DPP-4); conse-
quently, half-life is just 2–3 min. The enzyme is
mainly expressed in luminal capillary endothelial
cells, kidney, gastrointestinal mucosa, and
immune cells. To increase the half-life, DPP-4-
resistant GLP-1 agonists have been produced.
The use of DPP-4 inhibitors potentiates the phar-
macological action of incretin-based therapy
(Brunton et al. 2013; Tripathi 2013).

Exenatide: It is a synthetic exendin-4, potent,
DPP-4-resistant GLP-1 agonist which is short-
acting. It is injected subcutaneously twice daily,
with a plasma half-life of 3 hours, and acts for
about 6–10 h. It can be used as monotherapy or in
combination with metformin, SUs, or TZDs if
required. It reduces glycated hemoglobin by 1%
in patients with T2DM, after 6.9–18.8 months
(Brunton et al. 2013; Tripathi 2013; Soni 2016).

Liraglutide: It is rigidly bound to a plasma
protein that accounts for increased plasma half-
life of >12 h, and thus acts for >24 h. Due to its
prolonged plasma half-life, it is given subcutane-
ously once daily. It reduces glycated hemoglobin
by 30%, which is greater than exenatide. It can be
used as monotherapy, or in combination with
metformin, SUs, or TZDs (Brunton et al. 2013;
Tripathi 2013; Soni 2016).

Effect on Weight
Patients on exenatide show a weight reduction of
2.5–4 kg within 30–82 weeks of therapy, whereas
liraglutide can be followed by a weight reduction
of 5.6 kg, in obese non-diabetic or diabetic
patients. Therefore it can also be used as an anti-
obesity drug (Brunton et al. 2013; Tripathi 2013;
Soni 2016).
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Contraindications
Patients with a family history of medullary carci-
noma of the thyroid, and patients with multiple
endocrine neoplasias, should avoid such therapy.
Caution is advised due to the presence of gastro-
esophageal reflux (Hinnen 2017).

Adverse Effects
Nausea, vomiting, and diarrhea are common
(40–50%) and dose-related. Hypoglycemia is
rarely reported with GLP analogs, except when
used in combination with Sus (Brunton et al.
2013; Tripathi 2013).

DPP-4 Inhibitors

DPP-4 belongs to the family of prolyl
oligopeptidases. It is a serine protease highly
expressed on intestinal epithelial cells, brush-
border renal cells, pancreatic cells, hepatic cells,
endothelial cells, glandular epithelium, and
T-cells. It is also called as T-cell differentiation
antigen (CD26). DPP-4 protein consists of an
extracellular domain, with the catalytic site in
the C-terminal attached to the transmembrane
protein, and an intracellular tail at the
N-terminal. When it is cleaved it discharges the
extracellular domain in the blood, in the form of
soluble DPP-4, and also circulates in body fluids
(seminal and cerebrospinal fluids).

The extracellular domain of the protein also
contains glycosylation and cysteine-rich sites that
contribute to non-enzymatic actions of DPP-4.
Such sites are believed to interact with adenosine
deaminase, streptokinase, and plasminogen, and
are also a binding site for chemokines. The
antidiabetic effect of DPP-4 inhibitors was
evaluated after the investigations about inactiva-
tion of incretin hormones by DPP-4 (Deacon
2019). DPP-4 inhibitors are identified to enhance
plasma half-life of incretin-based therapy. The
first DPP-4 inhibitor sitagliptin was approved by
FDA in 2006. After this saxagliptin was approved
in the United States and vildagliptin in Europe
and America, as monotherapy or combination
therapy with other anti-diabetics. DPP-4

inhibitors linagliptin and alogliptin are also avail-
able (Dicker 2011).

Mechanism of Action
Due to the essential role of DPP-4 enzyme in
inactivation of incretin hormones, orally active
inhibitor drugs of this enzyme have been pro-
duced. These are indirectly acting insulin-
secreting agents and are mostly used in combina-
tion therapy (Brunton et al. 2013; Tripathi 2013).
DPP-4 inhibitors such as sitagliptin, vildagliptin,
and saxagliptin are selective competitive
inhibitors of DPP-4, with high affinity for the
enzyme. The concentration of physiologically
produced GLP-1 and GIP after food intake was
doubled with DPP-4 inhibitors. Such selective
inhibition of enzyme provides an extended safety
profile and allows prolonged treatment with
DPP-4 inhibitors.

It indirectly increases insulin secretion and
inhibition of glucagon in patients with T2DM.
DPP-4 inhibitors are also reported to counter-
regulate glucagon release by pancreatic alpha-
cells under hypoglycemia. Thus, these agents do
not cause alpha-cell dysfunction, and improve
alpha-cell sensitivity to glucose without affecting
appetite. Experimental beta-cell neogenesis was
demonstrated, and genetically DPP-4-deficient
rats showed resistance to streptozotocin (STZ)-
induced beta-cell destruction. These drugs also
improve TGs and FFA levels (Brunton et al.
2013; Thornberry and Gallwitz 2009).

Efficacy
Sitagliptin has been shown to reduce glycated
hemoglobin by 0.65–1.0% within 2–7 months,
and 0.67% upon 12 months of therapy.
Saxagliptin reduces glycated hemoglobin by
0.43–1.17%, while vildagliptin reduces by 1.4%
in 24 weeks of therapy. In terms of anti-
hyperglycemic effect, DPP-4 inhibitors were
found to be slightly less effective than SUs, and
equivalent to metformin and TZDs (Dicker 2011;
Amori et al. 2007).

Effect on Weight
Sitagliptin during 12 months triggered weight
reduction of 1.5 kg, up to weight gain of 1.8 kg.
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Vildagliptin and saxagliptin were not much dif-
ferent: weight shifts of �1.8 kg to +1.3 kg, and
�1.8 kg to +0.7 kg, respectively, after 5 months.
In a meta-analysis of 13 studies they were consid-
ered to be weight-neutral (Dicker 2011).

Contraindications
Hypersensitive persons and those with chronic
pancreatitis and renal diseases are not safe
candidates for such therapy (Pathak and
Bridgeman 2010).

Adverse Effects
A slight effect on in-vitro immune cell functions
has been seen with DPP-4 inhibitors, and allergic
reactions such as anaphylaxis, angioedema,
Stevens-Johnson syndrome, flu-like symptoms,
and skin reactions are reported. Hypoglycemia is
observed during combination therapy of DPP-4
inhibitors with SUs and insulin (Brunton et al.
2013; Dicker 2011; Diabetes.co.uk 2019b).

Alpha-Glucosidase Inhibitors

The alpha-glucosidase enzyme is released by the
chorionic epithelium of enterocytes, with the
function of digestion of carbohydrates and glu-
cose production. Due to its important role in
glucose production, various alpha-glucosidase
inhibitors were produced as a new class of oral
hypoglycemic agents in the 1980s. They are
obtained from natural sources, including plants
and micro-organisms. The alpha-glucosidase
enzymes from rodent intestine and yeast are
employed for pharmacological purposes. They
include acarbose, miglitol and voglibose (Yin
et al. 2014).

Mechanism of Action
Alpha-glucosidase inhibitors retard intestinal
absorption of carbohydrates by preventing
alpha-glucosidase action in enterocytes of the
brush border of the mucosa. Mouth to cecum
transit time is reduced and leads to larger evacua-
tion of carbohydrates via stools. Acarbose, pro-
duced by actinobacteria Actinoplanes utahensis,
as well as voglibose, is a reversible inhibitor.

These agents also cause the release of GLP-1 in
systemic circulation which adds on to the thera-
peutic action, while miglitol is a powerful inhibi-
tor of the enzyme sucrase (Brunton et al. 2013;
Tripathi 2013). Acarbose also inhibits
glucoamylase and alpha-amylase enzymes, thus
impairing carbohydrate digestion and absorption
(Derosa and Maffioli 2012).

Efficacy of Alpha-Glucosidase Inhibitor
Post prandial glucose concentration diminishes
by 1–3 millimole/liter and pre-prandial glucose
concentration by 1 millimole/l. Also glycated
hemoglobin can be lowered by 0.5–0.8%, and
even can exceed 1% at higher doses; however,
proper maintenance of diet is a must. Body
weight and lipid parameters remain unchanged.
Long-term administration of these agents in
prediabetics can prevent the onset of T2DM and
heart disease. Both monotherapy and combina-
tion protocols are available (Brunton et al. 2013;
Krentz 2018).

Contraindications
Diabetic ketoacidosis, inflammatory bowel dis-
ease, other gastrointestinal conditions, and hyper-
sensitivity are contraindications (Access.fda.gov.
PRECOSE (acarbose tablets) 2019).

Adverse Effects
Flatulence (78%) and loose stools (14%) are
dose-related. In certain cases hepatitis is reported,
which reverts when therapy is stopped (Derosa
and Maffioli 2012).

Sodium-Glucose Co-transporter-2
Inhibitors/Gliflozins (SGLT-2 Inhibitors)

This is the FDA-approved latest class of anti-
diabetics. Primarily introduced in 2013, SGLT-
2 inhibitors consist of canagliflozin,
dapagliflozin, ertugliflozin, and empagliflozin,
which can be used as monotherapy, or in combi-
nation with metformin and linagliptin. These
agents are reported to reduce the incidence of
mortality due to cardiac diseases in patients with
T2DM (Fda.gov 2019a, b; Hsia et al. 2017).
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Mechanism of Action
The glomerulus of the kidney filters all the
circulating glucose, which is reabsorbed into the
blood via SGLT-2 of the proximal convoluted
tubule. These transporters cause 90% reabsorp-
tion of filtered glucose, so these are an interesting
target for T2DM. Inhibition of this co-transporter
promotes glucouresis, and lowers blood glucose
levels along with weight reduction (Tripathi
2013; Hsia et al. 2017). Empagliflozin has maxi-
mum specificity for SGLT-2, while canagliflozin
is the least specific. These drugs can also be used
in obese individuals, due to their weight reduction
effect (Hsia et al. 2017).

Efficacy of SGLT-2 Inhibitors
They are useful in all the stages of T2DM because
the mechanism of action is independent of beta-
cell function. Hypoglycemia can occur if these
agents are used in combination with an insulin
secretagogue (Zurek et al. 2017). SGLT-2-
inhibitors showed a 9.1% reduction of glycated
hemoglobin at baseline, 0.9% in 1 month, and
0.8% in 6 months of therapy (Schork et al. 2019).

Effect on Body Weight
Weight loss of 2.6 kg in 6 months of therapy is
documented, due to glucouresis and loss of adi-
pose mass. Apart from body fat these agents also
reduce epicardial fat. Extracellular fluid
diminishes after 28 days, and returns to baseline
after 3–6 months of therapy (Schork et al. 2019).
Therefore SGLT-2 therapy is associated with con-
spicuous weight loss.

Contraindications
These are contraindicated in patients with kidney
diseases or nephropathy (GFR < 45 mL/min/
1.73 m (Al-Goblan et al. 2014; Hsia et al. 2017).

Adverse Effects
They can increase the risk of serious genital
anaerobic infections (Fournier’s gangrene), and
urinary tract infections in diabetic patients (Fda.
gov 2019b; Hsia et al. 2017).

Oral/Nasal Insulin

Insulin therapy can be used in all modalities of
diabetes, including T1DM, T2DM, and gesta-
tional diabetes. It can be taken subcutaneously,
intravenously, intramuscularly, and more recently
also orally. The subcutaneous route is classic for
long-term management of glycemic control, nota-
bly in patients with T1DM (Brunton et al. 2013).
Oral insulin is a long-acting, basal insulin analog.
When target with combination therapy of oral
hypoglycemic agents is not achieved, oral insulin
therapy is instigated to control glycosylated
hemoglobin levels (A1C)> 7% in type 2 diabetic
patients (Box 50.1).

Box 50.1 Pharmacotherapical
Recommendations for Type 2 Diabetes
(Modified from American Diabetes
Association) (American Diabetes Association
2019)
(A) Initial therapy in all cases: Metformin

(Goal HbA1c � 7.0%.
(B) Patients without atherosclerosis or

heart/renal failure.
1. With obesity: GLP-1 receptor

agonists (liraglutide, semaglutide,
exenatide) or SGLT-2 inhibitors
(empaglifozin, canaglifozin); if nec-
essary, the two can be combined, or
DPP-4 inhibitors (in the absence of
GLP-1 receptor agonists), SUs,
TZDs, and basal insulin can be
included.

2. Weight loss not required: DPP-
4 inhibitors, GLP-1 receptor
agonists, SUs and TZDs are the
first options; in case of insufficient
response, two of these can be com-
bined, eventually including SGLT-
2 inhibitors; as a third line of ther-
apy, SUs or basal insulin can be
added.

(C) Cardiovascular atherosclerosis.
1. GLP-1 receptor agonists or SGLT-

2 inhibitors.

(continued)
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Box 50.1 (continued)

2. If necessary, the following
adjuvants can be introduced: Basal
insulin, TZDs, SUs, and also DPP-4
inhibitors (however these are
incompatible with GLP receptor
agonists).

(D) Heart or renal failure.
1. SGLT-2 inhibitors are the first

option, however GLP receptor
agonists can be added.

2. Should compensation not be ade-
quate, GLP-1 receptor agonists),
SGLT-2 inhibitors, DPP-4
inhibitors (however these are
incompatible with GLP receptor
agonists), and basal insulin can
be used.

Oral insulin at high dose, in insulin-naive
patients with T2DM, seems to be effective in
controlling FPG (7.1 mmol/L) levels after
8 weeks, comparable to subcutaneous insulin
glargine (6.8 mmol/L), with the absence of any
serious adverse effects or hypoglycemia (Halberg
et al. 2019). Only nasal insulin (Afrezza), for both
type 1 and type 2 diabetic patients, is already
FDA approved. Afrezza is rapid-acting inhaled
insulin and is not a substitute for long-acting
insulin. It is taken before a meal or within
20 minutes of starting a meal and can be used
along with long-acting insulin in patients with
T1DM (Medscape.com 2014). The FDA has
also approved the first glucagon therapy (Baqsimi
nasal powder) for the emergency management of
severe hypoglycemia (Fda.gov 2019c).

Pharmacological Approaches
of the American Diabetes Association
(ADA)
Metformin is recommended as the first-line agent
for the treatment of T2DM. Metformin therapy
should be continued till it is tolerated and not
contraindicated and in the long run causes vita-
min B12 deficiency especially in patients with

anemia or peripheral neuropathy. Therefore, vita-
min B12 levels should be monitored during met-
formin therapy. Initially, insulin can be added
with anti-diabetic drugs in case of weight loss,
hypertriglyceridemia, ketosis, and hyperglycemia
(�300 mg/dl) or glycated hemoglobin (>10%).
ADA recommends a patient-oriented approach
for selecting an appropriate pharmacotherapy to
control blood glucose levels, including the effi-
cacy of the drug and patient-related factors as
important considerations. Along with active phar-
macological agents, lifestyle modification should
be considered to improve health. For T2DM
patients having atherosclerotic cardiovascular
disease, SGLT-2 inhibitors and GLP-1 receptor
agonists are recommended as part of an anti-
diabetic regimen with its well-known cardiovas-
cular profits. For patients having atherosclerotic
cardiovascular disease at risk of cardiac failure or
if cardiac failure co-exists SGLT-2 inhibitors are
ideal. T2DM patients with chronic renal diseases
should be recommended SGLT-2 inhibitors and
GLP-1 receptor agonists to prevent the progres-
sion of kidney diseases or cardiovascular diseases
or both. Among the parenteral drugs to achieve
extreme blood glucose reduction, GLP-1 receptor
agonists are considered over insulin. After every
3–6 months, anti-diabetic drug regimen should be
assessed and adjusted based on the patient’s fac-
tor. The combination of new anti-diabetic agents
with initial therapy should be recommended to
reduce glycated hemoglobin level by 0.7–1%. If
glycated hemoglobin levels are not controlled in
3 months without atherosclerotic cardiovascular
disease or chronic kidney disease, SUs, TZDs,
SGLT-2 inhibitors, GLP-1 agonists, DPP-4
inhibitors, and basal insulin can be combined
with metformin with special emphases on patient
factor and treatment selective effects (American
Diabetes Association 2019). For the treatment of
T2DM in obese patients, selection of anti-diabetic
drug should be based on their effect on body
weight. Initially, diet modification should be
recommended and can be further combined with
exercise and anti-obesity agents (BMI�27kg/m2)
in T2DM patients. For patients receiving anti-
obesity agents with weight loss <5% in 3 months
or any safety and tolerability issues during the
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course of therapy the drugs should be
discontinued and alternative pharmacological
approaches should be taken into account. Anti-
diabetic agents having an influence on body

weight include metformin, alpha-glucosidase
inhibitors, SGLT-2 inhibitors, GLP-1 receptor
agonists, and amylin mimetics. Dipeptidyl pepti-
dase 4 inhibitors are weight-neutral while insulin

Table 50.2 Drug therapy under investigation for the treatment of diabesity and T2DM

Drug Sponsor Phase Status
Study title/
objective

Completion
date References

Trodusquemine
(MSI-1436)

Genaera
corporation

I Completed Single dose,
tolerance, and
pharmacokinetic
study in obese
T2DM patients

April 2009 Clinicaltrial.gov
(2019a)

SAR425899 Sanofi I Completed Safety and
tolerability in
overweight to
obese and T2DM
patients

Oct 2018 Clinicaltrial.gov
(2019b)

KRP-104 (novel
DPP-4
inhibitor)

ActivX
biosciences,
Inc.

II Completed Randomized,
double-blind,
placebo-controlled
trial to assess
safety and
effectiveness in
T2DM patients

Aug 2008 Clinicaltrial.gov
(2019c)

Oral ORMD-
0801
(oral insulin)

Oramed, ltd. II Completed Randomized,
double-blind,
placebo-
controlled,
parallel-group trial
to evaluate safety
and efficacy.

April 2016 Clinicaltrial.gov
(2019d)

LX4211 Lexicon
pharmaceuticals

II Completed Assessment of
safety, efficacy,
and tolerability in
T2DM patients

Dec 2009 Zambrowicz et al.
(2012); Clinicaltrial.
gov (2019e)

HOE901-U300
(new
formulation of
insulin glargine)

Sanofi III Completed Consideration of
efficacy between
HOE901-U300
and lantus in
T2DM patients

March 2014 Bolli et al.
(2015); Clinicaltrial.
gov (2019f)

Rimonabant
(SR141716)

Sanofi III Completed Assessment of
weight reduction
and persistence in
12 months with a
diabetic diet in
obese T2DM
patients

May 2004 Clinicaltrial.gov
(2019g)

Sitagliptin and
metformin
therapy

The University
of Texas Health
Science Center
at san Antonio

IV Completed Assessment of
sitagliptin and
metformin effects
alone and in
combination
contrast to placebo
on liver
gluconeogenesis.

Oct 2012 Solis-Herrera et al.
(2013); Clinicaltrial.
gov (2019h)
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secretagogues, thiazolidinediones, and insulin
induce weight gain. For short-term and long-
term management of obesity (BMI � 27 kg/m2),
all FDA approved agents for weight loss are
found to be associated with glycemic control in
T2DM patients or patients at risk of T2DM. Five
weight-reducing drugs (combination drugs)—
orlistat, lorcaserin, phentermine/topiramate (ER),
naltrexone/bupropion ER, and liraglutide—have
been approved by FDA for long-term use in
patients with obesity-associated T2DM,
dyslipidemia, and high BP who want to lose
weight (Care and Suppl 2019).

General Features of Available and Pipeline
Drugs
Table 50.1 summarizes the prescription
characteristics of common antidiabetic drugs,
whereas Table 50.2 highlights coming products
or combinations, for diabetes with or without
obesity.
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Abstract

Type 2 diabetes mellitus (T2DM) increases the
risk of cardiovascular disease (CVD) and fre-
quently presents a phenotype related to other
comorbidities, such as obesity, nephropathy,
hepatic steatosis, and increased risk of type
3 diabetes, i.e., neurodegenerative diseases
associated with metabolic dysfunction.
Although previous large clinical trials reported
inconsistent reduction in all-cause mortality
and CVD after glycemic control, the new

pharmacologic classes of sodium-glucose
co-transporter 2 inhibitors (SGLT2-i) and
glucagon-like peptide-1 receptor agonists
(GLP-1RAs) were associated with a reduction
of major cardiovascular events (MACE),
changing the paradigm of T2DM treatment.
These classes of drugs are able to act concom-
itantly in distinct pathways of the metabolic
syndrome. This chapter aims to review:
(i) T2DM and obesity as CVD risk factors;
(ii) previous clinical trials with neutral, delete-
rious, or beneficial results; (iii) why
GLP-1RAs are an interesting class of drugs
in the context of the metabolic syndrome;
(iv) up-to-date information about GLP-1RAs
in clinical trials; and (v) future perspectives.
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Cardiovascular Risk of Obesity
and Diabetes

A cohort study including 190,672 participants
free of clinical cardiovascular disease (CVD)
found that higher BMI increased the CVD risk
for men and women by 21% and 32% in over-
weight, 67% and 85% in obese, and 314% and
253% in morbidly obese participants (Khan et al.
2018). In a meta-analysis of Mendelian
randomized studies that grouped 881,692
participants, each standard deviation
(SD) increase in BMI elevated the odds ratio of
type 2 diabetes mellitus (T2DM) by 67%, and of
coronary artery disease (CAD) by 20% (Riaz
et al. 2018).

Visceral obesity is related to epicardial and
pericardial fat accumulation, worsening the coro-
nary lesions (Ding et al. 2009) by a
pro-inflammatory environment mediated through
endoplasmic reticulum (ER) stress, cell death, and
production of pro-inflammatory cytokines (Rocha
and Libby 2009). Moreover, obesity increases
insulin resistance, which is a well-established
risk factor for CAD, heart failure (HF), and sud-
den death. As a result, T2DM patients present a
similar or higher risk of CVD events when com-
pared to patients with previous myocardial infarc-
tion (Juutilainen et al. 2005).

Contrary to expectations, for many years con-
secutive clinical trials demonstrated that glycemic
control was not a robust means of reducing car-
diovascular events (Turner 1998; Patel et al.
2008; Hayward et al. 2015). Therefore, new
anti-diabetic treatments that concomitantly
reduce mortality or cardiovascular events are
highly desired, even more so if they are able to
reduce metabolic syndrome compounds, such as
obesity, insulin resistance, and elevated blood

pressure, while offering a good security profile
(Sposito et al. 2018).

GLP-1RA Drugs

The incretin effect was first described in the
1960s (Elrick et al. 1964). It was characterized
as a greater insulin release after oral meal intake,
compared with intravenous glucose. Later, gastric
inhibitory polypeptide (GIP) (1970s) (Brown
et al. 1975) and GLP-1 (1980s) (Mojsov et al.
1987) were described as incretin mimetic
hormones. In native conditions GLP-1 is released
by L-cells presents in the distal ileum and colon,
which are stimulated mainly by ingested fat and
carbohydrates. The action of GLP-1 happens
through its receptor, a G-protein present in the
pancreas, gastrointestinal tract, lungs, kidney,
brain, arteries, and heart. In natural conditions,
the hormone is degraded in 1–2 min by the
enzymes dipeptidyl peptidase-4 (DPP-4) and neu-
tral endopeptidase (Mojsov et al. 1987). For this
reason, molecular modifications were made in an
effort to reduce this quick degradation, allowing
GLP-1 to be used medically.

After molecular changes, two distinct groups
were produced: (i) Exendin-4 derivatives,
synthesized from the saliva of the lizard
Heloderma suspectum, which have approxi-
mately 50% homology with native GLP-1; and
(ii) human GLP-1 analogues, with greater than
90% of homology (Sposito et al. 2018; Røder
2018). Subsequently, these groups underwent
differentiations in molecular characteristics,
which account for the difference in half-life
between the first generation (hours) and the
second generation (days) (Table 51.1).

General Effects

Although the apparent major effect of GLP-1 is to
improve insulin release in a glycemic-dependent
manner, many other pleiotropic effects in organs/
systems have been reported
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Pancreas
Activation of GLP-1 receptor leads to AMPc
stimulation, which culminates in insulin release
(Baggio and Drucker 2007) in a glycemic-
dependent manner. Moreover, GLP-1RA reduces
endoplasmic reticulum (ER) stress, a process
present in diabetes that leads to reduced activity
and apoptosis of β-cells (Rowlands et al. 2018).
Many experiments have already demonstrated
that GLP-1RAs are able to reduce ER stress and
therefore protect against β-cell death. In Wolfram
syndrome, a rare disease considered a pure model
of ER stress, GLP-1 improved β-cell
responsiveness inhibiting ER stress (Kondo
et al. 2018).

Glucagon secretion in α-cells is also
modulated, through both a direct and an indirect
mechanism. The indirect action may happen due
to insulin release, which exerts a negative feed-
back on glucagon secretion. The direct mecha-
nism is related to an ability to inhibit glucagon
secretion during hyperglycemia and increase glu-
cagon secretion during hypoglycemia. This direct
action may explain, at least in part, why patients
with type 1 diabetes and no residual β-cells
responded to GLP-1RA reducing glucagonemia
and fasting glycaemia (Creutzfeldt et al. 1996),
and why hypoglycemia is an uncommon adverse
event in patients with T2DM using GLP-1RA
therapies (Zhang et al. 2019).

Gastrointestinal Tract
GLP-1RAs inhibit gastric emptying through
vagal stimulation (Abbott et al. 2005). The
slowed gastric emptying explains the indirect
reduced post-prandial glycemia, insulinemia,

and triglyceridemia. Even in patients with type
1 diabetes, in whom GLP-1 is not able to induce
insulin secretion, a reduced glycemic excursion
secondary to the lower gastric emptying has been
described (Baggio and Drucker 2007; Dupre et al.
1995).

Renal
The LEADER (liraglutide) and SUSTAIN-6
(semaglutide) clinical trials reported approxi-
mately 36% reduction of nephropathy events
after GLP-1RA treatment (Verma et al. 2019).
Recently, a post hoc analysis of REWIND also
demonstrated renal protection by dulaglutide, like
liraglutide and semaglutide, mainly by reduced
albuminuria (Gerstein et al. 2019). Renal protec-
tion could happen through both indirect and direct
mechanisms. The indirect are: (i) increased uri-
nary sodium excretion, (ii) decreased systemic
tumor necrosis factor (TNF)-α, interleukin (IL)-
6, and IL-1, (iii) decreased oxidative stress,
(iv) decreased protein intake, and (v) reduced
blood pressure (DeFronzo 2017). The direct pro-
tection of the kidneys by GLP-1RAs was
demonstrated by an experiment where podocytes
were co-cultured with palmitic acid and
GLP-1RA, presenting lower rates of apoptosis
and improving the levels of autophagy inhibitor
markers, such as nephrin and podocin (Guo et al.
2017).

Liver
GLP-1RAs may improve non-alcoholic fatty liver
disease (NAFLD) by direct and indirect
mechanisms. The direct are related to
AMP-activated protein kinase (AMPK), an

Table 51.1 General characteristics of GLP-1RAs

Drugs Structure Molecular Weight Half-life

Exenatide Exendin-4 4.2 KDa 2–4 h
Lixisenatide Exendin-4 4.9 KDa 3.0 h
Exenatide ER Exendin-4 4.2 KDa 7–14 days
Liraglutide GLP-1 analogue 3.8 KDa 12 h
Dulaglutide GLP-1 analogue 59.7 KDa ~4 days
Albiglutide GLP-1 analogue 73 KDa ~5 days
Semaglutide GLP-1 analogue 4.1 KDa ~7 days

Adapted from Sposito et al. (Sposito et al. 2018)
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enzyme that senses energy expenditure
fluctuations, switching the metabolism from lipo-
genesis to lipid oxidation, targeting ATP forma-
tion. When there is triglyceride accumulation the
phosphorylation of AMPK is inhibited, worsen-
ing insulin resistance, local inflammation, and
oxidative stress (Madiraju et al. 2016).
Liraglutide, a GLP-1RA, improves AMPK phos-
phorylation, restoring lipid and glucose metabo-
lism (Yu et al. 2019). Indirect effects are linked to
weight loss, triglycerides reduction, and glycemic
improvement. Clinical trials have already
demonstrated that liraglutide reduces hepatic fat
content (Petit et al. 2017; Feng et al. 2017;
Armstrong et al. 2013).

Adipose Tissue and Energetic Control
GLP-1 receptors are expressed in the nuclei
related to brown adipose tissue (BAT) control,
in the brain. Therefore, it seems reasonable that
GLP-1RAs could interfere with body tempera-
ture. In preclinical studies GLP-1 activated BAT
with browning of white adipose tissue (WAT)
after intra-cerebral injection. This may happen
through AMPK activation and/or by sympathetic
stimulation. However when the medicine is
injected peripherally results are not so consistent,
leading to the hypothesis that peripheral vagal
stimulation could interfere with this pathway. In
clinical studies the results are also not conclusive,
varying from neutral to stimulating effects of
BAT and browning of WAT (Beiroa et al. 2014;
López et al. 2015).

Neurodegenerative Diseases

At least two clinical trials demonstrated some
protective effects of GLP-1RAs on the central
nervous system. Exenatide extended-release was
tested on patients with Parkinson’s disease,
resulting in a significant improvement on the
Movement Disorder Society-Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) part III
(motor) scale (Athauda et al. 2017). In another
trial with Alzheimer’s disease, liraglutide
prevented the decline of glucose consumed by
the brain, although no effect on cognition was

reported (Gejl et al. 2016). Preclinical studies
have demonstrated that GLP-1RAs inhibit inflam-
mation, promote mitochondrial biogenesis, stim-
ulate neurogenesis, and restore neuronal insulin
signaling inhibiting ER neuronal stress and apo-
ptosis (Panagaki et al. 2017). In a rat model of
Wolfram syndrome, 6 months of liraglutide treat-
ment reduced neuroinflammation, ER stress, and
the death of retinal ganglion cells (Seppa et al.
2019).

Cardiovascular: Arteries
GLP-1 receptors are present in the microvascular
endothelium and smooth muscle cells
(Bangshaab et al. 2019), showing direct effects
on the artery wall, as demonstrated in cultured
cells, animal models, and clinical trials. GLP-1-
RAs activate protein kinase A (PKA)/ERK
pathways, stimulating nitric oxide synthesis and
thereby improving endothelial vasomotor func-
tion (Wei et al. 2016). GLP-1RAs also reduce
vascular inflammation and oxidative stress,
inhibiting the pro-atherogenic environment in
vessels, thus stabilizing the plaques against rup-
ture (Balestrieri et al. 2015). In clinical trials,
GLP-1RAs consistently reduced carotid pulse
wave velocity (PWV), what also suggests
improvement in arterial stiffness.

On the other hand, a meta-analysis grouping
five studies demonstrated that GLP-1RAs had a
neutral effect on vasodilation, as evaluated by
Flow-Mediated Dilatation (FMD). It is important
to note that these studies had high heterogeneity
and small numbers of enrolled patients, and did
not perform FMD using a modern method,
including a continuous evaluation and the use of
stereotaxic probe stabilizer (Batzias et al. 2018;
Thijssen et al. 2019).

Myocardium

GLP-1-receptors were found in the myocardium,
explaining in part the pleiotropic effects on the
cardiovascular system. (i) In isolated hearts of
mice, GLP-1RAs led to enhancement of glucose
update and coronary flow (Ban et al. 2008).
(ii) Intravenous GLP-1RAs infusion improved
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regional and global left ventricular function in
patients with severe systolic dysfunction after
coronary angioplasty (Nikolaidis et al. 2004).
(iii) Exenatide administered over a 6-month
period to patients diagnosed with ST-segment
elevation after myocardial infarction resulted in
lower creatine kinase myocardial band (CK-MB)
and troponin I levels, and improved the global
longitudinal strain (Woo et al. 2013).
(iv) Treatment-naïve patients diagnosed with
T2DM receiving GLP-1-RA showed improved
left ventricular strain, left ventricular twisting,
and reduced N-terminal-pro hormone brain natri-
uretic peptide (NT-proBNP) (Lambadiari et al.
2018).

However, in a placebo-controlled crossover
protocol of 41 patients diagnosed with T2DM
and stable coronary disease, liraglutide did not
improved left ventricular ejection, global longitu-
dinal strain, or strain rate (Kumarathurai et al.
2016). Also, the FIGHT trial enrolled a total of
300 recently hospitalized patients diagnosed with
established HF and reduced left ventricular fail-
ure, and no reduction in deaths, re-hospitalization
for HF, or any echocardiographic parameters
emerged, when comparing liraglutide to placebo
(Margulies et al. 2016). Taking these data
together, there is no consensus about GLP-1RA
improving HF.

Blood Pressure and Heart Rate

GLP-1RAs have an anti-hypertensive effect that
seems to be independent of the improvement of
HbA1c or weight reduction, and is additive to
anti-hypertensive drugs. A large meta-analysis
involving 33 trials demonstrated a reduction of
approximately 2.2 mmHg after long-term use of
GLP-1RA (Katout et al. 2014). Another meta-
analysis grouping 31 trials demonstrated a reduc-
tion in systolic blood pressure of approximately
2.4 mmHg (Robinson et al. 2013).

Higher heart rate (HR) is associated with
all-cause mortality (Jensen et al. 2013). GLP-1
receptors are also found on the sinoatrial node,
stimulating HR. In fact, both short- and long-term
administration of GLP-1 leads to higher HR and

reduced HR variability (HRV), even after meta-
bolic improvement and weight reduction (Smits
et al. 2017; Kumarathurai et al. 2017). However,
the exact mechanisms in humans are still unclear
and were not associated with a worse cardiovas-
cular outcome (Fig. 51.1).

Cardiovascular Impact of GLP-1RA
Drugs

Early clinical trials regarding CVD in diabetes,
such as UKPDS (United Kingdom Prospective
Diabetes Study) (Holman et al. 2008), ACCORD
(Action to Control Cardiovascular Risk in Diabe-
tes) (Gerstein et al. 2008), ADVANCE (Action in
Diabetes and Vascular Disease: Preterax and
Diamicron-MR Controlled Evaluation) (Patel
et al. 2008), and VADT (Veterans Affairs Diabe-
tes Trial) (Hayward et al. 2015), did not find a
consistent reduced risk of mortality or cardiovas-
cular events after intensive glycemic control
(Eckel et al. 2019).

Thiazolidinediones

In 1999, a meta-analysis grouping 42 clinical
trials with rosiglitazone, a thiazolidinedione,
found a significantly higher risk of myocardial
infarction and a borderline risk of death from
cardiovascular causes (Nissen and Wolski
2007). Studies on dipeptidyl peptidase-4
inhibitors (DPP4-i) mainly reported a neutral
effect on CVD. A meta-analysis involving
40,781 participants included in DPP4-i trials
reinforced that this class of drugs was related to
higher or lower all-cause mortality and cardiovas-
cular mortality (Zheng et al. 2018). Saxagliptin, a
member of this class, was the only one associated
with significantly higher incidence of hospitaliza-
tion for HF (Scirica et al. 2014).

Sodium Glucose Co-transporter 2

EMPA-REG (empagliflozin) (Steiner 2016),
CANVAS (canagliflozin) (Guthrie 2018), and
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DECLARE (dapagliflozin) (Wiviott et al. 2018)
studies reported a benefit in CV outcomes, reduc-
ing the incidence of HF hospitalization and CV
deaths. A meta-analysis including these three
randomized controlled trials also found a relative
risk reduction for 3-point major adverse cardio-
vascular events (MACE) in individuals on sec-
ondary prevention (Zelniker et al. 2019),
suggesting a smaller but significant effect of
SGLT2-i on atherothrombotic events.

GLP-1RA

The EXSCEL trial studied exendin-4 derivatives,
represented by exenatide, in 14,752 patients,
while the ELIXA trial studied lixisenatide in
6068 patients. These drugs reached statistical sig-
nificance regarding non-inferiority ( p < 0.001),
but not for superiority to placebo ( p ¼ 0.06 and

0.81, respectively). Among GLP-1 analogues,
liraglutide (LEADER trial), subcutaneous
semaglutide (SUSTAIN-6 trial), and dulaglutide
(REWIND trial) showed significance for both
inferiority and superiority, in contrast to oral
semaglutide (PIONEER 6). In a meta-analysis of
oral semaglutide grouping a total of 9890
patients, no superiority was found in cardiovascu-
lar protection compared with active control by
liraglutide, empagliflozin, or sitagliptin
(Avgerinos et al. 2019).

Another recent meta-analysis combined a total
of 56,004 participants and included ELIXA
(lixisenatide), EXSCEL (exenatide), LEADER
(liraglutide), SUSTAIN-6 (subcutaneous
semaglutide), Harmony Outcomes (albiglutide),
REWIND (dulaglutide), and PIONEER 6 (oral
semaglutide) (Kristensen et al. 2019), concluding
that GLP-1RAs improved all the endpoints:
MACE, by 12%; death from cardiovascular

GLP-1-RA
Gastrointes�nal Tract:

reduce gastric emptying

Kidney: reduce albuminuria; 
increase natriuresis

Central Nervous System:
possibly acts in 

neurodegenera�ve diseases

Pancreas: increase insulin 
release in a glycemic 
dependent manner; 
glucagon modula�on

Adipose Tissue: reduce food 
intake, leading to loss 

weight; possibly ac�vates 
the brown adipose �ssue

Liver: reduce hepa�c 
steatosis

Cardiovascular: reduce 
systolic blood pressure; 

increase HR; reduce 
atherothrombo�c events

Fig. 51.1 Metabolic effects of GLP-1RAs
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causes, by 12%; deaths by fatal and non-fatal
stroke, by 9%; and all-cause mortality, by 12%.
Interestingly, for the first time GLP-1-RAs were
demonstrated to reduce in 9% the risk of admis-
sion by HF, hypothetically secondary to
myocardial infarction reduction.

In addition, our group previously published a
meta-analysis (Sposito et al. 2018) comparing the
efficacy related to pharmacological composition
between the clinical trials of exendin-4-based
therapy, ELIXA (lixenatide) and EXSCEL
(exenatide), versus GLP-1 analogues LEADER
(liraglutide), SUSTAIN-6 (semaglutide), and
Harmony (Albiglutide). When evaluating cardio-
vascular death, non-fatal myocardial infarction,
non-fatal stroke, and hospitalization for unstable
angina and HF, GLP-1-analogs were superior to
placebo, unlike the exendin-4 derivatives (risk
ratio 0.96 vs 0.85; 1.00 vs 0.82; 0.92 vs 0.86).

International Endorsements

The European Society of Cardiology indicated
that GLP-1RAs or SGLT2-i should be the first
line therapy for high cardiovascular risk patients
(Kristensen et al. 2019), while the European
Association for the Study of Diabetes (EASD)-
American Diabetes Association (ADA) consen-
sus suggested the prescription of GLP-1RA in
high-risk patients with T2DM (Cosentino et al.
2019; Davies et al. 2018). Featuring a good safety
profile, acting on diverse components of the met-
abolic syndrome puzzle, and improving cardio-
vascular outcomes, GLP-1RAs seem to be a very
promising class of drugs to be offered in clinical
practice.

Future Perspective

SUSTAIN-9 (Zinman et al. 2019), AWARD-10
(Ludvik et al. 2018), and DURATION-8 (Frías
et al. 2016) reported additive metabolic and
glycemic control when GLP-1RAs were pre-
scribed together with SGLT2-i therapies.
Although this is provocative, there have been no

studies of the concomitant use of both regarding
hard cardiovascular outcomes.

Type 1 diabetes seems to be another possible
target of GLP-1 use. When liraglutide was added
to insulin pump therapy, patients presented a sig-
nificant reduction in both HbA1c and weight, and
improvement in the time in range of glycemia
target, without increased hypoglycemic events
(Dejgaard et al. 2019).

Finally, phase II trials of two co-agonists
GLP-1/GIP and GLP-1/glucagon and three
co-agonists (GLP/GIP/glucagon) showed good
results regarding glycemic control, glycemic
excursions, and weight loss, with promising
implications for clinical practice (Petersen et al.
2019).
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Abstract

The diabetes pandemic demands solutions for
proper glycemic control and prevention of
future chronic complications that could result
in organ failure or comorbidities. In this
regard, we now know that patients diagnosed
with diabetes require individual management
plans. Thus, new treatment management
strategies have been designed to allow
clinicians to tailor the most appropriate ther-
apy for diabetes patients individually. These
treatment management plans extend beyond
defining the appropriate medications for
patients; they provide a directive toward
some acute and chronic complications that
should be screened for, as they are historically
known to occur with diabetes. Observing any
of the complications or comorbidities requires
the patient medication regimen to be adapted
accordingly. This chapter describes such mod-
ern treatment plans for the two primary forms
of diabetes, type 1 and type 2, based on both
basic and clinical studies, later incorporated in
various diabetes management guidelines and
outlines expected future trends.

Keywords

Diabetes · Delivery of insulin · Islet
transplantation · Stem cells therapy ·
Hyperbaric oxygen therapy · Pharmacotherapy
of diabetes

Introduction

Diabetes mellitus (DM) is an endocrine disease,
characterized by hyperglycemia and multiple
metabolic disorders that cause serious local and
systemic effects (Nair 2007; Forbes and Cooper

2013; Katsarou et al. 2017). Nowadays, DM is
one of the biggest health problems and has
reached pandemic proportions (Forouhi and
Wareham 2014). According to the International
Diabetes Federation, 425 million people world-
wide have DM, with a tendency to be 629 million
in 2045 (Cho et al. 2018). There are at least five
types of DM, while the two primary forms are
DM type 1 (DMT1) and DM type 2 (DMT2)
(ADA 2010; Katsarou et al. 2017; Cho et al.
2018). Autoimmunity is a significant factor in
the development of DMT1, while genetic predis-
position and obesity are leading risk factors for
the development of DMT2 (Al-Goblan et al.
2014; Nair 2007).

Long-term anti-diabetic pharmacotherapy and
lifestyle adaptations are necessary to achieve
glycemic control and decline multisystem
disorders in DM patients (Rai et al. 2016;
Katsarou et al. 2017).

History

Nearly one century ago, exogenous insulin
became available (Banting and Best 1990;
Maclean 1926). In the meantime, plenty of oral
hypoglycemics were designed, and they achieve
desirable results in patients with DMT2
(Butterfield et al. 1957; Krall et al. 1958). How-
ever, exogenous insulin is irreplaceable in the
treatment of people with DMT1, being required
in abundant cases of DMT2 as well (Handelsman
et al. 2015). Despite constant progress in terms of
the new therapeutic approaches, a comprehensive
and efficacious cure for DM is still not accom-
plished. Current therapies for patients with DM
have several shortfalls, including efficacy,
timings, and glycemic control (Shah et al. 2016;
Castle et al. 2017; Evans et al. 2011; Pathak et al.
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2019). Also, these therapies produce numerous
side effects like gastric irritation, injection pho-
bia, diarrhea, and loss of appetite (Pathak et al.
2019; Rai et al. 2016; Zaric et al. 2019).

Etiology and Pathophysiology
of DMT1 and DMT2

Diabetes mellitus (DM) is a metabolic disorder
characterized by alterations and impairment in
insulin and glucagon secretion and/or action that
lead to hyperglycemia (ADA 2009; Girard 2017).
Besides the increased blood glucose level, DM is
also characterized by other biochemical disorders
arising as a consequence of inadequate regulation
of insulin synthesis/actions, in association with
long-term injury, dysfunction, and failure of dif-
ferent organs, especially blood vessels and heart
(Jovanovic et al. 2017; Obradovic et al. 2017;
Sudar-Milovanovic et al. 2015, 2017; Obradovic
et al. 2015; Soskic et al. 2011), however also
nerves, kidneys, and eyes (ADA 2009).

The overall prevalence of DM among adults
over 18 years of age is steadily growing, and it
has been increasing more rapidly in countries
with low- and middle-income economies. The
growth in DM prevalence reflects the rise in over-
weight and obesity, which are a consequence of
physical inactivity and unhealthy diets (Roglic
2016). The World Health Organization (WHO)
shows DM prevalence grew from 4.7% (1980) to
8.5% (2014), being the seventh leading cause of
death worldwide in 2016 (WHO 2018). Further-
more, it is one of the leading causes of stroke,
heart and kidney failure, blindness, as well as
lower limb amputation.

Type 1 Diabetes

DMT1 is a multifactorial autoimmune disease
that develops under the influence of environmen-
tal or/and genetic factors (Atkinson et al. 2014;
Ikegami et al. 2011). DMT1 mostly develops in
patients at a young age, before the age of 30. The
main characteristic of DMT1 is lack of insulin

production, and DMT1 patients are dependent
on exogenous insulin application.

DMT1 is an immune-mediated type of DM,
and typically an autoimmune demolition of the
insulin-secreting beta cells is based on DMT1
development. Factors involved in its pathogenesis
trigger lymphocyte infiltration in pancreatic beta
cells, and the consequent production of different
proinflammatory cytokines responsible for the
pancreatic beta cells destruction (Fatima et al.
2016).

Increased risk for DMT1 is generally
recognized in patients by serological confirmation
of an autoimmune process occurring in pancreatic
islets/beta cells, considering that this is one of the
first pathological alterations, and additionally by
genetic marker determination (ADA 2009). Some
patients with DMT1 can exhibit detectable insulin
secretion, indicating some surviving beta cells, or
an ongoing cycle of destruction and regeneration
of such cells (Meier et al. 2005).

Type 2 Diabetes

It represents the vast majority (85–90%) of DM
cases. DMT2 is a heterogeneous, progressive
metabolic and endocrine illness, and it occurs as
an interplay of various genetic as well as environ-
mental factors. The underlying origins are insulin
resistance in combination with deficient compen-
satory beta-cell reaction and adequate insulin
secretion (ADA 2009). The impairment of
insulin-secreting pancreatic beta cells shows pro-
gression over time.

When DMT2 patients with normal fasting
plasma glucose, however with postprandial
hyperglycemia, exhibit impaired insulin action,
usually it is caused by a reduction of total insulin
receptor numbers (Belfiore et al. 2009; Obradovic
et al. 2019).

Delivery of Insulin, Islet
Transplantation, and Stem Cells

The management of DM aims to recover
glycemic control and reduced micro- and
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macro-vascular complications, by administrating
pharmacological therapy and modifications of
lifestyle. Insulin replacement represents the first-
line option for insulin-dependent DM patients
(Pathak et al. 2019). One of the significant
challenges in the treatment of patients with DM
is the efficacy of exogenous insulin in achieving
long-term normal ranging glycemia (Yeh et al.
2012). One alternative is the use of continuous
insulin infusion pumps (Yeh et al. 2012; Heller
et al. 2017). Also, the creation of insulin analogs
with different times of action, from rapid and
short-acting to ultra-long acting, contributed to
improvements in therapy (Shah et al. 2016;
Pathak et al. 2019). Implementation of these tech-
nological advances does not prevent long-term
insulin dependence, and adverse effects like inva-
siveness (Shah et al. 2016).

Noninvasive Insulin Administration

To avoid such complications, researchers pro-
posed new routes for insulin administration
beyond the standard subcutaneous route (Rys
et al. 2018; Atkinson et al. 2014), such as nasal
(Kullmann et al. 2018; Schmid et al. 2018), oral
(Fonte et al. 2013), pulmonary (Mastrandrea
2010; Ledet et al. 2015), and transdermal delivery
systems (Zaric et al. 2019).

Drug delivery carrier systems protect
antidiabetic drugs from enzymatic degradation at
the absorption site, and ensure delivery at the
optimal and effective concentration for a more
extended period at the target site (Rai et al.
2016). The encapsulation of insulin in particles
increases its potential and allows its appropriate
transport to the specific site to better control of
DM (Rai et al. 2016; Zaric et al. 2019). These
particles are usually microsized or nanosized. The
microparticle system adjusts the pattern of drug
release and improves the hypoglycemic effect of
oral delivery of insulin (Wong et al. 2018). The
main limiting factors of microparticle systems are
the size of particles and their hydrophilic/hydro-
phobic nature that makes difficult their transport
through biological membranes (Wong et al.
2018).

The use of nanocarriers reduces these
obstacles (Bahman et al. 2019). The small size
and structural diversity of nanoparticles increase
the potential of insulin through better absorption
and distribution, site specificity, and protection
from enzymatic degradation (Bahman et al.
2019). Also, this form of application extends the
release pattern of insulin and decreases the fre-
quency of dosage, facilitating normoglycemia for
a more extended period, up to 22 days (Peng et al.
2012). Other approaches considered for delivery
of insulin and antidiabetics include encapsulation
in liposomes, vesicular systems, and other
nanoparticles (Souto et al. 2019).

The Artificial Pancreas

The use of continuous insulin infusion pumps and
glucose monitoring has enabled a constant move-
ment toward artificial pancreas development
(Boughton and Hovorka 2019). Pancreas or islet
transplantation seems to be the best choice to
prevent dependence on insulin; however, donor
shortages limit this option. Although islet trans-
plantation was substantially enhanced in the past
2 decades, there are still limitations like instant
blood-mediated inflammatory reaction, ischemia-
induced loss of islet, harmful effects of immuno-
suppressive drugs, and apoptosis of transplanted
cells (Bottino et al. 2018).

Stem cells generating new beta cells represent
a promising approach for long-term treatment of
DM (Stanekzai et al. 2012; Cierpka-Kmiec et al.
2019; Aguayo-Mazzucato and Bonner-Weir
2010). Many studies show that human embryonic
stem cells can be used for beta cell generation and
transplantation in patients with DMT1 (Cierpka-
Kmiec et al. 2019; Kalra et al. 2018). Challenges
are generation of genetically stable cells, survival
rate of the cell, potential of transplanted cells, and
ethical issues considering utilization of embryo-
derived stem cells (Kalra et al. 2018). Some of
these issues are overcome using induced pluripo-
tent stem cells generated from somatic cells of
patients with DMT1 to produced functional beta
cells (Kalra et al. 2018; Kunisada et al. 2012).
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Transplantation of insulin-producing human
embryonic stem cells into streptozotocin-induced
diabetic mice resulted in long-term normalization
of blood glucose levels (Vegas et al. 2016). Yet
loss of novel beta cells immediately after portal
vein transplantation is in the range of 5–47%
(Potter et al. 2014; Naziruddin et al. 2014). A
current suggestion is co-transplantation of islets
with different cell types, such as mesenchymal
stem cells (MSC), bone marrow-derived MSC,
endothelial colony-forming cells, and others
(Kerby et al. 2013; de Souza et al. 2017; Borg
et al. 2014; Corradi-Perini et al. 2017; Jung et al.
2014), to reduce losses of beta cells and increase
their potential. This approach was shown to
increase islet survival and function, and promote
angiogenesis and better glycemic control due to
the anti-apoptotic and pro-angiogenic effects of
MSC (de Souza et al. 2017; Pathak et al. 2019).

Drugs

Non-insulin agents or those who sensitize insulin
action enable the opening of new chapters in
diabetes management (Grant and Kirkman 2015;
Rowley et al. 2017; Leon and Maddox 2015).
Some of the innovations also concern insulin
treatment, namely insulin analogs with improved
control of glycemia and lowered hypoglycemia
risk, as well as the development of non-parenteral
route/s of insulin administration (Biester et al.
2017; Fink et al. 2018). Such innovations are
placed into clinical practice through precisely
defined recommendations, such as those of the
American Diabetes Association (ADA) (ADA
2018), American Association of Clinical
Endocrinologists (AACE) (Garber et al. 2019),
European Association for the Study of Diabetes
(EASD) (Davies et al. 2018), and the National
Institute for Health and Care Excellence (NICE)
(McGuire et al. 2016). Even though these
recommendations have subtle differences, they
are oriented toward a patient-centered approach,
and direct clinicians toward better and more
uniform management of the patients (ADA
2018; Garber et al. 2019; Davies et al. 2018;
McGuire et al. 2016). Well-controlled diabetes

apparently slows down the atherosclerotic pro-
cess, which is the base of associated micro- and
macrovascular diabetes complications and major
cardiovascular events, including ones with fatal
outcomes (Zoungas et al. 2014).

Pharmacotherapy of DMT1

Current recommendations are focused on individ-
ually tailored management of DMT1, consisting
of appropriate dietary habits and physical
activities, along with administration of insulin. It
is strongly advised to adapt insulin treatment to
carbohydrate intake, pre-prandial glycaemia, and
anticipated physical activity (ADA 2018;
Handelsman et al. 2015; National Clinical Guide-
line Centre 2015).

The mainstay of DMT1 management is insu-
lin, administered by pen device or continuous
subcutaneous insulin infusion (CSII). The amount
and number of divided insulin doses in children
or adults immediately after DMT1 diagnosis are
often small (1–2 divided doses), however often
increases in time (Biester et al. 2017; Fink et al.
2018; Pickup 2019). In the last decades, there was
a tendency to opt for insulin analogs with
improved pharmacokinetics, pharmacodynamics,
and safety compared to human insulin (Biester
et al. 2017; Fink et al. 2018; Heinemann et al.
2017).

Rapid insulin analogs are active immediately
after administration, with short-lived effects.
Basal analogs have more prolonged effects than
classic neutral protamine Hagedorn (NPH)
human insulin regarding glycemia control, with
lower hypoglycemic risk. The usual dose is
0.5 IU/kg of body weight. During puberty and
in exceptional circumstances, insulin
requirements are higher. Overall, CSII is widely
recommended, and it can be used in patients older
than 65 years (ADA 2018; Handelsman et al.
2015; National Clinical Guideline Centre 2015;
REPOSE Study Group 2017; Beck et al. 2017).

In addition, pre-prandial inhaled insulin has
been shown to be efficient in the form of rapid
insulin analogs (B28 aspart-insulin); however, its
use in DMT1 patients is not widespread as it was
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expected (ADA 2018; Heinemann and Parkin
2018).

Non-insulin Pharmacological Agents

Metformin, dipeptidyl peptidase 4 inhibitors
(DPP-4i), glucagon-like peptide 1 receptor
agonists (GLP-1 RA), and sodium-glucose
cotransporter-2 inhibitors (SGLT-2i) are not
Food and Drug Administration (FDA)-approved,
despite showing beneficial effects in obese DMT1
patients (ADA 2018; Handelsman et al. 2015;
Livingstone et al. 2017).

Pramlintide, an analog of the hormone amylin
also secreted by pancreatic beta cells, is approved
for use of DMT1 adults; however, it exhibits
higher risk for hypoglycemia and obliged reduc-
tion of prandial insulin (Hieronymus and Griffin
2015). For patients with ineffective glycemic reg-
ulation or diabetics referred to renal transplanta-
tion, pancreas and islet transplantation could be
the better treatment option (Gruessner 2011;
Nakamura et al. 2019).

Pharmacotherapy of DMT2

Non-pharmacological measures are usually the
preferred initial treatment for DMT2 patients.
Apart from lifestyle changes (nutrition and physi-
cal activity) and eventual pharmacotherapy, an
integral part of DMT2 management is the screen-
ing for cardiovascular disease (CVD) risk factors
as well as the detection of chronic micro- and
macro-vascular complications (ADA 2018;
Garber et al. 2019; Davies et al. 2018; McGuire
et al. 2016).

DMT2 management aims to achieve clinical
and biochemical goals (actual profile and retro-
grade glycemic regulation), avoiding hypoglyce-
mic episodes and gain in body weight in obese
patients, as well as controlling the risk of athero-
sclerotic CVD (ASCVD) (ADA 2018).

Therapeutic Aims

HbA1c, morning glycemia, and 5-point daily
glycemic profile should be adjusted to age, dura-
tion of DM, risk of hypoglycemia, and the pres-
ence of comorbidities and chronic vascular
complications. The level of HbA1c is an essen-
tial marker for the assessment of retrograde
glycemic control. In DM patients with no
comorbidities and low hypoglycemia risk,
HbA1c level �7% (ADA 2018) indicates rea-
sonable retrograde DM control for the previous
90–120 days. On the other hand, in DM patients
with severe comorbidities and considerable risk
of hypoglycemia, the acceptable level of HbA1c
is <8% (ADA 2018; Garber et al. 2019; Davies
et al. 2018; McGuire et al. 2016). A more strin-
gent HbA1c goal of<6.5% is set in some special
populations of individuals suffering from DM
(ADA 2018; Garber et al. 2019; Davies et al.
2018; McGuire et al. 2016).

Pharmacotherapy of DMT2 is conducted as
mono- or combination-therapy. The therapy cho-
sen depends on biochemical and clinical factors,
existing comorbidities, as well as side effects of
administered drugs.

Monotherapy of DMT2

For patients with newly diagnosed DMT2 and
HbA1c <9% (6) or >6.5% (9), metformin is the
initial therapy, with a daily dose of 1.5–2.0 g.
Metformin contributes to decrease in body
weight, and reduces the risk of hypoglycemia.
Gastrointestinal side effects are often transitional
and dose-dependent. It is contraindicated if glo-
merular filtration rate (eGFR) is <30 ml/min.
(Livingstone et al. 2017; Sanchez-Rangel and
Inzucchi 2017).

In metformin-intolerant patients, acceptable
alternatives are GLP1-RA, DPP-4i, alpha gluco-
sidase inhibitors (AGi), and SGLT-2i. With the
administration of such agents, the risk of
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hypoglycemia is lower, and there is no weight
gain. Other alternatives are thiazolidinediones
(TZD) and sulphonylureas (SFU) or glinides,
however with more risk of hypoglycemia and
weight gain (ADA 2018; Garber et al. 2019;
Davies et al. 2018; McGuire et al. 2016).

Combination Therapy for DMT2

In DMT2 patients with HbA1c>9% (ADA 2018)
or �7.5% (Garber et al. 2019; McGuire et al.
2016), as well as in those for whom metformin
is not enough to achieve adequate glycemic regu-
lation, another agent is added to the treatment
regime (management intensification).
Metformin-intolerant patients are administered
two or more agents, with a complementary mech-
anism of action. There are fixed combinations that
include metformin + DPP-4i/TZD/SFU on the
market. Additionally, metformin with modified-
release could be a suitable alternative for some of
the metformin-intolerant. The acceptable level of
HBA1c after management intensification should
be <7%.

Insulin Introduction

If despite the use of non-pharmacological
measures and dual pharmacotherapy, HbA1c is
�7.5%, basal insulinization should be the solu-
tion. Insulin treatment starts with a plan of its
administration, and continued use of metformin
is recommended in suitable and tolerant patients
(ADA 2018; Garber et al. 2019; Davies et al.
2018; McGuire et al. 2016).

Dose tapering or need for administration of
other non-insulin glucose-lowering agents are rel-
evant concerns (McGuire et al. 2016). If HbA1c
>9%, indicating poor control, the patient should
be conducted to dual oral treatment. Furthermore,
if the patient initially presented with HbA1c
�10% or with glycemia >16.7 mmol/L or is

clinically symptomatic, combined treatment of
insulin and oral antihyperglycemic therapy, or
even multiple insulin injections, should be con-
sidered (ADA 2018). If an insulinization process
of basal insulin introduction along with metfor-
min and/or other non-insulin glucose-lowering
agents fails to control DMT2, the addition of
one or more doses of rapid-acting insulin or
GLP-1RA is a possible alternative (ADA 2018;
Garber et al. 2019; Davies et al. 2018; McGuire
et al. 2016). Also, if a DMT2 patient is suffering
from ASCVD, the addition of a CVD-beneficial
agent such as empagliflozin, canagliflozin,
dapagliflozin, or liraglutide is worth considering
(Arnett et al. 2019; Zelniker et al. 2019; Wiviott
et al. 2019; Furtado et al. 2019).

Exenatide, Liraglutide, Lixisenatide
and Semaglutide

These are GLP-1RA peptides, structurally homol-
ogous to the natural incretin glucagon-like pep-
tide-1 (GLP-1), and currently available for
subcutaneous administration. Semaglutide has
been approved by FDA in 2019 for oral use.
GLP-1RA stimulate glucose-dependent pancre-
atic insulin secretion as well as reduce glucagon
secretion, slowing down gastric emptying. They
also significantly reduce body weight and lower
HbA1c levels. They are devoid of negative effects
on bone metabolism, the appearance of diabetic
ketoacidosis (DKA), and congestive heart failure
(CHF) deterioration. Some gastrointestinal side
effects could be encountered (nausea, vomiting,
bloating, gastroesophageal reflux disease, and
gastroparesis); however, they often improve
with time. The risk of hypoglycemia is low.

In studies on rodents, exenatide intake lead to
hyperplasia of C cells and medullary thyroid can-
cer, while all GLP-1RA were associated with
pancreatitis. Exenatide is not indicated in patients
with eGFR < 30 ml/min. (ADA 2018; Garber
et al. 2019; Davies et al. 2018; McGuire et al.
2016; Deacon 2019).
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Sitagliptin, Vildagliptin, Saxagliptin,
Linagliptin, and Alogliptin

These represent the family of DPP-4i, blocking
the DPP4 enzyme involved in the degradation of
incretins such as GLP-1 and gastric inhibitory
peptide (GIP). As a result, more elevated incretin
levels act on a simultaneous increase in glucose-
dependent insulin secretion, and decrease in glu-
cagon secretion. There is no convincing evidence
regarding the higher risk of pancreatitis or pan-
creatic cancer with the use of DPP-4i. DPP-4i
exhibit neutral effects regarding hypoglycemia
risk and body weight change, and gastrointestinal
side effects are not frequent. DPP-4i effectively
reduce albuminuria and do not have negative
effects on the bones and the appearance of
DKA. Saxagliptin is not recommended for CHF
patients. Also, renal dose adjustment is required
when using all DPP-4i except for linagliptin
(ADA 2018; Garber et al. 2019; Davies et al.
2018; McGuire et al. 2016; Deacon 2019;
McGuire et al. 2019; Scirica et al. 2013).

Acarbose, Miglitol, and Voglibose

These AGi block the alpha-glucosidase enzyme
involved in carbohydrate reabsorption in the gas-
trointestinal system. Digestive side effects can be
frequent, including bloating, diarrhea, abdominal
cramps, and mild elevation of liver enzymes.
They are neutral regarding hypoglycemia risk,
body weight change, bone disease, CHF deterio-
ration, and the appearance of DKA. Renal dose
adjustment is not required (ADA 2018; Garber
et al. 2019; Davies et al. 2018; McGuire et al.
2016; Liu and Ma 2017).

Pioglitazone

This TZD activates the PPARγ receptors and,
through determined signal pathways, decreases
insulin resistance in various tissues, predomi-
nantly in skeletal muscles (Yki-Jarvinen 2004).
The clinicians are under pressure to precisely

select the patients for their use because of some
associated side effects, such as body weight gain,
fluid retention, higher risk of bone fractures, and
bladder cancer (Wang et al. 2017; Mehtala et al.
2019). Hypoglycemia risk and body weight
change are not common with moderate doses,
and there are no associated gastrointestinal side
effects. They occasionally exhibit mild negative
effects on the bones, CHF deterioration, and the
appearance of DKA. Renal dose adjustment is not
required; however, TZDs are generally not
recommended in any stage of renal failure due
to fluid retention (ADA 2018; Garber et al. 2019;
Davies et al. 2018; McGuire et al. 2016;
Yki-Jarvinen 2004; Wang et al. 2017; Mehtala
et al. 2019).

Sulphonylureas and Glinides
(Gliclazide, Glipizide, Glimepiride,
Repaglinide)

Such drugs mediate insulin secretion after bind-
ing to SUR Ki6.2 receptor, the sodium channel
(Kalra and Gupta 2015). Significant effects are to
be expected regarding hypoglycemia and weight
gain. Mild negative effects on CHF deterioration
are likely, however not on bones and DKA. Renal
dose adjustment is required (ADA 2018; Garber
et al. 2019; Davies et al. 2018; McGuire et al.
2016; Wang et al. 2018; Harsch et al. 2018).

Dapagliflozin, Canagliflozin,
and Empagliflozin

SGLT-2i reduce proximal tubule glucose reab-
sorption by binding to the SGLT-2 receptors.
Ascending urinary infections, chronic and
treatment-resistant urinary and vaginal candidia-
sis, elevation of LDL-cholesterol, dehydration,
and hypotension, as well as DKA have been
registered (ADA 2018; Garber et al. 2019; Davies
et al. 2018; McGuire et al. 2016; Wanner and
Marx 2018; Lupsa and Inzucchi 2018). They are
usually safe regarding hypoglycemia risk and
contribute to bodyweight reduction. There are
no associated gastrointestinal side effects.
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SGLT-2i use is not indicated in patients with
eGFR < 45 (60) ml/min. Empagliflozin use
requires special attention regarding potential neg-
ative effects on the bones, as well as the use of all
SGLT-2i regarding DKA appearance (ADA
2018; Garber et al. 2019; Davies et al. 2018;
McGuire et al. 2016; Singh and Kumar 2018).
Some studies point out to positive effects of
empagliflozin and dapagliflozin in cases with the
occurrence of major CVD, ASCVD, and CHF
deterioration (Arnett et al. 2019; Zelniker et al.
2019; Wiviott et al. 2019; Furtado et al. 2019).

In exceptional circumstances, when it is
impossible to control DMT2 with the usual
mono/dual/combined therapy, colesevelam (Ooi
and Loke 2014) and quick-release bromocriptine
(Lopez Vicchi et al. 2016) could be used. Their
mechanism in blood sugar lowering is not known;
however, the risk of hypoglycemia is low.
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Abstract

Accelerated atherosclerosis is a well-known
complication of diabetes, and recently the
importance of heart failure independent of
coronary artery disease has become a focus
of research and innovation. A number of
recent cardiovascular outcome trials have
demonstrated cardiovascular and renal benefits
with two novel classes of glucose-lowering
drugs: SGLT2 inhibitors and GLP-1 agonists.
Work is ongoing to define the underlying
mechanisms of these benefits. Interest in
demonstrating the cardiovascular safety of
older glucose-lowering drugs has also been
rekindled. In addition, in the very near future,
it is likely that SGLT2 inhibitors will be
administered to new patient populations,
including those with type 1 diabetes or without
diabetes altogether. Efforts in lifestyle man-
agement and preventive health continue to be
well spent, due to their potential effectiveness
and the growing global burden of disease.

Keywords

Heart failure · Diabetes · Cardiovascular
outcome trial · SGLT2 inhibitor · GLP-1
agonist

Introduction

Type 1 and 2 diabetes mellitus, referred to here-
after as simply “diabetes,” is a major worldwide
health issue (Williams 2019). Cardiovascular dis-
ease is a well-documented complication and a
leading cause of death in these patients (Williams
2019; Grant and Cosentino 2019; Brochu and
Chan 2019). Historically, efforts to reduce
adverse cardiovascular endpoints have focused
on atherosclerotic outcomes, such as myocardial
infarction, stroke, and peripheral vascular dis-
ease. It is important to recognize that heart fail-
ure represents a large burden of disease in
patients with diabetes, and is frequently a

presenting diagnosis (Shah et al. 2015). The
clinical courses of diabetes and heart failure are
intertwined: diabetes is known to cause heart
failure through a number of mechanisms; how-
ever, heart failure can also be a risk factor for
the development of type 2 diabetes (Grant and
Cosentino 2019).

Diabetes is recognized as a heterogenous dis-
ease, and approximately 90% of the patients have
type 2 diabetes (Grant and Cosentino 2019).
Patients with type 1 diabetes have an absolute
deficiency of insulin, and at least early in their
disease experience are less subject to the
complications of insulin resistance. These
patients tend to be younger and are often more
motivated: they readily adopt new technology
such as insulin pumps and continuous blood glu-
cose monitors (American Diabetes Association
2019a). Glycemic control is of the utmost impor-
tance for the prevention of microvascular
complications, as patients with type 1 diabetes
are faced with a disease experience that is often
two to three decades longer than their
counterparts with type 2 diabetes.

Adverse cardiovascular outcomes are related
to glycemic control and length of diabetes diag-
nosis (Grant and Cosentino 2019). Patients with
type 2 diabetes have a disease course which is
dominated by insulin resistance and its
subsequent complications. There are frequently
comorbid conditions that must be considered
when developing appropriate prevention and
treatment strategies. Regardless, all patients with
diabetes mellitus should benefit from dedicated
preventative efforts to reduce the risk of develop-
ing or worsening cardiovascular disease.

Over the last 30 years, the target glycated
hemoglobin (HbA1c) and the glucose-lowering
drugs (GLDs) available for clinical use have
changed considerably. The curve of cardiovascu-
lar events and glycemic control has been defined
as U-shaped by several studies that demonstrated
worse outcomes with very aggressive HbA1c
targets (The Action to Control Cardiovascular
Risk in Diabetes Study Group 2008; Duckworth
et al. 2009). Several agents have also been
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independently associated with adverse cardiovas-
cular events, leading regulatory bodies to impose
safety restrictions on the approval of new GLDs
(Gerstein et al. 2006; Home et al. 2009; Nissen
andWolski 2007). This requirement has led to the
publication of a number of cardiovascular out-
come trials (CVOTs) in the last 5 years, including
several landmark publications that unexpectedly
showed significant benefit with novel GLDs
(Zinman et al. 2015; Marso et al. 2016a; Neal
et al. 2017; Wiviott et al. 2019). For this reason,
the landscape of diabetes and heart failure is
rapidly changing.

Cardiovascular Disease Profiles

Heart failure is also a heterogenous disease with
at least two well-recognized phenotypes. Heart
failure with reduced ejection fraction (HFrEF) is
the most intuitive, and is defined by left ventricu-
lar systolic dysfunction with a left ventricular
ejection fraction (LVEF) of less than 40%
(Grant and Cosentino 2019). Ischemic heart dis-
ease is felt to be the commonest etiology of
HFrEF in patients with diabetes due to
accelerated, diffuse and often silent coronary
artery disease (Grant and Cosentino 2019).
Heart failure with preserved ejection fraction
(HFpEF) is defined by symptoms of heart failure
with LVEF greater than 50% (Grant and
Cosentino 2019). Some guidelines advocate for
additional parameters, such as left atrial enlarge-
ment or evidence of diastolic dysfunction on
echocardiography (Grant and Cosentino 2019).
Though there remains debate regarding the pre-
cise definition, diabetic cardiomyopathy is an
entity postulated to be responsible for these
changes, through fibrosis and elevated left ven-
tricular mass in the absence of hypertension or
other conditions of increased afterload (Connelly
et al. 2018; Dunlay et al. 2019; Verma and
McMurray 2018). Some authors advocate for the
use of the term “heart failure” with mid-range
ejection fraction (HFmrEF) to define patients
with symptoms of heart failure and a LVEF
between 40 and 49%, though this has not yet
been widely adopted (Grant and Cosentino 2019).

Guidelines for Primary and Secondary
Prevention of Cardiovascular Disease
in Diabetes

Accelerated atherosclerosis is a well-known com-
plication of diabetes and recently the importance
of heart failure independent of coronary artery
disease has become a focus of research and
innovation. Many complications seen with diabe-
tes are irreversible owing to their involvement of
micro- or macrovasculature; this highlights the
importance of prevention in the management of
complications of diabetes. Owing to the evolving
landscape of diabetes management, many
national and international organizations have
published updated clinical practice guidelines
(Grant and Cosentino 2019; Connelly et al.
2018; American Diabetes Association 2019b),
not overlooking lifestyle measures (Grant and
Cosentino 2019; American Diabetes Association
2019c; Sigal et al. 2018; Wharton et al. 2018).

Physical Activity

Physical activity is important in both primary and
secondary prevention of cardiovascular disease in
patients with diabetes. It has been shown to
improve glycemic control, reduce insulin resis-
tance, lower blood pressure, and contribute to
weight loss (Grant and Cosentino 2019; Ameri-
can Diabetes Association 2019c; Sigal et al.
2018). Adults with diabetes should participate in
a minimum of 150 min per week of moderate
intensity activity (Grant and Cosentino 2019;
American Diabetes Association 2019c; Sigal
et al. 2018). Aerobic activity should be divided
into sessions of at least 10 min duration, with the
goal of amassing 30 min or more of activity on
most days of the week (Grant and Cosentino
2019; American Diabetes Association 2019c;
Sigal et al. 2018). Improvements in insulin resis-
tance are best maintained if there are not more
than 2 days between scheduled physical activity
(American Diabetes Association 2019c). It has
been suggested that prolonged periods of seden-
tary activity be briefly interrupted by standing or
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performing a physical task approximately every
30 min; wearable fitness accessories may provide
helpful reminders (American Diabetes Associa-
tion 2019c). Patients with diabetes also benefit
from resistance and flexibility training, and are
encouraged to incorporate this into their planned
activity two or three times per week (American
Diabetes Association 2019c; Sigal et al. 2018). It
is reasonable to suggest that patients considering
resistance training obtain expert instruction to
avoid injury (American Diabetes Association
2019c).

Weight Loss

Loss of 5% or more of total body weight will lead
to a significant reduction in insulin resistance and
an improvement in blood pressure control
(Wharton et al. 2018).

Smoking Cessation

Smoking is an independent risk factor for cardio-
vascular disease. Smoking cessation should be
encouraged, and assistance should be provided
to all patients who use tobacco (Grant and
Cosentino 2019; Stone et al. 2018).

Blood Pressure

Blood pressure screening and control are impor-
tant for both primary and secondary prevention of
cardiovascular disease in patients with diabetes
(Grant and Cosentino 2019; American Diabetes
Association 2019b; Tobe et al. 2018). With the
heterogeneity of data available, there is some
variation in the suggested blood pressure targets
in various published guidelines (Grant and
Cosentino 2019; American Diabetes Association
2019b; Tobe et al. 2018). A blood pressure target
of <130/80 mmHg is generally recommended in
patients with diabetes, provided it can be
achieved safely and with few adverse effects
(Grant and Cosentino 2019; Tobe et al. 2018).
In patients over the age of 65, more conservative

targets may be appropriate (Grant and Cosentino
2019). Some groups advocate for a blood pres-
sure target of 140/90 mmHg in most patients with
diabetes, reserving the blood pressure target of
130/80 mmHg for higher-risk individuals, includ-
ing secondary prevention (American Diabetes
Association 2019b). It is recommended that anti-
hypertensive therapy be targeted to home or
ambulatory blood pressure readings, as these are
felt to be more representative of a patients’ true
blood pressure than office-based measurements
(Grant and Cosentino 2019; American Diabetes
Association 2019b; Tobe et al. 2018). For patients
in whom lifestyle modifications are not sufficient
to achieve the desired blood pressure, angiotensin
receptor blockers (ARB), angiotensin converting
enzyme inhibitors (ACEi), and
non-dihydropyridine calcium channel blockers
have evidence for reducing cardiovascular
endpoints in patients with diabetes (Grant and
Cosentino 2019; Tobe et al. 2018).

Antiplatelet Therapy

At the present time, there is insufficient evidence
to recommend antiplatelet therapy for the primary
prevention of cardiovascular disease in all
patients with diabetes (Stone et al. 2018). Daily
low-dose acetylsalicylic acid has not been shown
to reduce the rates of key cardiovascular
endpoints in diabetics who are deemed low risk,
and has been demonstrated to significantly
increase the rate of gastrointestinal bleeding
(Stone et al. 2018). In patients with and without
diabetes, guidelines continue to advocate for
antiplatelet therapy for the secondary prevention
of cardiovascular disease; however, this is largely
on the basis of treatment of coronary artery dis-
ease (Stone et al. 2018).

Lipid-Lowering Therapy

Lipid-lowering therapy plays a key role in the
prevention and treatment of cardiovascular dis-
ease in patients with diabetes (Grant and
Cosentino 2019; American Diabetes Association
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2019b; Stone et al. 2018). Of the agents available
for clinical use, HMG-CoA reductase inhibitors
(statins) have the largest body of evidence (Grant
and Cosentino 2019; Stone et al. 2018). High-
intensity statin therapy is generally recommended
for primary prevention in patients with diabetes
over the age of 40 (American Diabetes Associa-
tion 2019b; Stone et al. 2018). In patients under
40, guidelines generally endorse the use of mod-
erate- to high-intensity statin therapy in the pres-
ence of multiple additional risk factors, a long
duration of diabetes, or signs of other end-organ
damage attributable to diabetes (Stone et al.
2018). Statin therapy is strongly recommended
for secondary prevention of atherosclerotic car-
diovascular disease, in all patients with diabetes
(American Diabetes Association 2019b; Stone
et al. 2018).

In patients who do not achieve a target
low-density lipoprotein cholesterol (LDL-C) of
less than 1.8 mmol/L, addition of ezetimibe
10 mg daily is recommended (American Diabetes
Association 2019b; Stone et al. 2018; Cannon
et al. 2015). Proprotein convertase subtilisin/
kexin type 9 (PCSK9) inhibitors are the newest
and most potent lipid-lowering therapy available
(evolocumab, alirocumab), though their role spe-
cifically in patients with diabetes remains to be
defined (Grant and Cosentino 2019). PCSK9
inhibitors are currently indicated in patients who
are unable to tolerate statins or achieve target
LDL-C on combination therapy with a statin and
ezetimibe (Stone et al. 2018). There is less evi-
dence of a direct benefit of lipid-lowering on heart
failure; however, prevention of epicardial and
microvascular coronary disease is key in
preventing development and progression of left
ventricular dysfunction, and therefore felt by the
authors to be important in the management of
patients with diabetes.

Glucose-Lowering Drugs
and Cardiovascular Disease

Insulin

Insulin has prothrombotic and inflammatory
effects mediated by mitogen-activated protein

kinase (MAPK), and antithrombotic effects
mediated by phosphatidylinositol 3-kinase
(PI3K) (Dongerkery et al. 2017). It has been
demonstrated that PI3K-mediated effects are
blunted in states of insulin resistance, theoreti-
cally causing excess insulin to induce a
prothrombotic state (Dongerkery et al. 2017). In
addition, it has been observed that the inflamma-
tory vascular changes in diabetes and the meta-
bolic syndrome, termed endothelial dysfunction,
cannot be corrected by achieving tight glycemic
control alone (Dongerkery et al. 2017). Therefore,
in type 2 diabetes insulin use can be used as a
surrogate marker for more significant insulin
resistance and endothelial dysfunction; however,
it has not been mechanistically linked to adverse
outcomes from the metabolic syndrome
(Dongerkery et al. 2017). This suggests that it is
the underlying disease process, rather than exog-
enous insulin use, that is responsible for cardio-
vascular outcomes.

A longer duration of diabetes must be
recognized as a confounder, as it has been
associated with an increased likelihood of requir-
ing insulin therapy and experiencing adverse car-
diovascular outcomes (Dongerkery et al. 2017).
To mitigate this effect, as well as other
confounders associated with the metabolic syn-
drome, it is useful to consider patients with type
1 diabetes. In the landmark Diabetes Control and
Complications Trial (DCCT), there were few car-
diovascular events due to the young age of the
patients studied and the relative paucity of comor-
bid medical conditions; however, a 10-year fol-
low-up study was able to demonstrate a 42%
reduction in a composite cardiovascular endpoint
in those treated with intensive insulin therapy,
compared with conventional twice-daily insulin
(The Diabetes Control and Complications Trial
Research Group 1993; The Diabetes Control and
Complications Trial/Epidemiology of Diabetes
Interventions and Complications (DCCT/EDIC)
Study Research Group 2005). The HbA1c was
0.5% higher in patients who experienced a car-
diovascular endpoint, and this difference met sta-
tistical significance (The Diabetes Control and
Complications Trial/Epidemiology of Diabetes
Interventions and Complications (DCCT/EDIC)
Study Research Group 2005).
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More recent data from the Outcome Reduction
with the Initial Glargine Intervention (ORIGIN)
trial suggests that the addition of low-dose insulin
glargine does not increase the risk of composite
major adverse cardiovascular endpoints (MACE),
when compared with standard care. The very
large ORIGIN randomized clinical trial reported
that cardiovascular outcomes among those who
received basal insulin glargine were no better than
among patients who received standard care,
including those with impaired fasting glucose,
impaired glucose tolerance, or early type
2 diabetes (Gerstein et al. 2012). Further to this,
ultra-long-acting insulin degludec was
non-inferior to insulin glargine for MACE in an
RCT of patients with established type 2 diabetes
(Marso et al. 2017).

Prevention of Hypoglycemia
Patients who have concomitant medical
comorbidities are at higher risk of serious hypo-
glycemia. Historically, insulin therapy has been
felt to be the agent with the highest potential risk
of hypoglycemia, and this effect is potentiated by
more intensive regimens (The Diabetes Control
and Complications Trial/Epidemiology of Diabe-
tes Interventions and Complications (DCCT/
EDIC) Study Research Group 2005). Basal-only
insulin is felt to confer the lowest risk of hypo-
glycemia, and recent studies of ultra-long acting
insulin degludec demonstrate fewer symptomatic
and blood glucose–confirmed hypoglycemic
events than insulin glargine (Marso et al. 2017;
Heller et al. 2019). In addition to the challenge of
clinical management, major hypoglycemic events
may be associated with as much as a two-fold
increase in adverse cardiovascular outcomes, and
should be avoided (Goto et al. 2013).

The authors prefer to use glucose-lowering
drugs with proven cardiovascular benefit as first-
and second-line choices, reserving insulin for
those with difficult to manage hyperglycemia
and with type 1 diabetes. In patients with type
2 diabetes who require insulin, we suggest
long- or ultra-long acting basal insulin, and the
involvement of a multidisciplinary team for com-
prehensive diabetes management.

Metformin

Metformin is a biguanide that has been used in the
management of type 2 diabetes for decades (Rena
et al. 2017). Despite its years of clinical use,
researchers and clinicians have recently become
more aware of the complex and incompletely
understood mechanisms of action, including
decreased hepatic gluconeogenesis, modulation
of intestinal absorption, and reduced insulin resis-
tance (Rena et al. 2017). Metformin is a preferred
glucose-lowering drug due to its efficacy, weight
neutrality, and low likelihood of inducing
serious hypoglycemic events. Historically,
there has been concern regarding the risk of
lactic acidosis in patients receiving metformin
which has limited its use in patients with multi-
ple comorbidities, especially chronic kidney dis-
ease (Grant and Cosentino 2019). In a large,
observational trial of patients hospitalized with
heart failure, metformin has been shown to
reduce the risk of all-cause mortality when com-
pared to sulfonylurea or insulin monotherapy
(Andersson et al. 2010).

In a recent retrospective cohort study of
patients with type 2 diabetes and reduced renal
function, metformin monotherapy was found to
result in fewer adverse cardiovascular endpoints
than sulfonylurea monotherapy (Roumie et al.
2019). Overall, metformin is a recommended
glucose-lowering drug in patients with type 2 dia-
betes and an estimated glomerular filtration rate
of greater than 30 mL/min. In patients with a new
diagnosis of type 2 diabetes and at high cardio-
vascular risk, recent international guidelines have
advocated that glucose-lowering drugs with
demonstrated cardiovascular benefit, such as
SGLT2i, be started preferentially over metformin,
reserving metformin for patients who do not
achieve target HbA1c on monotherapy (Grant
and Cosentino 2019).

Sulfonylureas

Along with metformin and insulin, sulfonylureas
are the oldest effective glucose-lowering drugs
that remain on the market in North America.
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These agents act by inhibiting KATP channels on
the cell membrane of pancreatic beta cells,
thereby stimulating insulin release (Wexler
2019). Owing to this mechanism of action,
sulfonylureas are susceptible to causing hypogly-
cemic events and this is observed with relative
frequency in clinical practice (Wexler 2019). An
added consideration is that many sulfonylureas
are renally excreted, increasing their potential to
cause hypoglycemia in patients with concomitant
renal dysfunction.

Early trials with the sulfonylurea tolbutamide
showed a 2.5-fold increase in cardiovascular mor-
tality and for this reason, sulfonylureas continue
to display a special warning on increased risk of
cardiovascular mortality mandated by regulatory
bodies (Pfizer Inc 2009). Overall, historical data
have been equivocal regarding the cardiovascular
safety of other sulfonylureas. Recently, the long-
acting sulfonylurea glimepiride was compared to
linagliptin, a DPP-4 inhibitor which will be
discussed later in this chapter, in an RCT
(Rosenstock et al. 2019). Glimepiride was found
to be non-inferior to linagliptin for MACE as well
as the prespecified secondary outcome hospitali-
zation for heart failure, though it was significantly
less effective at meeting and maintaining HbA1c
targets (Rosenstock et al. 2019).

It has been proposed that this data can be taken
in concert with the findings of a second RCT
which compared linagliptin to placebo, to suggest
that glimepiride has effective non-inferiority to
placebo for adverse cardiovascular outcomes
(Wexler 2019; Rosenstock et al. 2019; Martin
et al. 2019). While these data do imply the car-
diovascular safety of the sulfonylurea
glimepiride, the authors of this chapter are reluc-
tant to accept that it is non-inferior to linagliptin
based on the comparison of two separate study
populations. Additionally, recent registry data
suggest that adverse cardiovascular outcomes
are more prevalent with sulfonylurea
monotherapy as compared with metformin
monotherapy (Roumie et al. 2019). With the
advent of new glucose-lowering drugs with
enhanced safety profiles and demonstrable car-
diovascular benefit, sulfonylureas have fallen to
third- and fourth-line agents (Grant and

Cosentino 2019; Connelly et al. 2018). In the
opinion of the authors, sulfonylureas should not
be used without a compelling justification, such
as extreme needle phobia or irremediable finan-
cial constraint.

Thiazolidinediones

Thiazolidinediones (TZDs) are potent glucose-
lowering drugs that act by activating the gamma
isoform of the peroxisome proliferator-activated
receptor (PPARg) and modulating the transcrip-
tion of several genes involved in glucose and lipid
handling (Hauner 2002). They were quickly
adopted into clinical practice due to their efficacy
and modest patient-reported side effect profile. As
the use of TZDs increased, a signal toward
increased major adverse cardiovascular outcomes
was noted (Nissen and Wolski 2007). An RCT of
patients with impaired fasting glucose and/or
impaired glucose tolerance demonstrated that
while rosiglitazone did prevent progression to a
diagnosis of diabetes, it was associated with a
sevenfold increase in the risk of heart failure
(Gerstein et al. 2006). A meta-analysis published
in 2007 found a 43% increase in the risk of
myocardial infarction in patients receiving
rosiglitazone (Nissen and Wolski 2007).

The following year, an RCT of intensive
glycemic control with a target HbA1c of <6.0%
compared with standard care demonstrated an
increase in the risk of death from any cause,
death from a cardiovascular cause and non-fatal
myocardial infarction; in this trial, 91.2% of
participants in the intensive-therapy arm were
prescribed rosiglitazone, compared with 57.5%
in the standard therapy arm (The Action to Con-
trol Cardiovascular Risk in Diabetes Study Group
2008). Notably, there was also a numerical
increase in fatal and non-fatal cases of
decompensated heart failure in the intensive con-
trol group, though this did not reach statistical
significance (The Action to Control Cardiovascu-
lar Risk in Diabetes Study Group 2008). Finally,
in a randomized, open-label study of patients
treated with metformin and a sulfonylurea, the
addition of rosiglitazone was found to increase
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the risk of hospitalization or death from heart
failure more than twofold despite no increase in
all-cause mortality (Home et al. 2009). The
findings of these studies led regulatory bodies to
place warnings and restrictions on the use of
rosiglitazone. The authors of this chapter discour-
age the clinical use of TZDs.

Dipeptidyl Peptidase-4 Inhibitors

Dipeptidyl peptidase-4 (DPP-4) is an enzyme
responsible for degradation of the endogenous
incretins glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic peptide (GIP)
(Nauck et al. 2017). DPP-4 inhibitors selectively
inhibit this enzyme, potentiating the effect of
endogenous incretins and thus the effect of insu-
lin secretion (Nauck et al. 2017). This class of
medications had its cardiovascular safety exam-
ined by RCTs years after the first agent,
sitagliptin, was approved for clinical use. The
first of these trials in 2013 assessed saxagliptin
in patients with type 2 diabetes, with or at high
proximate risk for cardiovascular disease
(Scirica et al. 2013). Saxagliptin was found to
be non-inferior to placebo for MACE; however,
there was a 1.27-fold increase in the rate of
hospitalization for heart failure (HHF) (Scirica
et al. 2013). Alogliptin was assessed in an RCT
of patients post-myocardial infarction and
found to be non-inferior for MACE; however,
death or hospitalization from heart failure was
not reported (White et al. 2013). For these
reasons the authors do not recommended
saxagliptin or alogliptin in patients with or at
risk for heart failure.

Sitagliptin was found to be non-inferior to
placebo for MACE in an RCT of patients with
type 2 diabetes and established cardiovascular
disease (Green et al. 2015). Importantly, there
was no increase in the rate of HHF with
sitagliptin therapy (Green et al. 2015). In a
2018 RCT, linagliptin was shown to be
non-inferior to placebo for MACE and HHF in
patients with type 2 diabetes and high cardiovas-
cular risk (Martin et al. 2019). Sitagliptin and
linagliptin appear to be neutral in their effect on

MACE and HHF, and as such the authors rec-
ommend these agents when clinically indicated,
as an adjunct to agents with proven cardiovascu-
lar benefit.

Sodium Glucose Cotransporter
2 (SGLT2) Inhibitors

Sodium glucose cotransporter 2 (SGLT2) is a
member of a family of glucose-sodium
cotransporters that relies on a sodium gradient
established by the Na/K ATPase within the cell
membrane (Kalra 2014). SGLT2 is concentrated
in the proximal convoluted tubule of the nephron
and is responsible for the majority of the reab-
sorption of renally-filtered glucose, approxi-
mately 350 mg/min (Kalra 2014). SGLT2
inhibitors act by selectively blocking this
cotransporter, therefore promoting glycosuria
and lowering plasma levels of glucose (Kalra
2014). Though modest in reduction of HbA1c,
SGLT2 inhibitors are attractive due to a low risk
of major hypoglycemia, and effective weight neu-
trality (Zinman et al. 2015; Neal et al. 2017;
Wiviott et al. 2019).

The first Cardiovascular Outcome Trial
(CVOT) to demonstrate superiority of a GLD
over placebo was empagliflozin, cardiovascular
outcomes and mortality in type 2 diabetes
(EMPA-REG OUTCOME), published in 2015
(Zinman et al. 2015). Patients with established
cardiovascular disease were randomized to
receive empagliflozin or placebo (Zinman et al.
2015). Empagliflozin was found to be superior to
placebo for MACE and key prespecified second-
ary endpoints, including HHF and all-cause mor-
tality (Zinman et al. 2015). There was no increase
in major adverse outcomes, although an increase
in genital infections in both male and female
patients was noted (Zinman et al. 2015). In the
Canagliflozin and Cardiovascular and Renal
Events (CANVAS) trial, an RCT of patients
with type 2 diabetes with or at high risk for
cardiovascular disease, canagliflozin was superior
to placebo for MACE and HHF; however, it was
non-inferior to placebo for cardiovascular death
and all-cause mortality (Neal et al. 2017).
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Lower Limb Amputation
In addition to increasing the risk of genital
infections, treatment with canagliflozin was
shown to increase the risk of amputation, and
this has since been adopted as a safety parameter
for trials of new glucose-lowering drugs (Neal
et al. 2017). In the Dapagliflozin and Cardiovas-
cular Outcomes (DECLARE–TIMI 58) trial, an
RCT of patients with type 2 diabetes with or at
high risk for cardiovascular disease, dapagliflozin
was non-inferior to placebo for MACE and supe-
rior in the composite endpoint of prevention of
cardiovascular death or HHF (Wiviott et al.
2019). An RCT assessing the cardiovascular
outcomes with the use of ertugliflozin is under-
way at the time of writing. It has been postulated
that the difference in cardiovascular outcomes
observed in the three published CVOTs relates
to the patient populations studied, with
empagliflozin being assessed only in patients
with established cardiovascular disease.

A recent meta-analysis of these trials
demonstrated that the superiority for MACE was
present only in patients with prior cardiovascular
disease. However it confirmed that SGLT2
inhibitors reduced the risk of cardiovascular
death or hospitalization for HHF, irrespective of
previously diagnosed atherosclerotic cardiovas-
cular disease (Zelniker et al. 2019a). While there
was a numerical difference in the composite of
HHF or cardiovascular death, it did not reach
statistical significance in patients without
established cardiovascular disease (Zelniker
et al. 2019a).

Involved Pathways
There have been a number of postulated
mechanisms for the improvement in cardiovascu-
lar outcomes observed with SGLT2 inhibitors.
The most widely accepted and intuitive mecha-
nism is an improvement in ventricular loading
conditions, caused by the diuretic effects of
these medications (Verma and McMurray 2018).
Unlike classical diuretics, SGLT2 inhibitors
cause glycosuria and osmotic diuresis in addition
to natriuresis, assisting in the removal of extra-
vascular fluid with less intravascular volume
depletion and compensatory tachycardia; this

may also optimize the abnormal pressure-volume
relationship in the diabetic heart (Verma and
McMurray 2018; Bertero et al. 2018). A second
well-supported mechanism is based on an
improvement in the bioenergetics of the diabetic
heart. In patients with diabetes or heart failure, the
heart is less able to utilize various energy sources,
and comes to rely on the metabolism of free fatty
acids (Verma and McMurray 2018; Bertero et al.
2018). In addition to being a less efficient source
of ATP production, the accumulation of free fatty
acid intermediates may contribute to diastolic
dysfunction (Verma and McMurray 2018;
Lopaschuk et al. 2010).

SGLT2 inhibitors induce a mild
hyperketonemic state, similar to a period of
fasting, increasing the production and myocardial
uptake of the ketone b-hydroxybutyrate (Bertero
et al. 2018). This ketone has similar energy effi-
ciency to glucose and is not known to produce
toxic intermediates or metabolites (Verma and
McMurray 2018; Bertero et al. 2018). A third
developing hypothesis is that SGLT2 inhibitors
may slow the process of myocardial fibrosis
through direct effects on cardiac fibroblast pheno-
type and function (Verma and McMurray 2018).
In a recent RCT, empagliflozin was associated
with a small reduction of left ventricular mass
when compared with placebo, in patients with
type 2 diabetes and coronary artery disease
(Verma et al. 2019). Encouraging data exist in
animal and in vitro models with human cardiac
fibroblasts, and may help explain the cardiovas-
cular benefits of SGLT2 inhibitors in patients
without diabetes or hyperglycemia (Verma and
McMurray 2018).

There are also a number of proposed
mechanisms of cardiovascular benefit that are
less well defined. SGLT2 inhibitors may modu-
late cytosolic and mitochondrial calcium
concentrations in cardiac myocytes through inhi-
bition of a Na+/H+ exchanger; however, the
mechanism remains to be defined, as SGLT2 is
not expressed in the human heart (Verma and
McMurray 2018). SGLT2 inhibitors may also
reduce inflammation and endothelial dysfunction
through modulation of adipokines (Verma and
McMurray 2018). Research is ongoing to deter-
mine if these mechanisms may be utilized in the
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development of novel pharmaceutical agents
(Fig. 53.1).

The authors recommend the use of SGLT2
inhibitors in most patients with type 2 diabetes
in the absence of contraindications.

GLP-1 Agonists

GLP-1 is an incretin which lowers plasma glu-
cose by enhancing the secretion of endogenous
insulin in a glucose-dependent manner (Boyle
et al. 2018). This action results in a low risk of
major hypoglycemia when mimicked exoge-
nously (Boyle et al. 2018).

In Liraglutide and Cardiovascular Outcomes
(LEADER) trial, the first CVOT of a GLP-1
agonist, liraglutide was compared to placebo in
patients with type 2 diabetes, with or at high risk
for cardiovascular disease (Marso et al. 2016a).
Liraglutide was superior to placebo for MACE
and all-cause mortality; there was a signal for a
decrease in HHF, but this did not reach statistical
significance (Marso et al. 2016a). Parenteral
semaglutide was superior to placebo for MACE
in an RCT of patients with established cardiovas-
cular disease, chronic kidney disease, or both
(Marso et al. 2016b). Semaglutide was
non-inferior to placebo for HHF and all-cause
mortality (Marso et al. 2016b).

The largest CVOT of a GLP-1 agonist com-
pared once-weekly exenatide to placebo patients
with type 2 diabetes, with or at high risk of
cardiovascular disease (Holman et al. 2017).
Exenatide was found to be non-inferior to placebo
for MACE and HHF, but did demonstrate a sta-
tistically significant reduction in all-cause mortal-
ity (Holman et al. 2017). While most trial data
exist for parenteral formulations of GLP-1
agonists, a CVOT has recently been completed
for an oral formulation of semaglutide (Husain
et al. 2019). This agent was shown to be
non-inferior to placebo for MACE and HHF,
and superior for all-cause mortality (Husain
et al. 2019). As a principal limitation of prior
agents has been the parenteral route of adminis-
tration, this formulation of semaglutide has the
potential to significantly expand the role of
GLP-1 agonists, and is likely to encourage further
drug development.

Multiple Cardiovascular Effects
GLP-1 agonists affect multiple organ systems in
addition to the pancreas. These agents have been
shown to decrease blood pressure, increase heart
rate, and enhance myocardial contractility
through molecular mechanisms that have not yet
been defined (Boyle et al. 2018; Kalra et al.
2016). They may also play a role in reducing
vascular inflammation (Boyle et al. 2018). The

Fig. 53.1 The effect of SGLT2 inhibitors (SGLT2i) on major adverse cardiovascular outcomes (MACE), hospitaliza-
tion for heart failure (HHF), and adverse renal outcomes, stratified by primary versus secondary prevention
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interplay of these mechanisms in high-risk
individuals is a postulated mechanism for the
improvements seen in the CVOTs of GLP-1
agonists. These agents also slow gastric empty-
ing, modify glucagon secretion, and enhance
renal natriuresis (Boyle et al. 2018; Kalra et al.
2016).

Can Renal Complications Be
Mitigated?

Diabetes mellitus is the worldwide leading cause
of end-stage renal disease (ESRD) (Perkovic et al.
2019). While many patients with diabetes suc-
cumb to cardiovascular disease before developing
ESRD, it has been recognized for some time that
there are important overlaps in the therapies for
these conditions. Blockade of the renin-
angiotensin-aldosterone system (RAAS) has
long been recognized as a cornerstone of therapy
in patients with HRrEF; randomized trial data,
such as the Reduction of endpoints in NIDDM
with the Angiotensin II Antagonist Losartan
(RENAAL) study, has also demonstrated that
RAAS blockade reduces progression to ESRD
among patients with type 2 diabetes (Brenner
et al. 2001). Similarly, lipid-lowering therapy
with statins has shown benefit in managing both
conditions (Grant and Cosentino 2019).

Several of the recent CVOTs have
demonstrated an improvement in renal endpoints,
and this finding has led to the development of
several renal outcome–focused trials of SGLT2
inhibitors (Zinman et al. 2015; Neal et al. 2017;
Wiviott et al. 2019). The recent Canagliflozin and
Renal Events in Diabetes with Established
Nephropathy Clinical Evaluation (CREDENCE),
focusing on cases with albuminuria and signifi-
cant renal disease (GFR less than 90 ml per/min/
per 1.73 m22) randomized to canagliflozin or
placebo, was stopped early due to benefit in the
primary composite endpoint of progression to
ESRD, doubling of serum creatine, or renal or
cardiovascular death (Perkovic et al. 2019). This
is arguably the first large positive RCT using hard

renal clinical endpoints in diabetics with kidney
disease.

Other renal outcome–focused trials of
empagliflozin and dapagliflozin are ongoing. A
systematic review and meta-analysis of SGLT2
inhibitors found a 33% reduction in progression
to dialysis, renal transplantation, or death due to
kidney disease in over 38,000 patients in RCTs,
driven largely by the canagliflozin study that was
stopped early (Neuen et al. 2019). When the three
major completed SGLT2 inhibitor CVOTs were
analyzed, a 45% reduction in the same composite
renal endpoint occurred (Zelniker et al. 2019a).
Importantly, this benefit was seen in both patients
with cardiovascular risk factors and those with
established atherosclerotic cardiovascular disease
(Zelniker et al. 2019a).

Renal outcomes were also assessed in the
major CVOTs of GLP-1 agonists (Zelniker et al.
2019b). In meta-analysis of these trials, GLP-1
agonists were found to reduce a composite
renal endpoint by 18%; however, this effect
was driven by a reduction in progression to
macroalbuminuria (Zelniker et al. 2019b). There
was no significant difference in doubling of
serum creatinine, progression to ESRD, or death
from renal causes with GLP-1 agonists (Zelniker
et al. 2019b).

In addition to other good general medical man-
agement principles, including blood pressure and
lipid control, the authors recommend SGLT2
inhibitor therapy in patients with type 2 diabetes
who have established atherosclerotic cardiovas-
cular disease or multiple cardiovascular risk
factors, to prevent or limit progression of signifi-
cant renal disease.

Do Guidelines Exist for Pre-Diabetes?

Hyperglycemia and insulin resistance are
recognized as a spectrum of disease; while there
is a designated threshold for fasting plasma glu-
cose, oral glucose tolerance or HbA1c to make a
diagnosis of diabetes, those with abnormal values
below these thresholds remain at an increased risk
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of adverse outcomes that is more difficult to
define (Grant and Cosentino 2019). For this rea-
son, patients with pre-diabetes should be man-
aged with the same lifestyle recommendations as
patients with diabetes. Similarly, these patients
should undergo screening for hypertension,
dyslipidemia, albuminuria, and electrocar-
diographic abnormalities, and any abnormalities
should be further investigated and managed per
guidelines (Grant and Cosentino 2019; American
Diabetes Association 2019b; Stone et al. 2018;
Tobe et al. 2018). In the management of hyper-
tension specifically, combination therapy with a
beta blocker and diuretic should be avoided, as
this has been found to increase progression to a
diagnosis of diabetes (Grant and Cosentino
2019).

Pharmacotherapy

A number of glucose-lowering drugs have been
used to prevent or delay the progression from
pre-diabetes to diabetes. Metformin has been
shown to reduce the progression to diabetes in
patients with impaired fasting glucose or glucose
tolerance when compared to placebo, though it
was not as effective as intensive lifestyle inter-
vention (Knowler et al. 2002). Rosiglitazone was
found to significantly reduce the progression to
diabetes, but its use was associated with an unac-
ceptable increase in adverse cardiovascular
outcomes (Gerstein et al. 2006). Insulin glargine
has been shown to reduce progression to a diag-
nosis of diabetes in patients with pre-diabetes by
28%, when compared to standard of care,
although this is at the cost of a nearly threefold
increase in the risk of major hypoglycemia
(Gerstein et al. 2012). Administering a glucose-
lowering drug is expected to improve indices of
glycemic control and, if effective, should prevent
a formal diagnosis of diabetes; the clinical rele-
vance of this remains to be defined.

Statins and Pre-diabetes

Arguably, the diagnosis of diabetes is less impor-
tant than the outcomes of the metabolic

abnormalities or therapeutic interventions. For
this reason, statin therapy is recommended in
patients with elevated cholesterol and high proxi-
mate risk of cardiovascular disease, despite
increasing the progression to diabetes, though a
causal mechanism has not yet been defined (Grant
and Cosentino 2019).

Ongoing Studies and Future
Perspectives

Antidiabetic Agents in Normoglycemic
Patients

With positive findings in the CVOTs of SGLT2
inhibitors and GLP-1 agonists in the last five
years, and a number of postulated mechanisms
that are independent of hyperglycemia and insulin
resistance, there has been increasing interest in
utilizing these agents in patients without diabetes.
The Dapagliflozin and Prevention of Adverse
Outcomes in Heart Failure (DAPA-HF) trial
randomized patients with New York Heart Asso-
ciation class II to IV heart failure and a LVEF less
than 40%, to dapagliflozin or placebo in addition
to standard medical therapy (McMurray et al.
2019). Approximately 42% of patients in each
arm had a diagnosis of diabetes mellitus
(McMurray et al. 2019). Dapagliflozin was supe-
rior to placebo in a composite primary heart fail-
ure endpoint, as well as for cardiovascular
mortality and all-cause mortality, regardless of
whether the patients had diabetes or not. Interest-
ingly, the hazard ratio for the composite primary
endpoint was numerically better in patients with-
out diabetes (McMurray et al. 2019). Studies are
ongoing with empagliflozin in patients with heart
failure with both preserved and reduced ejection
fraction. If empagliflozin is shown superior to
placebo in patients with heart failure with pre-
served ejection fraction, it would be one of the
first agents to demonstrate benefit in this
population.

Non-insulin Glucose-Lowering Agents
in Type 1 Diabetes
While insulin is necessary in this patient popula-
tion, additional agents that can enhance glycemic
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control, lower body weight, and perhaps confer
cardiovascular benefit are of interest, particularly
as cardiovascular disease remains the leading
cause of death in patients with type 1 diabetes.
While several SGLT2 inhibitors are under review
by regulatory bodies for use in type 1 diabetes,
none have yet received this indication (Danne
et al. 2019). A recent international consensus
paper has suggested characteristics of patients
with type 1 diabetes who would be ideal
candidates for initiation of SGLT2 inhibitor ther-
apy based on a lower overall risk of diabetic
ketoacidosis, the most concerning adverse effect
of these medications (Danne et al. 2019). From
the perspective of the cardiovascular specialist,
SGLT2 inhibitor use in this population is attrac-
tive, if the potential risks of therapy can be
mitigated.
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Abstract

Cardiovascular disease (CVD) in the diabetic
patient is both widespread and fatal in nature.
In the United States, roughly two-thirds of
deaths in diabetic patients are due to CVD. In
addition to the increased morbidity and mor-
tality of CVD in a patient with diabetes, the
impact of this comorbidity on health care
expenditure is staggering. Unfortunately,
researches on the effects of strict glycemic
control on cardiovascular (CV) events have
been unable to demonstrate a conclusive
benefit, despite improvement for microvascu-
lar complications. Newer glycemic agents,
specifically the glucagon-like peptide-1 recep-
tor agonists (GLP-1 RA) and sodium-glucose
cotransporter-2 (SGLT-2) inhibitors, have
shown much more promising cardioprotective
properties, and are valuable as an add-on ther-
apy for patients who do not reach their hemo-
globin A1c goal on metformin alone. Most of
the drugs in GLP-1 RA and SGLT-2 inhibitor
class have shown strong cardioprotective
effects in well-designed cardiovascular out-
come trials and all of them have demonstrated
CV safety. Multiple SGLT-2 inhibitors have
shown renal protective effects as well as pre-
vent hospitalization for heart failure and
hence, should be preferred over GLP-1 RAs
in patients with concurrent T2DM and heart
failure or CKD.

Keywords
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Introduction

No single diabetes comorbidity is more prevalent
than cardiovascular disease (CVD). In a 2019
study by the International Diabetes Federation
(IDF), it is estimated that 463 million adults
between the ages of 20 and 79 years have diabetes

mellitus, accounting for roughly 9.3% of the adult
population (International Diabetes Federation
2019). Of those that have type 2 diabetes
(T2DM), roughly 32.2%, or more than 134 mil-
lion people, are also affected by CVD (Einarson
et al. 2018a). The relationship between CVD and
T2DM is not simply associative, but also predic-
tive in nature. A meta-analysis of 102 prospective
studies conducted by the Emerging Risk Factors
Collaboration found that when compared to
nondiabetics, those with diabetes have an
adjusted hazard ratio (HR) of almost 2 for coro-
nary heart disease, ischemic stroke, unclassified
stroke, and deaths from vascular diseases (Col-
laboration TERF 2010). Furthermore, the age of
occurrence of CVD in the diabetic population is
unique, occurring 14.6 years earlier than in a
patient with CVD alone (Booth et al. 2006).

Elevated Morbidity and Mortality

Cardiovascular disease in the diabetic patient is
both widespread and fatal in nature. In the United
States, roughly two-thirds of deaths in diabetic
patients are due to CVD (Wang et al. 2016). Of
these deaths, approximately 40% are due to ische-
mic heart disease and 10% to stroke (Wang et al.
2016). In diabetic patients with CVD hospitaliza-
tion is also very common, with CVD accounting
for 20% of hospital inpatient days spent by all
diabetic patients regardless of CVD status in 2012
(American Diabetes Association 2013). When
compared to all the chronic complications of dia-
betes, CVD accounts for roughly 46% of inpa-
tient hospital days, 43.7% of physician office
visit, and 38.2% of emergency department visits
(American Diabetes Association 2013).

Heavy Financial and Social Burden

CVD is estimated to account for 27% of the total
cost of treating diabetes in the United States,
which is projected to be 294.6 billion in 2019
(International Diabetes Federation 2019; Ameri-
can Diabetes Association 2013). For an individ-
ual with T2DM, CVD greatly increases their
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individual health care expenditure. A systemic
review conducted by Einarson et al. revealed
that a type 2 diabetic with CVD has an average
health care cost of 112%, or almost $7000, more
than a type 2 diabetic without CVD complications
(Einarson et al. 2018b). Due to the significant
morbidity, mortality, and health care expenditure
related to CVD in the diabetic patient, much
research has been conducted on the effect of
glycemic control on CVD. Unfortunately,
researches on the effects of strict glycemic control
on cardiovascular (CV) events have been unable
to demonstrate a conclusive impact, despite clear
benefit to microvascular complications (Kant
et al. 2019).

Better Therapeutic Screening

The uncertainty of these results led many
researchers to begin looking at the impact of
specific glucose-lowering pharmacotherapies on
CVD. This research strategy was rewarded when
Nissen et al. demonstrated a 43% increased risk of
myocardial infarction in patients treated with
rosiglitazone (Nissen and Wolski 2007). The
results of this experiment not only prompted the
United States Food and Drug Administration
(US FDA) in 2008 to request CV outcome data
for approval of all new drugs used to treat diabe-
tes, but also sparked the interest of researchers to
collect CV outcome data on glucose-lowering
therapies that were currently being used (https://
www.fda.gov/regulatory-information/search-fda-
guidance-documents/diabetes-mellitus-developing-
drugs-and-therapeutic-biologics-treatment-and-
prevention). Metformin was found to be
associated with cardioprotective properties; how-
ever, many glycemic agents were found to not
have the positive effect on CV outcomes that was
previously expected (Aldossari 2018). For exam-
ple, pioglitazone, a thiazolidinedione, has been
proven to reduce major adverse CV events, but
increases the risk of heart failure (Sesti et al.
2018). Furthermore, two of the dipeptidyl pepti-
dase 4 (DPP-4) inhibitors, saxagliptin and
alogliptin, were also found to have the potential
to increase the risk of heart failure, and

sulfonylureas have been linked to an increased
risk of cardiovascular events (Aldossari 2018;
Sesti et al. 2018).

Glucagon-like peptide-1 receptor agonists
(GLP-1 RA) and sodium-glucose cotransporter-
2 (SGLT-2) inhibitors provide much more
promising cardioprotective properties, and are
valuable as an add-on therapy for patients who
do not reach their hemoglobin A1c (A1c) goal on
metformin alone (Kant et al. 2019). Therefore, it
is imperative for clinicians to be aware of GLP-1
RA and SGLT-2 inhibitor’s impact on adverse
CV outcomes in patients with concurrent T2DM
and CVD.

Glucagon-like Peptide-1 Receptor
Agonists (GLP-1 RAs)
and Sodium-Glucose Cotransporter-2
(SGLT-2) Inhibitors

GLP1 receptor agonists, which include drugs
such as include lixisenatide, liraglutide,
dulaglutide, semaglutide, and exenatide, mimic
the intestinal secreted incretin hormone responsi-
ble for nutrient ingestion. By doing so, GLP-1
acts in a myriad of ways, including stimulating
glucose-dependent insulin secretion and decreas-
ing gastric emptying. GLP-1RAs are advisable if
weight loss is the goal, but are associated with
increased risk of pancreatitis, nausea, and diar-
rhea. This makes this class of glycemic agents
ill-advised for a patient dealing with malnutrition
or cachexia (Sesti et al. 2018). SGLT-2 inhibitors,
which include drugs such as empagliflozin,
canagliflozin, ertugliflozin, and dapagliflozin, act
in a much different manner by decreasing the
glucose reabsorption in the proximal convoluted
tubule of the kidney. SGLT-2 inhibitors are lim-
ited by significant reduction in estimated glomer-
ular filtration rate (eGFRs) and have been linked
to increased risk of urinary and genital infections
(Sesti et al. 2018). Both GLP-1 RAs and SGLT-
2 inhibitors are valuable in that they do not
increase the risk of hypoglycemia. In regard to
their cardioprotective properties, the effect of
these agents on the rate of major adverse cardiac
events (MACE) has been studied (Tables 54.1
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and 54.2). MACE encompasses composite of
death from cardiovascular causes, nonfatal
myocardial infarctions, and nonfatal strokes.
Results have shown that many GLP-1RAs and
SGLT-2 inhibitors are not only CV safe but are
also cardioprotective (Kant et al. 2019).

Cardiovascular Impact
of Glucagon-like Peptide-1 Receptor
Agonists (GLP1-RA)

In the EXSCEL trial 14,752 diabetic patients with
or without CV disease were managed with
extended-release exenatide (Holman et al. 2017).

Table 54.1 Cardiovascular outcome trials of GLP-1 receptor agonists

CVOT trial/medication Notable features and results

ELIXA trial/LIXISENATIDE – Enrolled 6068 patients with T2DM and recent coronary event within 180 days
– No significant difference in MACE-4
– A1c reduced by 0.6%, weight by 0.6 kg, systolic BP by 0.8 mmHg, LDL by
1.5 mg/dl and Tg by 1.8 mg/dl

LEADER trial/LIRAGLUTIDE – Enrolled 9340 patients with T2DM and high CV risks
– 13% reduction in MACE
– 22% reduction in death from CV causes
– 15% reduction in all-cause mortality
– A1c reduced by 0.4%, weight by 2.3 kg, systolic BP by 1.2 mmHg, LDL by
1.5 mg/dl, and Tg by 1.8 mg/dl

EXSCEL trial/EXENATIDE – Enrolled 14,752 patients with T2DM at a wide range of CV risk (27% of
patients without known CV disease)
– 9% reduction in MACEa

– 14% reduction in all-cause mortalityb

– A1c reduced by 0.7%, weight by 1.27 kg, systolic BP by 1.57 mmHg, LDL by
1.5 mg/dl and Tg by 1.8 mg/dl

SUSTAIN-6 trial/INJECTABLE
SEMAGLUTIDE

– Enrolled 3297 patients with T2DM and established CV disease or with high CV
risks
– 26% reduction in MACE
– 39% reduction in nonfatal stroke
– 26% reduction in nonfatal myocardial infarctionc

– 0.5 mg weekly semaglutide group: A1c reduced by 0.7%, body weight by
2.9 kg and systolic BP by 1.3 mmHg
– 1 mg weekly semaglutide group: A1c reduced by 1%, body weight by 4.3 kg
and systolic BP by 2.6 mmHg

REWIND trial/DULAGLUTIDE – Enrolled 9901 patients with T2DM with previous CV event or cardiovascular
risk
– 12% reduction in MACE
– 24% reduction in non-fatal stroke
– A1c reduced by 0.61%, body weight by 1.46 kg, BMI by 0.53 kg/m2, systolic
BP by 1.7 mmHg, total cholesterol by 0.07 mmol/L and LDL by 0.05 mmol/L

PIONEER-6 trial/ORAL
SEMAGLUTIDE

– Enrolled 3183 patients with T2DM and high risk of CV events
– No significant reduction in MACE
– 51% reduction in death from CV cause
– 49% reduction in all-cause mortality
– A1c reduced by 1.0% and weight by 4.2 kg

aNonsignificant reduction (Hazard Ratio, 0.91; 95% Confidence Interval, 0.83–1.00; P < 0.001 for noninferiority and
P ¼ 0.06 for superiority)
bThis difference was not considered to be statistically significant on the basis of the hierarchical testing plan
cNonsignificant reduction (Hazard Ratio, 0.74; 95% Confidence Interval, 0.51–1.08; P ¼ 0.12)
CVOT cardiovascular outcome trial; T2DM type 2 diabetes mellitus; CV cardiovascular; A1c hemoglobin A1c; BP blood
pressure; Tg triglycerides; LDL low density lipoproteins; MACE major adverse cardiovascular events, a composite of
death from cardiovascular causes, non-fatal myocardial infarction, or nonfatal stroke;MACE-4MACE endpoint as above
and hospitalization for unstable angina

738 RaviKant et al.



Non-inferiority, however not superiority, regard-
ing placebo was demonstrated, as MACE did not
significantly change. In this cardiovascular out-
come trial (CVOT) the usual care setting was not
changed, and subjects with a wide range of CV
risks were included. However many subjects in
the exenatide group (43%) prematurely
discontinued the trial regimen. These and other
difficulties notwithstanding, significance was
nearly reached for the primary endpoint MACE.
Metabolic and clinical variables also positively
responded, with the exception of diastolic blood
pressure and heart rate, which mildly increased.

Another major trial (LEADER, with 9340
patients) studied 1.8 mg daily injection of
liraglutide (Marso et al. 2016a). Among diabetics
with elevated cardiovascular risk, MACE effec-
tively diminished, including less CV death by
22%, and less all-cause mortality by 15%. These
benefits were documented within the first one and
half years of treatment. When compared to the
placebo group, the liraglutide group had fewer
patients on insulin and oral antidiabetic medica-
tion which led to fewer hypoglycemic episodes,
fewer number of obese patients (12.6 vs. 15.2%),
and fewer number of patients with a baseline A1c

>8.3% (13.7 vs. 16.1%). These differences could
possibly explain liraglutide’s dominance over
placebo. With regard to the metabolic outcomes,
from baseline to week 36, the LEADER trial
showed a mean reduction in A1c by 0.4%, body
weight by 2.3 kg, systolic BP by 1.2 mmHg, LDL
by 1.5 mg/dl, and Tg by 1.8 mg/dl; however,
similar to EXSCEL trial there was a mean
increase in diastolic BP by 0.6 mmHg and heart
rate by 3 beats/min.

The ELIXA trial [Lixisenatide in patients with
type 2 diabetes and acute coronary syndrome]
was the first CVOT among the GLP-1 RA’s. It
was a multicenter, randomized, double-blind, pla-
cebo-controlled trial in which 6068 patients with
type 2 diabetes who had an acute coronary syn-
drome within 6 months before screening were
randomly assigned to receive either a daily injec-
tion lixisenatide or placebo and were followed for
a median of 2.1 years (Pfeffer et al. 2015).
Lixisenatide achieved non-inferiority in compari-
son to placebo for the occurrence of MACE-4;
primary composite end point of cardiovascular
death, myocardial infarction, stroke, or hospitali-
zation for unstable angina; however, it did not
achieve superiority. Occurrence of MACE was

Table 54.2 Cardiovascular outcome trials of SGLT-2 inhibitors

CVOT trial/medication Notable features and results

EMPA-REG OUTCOME trial/
EMPAGLIFLOZIN

– Enrolled 7028 patients with T2DM and established CV disease
– 14% reduction in MACE in pooled empagliflozin group
– 38% reduction in death from CV causes
– 32% reduction in all-cause mortality
– 35% reduction in hospitalization for heart failure
– 39% reduction in renal outcomes
– A1c reduced by 0.24–0.36%

CANVAS trial/ANAGLIFLOZIN – Enrolled 9734 patients with T2DM and either established CV disease or
high risk of CV disease
– 14% reduction in MACE
– 33% reduction in hospitalization for heart failure
– 40% reduction in renal outcomes
– A1c reduced by 0.58%, weight by 1.6 kg and systolic BP by 3.93 mmHg

DECLARE-TIMI 58 trial/
DAPAGLIFLOZIN

– Enrolled 17,160 patients with T2DM and with variable CV risks (40.5%
with established CV disease)
– No significant difference in MACE
– 27% reduction in hospitalization for heart failure
– 24% reduction in renal outcomes
– A1c reduced by 0.42%, weight by 1.8 kg and systolic BP by 2.7 mmHg

CVOT cardiovascular outcome trial; T2DM type 2 diabetes mellitus; CV cardiovascular; A1c hemoglobin A1c; BP blood
pressure; MACE major adverse cardiovascular events, a composite of death from cardiovascular causes, non-fatal
myocardial infarction, or nonfatal stroke
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similar in lixisenatide and placebo groups. The
possible explanation could have been due to
enrollment of high-risk patients with recent coro-
nary artery disease and short duration of follow-
up. With regard to the metabolic outcomes, from
baseline to week 12, the ELIXA trial showed a
mean reduction in A1c by 0.6%, body weight by
0.6 kg, systolic BP by 0.8 mmHg, LDL by
1.5 mg/dl, Tg by 1.8 mg/dl, and a mean increase
in diastolic BP by 0.6 mmHg and heart rate by
0.4 beats/min.

The SUSTAIN-6 trial [Semaglutide and Car-
diovascular Outcomes in Patients with Type
2 Diabetes] was a multicenter, randomized,
double-blind, placebo-controlled parallel group
trial in which 3297 patients with type 2 diabetes
with established CV disease were randomly
assigned to receive either the weekly injection of
Semaglutide or placebo with a median follow-up
of 2.1 years (Marso et al. 2016b). Injectable
semaglutide was found to be superior to placebo
with 26% relative risk reduction in MACE.
Unlike liraglutide, the reduction in MACE with
semaglutide was driven by a significant reduction
of 39% in nonfatal stroke and a non-significant
reduction in nonfatal MI by 26%. Rates of CV
death were similar in Semaglutide and control
group. Diabetic retinopathy occurred at signifi-
cantly higher rate in semaglutide-treated patients,
with hazard ratio of 1.76. From baseline to week
104, the SUSTAIN-6 trial showed a mean reduc-
tion in A1c by 0.7% in the group that received
0.5 mg and 1% with 1 mg weekly semaglutide, a
reduction in body weight by 2.9 vs. 4.3 kg
according to semaglutide dose, and a mean reduc-
tion in systolic BP by 1.3 vs. 2.6 mmHg. Simi-
larly to other GLP-1 RA’s CVOT, there was a
mean increase in HR by 2 and 2.5 beats/min,
depending on semaglutide dose.

The REWIND trial [dulaglutide and
cardiovascular outcomes in type 2 diabetes] was
a multicenter, randomized, double-blind, pla-
cebo-controlled trial in which 9901 patients with
type 2 diabetes who had either a previous cardio-
vascular event or cardiovascular risk factors were
randomly assigned to receive either weekly injec-
tion of 1.5 mg dulaglutide or placebo, with a
median follow-up for 5.4 years (Gerstein et al.

2019). Dulaglutide achieved superiority over pla-
cebo in the occurrence of the composite MACE
with 12% reduced risk, and this was similar
between participants with and without previous
CV events. Like the injectable semaglutide, the
reduction in MACE was primarily driven by a
significant reduction in non-fatal stroke by 24%.
There was no significant reduction in CV death
and non-fatal MI. It is noteworthy that dulaglutide
showed its CV benefits within a year of use.
Unlike the other GLP-1 RAs trials, this one had
a longer median duration of follow-up (5.4 vs
1.5–3.8 years) which shows that the CV benefits
and improvement in metabolic profile by GLP-1
RAs persist for a longer duration than previously
reported. Reduction in A1c by 0.61%, body
weight by 1.46 kg, BMI by 0.53 kg/m2, systolic
BP by 1.7 mmHg, total cholesterol by 0.07 mmol/
L, LDL cholesterol by 0.05 mmol/L, and
waist-to-hip ratio in men and women was
documented. However, there was a mean increase
in heart rate by 1.87 beats/min.

Oral GLP1-RA

Oral semaglutide was approved by the US FDA
on September 202,019 and is indicated in treat-
ment of adult patients with type 2 diabetes, along
with diet and exercise. The tablet contains SNAC
[sodium N-(8-[2-hydroxylbonzoyl] amino)
caprylate] which acts as an absorption enhancer,
by alkalinizing the stomach pH leading to
increased drug solubility, and it also prevents
drug degradation. In the PIONEER (Peptide
Innovation for Early Diabetes treatment) trial,
8845 people with T2DM were enrolled across
10 clinical trials. Oral semaglutide was either
compared with placebo and/or with one of the
FDA-approved glucose-lowering agents. The
CVOT is the PIONEER 6 trial in which 3183
patients with T2DM and high risk of CV events
were randomly assigned to receive either oral
semaglutide or placebo with a median follow-up
of 15.9 months (Husain et al. 2019). Like the
injectable counterpart, oral semaglutide also
showed noninferiority for the occurrence of
MACE but failed to show significant reduction
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in MACE when compared with placebo. How-
ever, there was a significant reduction in death
from CV cause by 51% and all-cause mortality by
49%. Nonfatal myocardial infarction and nonfatal
stroke both occurred at similar rates in the treat-
ment and placebo groups.

Sodium-Glucose Cotransporter-2
(SGLT-2) Inhibitors

Their unique non-insulin-dependent mechanism
of action, along with weight loss benefit and a
low risk of hypoglycemia, makes them a great
option for second-line therapy for T2 DM after
metformin. The Empagliflozin Cardiovascular
Outcome Event Trial in Type 2 Diabetes Mellitus
Patients-Removing Excess Glucose (EMPA-REG
OUTCOME), the Canagliflozin Cardiovascular
Assessment Study (CANVAS), and the
Dapagliflozin Effect on Cardiovascular Events–
Thrombolysis in Myocardial Infarction
58 (DECLARE–TIMI 58) were randomized
placebo-controlled trials, evaluating the effect of
empagliflozin, canagliflozin, and dapagliflozin
respectively, on the primary outcome of major
adverse cardiovascular (CV) events (MACE)
which included death from cardiovascular causes,
nonfatal myocardial infarction (MI), or nonfatal
stroke (Zinman et al. 2015; Neal et al. 2017;
Wiviott et al. 2019).

EMPA-REG OUTCOME trial included 7028
patients with type 2 diabetes, aged 18 years or
above, with established CV disease, followed for
a median of 3.1 years (Zinman et al. 2015).
Empagliflozin was found to be superior to pla-
cebo with 14% relative risk reduction in MACE,
38% in CV deaths, 35% in congestive heart fail-
ure (CHF) hospitalization, and 32% for all cause-
mortality. No difference was noted in the rates of
nonfatal myocardial infarctions or stroke. Patients
on empagliflozin had significantly more genital
infections in both sexes (6.4 vs. 1.8%).

The CANVAS study had two identical trials
(CANVAS and CANVAS-Renal) evaluating a
total of 9734 patients with type 2 diabetes (A1c
7–10.5%) with either established CV disease

(aged 30 years or older) or high risk of CV disease
(aged 50 years or older with 2 or more risk factors
for atherosclerotic CV disease) (Neal et al. 2017).
Median follow-up was 188.2 weeks. Results
showed significant decrease of 14% in the pri-
mary outcome of MACE, however not for indi-
vidual components of MACE, nonfatal MI, or
nonfatal stroke. There was a significantly higher
risk of amputation of toes, feet, or legs in the
canagliflozin group (6.3 vs. 3.4 participants with
amputation per 1000 patient-years); with highest
absolute risk (but not relative risk) in the patients
with a previous history of amputation or periph-
eral vascular disease.

DECLARE–TIMI 58 was the phase 3 trial to
study the CV effects of dapagliflozin in patients
with type 2 diabetes, and established CV disease
or 2 risk factors for atherosclerotic CV disease
(men aged 55 years or older or women aged
60 years or older, and one additional risk factor)
(Wiviott et al. 2019). This was the largest of the
3 major CV trials for SGLT-2 inhibitors with a
total of 17,160 participants, out of which 13,198
patients completed the trial, followed for a
median of 4.6 years. Dapagliflozin resulted in a
significant reduction of 27% in the composite
outcome of CV death and hospitalization for
heart failure compared to placebo, which was
due to lower rate of hospitalization for heart fail-
ure. A significant decrease of 24% was also noted
in the renal composite outcome. There was no
difference between the groups in the rate of
MACE, cardiovascular mortality, or all-cause
mortality. Dapagliflozin group had significantly
higher rates of diabetic ketoacidosis
(0.3% vs. 0.1%) and genital infections leading to
discontinuation of trial medication (0.9 vs. 0.1%),
but the number of total events was low.

Dapagliflozin and Prevention of Adverse
Outcomes in Heart Failure (DAPA-HF) trial was
another phase 3, placebo-controlled trial, in 4744
patients, 18 years or older, with ejection fraction
(EF) of<40% and NYHA class II, III, or IV heart
failure; followed for a median of 18.2 months.
Only 42% of the participants had diabetes at the
time of screening, and an additional 3% of the
patients in each group received a new diagnosis of
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diabetes (McMurray et al. 2019). Patients in
dapagliflozin group (10 mg daily dose in addition
to recommended therapy) had 26% lower rates of
primary outcome of worsening heart failure (hos-
pitalization or urgent visit resulting in intravenous
therapy for heart failure) or cardiovascular death,
but the most significant difference was in the
number of hospitalizations. Dapagliflozin was
equally effective in patients with or without type
2 diabetes.

Ethnic and Clinical Considerations

All of these studies had approximately 70%
White population, 20–25% Asians, and only
about 5% of Black population. Cardio-renal
effects of these medications are also unclear in
patients with lower risk of atherosclerotic CV
disease since all the trials had patients either
with established CV disease, or with high risk of
CV disease. The lack of effect on MACE in
DECLARE-TIMI 58 trial may likely be due to
less patients with established CV disease com-
pared to the other trials. A meta-analysis of the
above 3 trials included a total of 34,322 patients
with mean age of 63.5 years and 35.1% women,
60.2% with known CV disease and 39.8% with
multiple risk factors (0% in EMPA-REG, 34% in
CANVAS and 59% in DECLARE-TIMI 58 trials)
(Zelniker et al. 2019). SGLT-2 inhibitors reduced
the risk of major cardiac event by 11%, CV death
and hospitalization for heart failure by 23%, and
overall death by 15%. The risk of myocardial
infarction was decreased by 11% and CV death
by 16%, however with a high level of heteroge-
neity (I2 ¼ 79.7%). SGLT-2 inhibitors also
decreased the composite renal outcome of wors-
ening of renal function, end-stage renal disease
(ESRD), or renal death by 45%. All the above
effects were mostly restricted to the patients with
established CV disease, and no effect was found
in patients with multiple risk factors except for a
reduction in hospitalization for heart failure
by 30%.

Renal Protection

Both EMPA-REG OUTCOME and CANVAS
trials showed a significant reduction in secondary
renal outcomes (worsening nephropathy or initia-
tion of renal-replacement therapy). The
Canagliflozin and Renal Events in Diabetes with
Established Nephropathy Clinical Evaluation
(CREDENCE), a double-blind, placebo-
controlled, randomized trial, was designed to
evaluate the renal effects of Canagliflozin
(100 mg daily dose) in 4401 patients with type
2 diabetes and albuminuric chronic kidney dis-
ease (CKD) (Perkovic et al. 2019). Median
follow-up was 2.62 years. Primary composite
outcome (ESRD, doubling of serum creatinine
level from baseline sustained for 30 days, death
from renal or CV disease) rate was significantly
lower in the canagliflozin group with a 30% lower
relative risk. The effects were consistent across all
renal components.

Official Guidelines

Based on the data from above-mentioned trials,
the US FDA approved the following new
indications for these medications:

• Empagliflozin (December, 2016) to reduce the
risk of CV death in adult patients with type
2 diabetes and established CV disease;

• Canagliflozin (October, 2018) to reduce the
risk of MACE in adults with type 2 diabetes
mellitus and established CV disease;

• Dapagliflozin (October 2019) to reduce the
risk of hospitalization for heart failure in
adults with type 2 diabetes mellitus and
established CV disease or multiple CV risk
factors; and

• Canagliflozin (September 2019) to reduce the
risk of ESRD, doubling of serum creatinine,
cardiovascular death, and hospitalization for
heart failure in adults with type 2 diabetes
mellitus and diabetic nephropathy with
albuminuria.
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The exact mechanisms of cardiovascular and
renal protective effects of SGLT-2 inhibitors are
still unclear but are thought to be multidimen-
sional. Improvement in glycemic control would
translate into decrease in microvascular
complications. Other non-glucose-dependent
mechanisms, including weight reduction, blood
pressure reduction, natriuresis, and reduction in
intraglomerular pressure, likely contribute toward
their overall cardio-renal effects.

Therapeutic Recommendations for DM
Patients with High CV Risk

Intensive glycemic control, with target A1c of
<6%, in older patients with long-standing
T2DM and established CAD or high risk for
CVD, has shown to increase mortality with no
significant reduction of MACE (Action to Control
Cardiovascular Risk in Diabetes Study Group
et al. 2008). Patients with diabetes who have
experienced hypoglycemic events have higher
risk for acute CV events (Johnston et al. 2011).
Therefore, avoiding hypoglycemia is one of the
vital goals of treating diabetes in patients with or
at high risk for CVD.

Primary Approach

Guidelines recommend lifestyle changes and met-
formin as first-line therapies for treatment of
patients with T2DM. Metformin, GLP-1 RAs,
and SGLT-2 inhibitors have no to minimal risk
of hypoglycemia. The consensus statement from
the American Diabetes Association (ADA) and
the European Association for the Study of
Diabetes (EASD) recommends GLP-1 RAs and
SGLT-2 inhibitors after metformin, for medical
management of patients with T2DM and clinical
CVD (Davies et al. 2018).

Obesity and Renal Comorbidities

GLP-1 RAs are either daily or weekly injectable
except recently approved oral semaglutide.
GLP-1 RA agonists should be considered as the

first injectable agent particularly in obese patients
with high CV risk (Davies et al. 2018). In patients
with heart failure and CKD, SGLT-2 inhibitors
have stronger data demonstrating consistent
benefit (Kant et al. 2019). In fact, US FDA has
approved dapagliflozin to reduce the risk of hos-
pitalization for heart failure in adults with T2DM
and established CV disease or multiple CV risk
factors, and canagliflozin to reduce the risk of
end-stage kidney disease and CV events in
patients with T2DM and CKD. Empagliflozin
and canagliflozin are more suitable for patients
with CKD if GFR is acceptable as these agents
have shown reduction in CKD progression. How-
ever, patients with advanced stage III and IV
CKD will benefit from GLP-1 receptor agonist
as SGLT-2 inhibitors are less effective and not
approved to be used in patients with significantly
reduced renal function.

Contraindications

Differences in adverse effects and US FDA
warnings should be considered while choosing a
glycemic agent. GLP-1 RAs are associated with
increased gastrointestinal side effects and should
be avoided in patients with pancreatitis,
gastroparesis, alcohol abuse, and/or high risk for
medullary thyroid cancer (Davies et al. 2018).
Injectable semaglutide was associated with
increased risk of diabetes retinopathy (Marso
et al. 2016b). On the other hand, SGLT-2-
inhibitors are not advisable in patients with pre-
disposition to fragility fractures, and/or genital or
urinary infections. Canagliflozin and ertugliflozin
have been associated with increased risk of leg
and foot amputations (Neal et al. 2017). Patients
should be counseled regarding the preventive foot
care, and these medications should be cautiously
prescribed in patients with high risk for amputa-
tion or known peripheral vascular disease.

Diabetes End Points and Pharmacologic
Alternatives

If patients are unable to achieve their target
HbA1c or tolerate GLP-1 RA and/or SGLT-
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2 inhibitors, other glycemic agents should be
considered for add-on therapy. Dipeptidyl pepti-
dase 4 (DPP-4) inhibitors can be used if the
patient is not on GLP-1 RA. DPP-4 inhibitors
have low risk of hypoglycemia, but saxagliptin
and alogliptin have been linked to increased risk
of heart failure (Scirica et al. 2013; White et al.
2013; Verma et al. 2017). Similarly, thiazolidi-
nediones (TZDs) should be avoided in patients
with heart failure (Lago et al. 2007).
Sulfonylureas are among the oldest and cheapest
oral hypoglycemic agents; however, they are
associated with increased risk of hypoglycemia,
adverse CV events, and mortality (Aldossari
2018; Sesti et al. 2018).
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Abstract

Wound healing in diabetes is remarkably
delayed due to various underlying pathologi-
cal processes. Diabetes alters all the stages of
wound healing such as remodeling, prolifera-
tion, hemostasis, and inflammatory phases. In
diabetic patients, minor skin lesions may lead
to unhealed chronic ulcers, and ultimately
result in infection, gangrene, even amputation.
Physiological factors responsible for the delay
of wound healing include impaired growth
factor and cytokine production, angiogenic
response, macrophage and neutrophil func-
tion, collagen accumulation, and variation in
the ratio of collagen types leading to weakened
healing response. Key molecular targets for
the local/pharmacologic treatment of wound
healing include growth factors and other
molecules, absorbable biomaterials, and cell
regeneration therapy.

Keywords

Pathogenesis · Diabetic wound · Molecular
targets · Healing · Diabetic foot ulcer

Introduction

Diabetes is a major cause for slower healing in
every population. Between 2019 and 2045, the
global expenditures for diabetes treatment is
expected to grow from 760 billion U.S. dollars
to 845 billion U.S. dollars (Elflein 2019).

Diabetes is a chronic metabolic disease that
affects more than 463 million persons, and it is
estimated that 20% of them develop complicated
diabetic wounds or foot ulcer (IDF Diabetes Atlas
9th edition 2019; Nunan et al. 2014; Patel et al.
2019). Most acute wounds heal without issue;
however, as age increases, impaired blood circu-
lation and other conditions like smoking, obesity,
and chronic diseases, such as diabetes, lead to
slower healing. Diabetic complications resulting
from diabetes include neuropathy, arterial dam-
age, and ischemia, which may complicate dia-
betic wounds (Nunan et al. 2014). Unhealed

wounds are prone to infection and lower-limb
amputation. Diabetes is one of the principal
causes of nontraumatic lower-extremity
amputation.

In diabetes, each stage of healing, i.e., hemo-
stasis, inflammatory, proliferation, and
remodeling phase, is altered. Diabetic wounds
show signs of impaired healing due to an uncoor-
dinated healing process. Elongated inflammatory
phase with hindrance in the mature granulation
tissue formation and reduced wound tensile
strength is observed in diabetic wounds (Patel
et al. 2019).

Normal Wound Healing

Multiple sequential cellular and biochemical phe-
nomena are necessary to restore damaged tissue.
Hemostasis and clot formation is conventionally
the starting point, triggering the inflammatory
phase, commanded by neutrophils and
macrophages, during which debris and bacteria
are eliminated and growth factors are secreted.
True repair only begins with the proliferative
phase, including revascularization (angiogenesis)
and build-up of the cellular and noncellular
matrix. The maturation phase is responsible for
tissue strength, encompassing remodeling of the
local architecture and vascular abundance (Fadini
et al. 2014; Singh et al. 2011, 2013). Differently
from acute injuries, chronic wounds are more
indolent and don’t follow the same phases. As a
consequence, healing can be delayed for
12 weeks or more (Anisha et al. 2013; Mohandas
et al. 2015).

Diabetic Wounds
In diabetic patients, a minor skin wound often
leads to chronic, nonhealing ulcers and ultimately
results in infection, gangrene, even amputation.
Damage of numerous layers of dermal tissue
involving epidermis, dermis, and sometimes the
subcutaneous tissue is not uncommon. The prev-
alence of foot ulcers ranges from 4% to 10% with
a lifetime incidence as high as 25% (Dadpay et al.
2012). It is the most common complication of
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diabetes, greater than retinopathy, nephropathy,
heart attack, and stroke combined.

In the Asian continent, the diabetic foot
represents a significant health problem, provoked
by the high frequency of infection and the
ever-rising incidence of diabetes. Insufficiency
of diabetic foot care centers, deprived foot care
information, approach and practice among dia-
betic patients, deferred recommendation or
reporting to the podiatry centers, and limited
income and educational status of the patients
contribute significantly to the increased frequency
of diabetic foot complications (Viswanathan et al.
2005).

Etiology and Pathogenesis
There are scores of reported physiologic disorders
reportedly responsible for wound healing
deficiencies in diabetes. Some representative
ones are listed below:

• Impaired growth factor production (Qi et al.
2018)

• Impaired cytokine production (Zubair and
Ahmad 2019)

• Impaired angiogenic response (Galeano et al.
2011)

• Weakened immune response (Peleg et al.
2007)

• Decreased neuropeptide expression
(Theocharidis and Veves 2020)

• Impaired macrophage and neutrophil function
(Maruyama et al. 2007)

• Increased serum matrix metalloproteinase-9
(Li et al. 2013)

• Impaired collagen accumulation and variation
in the ratio of collagen types (Stolarczyk et al.
2018)

• Dysregulation of procalcitonin, fibrinogen,
and IL-6 (Korkmaz et al. 2018)

• Aberrant macrophage polarization and func-
tion in wound healing responses (Ganesh and
Ramkumar 2020)

• Imbalance between extracellular matrix
(ECM) components and remodeling by matrix
metalloproteinases (Gooyit et al. 2014)

• Deficiency of thrombin-activable fibrinolysis
inhibitor (Verkleij et al. 2010)

• Advanced glycation end products (AGEP)
modification of platelet-derived growth factor
(PDGF) (Nass et al. 2010)

• Decreased levels of chemokine receptor
CXCR3 and its ligand 10, CXCL10 (Bodnar
et al. 2009)

Diabetic Foot Ulcer

Peripheral vascular and neuropathy disorders are
believed to be crucial for the development of
diabetic foot ulcers, compromising the survival
and well-being of diabetic patients (Jeffcoate
2011). Predisposing conditions include previous
deformations of the foot, reduction in regional
oxygenation and perfusion, poor eyesight, and
obesity. Poorly compensated diabetes as well as
bacterial colonization are aggravating
circumstances, along with presence of resistant
bacteria, which further worsen the prognosis and
make the therapy expensive (Hariono et al. 2018).

Classification of Diabetic Foot Ulcer
• Wagner–Meggit
• Brodsky Depth—Ischemic
• University of Texas
• International Working Group (2019

Guidelines)
• SAD
• PEDIS
• Other classifications

Wagner–Meggit
This is one of the oldest classification systems,
created for the dysvascular foot. It includes six
grade systems (grade 0 to grade 5), which empha-
size ulcer depth, concentration of tissue necrosis,
and occurrences of gangrene (Mehraj 2018).

Depth Ischemic
This classification system is the modernized form
of the Wagner–Meggit classification, aiming to
show a clear difference between lesion and foot
vascularity (Mehraj 2018). It consists of three
grades which depend upon the presence or
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absence of ischemia with total or partial
gangrene.

University of Texas
The University of Texas San Antonio classifica-
tion system (UTSA) measures diabetic foot
wound based on the depth of wound, infection,
and ischemia in the lower limb. The grading
system depends upon the wound depth, while
stages of the classification depend upon the ische-
mia occurrence, bioburden of lesions, or merger
of both by eliminating neuropathy. Superior
grades or stages of a wound are less prone to
healing. As compared to the Wagner classifica-
tion, this system looks more promising and accu-
rate. Nevertheless, optimal use of this and other
classifications is still debated (Bravo-Molina et al.
2018).

International Working Group (2019
Guidelines)
The International Working Group has updated its
guidelines related to diabetic foot disease on pre-
vention, offloading, peripheral artery disease,
infection, wound healing interventions, and clas-
sification of diabetic foot ulcers. These six
protocols are not included in Table 55.1; how-
ever, they can be searched in the literature.

The following variables are endorsed as rele-
vant for classification: patient-related (end-stage
renal failure), limb-related (peripheral artery dis-
ease and loss of protective sensation), and ulcer-
related (area, depth, site, single, or multiple and
infection). Thorough wound assessment, includ-
ing severity of infection and arterial perfusion
(need for revascularization), is underscored.
Among existing classifications, SINBAD (Site,
Ischemia, Neuropathy, Bacterial Infection, and
Depth), WIfI (Wound, Ischemia, and Foot Infec-
tion), and the guidelines of the Infectious
Diseases Society of America are recommended
for certain purposes (Lipsky et al. 2012; IWGDF
Guidelines Org 2019; Bus et al. 2020a, b;
Monteiro-Soares et al. 2020).

SAD
This classification system (Size, Arteriopathy,
Denervation) considers size, denervation, sepsis,

and arteriopathy. It is designed for hectic clinical
practice and doesn’t require any specialist
techniques. Even though quite old, it has been
reasonably well-validated (Monteiro-Soares
et al. 2014).

PEDIS
As the acronym indicates, it addresses Perfusion,
Extent, Depth/Tissue Loss, Infection, and Sensa-
tion. The numerous classification grades make it
complex for clinical practice use (Jain and Joshi
2013).

Other Classifications
There is no dearth of diabetic foot ulcer
classifications. However, most methods were
developed with relatively small series and were
not widely adopted, consequently suffering from
limited validation. Many are not particularly user-
friendly (Monteiro-Soares et al. 2014). Current
representative tools are depicted in Table 55.1.

Diagnosis and staging are fundamental; how-
ever, instrumental monitoring is not less of a
priority. To this aim, neuropathy and autonomic
dysfunction, peripheral vascular disease, and
eventual osteomyelitis need to be investigated.
3D and hyperspectral wound imaging are
equally emphasized as reliable tools for lesion
measurement and ulcer (Fernández-Torres et al.
2020).

Major Factors and Key Molecular
Pathways of Diabetic Wounds

Molecular factors/targets for the management of
diabetic wounds include cytokines, growth
factors, clotting factors, prostaglandins, free
radicals, nitric oxide, insulin-like growth factor
(IGF-1) signaling axis including gangliosides,
neuropeptides, mi-RNAs, lactoferrin, stromal
cell-derived factor (SDF-1α), Hypoxia inducible
factors (HIFs), thymosin beta 4, substance P,
endopeptidase cathepsin D, and RANKL (Mart-
í-Carvajal et al. 2015; Dam and Paller 2018;
Zubair and Ahmad 2019; Liu et al. 2020). These
agents directly or indirectly modulate vasculari-
zation, innervation, matrix reconstruction, and
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reepithelialization, including keratinocyte migra-
tion and proliferation on an extracellular matrix.
All of these can be defective in diabetic wounds

(Martí-Carvajal et al. 2015; Dam and Paller
2018).

Table 55.1 Examples of classifications of diabetic foot wound

Wagner-Meggit classification system
Grades Foot wound
0 No open wound or cellulitis
1 Superficial ulcer
2 Deep ulcer upto tendons and joint tissue
3 Deep ulcer with abscess, osteomyelitis, and joints sepsis
4 Local gangrene forefoot or heel
5 Gangrene of entire foot
Depth ischemic classification
Depth
grade

Definition Ischemia
grade

Definition

0 At risk, foot with the previous ulcer that may cause a
new ulcer

A No ischemia

1 Superficial noninfected ulcer B
2 Deep ulcer with tendon or joint exposed (�infection) C Partial forefoot gangrene
3 Extensive ulcer with bone exposed or deep abscess D Total foot gangrene
University of Texas Classification
Stages Grades

0 1 2 3
A Healed pre- or post-

ulcerative lesion
completely epithelialized

Superficial wound not
involving bone, tendon,
or capsule

Wound
penetrating
tendon or
capsule

Wound penetrating to bone or
joint

B With infection With infection With infection With infection
C With ischemia With ischemia With ischemia With ischemia
D With infection and with

ischemia
With infection and with
ischemia

With infection
and with
ischemia

With infection and with
ischemia

(AD) SAD system
Grades Area Deep Sepsis Arteriopathy Denervation
0 Skin intact Intact skin Pedal pulse Intact
1 Lesion <1 cm2 Superficial (skin and

subcutaneous tissues)
No infected
lesions

Pedal pulse
reduce or
miss

Reduced

2 The lesion from 1 to 3 cm2 Lesion penetrating to
tendon, periosteum, and
joint capsule

Cellulitis-
associated
lesions

Absence of
both pedal
pulses

Absent

3 Lesion >3 cm2 A lesion in bone or joint
space

Osteomyelitis-
associated
lesions

Gangrene Charcot joint

PEDIS classification
Risk
factor
group

Characteristics

0 No neuropathy, no PVD
1 Neuropathy, no deformity PVD
2 Neuropathy and deformity, and/or PVD
3 History pathology
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It is important to emphasize that despite
encouraging experimental results, few of these
biomolecules have been investigated in large
randomized trials. Indeed, a Cochrane Systematic
Review a few years ago, addressing 11 growth
factors for diabetic wounds, concluded that all
increased the likelihood of healing of foot ulcers
in diabetic patients. Such optimism notwithstand-
ing, the disclaimer was that protocols suffered
from high risk of bias, and side effects were
possibly underreported (Martí-Carvajal et al.
2015). More clear-cut positive outcomes were
detected for recombinant human epidermal
growth factor (rhEGF), both intralesionally and
topically applied, in a meta-analysis covering
6 trials and 530 patients (Bui et al. 2019). There
are several factors that responsible for diabetic
wounds are mentioned in Fig. 55.1.

Mitochondrial Overproduction
of Reactive Oxygen Species

Advanced glycation end-products (AGEs) are a
consequence of deranged glucose homeostasis.
Transcription factors involved in inflammation

and protein kinase C can be activated in such
circumstances, and nerve protein glycation can
occur, in conjunction with tissue oxidative stress
and ischemia. Wound healing can be impaired
because of these aberrations, including dimin-
ished local sensation which potentially results in
additional injury (Patel et al. 2019; Shaikh-Kader
et al. 2019).

Alteration of Growth Factors

Growth factors are pharmacologically active
polypeptides. In all phases of wound healing,
they promote relevant biological and molecular
events. In the granulation phase of tissues, growth
factors contribute to the early inflammation stage
(Patel et al. 2019). Compromised wounds often
demonstrate a defect in the kind and quantity of
growth factor, due to alteration in the occurrence,
enhancement in the degradation, reduction in the
trapping, release, and production. Extracellular
matrix (ECM) synthesis is categorized by a bal-
ance between matrix formation and matrix degra-
dation, for optimal healing. Some of the factors
influencing the formulation of ECM are VEGF,

Fig. 55.1 Factors responsible for diabetic wounds [Adopted and reproduced from Patel et al. 2019]
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IGF-I, IGF-II, TGF-β23, KGF24, PDGF25,
EGF26, FGF27, TNF-α, and IL-6, which can be
diminished in diabetic person, including suppres-
sion of receptors along with quick degradation of
growth factors (Fui et al. 2019; Su et al. 2019;
Patel et al. 2019; Zubair and Ahmad 2019).

Platelet-Derived Growth Factor
At the early stage of wound healing, platelets
synthesize the platelet-derived growth factor
(PDGF). PGDF is an essential mitogen that
promotes the proliferation of fibroblast, matrix
production, along with the maturation of connec-
tive tissue. In all stages of wound healing, PDGF
continuously activates various cellular responses.
PGDF binds with a receptor of tyrosine kinase
and triggers various signaling pathways, leading
to the enhancement of migration and proliferation
of the cell. For the inflammatory cell and fibro-
blast, PDGF acts as a chemoattractant and
encourages the production of collagen, glucos-
amine, and proteoglycan. In diabetic wound
patients, there is a reduction in the expression of
PDGF and PDGF receptors (Ishihara et al. 2019).

Vascular Endothelial Growth Factor
The wound healing process is affected by the
concentration of VEGF as it supports the rate-
determining steps in angiogenesis and
vasculogenesis. With the help of the protease, it
causes the degeneration of a three-dimensional
network of an extracellular macromolecule of
active vessels. In the case of diabetic wounds, it
could enhance the density of capillary and
develop the perfusion rate of blood along with
the metabolism in wounded tissue. In a small
series of diabetic foot ulcers, managed by hyper-
baric oxygen therapy (HBOT), VEGF became
elevated. The author defends that HBOT aids
lesion epithelialization, both directly and indi-
rectly, through VEGF upsurge and TNF-α down-
turn (Semadi 2019).

Transforming Growth Factor Beta
It has been reported that in diabetic patients there
is a decrease in the amount of TGF β in wounded
tissue that leads to retardation of the wound
healing process. At the promoter site,

MMP-encoded genes show the TGF-β1-depen-
dent inhibitory element with a decrease in gene
expression. The decrease in expression of TGF-β
and upregulation of MMPs lead to destruction of
growth factor transcription factors like Smad-2,
Smad-3, and Smad-4, which also activate and
repress TGF-β target genes. TGF-β1 activates
Smad-2 and Smad-3 for the production of colla-
gen (Hozzein et al. 2015). The decrease in the
level of TGF-β1 causes increased recruitment of
activated inflammatory cells, predisposing to a
delayed inflammatory phase till the proliferation
phase of the healing process in DWs (Heublein
et al. 2015). Decreased levels and expression of
those growth factors could contribute to poor and
prolonged wound healing processes in diabetes
(Patel et al. 2019).

Matrix Metalloproteinase 9

The central role of the extracellular matrix in the
tissue remodeling processes involved in wound
healing has already been alluded
to. Endopeptidase enzymes degrade such matri-
ces, and inappropriate conduction of this phe-
nomenon can seriously affect the healing
sequence. Matrix metalloproteinase 9 (MMP9)
is actually a cluster of different crystal structures
highly expressed in diabetic foot ulcer healing.
Inhibitors have been identified and their binding
mode was elucidated. In this sense, they could
play a pharmacologic role in the handling of such
complication (Hariono et al. 2018).

Defective Cytokine Production

Elevated interleukin-6 (IL-6) in diabetic foot
ulcers has been demonstrated, and these levels
decrease as the ulcers heal (Korkmaz et al.
2018). In experimental animals, similar lesions
treated with IL-22 heal more rapidly, due to better
vascularization, reepithelialization, granulation
tissue formation, and VEGF release, with less
keratinocyte differentiation. Pharmacologically,
interleukin-22 seems to be superior to PDGF
and VEGF, because of gene induction related
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to reepithelialization, innate host defense mecha-
nism, and tissue remodeling (Zubair and Ahmad
2019).

Abnormal Cellular Activity

At the start of the healing process, neutrophils
appear, followed by monocytes which differenti-
ate into macrophages. Endothelial cells,
fibroblasts and keratinocytes, are analogously
involved in the restoration of damaged tissue
(Patel et al. 2019; Krzyszczyk et al. 2018).
Macrophages and neutrophils are often increased
in diabetic wounds. Macrophages in diabetic
patients have reduced clearance activity; reduced
capability to phagocyte the dead cells. Decreased
T cells, increased B cells, dysregulation of the
proliferation of macrophages, fibroblasts, endo-
thelial cells, and keratinocytes are all reported.
Infiltration of macrophages and neutrophils is
prolonged in diabetes, and macrophages produce
a reduced level of cytokines.

Mesenchimal stem cells are a promise to over-
come such overlapping deficiencies, given their
potential for multilineage differentiation. In-vivo
and in-vitro protocols have availed themselves
not only of direct cell therapy, but also of indirect
intervention with the help of micro RNA
(miRNA) and long noncoding RNA (lncRNA)
(Li et al. 2020).

Neuropathy

Peripheral neuropathy mainly alters the sensory,
motor, and autonomic function. An insensate foot
can lead to injury, including skin irritation and
pressure sores. Alteration of autonomic function
predisposes to a delayed healing process due to
arteriovenous shunting, impaired circulation, and
edema (Theocharidis and Veves 2020). Due to
the lack of protective sensation, many wounds
remain unnoticed and progressively become
worse.

The polyol pathway, along with many others,
has been implied in the pathogenesis of diabetic
neuropathy. In this sense, they could serve as
potential targets for pharmacotherapy (Dewanjee
et al. 2018).

Nitric Oxide Interventions

In diabetes, hyperglycemia can decrease the pro-
duction of nitric oxide by inhibiting endothelial
nitric oxide synthase (NOS) activation, which can
favor the accumulation of reactive oxygen spe-
cies, mainly superoxide. In the presence of metals
ion like ferrous or cuprous ions, reactive oxygen
species are converted to the highly reactive and
damaging hydroxyl radical. In addition, they are
also involved in the oxidization of sulfhydryl
groups in proteins, lipid peroxidation, and the
generation of reactive aldehydes and nitrogen
oxide. These radicals disrupt the endothelium,
which affects vascular function like vasoconstric-
tion response, platelet aggregation, abnormal
growth, and inflammation. Nitric oxide is a potent
vasodilator, and local administration could posi-
tively influence indolent wound healing.

The hypothesis that a deficiency of NOS in
diabetic patients leads to poor vascularization,
peripheral neuropathy, and foot ulcers has been
entertained (Walton et al. 2019). There is evi-
dence that the genotype eNOS distribution is not
different between diabetics with and without foot
ulcers. Incidentally, in the same experience
VEGF gene polymorphism wasn’t different either
(Erdogan et al. 2018). Nevertheless, transdermal
nitric oxide (NO) treatment, in the form of NO
donors, iNOS induction, and other pathways, has
received attention in the recent literature
(Erdogan et al. 2018; Walton et al. 2019).

Vascular Disease

The association of vascular disease and
nonhealing of foot ulcer is well-established.
Such circumstances notwithstanding, indications
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and outcomes of revascularization surgery are
still controversial. One of the largest reviews,
conducted by the International Working Group
of the Diabetic Foot, covered over 13,000
patients. Results concerning part of this investi-
gation point out towards fairly good response
with both open and endovascular operations.
Approximately 60% of all wounds were healed
after 1 year, and amputation rate was about 10%
after the same follow-up period. Revasculariza-
tion interventions are, therefore, recommended
when there is clear evidence of peripheral artery
disease and ulcer; however, the best technique is
still open to debate (Forsythe et al. 2020). The
major mechanisms responsible for the decline in
the wound healing process in case of diabetes are
mentioned in Fig. 55.2.

Preventive Care

Traditional handling of diabetic foot ulcers is
associated with inadequate efficacy, prolonged

morbidity resulting in high direct and indirect
cost, insufficiently documented side effects, and
relapse rate as high as 50%. Hence, prevention of
diabetic foot ulcers is the most important
challenge.

According to the IWGDF guidelines (Bus
et al. 2020b), screening of asymptomatic cases
for peripheral neuropathy and arteriopathy is the
first concern. If low risk is estimated, education
and self-care by the patient should be highlighted,
and pre-ulcerative signs should be treated. Addi-
tionally for those with moderate to high risk,
footwear should be carefully selected, and moni-
toring of foot skin temperature is advised.

Indeed, footwear that relieves plantar pressure
is useful for secondary prevention as well, reduc-
ing recurrence rates. Refractory cases should be
surgically managed, and access to a multidisci-
plinary, integrated center should be a priority,
whenever feasible (Bus et al. 2020b).

Fig. 55.2 Major pathways responsible for decreased wound healing in diabetes [Adopted and reproduced from Patel
et al. 2019]
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Therapeutic Approaches: Standard
Care Versus Cells, Biomaterials,
and Growth Factors

Many innovative local approaches are being
assayed for patients with complex, recurrent, or
refractory lesions, including stem cell therapy,
photobiomodulation, and nanotherapy, in order
to restore function and prevent amputation.
Wound dressings, as well as scaffolds made of
absorbable biomaterials, often impregnated with
growth factors, nitric oxide and other pharmaco-
logic agents, have been designed (Shu et al. 2018;
Zarei et al. 2018; Erdogan et al. 2018; Zubair and
Ahmad 2019;Walton et al. 2019).

Secondary infection is not uncommon, some-
times by resistant bacteria, and antibiotics are an
integral part of the therapeutic arsenal in such
context, within the recommendations of the Infec-
tious Diseases Society of America (Lipsky et al.
2012). Revascularization surgery, as already
mentioned, is indicated for those with
demonstrated vascular impairment. Debridement
and amputation, along with eventual flap rotation
and skin grafting, once comparatively common
among diabetics, should be reserved for carefully
selected acute/chronic cases or for certain acute/
urgent foot ulcers (Monteiro-Soares et al. 2014;
Forsythe et al. 2020).
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Abstract

Efficiency in public health implies cost reduc-
tion and improvements in citizens’ quality of
life. Diabetes negatively affects the quality of
life of the people suffering from this disease. It
is considered one of the main public health
problems worldwide because it has a high prev-
alence and is a direct cause of death, disability,
and high expenditures. Focusing the attention
on some regional experiences in Spain, we ana-
lyze the advantages of the creation of a Diabetes
Day Hospital (DDH) as a way to rationalize
costs and, at the same time, to promote
improvements in the quality of life of people

with diabetes. Within the context of general
healthcare services, technical efficiency was
calculated with reference to the relationship
between the resources used and the expected
savings per patient as a health output. The
strength of this approach is the possibility to
ensure a better coordination of the different
agents involved in the treatment of the disease
and the possibility to reduce costs in the
regional healthcare delivery system.

Keywords

Diabetes · Day Hospital · Efficiency · Public
Health System
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Everyone deserves equal rights and opportunities
and this includes the right to good health.
However, inequities in health remain both in
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developing and developed countries that are most
of the times avoidable and unnecessary and
always unjust.

Public health spending in Spain during 2016
was 71,477 million euros, or 9% of GDP. Public
participation was 71.2%, the remainder being in
charge of private parties (IDIS Report 2019). This
is slightly above the OECD average of 8.9%
(Organization for Economic Cooperation and
development/OECD Health Statistics 2019).
These data are very similar worldwide, around
10% of GDP, according to The Global Health
Expenditure Database (2020).

The main stakeholders in the healthcare sector
are urging the governments to promote new
initiatives to ensure the viability of the national
health system, seriously questioned because of its
high deficit. Since the 1980s, Spain drags an
annual deficit with healthcare around 6000 mil-
lion Euros, which represents up to 11% difference
between the budgeted and the really spent money
(El Economista 2018).

Many national governments worldwide must
assess the efficiency of their health sectors to
ensure that public money is used to best effect.
The technical efficiency approach (Cylus et al.
2017) is based on Farrell’s concept that a hospital
that produces the maximum amount of output
from a given input is technically efficient (Farrell
1957). Hospital efficiency is crucial as they are
primary consumers of health resources.

Day Hospital Concept

One of the bets to improve efficiency in the public
health sector is through the day hospitalization.
Day hospital (DH) is a new healthcare modality,
both in public and private sphere, which has
experienced a great development in recent years,
notably increasing efficiency in the attention to
patients who were previously admitted to conven-
tional hospitals (Ministry of Health and Social
Policy 2009). In Spain, within the network of
public hospitals, there are 16,820 day hospital
places (36.2 places per 100,000 inhabitants), a
resource that is progressively increasing in line

with the increase in ambulatory care (Ministry of
Health, Consumption, and Social Welfare 2017).

Day Hospital (DH) is defined as the assembly
of healthcare procedures which are performed in a
hospital for a few hours, either for diagnosis,
clinical investigation, or treatment that cannot be
performed in a consulting room, yet not requiring
hospitalization (Royal Decree 1277/2003, Minis-
try of Health and Social Policy 2009).

The dissemination and consolidation of the
day hospital, the diversity of organizational,
structural, and functional configurations, as well
as its repercussion in terms of quality and patient
safety, prioritize its inclusion in the actions
included in the quality plan of the national health
system together with the elaboration of quality
and safety criteria (Ministry of Health and Social
Policy 2009).

There are some documents containing
standards and recommendations of quality to set
up DH in Spain (Ministry of Health and Con-
sumer Affairs 2008). They serve to key aspects
of the DH such as the security and rights of the
patient, organization and management, physical
structure, and resources. Other countries like
United Kingdom, United States, or Canada have
similar standards and recommendations .

In Spain, the main applicable guidelines are
Law 14/1986 and Law 16/2003. In addition,
according to the Royal Decree 1277/2003 (Gov-
ernment of Spain 2003), for the authorization of a
DH it would be necessary to make a modification
of the plan of the general hospital, which must be
previously authorized. In connection with them,
two different regulations are observed: (1) on
authorization and registration, which assesses
healthcare centers before they come into opera-
tion, and (2) on accreditation, for evaluation of
operational centers.

Only four regions have legislation and official
programs for accreditation based on voluntary
external assessment. Others have specific accred-
itation programs (organ transplants, assisted
reproduction, hemotherapy treatments, continued
training). So far, there is no specific accreditation
system for DHs.

Four modalities of DH are currently defined:
medical (including oncological), psychiatric,
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geriatric, and surgical (Ministry of Health, Social
Services and Equality 2016, 2017). Recognition
of diabetes day hospital (DDHs) is still expected.

Social Impact of Diabetes

Diabetes is considered one of the main public
health problems worldwide, mainly due to its
high prevalence, the high economic cost to the
public health system, and the number of prema-
ture deaths (Giusti et al. 2020). Diabetes Mellitus
(DM) is a metabolic disorder of multiple etiology
characterized by chronic hyperglycemia with
alterations in the metabolism of carbohydrates,
fats, and proteins, resulting from defects in the
secretion of insulin, in the action of insulin, or
both (American Diabetes Association 2014).
Diabetes requires continuous medical care with
multifactorial risk-reduction strategies beyond
glycemic control. Ongoing patient self-
management education and support are critical
to preventing acute complications and reducing
the risk of long-term complications (American
Diabetes Association 2019).

An improvement in the care of DM would
help to increase the life expectancy of the people
who suffer it, given that it would reduce the
likelihood and frequency of diabetes-related
complications. Derived costs would also dimin-
ish. Numerous investigations tried to identify the
risk factors for diabetes such as lifestyle, envi-
ronment, or genetic traits (Zhang et al. 2020).
The identification of these factors could allow
the development of measures of primary preven-
tion, which could have long-term consequences
for public health policies (Harder et al. 2009) as
they could reduce health spending and increase
efficiency. The importance of an efficient use of
public health resources for regional economic
growth and stability and for the well-being of
patients has been studied in recent years (Zhang
et al. 2015). According to Crespo et al. (2013),
14.8% of all hospital discharges in Spain include
a diagnosis of diabetes, with a cost of 1934
million Euros (33% of the total cost of the
disease).

Diabetes Day Hospital

As alluded to, diabetes is a complex, chronic
illness requiring continuous medical care with
multifactorial risk-reduction strategies beyond
glycemic control (American Diabetes Association
2019). Moreover, the identification of the risk
factors for diabetes could allow the development
of measures of primary prevention, which could
have long-term consequences for public health
policies (Harder et al. 2009) as they could reduce
health spending and increase efficiency. There-
fore, DDHs pave the way for an improvement in
the quality of life of these cases (Zhang et al.
2015).

The DDH is specialized, as it aims to offer
patient care 24 h a day. It requires synchroniza-
tion with primary care units and the other services
in the hospital (Morales 2014). It is normally
located close to the endocrinology outpatient
clinics because it functionally depends on the
endocrinology service. Principal facilities are a
waiting room, a medical consultation office, a
treatment room, a group education room, a
retinography room, a warehouse, and toilets.
Figure 56.1 shows an example of how the DDH
could be distributed:

The DDHs assist to patients: with recent onset
of type 1 diabetes mellitus, with type 2 diabetes
mellitus to schedule the insulin treatment, with
decompensation in diabetes mellitus, woman with
gestational diabetes, to implement and monitor
insulin infusion pumps and continuously moni-
tor glucose, to detect and diagnose chronic
complications of diabetes mellitus, and to offer
therapeutic diabetes education (Government of
Extremadura 2007; Government of Andalusia
2013; Health Parc of Barcelona 2015).

The staff of the DDH is an endocrine physician
and nurses who are also experts in diabetes nutri-
tion and education. Moreover, the Public Sanitary
System also includes psychologists, who can help
to maintain therapeutic adhesion if necessary. The
DDHs operate uninterruptedly at least 12 h a day.
If the patient remains in the DDH during meal
times, the nurses prepare the diets and request the
corresponding food from the hospital kitchen.
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Barroso et al. (2019) calculated the costs of
creating a DDH, considering the total investment
imputed annually (material resources 23.655
euros and remodelling 15.000 euros). The cost
of human resources was about 155.950 euros
and meals (breakfast and lunch) 66.000. The
total estimated cost was 860,520 Euros. The cost
per patient in this case, following Morales (2014)
and encompassing five new consultations as well
as 18 returns per day, was 194,82 euros. The
expected savings were 645,16 euros per patient
per day.

Final Remarks

In this protocol, we point out how the creation of
DDHs contributes to the efficiency of the
Regional Public Health Services, detailing the
structure, functioning, and related costs. A reduc-
tion of costs has been demonstrated through
the work of Barroso et al. (2019), by evaluating
the economical efficiency of the DDH to meet the
needs and expectations of healthcare managers
and policymakers.

In addition, the DDH offers an excellent
opportunity to improve the care of people with
diabetes and thus increasing their quality of life,
by offering a better coordination between all the
parties involved in the monitoring and treatment
of the process of the disease.

We want also to emphasize the role of nurses
as a key element in the care, education, and nutri-
tion of patients. In fact, the DDH will contribute
to the specialization of the nursing staff, creating
a group of qualified professionals.

The efficiency in the specific regional
healthcare could be improved and must be
improved in line with the social responsible cul-
ture of the territory. The effective implementation
of the DDH should contribute to an improvement
in the optimization of resources since unneces-
sary expenses can be avoided and chronic
complications should be effectively treated,
thereby reducing the costs derived from them.

According to the previously mentioned per-
centage of declared diabetes, DDHs seem to be
relevant for social justice purposes. For the near
future, it is realistic to expect that the next
regional public budgets will consider executing
day hospitals. Otherwise, failure to pursue the

Fig. 56.1 Diabetes day hospital distribution
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efficiency of the public health system will jeopar-
dize the sustainability of the regional and national
health system.
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Abstract

Obesity is a chronic, progressive, and multifac-
torial disease. Hypocaloric diet associated with
lifestyle modification and physical exercise
represents the first step of treatment for obesity,
but weight loss and remission of comorbidities

are difficult to maintain in the long term. Bar-
iatric surgery has demonstrated to be the most
effective therapy in the long term for severely
obese patients and for the treatment of type
2 diabetes mellitus (T2D) in obese subjects.
There are different bariatric techniques, with
important differences between them, related to
the weight-loss effect, complication rates, and
postoperative evolution of the different
comorbidities and nutritional sequelae. In this
chapter, we will review the actual evidence
about the mechanism of action of the different
bariatric techniques and their clinical results in
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terms of weight loss and remission of
comorbidities, mostly T2D.
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Obesity · Type 2 diabetes mellitus · Bariatric
surgery · Restrictive procedures ·
Malabsorptive procedures · Sleeve
gastrectomy · Adjustable gastric band · Roux-
en-Y gastric bypass · One Anastomosis gastric
bypass · Biliopancreatic diversion

Introduction

Obesity is a chronic, progressive, and multifacto-
rial disease involving genetic, metabolic, psycho-
logical, and endocrinology-related factors. It is a
risk factor for type 2 diabetes mellitus (T2D),
high blood pressure, dyslipidemia, cardiovascular
and respiratory diseases, psychosocial disorders,
and several types of cancer (Salas-Salvado et al.
2007).

Proper hypocaloric diet associated with life-
style modification and physical exercise
represents the first step of treatment for obesity.
However, several studies have shown that weight
loss and glycemic control are difficult to maintain
in the long term, even with intensive lifestyle
intervention (Look et al. 2013). Bariatric surgery
has demonstrated to be the most effective therapy
in the long term, for severely obese patients
(BMI � 35 kg/m2) with associated metabolic
diseases and for morbidly obese patients

(BMI� 40 kg/m2). In addition, there is increasing
literature that supports the inclusion of bariatric
surgery for the treatment of T2D in obese subjects
(Salas-Salvado et al. 2007).

There are different bariatric techniques, which
are universally considered as procedures that are
efficient regarding obesity-associated
comorbidities and weight loss (Daigle et al.
2018).

Classification of Bariatric Operations

Due to differences in nutritional and metabolic
outcome, an individualized treatment taking into
account the characteristics of each patient is nec-
essary (Magouliotis et al. 2018; Tice et al. 2008;
Colquitt et al. 2014; Rachlin and Galvani 2018).
Globally, bariatric procedures can be divided into
three groups (Colquitt et al. 2014) (Fig. 57.1):

– Restrictive procedures (sleeve gastrectomy,
adjustable gastric banding): Imply a functional
or anatomic reduction of the gastric volume,
and consequently, reduce the amount of food
intake.

– Malabsorptive procedures (biliopancreatic
diversion, duodenal switch, one anastomosis
gastric bypass, single anastomosis duodenum-
ileal bypass): All of them coincide in a major
change in the intestinal anatomy, bypassing a
substantial length of the gut and consequently
limiting the absorption of the nutrients.

Fig. 57.1 Graphic representation of the main techniques in bariatric/metabolic surgery
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– Mixed procedures (Roux-en-Y gastric
bypass—classic and modified modalities):
Imply a rather balanced combination, with
partial reduction of the gastric volume, and
some limitation of the absorption of nutrients
due to intestinal bypass.

Over the last decades, the Roux-en-Y gastric
bypass (RYGB) has been considered the gold
standard, as it is associated with low morbidity
and mortality rates and obtains excellent short-
and mid-term weight loss with remission of
comorbidities. However, long-term follow-up
series have demonstrated a weight regain at
10-years follow-up, with over 30% of the patients
presenting a BMI > 35 kg/m2, and with less than
20% of the subjects nutritionally healthy (Higa
et al. 2011). Although there is extensive literature
that claims beneficial health effects with RYGB,
these procedures are not exempted from long-
term complications related to nutritional
deficiencies. In general, all procedures involving
malabsorption at any degree will have a risk of
micronutrient and macronutrient deficiencies.
Consequently, RYGB patients are at risk as well
of developing nutrient deficiency-related
disorders, such as anemia and certain types of
neuropathies or osteoporosis (Kim et al. 2015;
Rodriguez-Carmona et al. 2014).

The fear of nutritional consequences has led to
the exponential growth of sleeve gastrectomy, a
mostly restrictive procedure, which is currently
the most performed bariatric intervention world-
wide. With this technique, nutritional deficiencies
are less frequent; however, it suffers from
disadvantages, such as the appearance of de
novo acid gastro-esophageal reflux disease and
mid- and long-term weight regain (Felsenreich
et al. 2019).

Some bariatric surgeons look for durability of
the results, even if assuming the risk of nutritional
consequences, thus selecting malabsorptive
procedures. Among them, the one anastomosis
gastric bypass has shown an exponential growth
during the last decade, mainly based on excellent
long-term results, technical ease, and low compli-
cation rate. At this moment, it represents the third

most frequently performed bariatric procedure
worldwide, after sleeve gastrectomy and RYGB
(Ruiz-Tovar et al. 2019).

Metabolic Operations

They are performed on patients with class I obe-
sity (BMI 30–35 kg/m2), presenting associated
metabolic comorbidities, mostly T2D. The Amer-
ican Society for Bariatric and Metabolic Surgery
(ASMBS) has recently published their
recommendations. Patients with class I obesity
and obesity-related comorbidities, with previous
failure of conservative therapies, are candidates.
Surgical treatment is specially indicated in
patients with T2D. Such interventions are as
safe and efficient as on patients with greater
BMI. However, they do not suggest an ideal
procedure for metabolic surgery and defend that
any bariatric procedure can be applied with these
aims (Aminian et al. 2018).

Laparoscopic Adjustable Gastric Band
(LAGB)

This was a technique of choice in the last decades
of the twentieth century, due to low mortality
rates and technical ease of performance. Absence
of organ transection and alteration of the continu-
ity of the intestinal transit are positive elements
that promoted the reversibility of the technique.

LAGB involves placement of an adjustable
silicone band around the upper portion of the
stomach. This band is filled with sterile saline,
which is injected through a special device in the
adjacent abdominal wall. LAGB artificially
creates a small gastric pouch above the band,
and the size of the opening between the upper
stomach and the lower chamber can be adjusted
depending on the amount of injected fluid, in
order to manipulate the restrictive level of
ingested food. Adjustment of the band is
performed in the outpatient clinic (Dixon et al.
2008).

Metabolic benefits are mainly restriction and
satiety, which result in a decrease in calorie
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consumption. Accompanied by dietary control,
LAGB can achieve acceptable rates of adiposity
loss, modulating metabolic signals that improve
the lipid and carbohydrate profile. However,
long-term follow-up studies reveal late
complications such as band erosion, slippage,
gastro-esophageal reflux, esophageal dilatation,
and port infection, along with high variability in
weight loss, partly related to noncompliance with
dietary measures. These were the most influential
factors leading to the sharp decline in the use of
LAGB in Europe, and at most US bariatric
centers (Kindel et al. 2014; Angrisani et al. 2018).

Clinical Results

Excess BMI Loss (EBMIL) ranged from 35.5% to
43.3% at 1 year, with Excess Weight Loss (EWL)
of 16–50% and Total Weight Loss (TWL) of
12–13.7%. Mean BMI reduction at 1 year ranged
from 5 to 8.4 kg/m2 (40.7 0 93.8 kg) (Panagiotou
et al. 2018). Moon et al. (2016) evaluated weight-
loss failure, defined as EWL less than 30%. At the
time of last follow-up, 58.8% of the patients
failed to achieve weight loss and 4.4% gained
weight. According to Loy et al. (2014), EWL
increased up to >40% at 2 years after surgery,
then remained stable between years 2 and 3, and
increased again in years 4 and 5. However, the
number of patients followed 5 years after surgery
declined up to less than 20%, so that these results
are not fully representative.

Complete remission of T2D is one of the low-
est, ranging between 24.4% and 29.4% at 1 year,
but it increases up to 37.5% after 3 years
(Panagiotou et al. 2018; Keogh et al. 2013).
Remission of dyslipidemia was achieved in
around 65–70% of the patients (Lee et al. 2016a).

Laparoscopic Sleeve Gastrectomy
(LSG)

This modality was initially conceived as the first
phase from a Duodenal Switch. However, at the
first International Consensus Summit on this tech-
nique, its validity as a stand-alone technique was

established (Deitel et al. 2008). Since 2014, LSG
is the most performed procedure in the world,
representing more than 50% of all primary bariat-
ric interventions (Angrisani et al. 2018).

The basis of LSG performance includes the
resection of the ~80% of the lateral side (major
curvature) of the stomach in a vertical fashion,
leaving a remaining long, tubular gastric tube
(Hutter et al. 2011). Several metabolic benefits
outside of restriction have been described in LSG,
and various mechanisms of actions have been
reported. The new stomach in sleeve shape
signifies a substantially smaller volume of the
stomach capacity compared to a normal one.
This reduction helps to significantly reduce food
and calories intake.

Another mechanism of action is the drop in
ghrelin levels. Ghrelin is a hormone secreted
mainly in the gastric fundus that is responsible
for appetite stimulation, increases gastric motility
and secretion, increases growth hormone secre-
tion, and reduces fat utilization. If this hormone is
reduced, effects fall drastically, mainly appetite
stimulation (Madsbad et al. 2014). Another effect
of this surgery is the acceleration of the passage of
food into the intestine, which avoids the mechanic
digestive processes that are present in the gastric
camera. Absence of space for creation of chyme
justifies some malabsorptive effects to LSG. If the
nutrients are not properly transformed, they can-
not be totally absorbed.

Resection of gastric tissue also predisposes to
the deficit of certain molecules, such as Intrinsic
Factor. Moreover, accelerated passage of the
nutrients to the gut has been associated with
increase of incretin secretion, bile acid signal
changes, and modifications in microbiota density.
However, these effects do not seem to be perma-
nent, and adaptation to the initial changes can
justify the loss of effectiveness in the long term
(Cavin et al. 2016). In fact, the hormonal effects
of LSG appear to be greater in the first 12–36
postoperative months, and then becomes more
dependent on lifestyle changes. Thus, longer-
term cohorts refer to weight regain, especially in
those patients operated on for more than 5 years,
if they have not been able to modify their eating
habits (Felsenreich et al. 2019).
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The main strengths of LSG are short operation
time, absence of foreign material, elimination of
intestinal anastomosis, and possibility of being
converted into multiple other bariatric
procedures, if necessary in the future. Conversely,
the main disadvantage is irreversible removal of a
substantial portion of the stomach, however with
the long-term possibility of compensatory dilata-
tion. In addition, LSG is associated with gastro-
esophageal reflux, which seems to have increased
the incidence of esophageal metaplasia and
Barrett’s esophagus. In this sense, frequent endo-
scopic follow-up is recommended (Angrisani
et al. 2018).

Clinical Results

Mean EBMIL is around 60% at 1 year (EWL
26%–74.3%, TWL 5.5%–26.5%) (Panagiotou
et al. 2018). Lee et al. (2016b) reported mean
BMI reduction at 1 year of 7.9 kg/m2 (24.4 kg).
According to Moon et al. (2016), 20.5% of the
patients fail to achieve 30% weight loss (weight
failure). Sherman et al. (2016) reported that
weight loss was sustained up to 3 years after
surgery; however, later on weight regain was
observed. Lee et al. detected complete T2D
remission of 30.2%, and resolution of
dyslipidemia in 73.7% of the patients at 1 year
follow-up. Our group has recently published a
prospective randomized clinical trial comparing
SG, RYGB, and OAGB. In our sample of SG
patients, the complete remission rate of T2D at
1 year was 86.9% and at 5 years was 82%, while
the remission of dyslipidemia was 41.4% and
28.6, respectively (Ruiz-Tovar et al. 2019).

Roux-en-Y Gastric Bypass (RYGB)

It is still considered the ‘gold-standard’ bariatric-
metabolic surgery and was also the most fre-
quently performed technique at the end of the
twentieth century. The procedure consists of two
phases: firstly, the performance of a small gastric
pouch of ~30 cm3 by separating the upper stom-
ach, just below the gastro-esophageal junction,

from the remaining stomach. The second phase
includes the division of the small intestine: the
first portion from 60 to 100 cm distal to the
ligament of Treitz which represents the biliary
limb (for the drainage of bile and pancreatic
enzyme secretion) and a second segment
100–150 cm of the previous mark. This distal
end of the divided bowel is brought up (alimen-
tary limb or Roux limb) typically in an ante-colic
manner (on top of the colon) and anastomosed to
the constructed gastric pouch (Nguyen and Varela
2017).

RYGB is considered as a mixed technique,
which works by several mechanisms that are
independent of weight loss. The newly
constructed gastric pouch is considerably smaller
than the normal stomach, which facilitates the
consumption of less food and fewer calories.
Additionally, nutrient malabsorption occurs to
some degree, which leads to less absorption. In
the control of T2D, the exclusion of the duode-
num and proximal jejunum has an undeniable
benefit, as this intestinal portion is responsible
for the rapid absorption of carbohydrates which
determines many of the body’s metabolic
responses. On the other hand, early presence of
undigested nutrients traveling to the distal small
bowel can stimulate secretion of the incretin
hormones, such as glucagon-like peptide
1, which leads to the improvement of different
responses including gastric empting, satiety, and
insulin resistance.

Other mechanisms of action unveiled during
experimental analysis encompass modification of
the entire hepatic cycle of bile acids, shifts in the
composition and function of the microbiota, and
above all, the increase in the intrinsic metabolic
machinery of the intestine (Stefater et al. 2012).

The large number of patients operated with
this technique display a solidity and reproducibil-
ity of the data and outcomes. However, more and
more patients regain weight and relapse into their
comorbidities. Certain degrees of vitamin and
mineral deficiencies due to the malabsorptive
component can occur. Likewise, patients with
hyperinsulinemic hypoglycemia are occasionally
reported, in some circumstances requiring reoper-
ation and recovery of food transit through the
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excluded segments of the intestine (Malik et al.
2016).

Clinical Results

After RYGB, the mean EBMIL ranged from
73.1% to 80.6% at 1 year (EWL 41.4%–82.8%,
TWL 25%–31.8%). The mean BMI reduction at
1 year ranged from 16.5 to 13.4 kg/m2 (40.7–93.8
kg) (Panagiotou et al. 2018; Van Nieuwenhove
et al. 2016). At last follow-up, 14% of the patients
failed to achieve 30% weight loss (Moon et al.
2016). In our clinical trial, BMI was 28.7 kg/m2

and EBMIL 81.2% 1 year after surgery, whereas
5 years postoperatively 29.9 kg/m2 and 77.1%
were registered (Ruiz-Tovar et al. 2019).

The complete remission rate of T2D was
65.9% in the manuscript of Lee et al., while
dyslipidemia remission rate was 100% at 1 year.
Our group obtained complete remission rate of
T2D of 84.3% at 1 year and 73.5% at 5 years,
while for dyslipidemia values were 79.7% and
71% at 1 and 5 years, respectively (Ruiz-Tovar
et al. 2019).

One Anastomosis Gastric Bypass

The concept unifies a group of bariatric-metabolic
techniques characterized by duodenal exclusion
and the rapid transit of the nutrients to the distal
intestine, however without a Roux (alimentary)
limb. The techniques of one anastomosis has
received different names, depending on where
the digestive tract is interrupted and where the
anastomosis is located: minigastric bypass,
omega bypass and SASI (single anastomosis
sleeve ileum bypass) (Mahawar et al. 2019). The
International Federation for the Surgery of Obe-
sity and Metabolic Disorders (IFSO) Scientific
Committee in 2018 recommended that techniques
derived from a single anastomosis procedure
should be called OAGB (De Luca et al. 2018).
However, the important anatomical differences
between the diverse techniques within this group
establish a great variability of the maneuvers to
perform them, as well as generate difficulties to

compare outcomes. Many of these differences are
surgeon-dependent, and until now, none of the
hypotheses proposed to defend one OAGB
modality over another has been totally convinc-
ing. In spite of this, in the last IFSO survey, the
OAGB techniques have increased in popularity,
becoming the third most performed option in the
world (Angrisani et al. 2018).

In Spain, the most widespread OAGB-type
technique is the BAGUA (“bypass gastrico de
una anastomosis”) local style. This technique
does not perform gastric resection during sleeve
preparation (similarly to RYGB). The section for
the gastric tube begins 3 cm before the pylorus,
allowing a long tube of more than 18 cm. Then,
the gastro-ileal anastomosis is located on the lat-
eral side of the gastric tube. The length of the
intestine to be excluded is determined by the
total length of the intestine, maintaining a con-
stant percentage: 55% biliary limb and 45% com-
mon limb (a long biliary limb is analogous to
other malabsorptive procedures, such as
biliopancreatic diversion). The same mechanisms
of action that are attributed to RYGB occur in
OAGB. The main difference is that OAGB
involves large portions of excluded intestine,
which generate significant malabsorption of
nutrients. Therefore, intensive postoperative
nutritional surveillance is mandatory (Carbajo
et al. 2017).

Performing the OAGB techniques implies cer-
tain technical advantages, such as minimizing the
risk of leakage, fistulas, stenosis, or anastomotic
ulcers. With no mesenteric dissection, there is less
risk of internal hernias and intestinal obstruction.
The lower anastomosis decreases the tension
between tissues, and the absence of an alimentary
limb reduces operating times and complications
of the loop foot (Carbajo et al. 2017).

However, the absence of the alimentary limb
triggered the alarm about biliary reflux, which
forced the abandonment of popular techniques,
such as Billroth II subtotal gastrectomy, a long
time ago. Different studies have confirmed the
efficacy and safety of OAGB procedures, without
higher incidence of gastric cancer, so there must
be other elements in these new derivative
techniques that are protective, unlike Billroth II
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gastrectomy. However, frequent endoscopic
follow-up is recommended, as with LSG.

Clinical Results

In the series of Peraglie (2016), EWL at 1, 2, 3, 4,
5 and 6 years after surgery was 52%, 67%, 70%,
68%, 66%, 67%, and 72%, respectively. In our
study, mean BMI was 25 kg/m2 with an EBMIL
of 100.4% at 1 year, 24.8 kg/m2 and 104.3% at
2 years, and 25.1 kg/m2 and 97.9% at 5 years,
respectively (Ruiz-Tovar et al. 2019). Carbajo
et al. (2017) reported a mean BMI of 29.9 kg/m2

with a mean EWL of 70%, 12 years after surgery.
Our group documented complete remission of

T2D of 94.2% at 1 year and 95.7% at 5 years.
Resolution rate of dyslipidemia was 100% at both
timepoints (Ruiz-Tovar et al. 2019). Carbajo et al.
(2017) observed complete remission of T2D of
94% and of dyslipidemia of 96% at 12 years.

The Biliopancreatic Diversion (BPD)

BPD consists of a horizontal distal gastrectomy,
closure of the duodenal stump, and a distal
gastroileostomy creating a common 50 cm long
channel. Some years later, the horizontal gastrec-
tomy was modified by a LSG in an attempt to
reduce some complications of BPD in relation to
the tension produced by raising a short ileum to
the supramesocolic area, especially in patients
with mesentery thickened by fat infiltration. This
new variant is known as Duodenal Switch (DS).
The duodenum is divided just past the pylorus. A
segment of the distal ileum is then divided at
250 cm proximal to the ileo-cecal valve and
brought up and anastomosed to the duodenum in
a Roux-en-Y configuration. Another anastomosis
of the ileo-ileostomy is performed at 100 cm
proximal to the ileo-cecal valve to complete the
operation (Dapri et al. 2011).

In the 2016 IFSO survey, the percentage of
both variants (separately or as BPD-DS) was
less than 2% of the total number of surgeries
performed in the world. The technical complexity
in comparison with other bariatric techniques, the

higher rates of complications and mortality, and
especially, the refusal of patients to perform a
second intervention when the surgery was sched-
uled in 2 times (first LSG and then intestinal time)
made the technique lose followers. However, in
all the surveys and in the different meta-analyses
carried out so far, these procedures continue to
have the best long-term results and are considered
the best options for patients with refractory dia-
betes and in super-obese patients (Angrisani et al.
2018).

In both techniques, there could be a summing
effect of performing a gastric resection (the same
effects as LSG) to which are added the effects of
deriving large portions of intestine that do not
absorb. In addition to malabsorption, it must be
remembered that this intestine is more demanding
from a bioenergetics point of view. In fact, the
main mechanism of action of the BPD has been
recently described, comparing patients who
underwent either BPD or RYGB and were
matched for postoperative weight loss. The BPD
patients resulted in an important reduction of the
rate of appearance of ingested glucose into the
circulation, and the postprandial increases in
plasma glucose and insulin concentrations were
markedly blunted after BPD compared to after
RYGB. Insulin sensitivity, assessed as glucose
disposal rate during insulin infusion, was 45%
greater after BPD than RYGB, whereas ß-cell
function was not different between groups (Harris
et al. 2019).

However, nutritional deficits also increase,
forcing a strict follow-up of these patients
throughout their lives. The difference between
the dimensions of the limbs excluded in the
RYGB and in the BPD-DS has forced surgeons
to reconsider which is the ideal limb length to
exclude and the need to measure the entire
bowel extension in each patient, since the
variability of the total bowel length seems to be
a determining factor when it comes to preventing
complications due to malnutrition or preventing
technical failures due to insufficient weight loss.
Studies in this sense are being carried out in
different parts of the world, coming to the conclu-
sion that, more than specific lengths of intestine,
percentages should be considered, bearing in
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mind that the common limb is the determining
factor in the degree of aggressiveness of the
derivative techniques (Murad et al. 2018).

Clinical Results

Michaud et al. (2016) described that EWL
increased between surgery and the second post-
operative year and then remained stable until
5 years. Over a mean follow-up of 7.1 years, the
mean EWL was 72.2%. In addition, 82.9% of
patients lost more than 50% of their initial excess
weight (successful weight loss), and only 0.9%
lost less than 25% percent of their initial excess
weight. Baltasar et al. (2017), in a series of 1475
patients with 15-year follow-up, reported a mean
EBMIL of 96% at 15 years. Bolckmans and
Himpens described a TWL of 40.7% 10 years
after surgery, confirming that this technique is
the one obtaining greatest weight loss and
maintained during long-term follow-up
(Bolckmans and Himpens 2016).

Referring to remission of comorbidities,
Bolckmans and Himpens reported a complete
remission of T2D of 87.5% at 10 years after
surgery. Dyslipidemia remission rates were
93.3% for total cholesterol, 89.7% for
triglycerides, and 95% for low-density lipopro-
tein cholesterol (Bolckmans and Himpens
2016).

Comparative outcomes between the different
bariatric techniques 1 year after surgery are
summarized in Table 57.1.

Conclusion

There are diverse surgical bariatric techniques
that can be offered to a patient. Given that there
is no universally accepted gold-standard, the elec-
tion of the technique must be based on the indi-
vidual features of the patient, the experience of
the surgeon, and the decision of the patient once
he has received all the information about
advantages and drawbacks of each technique.

Restrictive procedures are technically more
simple and associated with lower complications
rates and few nutritional deficiencies, but they
obtained lower weight loss and remission of
comorbidities and there is a risk of long-term
weight regain. RYGB is a mixed procedure with
restrictive and malabsorptive components. It
obtains better weight loss outcomes and remis-
sion of comorbidities than pure restrictive
techniques, but it is also associated with long-
term weight regain. Malabsorptive approaches
are the most effective techniques to achieve sig-
nificant and maintained weight loss and resolu-
tion of comorbidities, but are associated with
severe nutritional deficiencies.

Table 57.1 Comparative outcomes between the different bariatric techniques 1 year after surgery

Weight loss Remission of T2D Remission of DL

AGB EBMIL 35.5–43.3%
EWL 16–50%
TWL 12–13.7%
Failure 58.8%

24.4–29.4% 65–70%

SG EBMIL 60–64.6%
EWL 26–74.3%
TWL 5.5–26.5%
Failure 20.5%

30.2–86.9% 41.4–73.7%

RYGB EBMIL 73.1–80.6%
EWL 41.4–82.8%
TWL 25–31.8%
Failure 14%

65.9–84.3% 73.5–100%

OAGB EBMIL 52–100.4% 94.2% 100%
BPD-DS EWL 72.2% 87.5% 93.3%
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Abstract

Bariatric surgery is the most effective treat-
ment for obesity, producing massive and dura-
ble weight loss. One anastomosis gastric
bypass (OAGB) is a restrictive and
malabsorptive procedure that is rapidly
gaining in popularity; it is simpler technically
than other common procedures and has a low
rate of complications. OAGB has similar, if
not better, weight loss results than Roux-en-
Y gastric bypass and biliopancreatic diversion,
likely because of the exclusion of a longer
biliopancreatic limb. In addition to weight
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loss, OAGB has been shown to improve many
of the commonest metabolic abnormalities
associated with obesity such as insulin resis-
tance. Recent studies using traditional analyti-
cal techniques, however also more advanced
metabolomics techniques, provide important
insights into the potential mechanisms for the
physiological effects of OAGB, including
improved lipid profile (normalization of
triacylglycerol and cholesterol levels), reduced
concentrations of total free fatty acids however
increased branched-chain fatty acids,
decreased branched-chain amino acid levels,
and increased circulating bile acids. All these
changes likely contribute to improved glucose
homeostasis and cardiometabolic health.

Keywords

Omega-loop gastric bypass · Mini gastric
bypass · Fatty acid profile · Branched chain
fatty acids · Branched chain amino acids · Bile
acids

Introduction

Obesity has evolved into a global epidemic
according to the World Health Organization
(WHO), which reports that the worldwide preva-
lence of obesity nearly tripled between 1975 and
2016 (WHO 2018). Globally, a total of 1.9 billion
adults were estimated to be overweight (609 mil-
lion of whom were obese) in 2015, representing
approximately 39% of the world’s population
(Chooi et al. 2019). Obesity is quite an expensive
disease from both a “health currency” and a real
currency perspective, for the patients themselves
and the society as a whole. At the individual level,
patients with obesity have increased risk to suffer
from major health problems including hyperten-
sion, osteoarthritis, dyslipidemia, type 2 diabetes,
coronary heart disease, stroke, gallbladder dis-
ease, sleep apnea, and respiratory problems, as
well as some cancers (endometrial, breast, and
colon) (Bhoyrul and Lashock 2018).

As a result, obesity increases mortality from
many causes, and in fact, it is one of the most

important reasons for reduced life expectancy in
the modern world (Prospective Studies
Collaboration et al. 2009). It is well-known that
obesity results in suboptimal health and prema-
ture death (Tremmel et al. 2017). Obesity does
not only impair the physical and mental health of
people, but has many economic consequences as
well. Obesity-related comorbidities require high
medical costs for patient management and treat-
ment, thereby directly increasing healthcare
expenditures. On the other hand, obesity indi-
rectly undermines economic wealth of the soci-
ety, as it reduces effective labor power and
timespan. Policy makers in health services and
health professionals in medicine and other related
fields, therefore, have important roles when it
comes to the prevention and treatment of this
contemporary epidemic (Çakmur 2016).

Metabolic Abnormalities Associated
with Obesity

Dyslipidemia with increased triacylglycerol
(TAG) and low-density lipoprotein (LDL) choles-
terol concentrations, along with decreased
high-density lipoprotein (HDL) cholesterol
concentrations, dysregulation of glucose homeo-
stasis with fasting and postprandial hyperglyce-
mia and hyperinsulinemia, multi-organ insulin
resistance, and liver steatosis, are the hallmark
features of obesity-related metabolic dysfunction
(Klein et al. 2002; Conte et al. 2012; Fabbrini
and Magkos 2015). Currently, several other
alterations in lipid and lipoprotein metabolism
have been identified in obese individuals
(Magkos et al. 2008). Quantitative and qualitative
changes in lipid profile may be the result, how-
ever also the cause, of metabolic disorders or a
side effect from various therapeutic activities
(Bray 2004).

We have recently described the alterations of
specific lipid classes in the serum of obese
individuals (Mika and Sledzinski 2017). Obesity
is associated with increased free fatty acid (FFA)
concentrations and fatty acid release rates into the
bloodstream (Mittendorfer et al. 2009) that may
lead to insulin resistance, and eventually, type
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2 diabetes (Carswell et al. 2016). A handful
of studies have demonstrated obesity-related
alterations in serum fatty acid profiles; however,
also in adipose tissue fatty acid composition.
Typically, increased content of monounsaturated
fatty acids (MUFA) and decreased content of
polyunsaturated fatty acids (PUFA) are reported
(Rössner et al. 1989; Okada et al. 2005; Pakiet
et al. 2020). Moreover, morbidly obese patients
have a greater n-3/n-6 PUFA ratio that is
highly correlated with systemic inflammation,
e.g., increased circulating concentrations of
C-reactive protein (CRP), which is very common
in obesity (Kaska et al. 2014).

The analysis of complex groups of lipids
revealed various alterations in the serum of
obese subjects including changes in fatty acid
composition of phospholipids and sphingolipids,
increased levels of circulating ceramides, sphin-
gosine-1-phosphate and, of course, TAG (Mika
and Sledzinski 2017). However, it should be
noted that some studies provided contradictory
results, which may be the result of different
populations studied or analytical techniques
used. Another lipid class which may be of partic-
ular interest regarding obesity-related metabolic
dysfunction are the bile acids (Kaska et al. 2016).
Some data indicate that increased body weight
is associated with decreased serum bile acid
concentrations (Jahnel et al. 2015). There are
also some metabolomic studies showing obesity-
related alterations in serum amino acids
concentrations (Pennetti et al. 1982; Zhou et al.
2013; Moran-Ramos et al. 2017). Interestingly,
decreased concentrations of branched-chain fatty
acids in obese subjects may be related to
increased levels of branched-chain amino acids,
since these amino acids may be converted into
branched-chain fatty acids in adipose tissue
(Pakiet et al. 2020).

Obesity Treatment and the Role
of Bariatric Surgery

The cornerstone of obesity treatment consists of
changes in lifestyle including adoption of an
energy-prudent diet and increased physical

activity, in order to promote a negative energy
balance and induce weight loss (Klein et al. 2002;
Bray et al. 2018). Despite the short-term success
of many available diet and exercise regimens,
their long-term efficacy remains limited due to
the eventual weight regain and gradual return to
baseline weight in most patients (Franz et al.
2007). Bariatric surgery is the most effective
treatment for obesity, readily reducing weight
and—despite some regain inevitably occur-
ring—keeping much of it off for a prolonged
period of time, often exceeding 10–20 years
after surgery (Pories et al. 1995; Sjöström et al.
2012). Due to the global epidemic of obesity and
the apparent long-term efficacy of bariatric sur-
gery, demand for surgical treatment has increased
significantly during the last decade (The
MarketWatch News Department 2019).

There are many different surgical procedures,
the commonest ones being Roux-en-Y gastric
bypass (RYGB), adjustable gastric banding,
sleeve gastrectomy (SG), and biliopancreatic
diversion (Bradley et al. 2012), which differ in
rates of weight loss and other outcomes. Overall,
bariatric surgery appears to be a reasonably safe
and cost-effective intervention for individuals
with moderate to severe obesity compared with
nonsurgical interventions (Gloy et al. 2013). Sur-
gical treatments produce durable excess weight
loss (EWL), reduce or at least improve
comorbidities and significantly improve quality
of life (QoL), and increase lifespan (Picot et al.
2009). In fact, bariatric surgery is considered a
powerful “disease modifier” and not merely a
strategy for weight loss, for example, given its
widespread beneficial effects on metabolic
homeostasis.

Many of the metabolic comorbidities of obe-
sity and particularly type 2 diabetes improve after
bariatric surgery, sometimes even before major
weight loss occurs. However, why this happens
remains unclear, and exploring the metabolic
signatures after bariatric surgery is an area of
active investigation in the attempt to better under-
stand the mechanisms for the improvement in
metabolic function after the surgical treatment of
obesity (Palau-Rodriguez et al. 2018).
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One Anastomosis Gastric Bypass

Surgical Technique, Weight Loss,
and Complications

One anastomosis gastric bypass (OAGB) is a
relatively new malabsorptive procedure that,
according to IFSO Global Surgery Report, is the
third commonest bariatric technique (Angrisani
et al. 2017; Welbourn et al. 2019). OAGB was
innovated by Robert Rutledge in 1997 as a modi-
fication of the Mason’s loop gastric bypass
(Rutledge 2001). Several other terms have been
used in the past to describe the OAGB procedure
such as omega-loop gastric bypass or mini gastric
bypass. OAGB is a restrictive and malabsorptive
surgical procedure with excellent weight loss
results compared to biliopancreatic diversion
(BPD) and even better results than RYGB.
Improved weight loss efficacy is likely due to
the exclusion of a longer biliopancreatic limb
(Solouki et al. 2018).

Besides similar or better weight loss outcomes,
OAGB is considered a simpler technique with
shorter learning curve and operative time, similar
rates of remission of comorbidities, and lower
percentage of complications (Taha et al. 2017).
This procedure involves the formation of a long
narrow gastric pouch with a single gastrojejunal
anastomosis (omega-loop). From the technical
point-of-view, it is basically an omega-loop anas-
tomosis between a long and vertical lesser
curvature-based gastric pouch and the jejunum,
at 150–200 cm from the ligament of Treitz.

During the initial stages of its clinical imple-
mentation, OAGB fell into disrepute due to high
probability of bile reflux, leading to Barrett’s
esophagus and serious nutritional deficiencies
(Fisher et al. 2001; Motamedi et al. 2017). Later
studies have reported some advantages of OAGB
over other bariatric procedures, such as one less
anastomosis, shorter operative time and hospital
stay, lower risk of anastomotic leakage, and easy
reversibility. Despite severe criticisms, OAGB
compares favorably among other bariatric
procedures regarding effects on weight loss and
obesity-related comorbidities (Chevallier et al.

2015) and should be considered for obese or
super obese individuals who can be highly com-
pliant to the postoperative nutritional
supplementation.

A long-term observational study of 1054 mor-
bidly obese patients undergoing OAGB reported
mean excess weight loss (EWL) of 85% at the
6-year follow-up (Kular et al. 2014). In a total of
12,807 patients who underwent OAGB and were
followed from 6 months to 12 years, mean EWL
ranged from 60% to 78% (Parmar and Mahawar
2018). Alongside weight loss and minimal weight
regain, OAGB leads to remission of type 2 diabe-
tes in about 84% to 93% of patients, which is
similar to other surgical procedures such as
RYGB (remission of type 2 diabetes in 80–90%
of patients) and somewhat better than SG (Kular
et al. 2014; Parmar and Mahawar 2018). In paral-
lel, OAGB results in significant improvements in
the blood lipid profile and lowers risk of cardio-
vascular complications (Carbajo et al. 2017).

Surgical Complications

A comparative study of 1107 patients undergoing
three different bariatric operations (339 had SG,
473 had OAGB, and 295 had RYGB) reported
respective mortality rates of 2.1%, 0%, and 0.3%
and respective leak rates of 1.5%, 0%, and 0.3%
(Jammu and Sharma 2016). Among the OAGB
group of patients, bile reflux was observed in
fewer than 1% and no weight regain was
observed (Bhandari et al. 2019). These results
indicate that OAGB is an effective and safe sur-
gical procedure and compared favorably to SG
and RYGB. Among 1054 morbidly obese
patients who underwent OAGB, 49 of them
(4.6%) suffered early minor complications and
only two exhibited major ones—anastomotic
leak (0.2%) (Kular et al. 2014). For late
complications, marginal ulceration was observed
in 5 patients (0.6%) and anemia—the most fre-
quent late complication—in 68 patients (7.6%)
(Jammu and Sharma 2016). Likewise, an early
(up to 30 days) mortality rate of 0.1%, leak rate
of 1.0%, marginal ulcer rate of 2.7% (0–10%),
and malnutrition rate of 0.7% were reported in a
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large series of OAGB patients (Parmar and
Mahawar 2018).

The rate of nutritional deficiencies and
complications depends on the length of the
biliopancreatic limb. The operating procedure
should be individualized based on the patient’s
ability to follow nutritional supplementation
recommendations and attend long-term
follow-up visits. Nevertheless, compliance is
often challenging, and there are some instances
when revision surgery is required, oftentimes
involving conversion from OAGB to RYGB.
Overall, both types of gastric bypass, OAGB
and RYGB, are associated with low and compa-
rable rates of postoperative complications.
OAGB is associated with a lower incidence of
leaks due to the longer and wider gastric tube,
leading to low intramural pressure and reflux
(Mahawar et al. 2018).

Standardized Interventions

Recent surgical guidelines have been published
(Parmar and Mahawar 2018). A standard of ana-
tomic configurations of surgical procedures was
established in 2018 at the Bariatric Metabolic
Surgery Standardization (BMSS) World Consen-
sus Meeting. The BMSS process was undertaken
as a first step in developing evidence-based stan-
dard bariatric metabolic operations, with the main
aim of improving consistency in surgical
techniques, data collection, comparison of
procedures, and outcome reporting. Based on
BMSS standards, the OAGB configuration
should consist of a gastric pouch 12–19 cm long
and 2.5–3.0 cm wide, with a volume of 50–75 ml,
whereas the length of biliopancreatic limb should
be based on the patient’s body mass index (BMI):
200 cm for individuals with BMI >50 kg/m2 and
150 cm for those with BMI <50 kg/m2. A meta-
analysis published in 2019 including 16 studies
that comparatively evaluated RYGB and OAGB
concluded that OAGB is associated with shorter
operative time, better resolution of diabetes, and
greater EWL at 1, 2, and 5 years, with similar
perioperative and postoperative effectiveness,
feasibility, and safety (Magouliotis et al. 2019).

Metabolic Effects

There is relatively little research on the metabolic
effects of OAGB, whether using traditional or
more advanced analytical chemistry
methodologies.

Fasting Lipid Profile and Postprandial
Lipemia

It is well-documented that all types of bariatric
surgery lead to improvements in the fasting lipid
profile, including a reduction in serum TAG and
total and LDL cholesterol concentrations, and an
increase in HDL cholesterol concentration. Stud-
ies evaluating the effects of OAGB on the stan-
dard lipid profile parameters confirm these
beneficial changes (Carbajo et al. 2017; Nabil
et al. 2019). Milone et al. (2015) compared SG
and OAGB and found similar effects on serum
lipid concentrations 1 year after surgery, and sim-
ilar probability of normalization of the blood lipid
profile. In our recent study, we also observed
improvements in total and LDL cholesterol and
TAG concentrations; however, we did not find
any significant changes in HDL cholesterol levels
6–9 months after OAGB (Pakiet et al. 2020).

Plasma Fatty Acid Profile

Fatty acids comprise a largely heterogeneous
group of molecules, varying in carbon chain
length, the number and position of double
bonds, and functional group(s), thereby making
them particularly susceptible to the effects of
various metabolic factors (Repetto et al. 2012).
Not only elevated concentrations of FFA in
plasma, but also alterations of fatty acid composi-
tion can occur in obesity and can increase risk for
metabolic and cardiovascular diseases. Fatty acid
composition in serum is the result of endogenous
synthesis occurring in the body, dietary intake,
and release of FFA from adipose tissue. The fatty
acid profile of fasting blood reflects the composi-
tion of fat stored in adipose tissue, which in turn
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reflects long-term dietary fatty acid intake
(Hodson et al. 2008). A diet rich in carbohydrate
induces de novo synthesis of fatty acids in the
liver (i.e., lipogenesis) and contributes to the

formation and accumulation of TAG in plasma
and adipose tissue and probably also to the
subsequent expansion of adipose tissue when
energy balance is positive (Mika and Sledzinski

Table 58.1 Short-term and long-term effects of one anastomosis gastric bypass (OAGB) on the serum fatty acid
composition of obese patients; the corresponding effects of the presurgical low-calorie diet are also depicted for
comparison (Mika et al. 2020; Pakiet et al. 2020)

Before low-calorie
diet vs. baseline

2 weeks after
surgery vs. baseline

6–9 months after
surgery vs. baseline

Myristic acid (14:0) # # "
Palmitic acid (16:0) $ " $
Stearic acid (18:0) # # "
Arachidic acid (20:0) # $ $
Behenic acid (22:0) # # #
Total even chain fatty acids $ $ $
Pentadecanoic acid (15:0) $ $ "
Heptadecanoic acid (17:0) $ # $
Total odd-chain fatty acids $ # $
12-methyl-14:0 $ $ "
14-methyl-16:0 $ # "
Anteiso-branched-chain
fatty acids

$ # "

13-methyl-14:0 # $ "
14-methyl-15:0 $ # "
15-methyl-16:0 $ $ "
Iso-branched-chain fatty
acids

$ $ "

Total branched-chain fatty
acids

$ $ "

Total saturated fatty acids $ $ $
Myristoleic acid (14:1) $ $ "
Palmitoleic acid (16:1) $ $ $
Oleic acid (18:1) " $ $
Eicosenoic acid (20:1) $ # #
Erucic acid (22:1) $ $ $
Total monounsaturated fatty
acids

" $ $

α-linolenic acid (ALA) # # $
Eicosapentaenoic acid
(EPA)

$ # $

Docosahexaenoic acid
(DHA)

" $ #

Total polyunsaturated fatty
acids n-3

$ $ #

Linoleic acid (LA) $ # $
Arachidonic acid (ARA) $ " #
Total polyunsaturated fatty
acids n-6

$ $ $

n-3/n-6 PUFA ratio $ $ $
“Baseline” refers to a sample collected on the day of surgery. Symbols: " increase, # decrease, $ no significant change
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2017). Despite the significance of fatty acid pro-
file for the metabolic manifestations of obesity,
only a handful of studies have been conducted to
evaluate the effects of OAGB surgery. In a studies
conducted in our laboratory (Pakiet et al. 2020)
(Mika et al. 2020), we evaluated the short-term
(after 2 weeks) and long-term (after 6–9 months)
effects of OAGB surgery on fatty acid profile;
Table 58.1 summarizes these findings, together
with the effects of low-calorie diet that patients
follow for 2–3 months before surgery.

Determination of the fatty acid profile in the
serum of obese patients after OAGB revealed
many statistically significant and potentially clin-
ically relevant changes. Studies conducted
2 weeks after OAGB showed decreased levels
of α-linolenic acid (ALA), eicosapentaenoic acid
(EPA) from n-3 PUFA and linoleic acid
(LA) from n-6 PUFA groups, total odd-chain
fatty acids (OCFA), as well as stearic acid and
some other acids present in smaller amounts in
blood. By contrast, palmitic acid and arachidonic
acid (ARA) were increased (Mika et al.2020). It
should be noted that the fatty acid classes that are
predominantly depleted from serum after OAGB
surgery are essential PUFA (consumed from the
diet) and OCFA (that originate from diet, i.e.,
dairy products) (Mika et al. 2016).

This suggests that the short-term effects of
OAGB on serum fatty acid profile reflect the
acute reduction in food intake. A decrease in
PUFA levels has also been observed in the short
term after SG, which may be the result of reduced
dietary intake or malabsorption of fat (Lin et al.
2016). Reduced levels of some PUFA were also
observed in the long-term, 6–9 months after
OAGB (Table 58.1). The lowering of ARA after
OAGB can be considered beneficial, given the
pro-inflammatory properties of ARA derivatives
(i.e., eicosanoids) and the link between inflamma-
tion and obesity (Shearer and Walker 2018).
Accordingly, OAGB decreases serum CRP levels
(Chiappetta et al. 2018; Pakiet et al. 2020), but
not the n-3/n-6 ratio, which is also associated with
systemic inflammation (Kaska et al. 2014).
Decreases in ALA, LA, and EPA concentrations

have also been observed 6 months after RYGB
(Forbes et al. 2016), although some authors
reported elevated levels of PUFA 12 months
after RYGB (Walle et al. 2017). Regardless of
the type of surgery and the time after surgery,
changes in the fatty acid profile are quite variable
depending on the characteristics of the patient as
well as the postsurgical treatment and diet.

Increased levels of some fatty acids after
OAGB may be the result of reverse transport of
fatty acids from different body fat depots during
weight loss (Lin et al. 2016). For instance, OAGB
increases branched-chain fatty acids (BCFA) 6–-
9 months after surgery (Table 58.1) (Pakiet et al.
2020), which may have health-promoting
properties. BCFAs increase the fluidity of cell
membranes, similarly to unsaturated fatty acids,
but are less susceptible to oxidation (Vlaeminck
et al. 2006). They are also endowed with anti-
bacterial, anti-inflammatory, and anti-cancer
properties (Mika et al. 2016). Su et al. (2015)
also demonstrated an increase in adipose tissue
BCFA levels 1 year after RYGB surgery and an
inverse association between adipose tissue BCFA
levels and obesity-related insulin resistance.

Excessive Free Fatty Acids

Esterification of fatty acids on a glycerol back-
bone and conversion to TAG for storage in adi-
pose tissue depots is thought to be a protective
metabolic response to excessive dietary calorie
and/or fat intake. TAG are chemically inert
molecules, whereas fatty acids are highly reactive
and can cause oxidative stress and lipotoxicity.
Excessive fat intake ultimately leads to excessive
FFA release from increased adipose tissue lipoly-
sis (Redinger 2007) and increased availability of
FFA in the systemic circulation, which is known
to cause insulin resistance (Boden 1997). Unpub-
lished data from our laboratory demonstrate that
OAGB significantly reduces FFA concentrations
in serum by about 50% (Fig. 58.1). This effect
may contribute to the increase in insulin sensitiv-
ity observed after OAGB (Kaska et al. 2015).
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Interestingly, studies in animal models have
shown that, among several bariatric surgical
procedures applied to diet-induced obese Long-
Evans rats—including OAGB, RYGB, SG, and
single-anastomosis duodenal switch—the
greatest decrease in circulating FFA was recorded
at 15 weeks after OAGB (Arble et al. 2018).

Plasma Amino Acid Profile

Nonessential amino acids are synthesized de novo
in the human body and their abundance does not
depend on dietary intake. Essential amino acids,
on the other hand, cannot be synthesized de novo
and need to be obtained from the diet. However,

Fig. 58.2 Results of principal component analysis (PCA)
based on the common amino acid profile: score plot of
cases (left) and variables (right) for the second and third
principal complement. Variables marked with
(*) displayed statistically significant differences in their

average concentrations between lean subjects (the control
group) and OAGB patients before surgery, while variables
marked with (#) displayed significant differences in
patients before and after OAGB surgery (Halinski et al.
2020).

Fig. 58.1 Fasting plasma
FFA concentrations before
and 3 months after OAGB
surgery (unpublished data).
#p < 0.01 compared to
before surgery
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under conditions of stress or in catabolic states,
some nonessential amino acids become essen-
tial—these are the “conditionally essential”
amino acids (Morris et al. 2017). We have
recently observed that OAGB surgery modified
the serum concentrations of amino acids and
normalized plasma amino acid profile in obese

patients relative to lean controls (Fig. 58.2)
(Halinski et al. 2020).

Essential amino acid concentrations decreased
after OAGB (Table 58.2), which suggests that
patients after this type of bariatric surgery should
increase protein intake from food, at least in terms
of quality if not quantity. Furthermore, we found

Table 58.2 Long-term effect of one anastomosis gastric bypass (OAGB) on plasma amino acid composition (Halinski
et al. 2020)

Amino acid
6–9 months after surgery vs. lean
controls

6–9 months after
surgery vs. baseline

Alanine $ $
Arginine $ $
Asparagine # #
Aspartic acid $ #
Glutamate # #
Glutamine $ #
Glycine $ "
Histidine # $
Isoleucine $ #
Leucine # #
Lysine # #
Methionine # $
Phenylalanine # $
Proline $ "
Serine $ $
Threonine # #
Tryptophan # "
Tyrosine # $
Valine # #
Betaine $ $
Carnosine $ $
Citrulline $ $
Creatinine # #
Ornithine # $
Taurine # $
DL-3-aminobutyric acid (BABA) $ #
γ-aminobutyric acid (GABA) # #
L-2-aminobutyric acid (AABA) # #
β-alanine $ $
Asymmetric dimethylarginine
(ADMA)

$ #

Mono-L-methylarginine (NMMA) # $
Symmetric dimethylarginine
(SDMA)

# $

Branched-chain amino acids # #
Essential amino acids # #
Aromatic amino acids # $
“Baseline” refers to a sample collected on the day of surgery. Symbols: " increase, # decrease, $ no significant change
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decreased concentrations of branched-chain
amino acids (BCAA) 6–9 months after OAGB,
which may also contribute to a reduction in risk
for developing type 2 diabetes. Reduction in
BCAA levels was also observed after RYGB
and SG, with patterns of change being similar to
those after OAGB (Wijayatunga et al. 2018;
Palau-Rodriguez et al. 2018).

Bile Acids

Resolution of insulin resistance and hyperglyce-
mia, and remission of type 2 diabetes, can be
observed even before the reduction of body
weight, just within hours or days after the surgical
intervention (Buchwald et al. 2009; Thaler and
Cummings 2009; Arble et al. 2018). The exact
mechanisms underlying the beneficial effects of
bariatric surgery on glucose metabolism are not
fully understood; however, some evidence
suggests an important role for serum bile acids
(Sinclair et al. 2018). Bile acids are a heteroge-
neous group of cholesterol derivatives with dif-
ferent biological functions and chemical
properties. An increase in serum bile acid
concentrations after bariatric surgery may be

beneficial, as it has been associated with
improvements in glucose metabolism (Kaska
et al. 2016). Weight loss caused by calorie restric-
tion also affects bile acid and glucose homeostasis
(Jansen et al. 2011; Simonen et al. 2012).

Some studies indicated that RYGB may
increase the concentrations of primary, second-
ary, and conjugated bile acids (Scholtz et al.
2014), whereas SG was reported to exert smaller
effects or have no effect at all (Steinert et al.
2013). A recent study by our group
demonstrated a greater improvement in insulin
sensitivity after OAGB compared to RYGB
(Kaska et al. 2015). What is more, OAGB
provided better glycemic control than RYGB
and SG (Lee et al. 2014; Deitel 2018; Mika
et al. 2018). A comparative study of the short-
term and long-term effects of OAGB, RYGB,
and SG on circulating bile acids has
demonstrated that differences in bile acid
concentrations are greatest 3 months post-
surgery; both RYGB and OAGB increased bile
acid concentrations, but the increase after
OAGB was almost twice as great as after
RYGB, whereas SG had no effect (Fig. 58.3)
(Mika et al. 2018).

Fig. 58.3 Short-term and
long-term effects of sleeve
gastrectomy (SG), Roux en
Y gastric bypass (RYGB),
and one anastomosis gastric
bypass (OAGB) on fasting
serum concentration of total
bile acids. *p < 0.05
compared to before
surgery (Mika et al. 2018).
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Conclusions

We and others published studies on the metabolic
effects of OAGB using more advanced
metabolomics techniques, which provide impor-
tant insights into the potential mechanisms for the
physiological changes occurring after bariatric
surgery. Serum fatty acid profile analysis revealed
a decrease of essential PUFA that may be consid-
ered an adverse effect of OAGB. However,
improved traditional lipid profile parameters (nor-
malization of TAG and cholesterol levels),
reduced circulating FFA as well as increased
BCFA and bile acids, and decreased BCAA are
all beneficial changes, which likely contribute to
better cardiometabolic health. Results from a
number of recent studies help increase our under-
standing of the cellular and molecular
mechanisms underlying the beneficial effects of
OAGB surgery; however, there are several unre-
solved issues. Future studies along these lines will
with no doubt help improve the surgical treatment
of obesity.

Funding Writing of this paper was partly supported by
the Medical University of Gdansk (grant nos. ST40, and
ST89) and the National Science Centre of Poland (grant
no. NCN 2016/21/D/NZ5/00219).
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Abstract

Obesity is a global problem and surgery
remains the most effective tool to treat this
chronic disease. Minimally invasive surgery
is the standard of care for performing
operations for metabolic control and weight
loss. The robotic digital platform overcomes
the limitations of traditional laparoscopy
which are amplified in the morbidly obese
population with improved visualization, preci-
sion, and surgeon ergonomics. Current robotic
systems utilize a master-slave relationship
where the surgeon is operating at a distance
from the patient, known as telepresence. The
da Vinci® robot from Intuitive Incorporated
currently has the monopoly for robotic bariat-
ric procedures performed worldwide, though
this status is being challenged by emerging
robotic platforms and manufacturers. New
technology is costly and has its own distinctive
learning curve. Despite the inherent benefits of
the robotic platform, there is no conclusive
evidence to suggest its superiority over con-
ventional laparoscopy. Eagerly awaited is a
cost reduction in robotic-assisted surgery
driven by competition and the advent of artifi-
cial intelligence to provide safer surgery.

Keywords

Bariatric surgery · Obesity · Robotic surgery ·
Minimally invasive surgery · Learning curve ·
Training · Cost analysis · Technology · Safety

Introduction

Obesity is considered the most prevalent nonin-
fectious epidemic of our generation. Currently,
more than two thirds of the adult population are
considered overweight or obese (Organisation
WH 2018). Obesity is often a chronic,

progressive disorder leading to poor health,
unwarranted stigma, and increased mortality
(Kleinert and Horton 2019). Surgery is the
most effective tool for the long-term manage-
ment of obesity and the reduction of obesity-
related health conditions (Colquitt et al. 2014).
Bariatric surgical procedures are almost
entirely performed using a minimally invasive
approach, with 99.1% of procedures performed
laparoscopically according to current registry
data (IFSO 2019a).

Operative technical difficulties for bariatric
surgeons include dealing with thick abdominal
walls, limited intra-abdominal space, enlarged
fatty livers, and increased visceral adiposity. A
robotic digital platform as an extension of the
minimally invasive surgeon’s armamentarium
would seem to be ideally suited for this patient
group (Wilson and Sudan 2013). The United
States Food and Drug Administration (FDA)
approved the da Vinci® Surgical System (Intui-
tive Surgical Inc., Sunnyvale California) for use
in general laparoscopic surgery in 2000. This
robotic platform and company retain the monop-
oly status on robotic bariatric procedures
performed worldwide.

Technically, robotic surgery differs from stan-
dard laparoscopic surgery in that the console sur-
geon remotely controls camera and up to three
instruments. Surgeon ergonomics are improved
which results in less fatigue (Lee et al. 2014).
Three-Dimensional (3D) vision is retained and
the instruments are wristed with seven degrees
of freedom (Fig. 59.1), allowing improved dex-
terity for surgical tasks such as intracorporeal
suturing (Hernandez et al. 2004; Yohannes et al.
2002). There is, however, a loss of tactile feed-
back which is in part compensated by visual clues
(Hagen et al. 2008).

While the clinical advantages of the robot are
still being studied, the true advantage may be
more evident for complex, lengthy procedures

792 C. Silverman et al.



that include a sutured anastomosis such as the
Roux-en-Y gastric bypass (RYGB) (Tieu et al.
2013). Furthermore, the incidence of revisional
surgery is on the rise, and therefore, more com-
plex procedures may also benefit from a robotic-
assisted approach (Tieu et al. 2013).

Unlike traditional surgery, robotic surgery
requires a distinct learning process not limited to
the operating surgeon, but also applies to the
entire surgical team and institution. This new
technology needs to be introduced safely to mini-
mize patient harm, during the transition from

traditional laparoscopic surgery to operating on
a digital surgical platform. Currently, the manu-
facturer provides most of the training with formal
robotic training, fellowships, and credentialing
requirements still in its infancy.

Importantly, the widespread application of
robotic bariatric surgery would have major cost
implications unless it results in better long-term
patient outcomes. The da Vinci® robotic system
is now utilized in every continent with general
surgical procedures (Fig. 59.2) having the highest
rate of growth (Intuitive 2018).

Fig. 59.2 Global robotic surgery load between 2008 and 2017 by surgical specialties (with permissions from Intuitive
Surgical, Inc.)

Fig. 59.1 da Vinci® instruments (a) ergonomically controlled at the surgeon console with (b) seven degrees of freedom
(with permissions from Intuitive Surgical, Inc.)
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In the United States of America, over 6% of
primary bariatric procedures in centers of excel-
lence are now performed robotically (Acevedo
et al. 2019). Robotic bariatric surgery as a spe-
cialty is certainly well-established. Given this
establishment, has the da Vinci® robot lived up
to its hype as the dominant fully operational sys-
tem? Are we being driven by industry, patient
demand, or surgeon preference? Is robotic bariat-
ric surgery enabling technology that advances
human health care and surgical proficiency, or is
it just a disruptive innovation?

History and Evolution of Robotic
Minimally Invasive Surgery

Robotic surgery is a story of the amalgamation of
the work of innovative surgeons, the military,
NASA, entrepreneurs, and engineers to create
useful and needed technology. The initial need
for a robot was to provide remote surgical care in
the battlefield for soldiers and in space for
astronauts. Telepresence, which uses virtual tech-
nology to operate machinery by remote control,
was deemed to be the solution. A further aim was
to alleviate surgeon fatigue, while aiding
procedures which require greater precision.

Historically, the first surgical procedure
performed with a robot was for a neurosurgical
biopsy using the Programmable Universal
Manipulation Arm (PUMA), as shown in
Fig. 59.3, in 1985.

The initial telepresence surgical system was
developed with military funding by Stanford
Research Institute (SRI). The SRI telepresence
system had manipulators with force-sensing
elements that transmitted pressure sensations, or
haptic feedback, to the surgeon controllers
(George et al. 2018). Dr. Fred Moll founded Intu-
itive Surgical Incorporated in 1995 having
obtained SRI’s intellectual property, with the
focus shifting from telepresence to a platform
that facilitated minimally invasive surgery. The
first Intuitive surgical system to be used on
humans was called MONA, upon which
Dr. Jacques Himpens performed the first robotic
cholecystectomy in Belgium in 1997. Prominent

journals refused to publish this landmark event
due to disbelief in the robotic technology (George
et al. 2018). Dr. Himpens was finally successful
in publishing the inaugural robotic-assisted gas-
tric band operation in the journal Obesity Surgery
in 1998 (George et al. 2018). In 1999, the more
recognisable da Vinci® robotic platform was
introduced, differing from its predecessors in hav-
ing a stand-alone cart for the patient (slave) and a
surgeon console (master), connected by a fiber-
optic cord (George et al. 2018).

In parallel to the work at Intuitive, Computer
Motion Inc., founded by Dr. Yulin Wang, devel-
oped the Automated Endoscopic System for Opti-
mal Positioning (AESOP) robotic device, which
is a camera that could be moved by voice or foot
pedal commands allowing for independent
laparoscopic surgery. Dr. Wang received military
funding to add additional arms to his robotic
device which he later called ZEUS. ZEUS was
used for the first ever trans-Atlantic robotic-
assisted cholecystectomy telesurgery in 2001.
Dr. Jacques Marescaux controlled the master con-
sole in New York, while the patient was operated

Fig. 59.3 PUMA robotic arm at NASA (no copyright
restrictions) (NASA 1990)
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on by the slave robot in Strasbourg, France
(Kalan et al. 2010).

Shaping this robotic landscape was a seminal
legal battle lasting three years between Computer
Motion and Intuitive Surgical over the intellectual
property rights of these parallel developments.
Intuitive Surgical won the lawsuit, which resulted
in a merger of the two companies in 2003. While
ZEUS had been phased out of production, many
of its elements have been integrated into later
versions of the da Vinci® platform (George
et al. 2018).

Figure 59.4 illustrates the da Vinci® robot
evolution from its original prototype in 1999 to
the Xi version with its ever-increasing abilities
and features (Fig. 59.4). There is also a da
Vinci® SP (single port) model which has a single
boom for a single 2.5 cm cannula, which allows
for control of 3 wristed instruments and a wristed
endoscope. Currently, only the Si, Xi, and SP
versions of the da Vinci® robot are in operation.

The da Vinci® Surgical System

The da Vinci® surgical system comprises of three
integral parts; (1) the surgical console, (2) the
patient-side cart, and (3) the electronic or vision
cart as illustrated below (Fig. 59.5).

The Surgeon Console is the control center of
the system that allows the surgeon to view the
surgical field and control the movements of the

camera and up to three instruments. The surgeon
can adjust the console to suit personal ergonom-
ics. This is a stable operating platform where the
hand and the eyes of the surgeon are aligned in a
single plane, with the surgeon’s forearms being
supported, therefore reducing visual and muscu-
lar fatigue. There is a magnified 3D view with the
zoom feature, motion scaling up to a 3:1 ratio and
a tremor reduction feature. The surgeon can
switch between white light modes to near infra-
red wavelength (i.e., firefly mode), to benefit from
the fluorescence of a compound called
Indocyanine Green (ICG).

As a safety feature, the instruments can only
move when the surgeon’s head is in the console as
detected by infra-red sensors. The robotic
instruments (see Fig. 59.6) are wristed (i.e.,
Endowrist®) and controlled with a pincer grip
allowing for seven degrees of freedom.

The Patient-Side Cart has articulated
mechanical arms which support the instruments
and the camera arms. The robotic arms dock onto
specific ports that feature a Remote Center Con-
trol (RCC), a black marked zone on the port
which should be placed in the patient’s abdominal
wall (Fig. 59.7). The RCC reduces the trauma to
the abdominal wall caused by movements of the
port during surgery and negates the effect of thick
abdominal walls associated with a higher BMI.

The Electronic Cart or Vision Cart contains
supporting hardware and software components,
such as the electrical surgical unit, suction/

Fig. 59.4 Evolution of the da Vinci® Surgical System (with permissions from Intuitive Surgical, Inc)
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irrigation pumps, insufflator, and light source for
the endoscope. It also has a touch screen that can
receive auxiliary images or videos to use in multi-
image mode called Tilepro. One benefit is that the
supervisor can draw on the touch screen as a
training tool.

The features of the Si version of the robot and
then improvements of the Xi robot are listed in
Table 59.1.

Fig. 59.6 da Vinci® instruments (with permissions from
Intuitive Surgical, Inc.)

Fig. 59.7 Thick band denoted by arrows, a, that should
be kept in the middle of the patient’s abdominal wall when
the robotic port (inset) is docked to robotic arm

Fig. 59.5 The da Vinci® Surgical System has three main integrated subsystems: (L–R) the surgeon console, patient
cart, and the vision cart (with permissions from Intuitive Surgical, Inc.)
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Introduction of New Technology

The introduction of new technology in surgery is
a careful balance between ensuring technology
that can benefit patients is not delayed unneces-
sarily and preventing harm from its early adoption
(Brown et al. 2019). The da Vinci® robot is an
excellent illustration of outstanding technology
introduced into an evidence-free environment
(Maddern 2019). The da Vinci® robot was
approved by the FDA in the USA in 2000, after
it was determined that it did not represent a major
deviation from current laparoscopic techniques.
The Learning Curve as described for laparoscopic
RYGB is that 30 to 70 cases are required for
competency, 100 cases for proficiency, and up
to 500 cases to become a master of that procedure
(Wehrtmann et al. 2019). Similarly, hours of
practice and training are required to overcome
the learning curve for robotic procedures.

Safeguards to increase comfortability and
remediate learning curve effects include having
a constant surgical team for initial cases with an
experienced bedside assistant. It is also important
to start with less technical procedures such as the
sleeve gastrectomy (SG) or to perform “hybrid”
robotic/laparoscopic procedures, for example
where the robot is only used for the gastro-jejunal

anastomosis in a RYGB, with the remainder of
the procedure performed laparoscopically.

Overall, it is important that industry has a
responsibility to ensure safe integration of their
device into medical institutions. Intuitive Surgical
had termed this integration as the “da Vinci®
Ecosystem” which is summarized in the diagram
in Fig. 59.8.

Training Pathway for the da Vinci®
Robot

There are several pathways for training on the da
Vinci® robot. There is the Video-based online
training where surgeons are required to log onto
the web portal (i.e., www.
davincisurgerycommunity.com/) and complete
online modules to learn about the system
components, its instruments, and advanced
technologies. Online assessments need to be
performed prior to progressing to the next training
step to ensure knowledge competency. Hands on
training is provided in-house by the da Vinci®
representatives to practice docking, port place-
ment, instrumentation, use of the surgeon con-
sole, and emergency procedures to power off the
device. Ideally, this is performed as a team to gain

Table 59.1 Capability comparisons of the da Vinci® Surgical Si and Xi Systems

Si (2009) Xi (2014)

3DHD vision 1080i 1080p
Tremor Reduction √
Motion Scaling √ √
Tilepro √ √
Skills simulator √ √
Dual surgeon console √ √
Firefly √ √
Single site ability √ Sp
System Networking √ √
Advanced instrumentation √ √
Multi-quadrant access √
Targeting √
Chip-on-tip 3D HD camera √
Wristed stapler with SmartFire technology 45 mm, 60 mm
Integrated Table Motion √
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proficiency and fluidity in docking prior to live
cases. Additionally, Simulation training
(Fig. 59.9) is becoming an increasingly popular
training method, which may facilitate shortening
of the learning curve without jeopardizing patient
safety. Specific tasks can be practised which are
relevant to bariatric surgery (Fantola et al. 2014).

Case observation involves watching an expe-
rienced robotic bariatric surgeon perform cases
and provides the opportunity for real-time
learning, while Wet labs (i.e., cadaver or animal)
are supported by Intuitive personnel and are

carried out at medical training facilities such as
The Royal Prince Alfred Surgical and Robotic
Training Institute in Sydney, Australia. Proctored
Cases are essential and advantageous with the
Proctor providing feedback to the administration
on the safety and the quality of the care of the
patient, in order to appropriately credential the
surgeon for future robotic surgery (Heit 2014).
Finally, Continual Audit and Review is a process
of measuring outcomes such as operative time
and patient complications, with an aim of improv-
ing in these parameters over time.

Fig. 59.8 The da Vinci® Ecosystem (with permissions from Intuitive Surgical, Inc)
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The Advantages and Disadvantages
of Robotic Surgery

The adoption of robotic devices has been reported
as being somewhat cost-ineffective. This is due to
several factors, which are not uncommon when
adopting new technologies, including the initial
capital outlay and the learning curves required for
proficiency when doing bariatric cases. There are
also some unique hazards that the robotic tech-
nology presents in this surgical field.

Monetary Costs

The initial capital outlay for the robotic system is
0.5 to 2.5 million US dollars (US$) dependant on
the model, configuration, and geographical loca-
tion of the da Vinci® System (Perez and
Schwaitzberg 2019). Then there are additional
costs for servicing and consumables. When
examining data from the USA HealthCare Cost
and Utilization Project, robotic procedures
incurred an additional cost of US$1600. If one
also counts the initial purchase price of the robot,
this additional cost comes in at US$3200 com-
pared to a standard laparoscopic procedure (Ser-
vice USDoHaH 2019).

In addition to hardware expenses, the team
learning curve also should be considered. Robotic

procedures typically lead to increases in operating
theater time. Applying estimates of operating
room time costs of US$37 per minute is a further
cost consideration, when evaluating the overall
expenses of the robot (Childers and Maggard-
Gibbons 2018).

Despite these cost disadvantages, they may be
offset by various advantageous factors, including:
the (i) patient’s reduced length of stay,
(ii) reduced surgical-related complications, (iii)
avoiding the use of stapling devices, and
(iv) operating theater time, which is also impor-
tant to the health economist.

The cost factor analysis is both specific to the
institution and health system. From the model of
the Swiss Health Care system, Hagens et al.
(2017) found a cost reduction for robotic RYGB
when factoring the expense of complications such
as leaks. Also, by utilizing hand-sewn anastomo-
sis for the gastro-jejunostomy and jejuno-
jejunostomy, there was cost avoidance for not
utilizing the stapling device (Hagen et al. 2017).

One cost advantage, which is not easily
measured, is the ergonomic improvement for
surgeons. Laparoscopy is physically taxing, par-
ticularly for bariatric surgeons who have a 66%
prevalence of musculoskeletal pain, which can
hamper performance (AlSabah et al. 2019). The-
oretically, surgeon attrition rates can be decreased
by using a robotic platform.

Fig. 59.9 Screenshots of simulation programs available when training with the da Vinci® surgeon console
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A profitable robotic program would seek to
use the robot to its full potential to offset its initial
cost. This is analogous to airlines seeking to max-
imize revenue by keeping their aircrafts in the air
as much as possible (Veilleux et al. 2019).

Learning Curve/Operating Theater Time

The learning curve effect has two realms in rela-
tion to robotic bariatric surgery. The first is the
learning curve of introducing the robot to an
established laparoscopic bariatric service. The
second is how the learning curves of complex
bariatric procedures such as the RYGB may be
positively affected by surgeons using robotic
technology.

Operating times for robotic RYGB have been
found to be consistently longer than for
laparoscopic cases (Acevedo et al. 2019; Celio
et al. 2017; Li et al. 2016). Unfortunately, longer
operations can cause more patient complications
such as deep venous thrombosis and surgical site
infections. Hence, shorter operative times are
associated with better outcomes in bariatric sur-
gery (Reames et al. 2015). Increases in operating
time are due to the robot docking times and
increased surgeon console times. Experienced
teams can achieve the docking component in a
matter of minutes. The learning curve for this
component is typically achievable within
20 cases (Vilallonga et al. 2012). Robotic surgery
may take longer if meticulous dissection is
performed or if additional suturing of anastomo-
sis or staple lines is applied.

The question remains whether the da Vinci®
robot can aid a surgeon to transition through the
learning curve for a complex procedure such as the
RYGB. The literature is conflicted in this regard.
The robotic learning curve for RYGB cases varies
from 14 cases for an experienced laparoscopic
surgeon new to RYGB (Buchs et al. 2012), to
84 cases for a surgeon experienced in laparoscopic
RYGB (Renaud et al. 2013). In the latter series, the
experience of the bedside assistant was an inde-
pendent predictor of operative time.

Presently, there is only one randomized trial
comparing robotic to laparoscopic RYGB. The

new fellows’ first 50 RYGBs were randomized
to totally robotic or laparoscopic procedures, and
both groups utilized a hand-sewn gastro-
jejunostomy. Overall, this study demonstrated a
reduction in operating time for the robotic cases,
which was amplified as the patient’s BMI
increased (Sanchez et al. 2005).

Unique Hazards

One hazard is that there is no haptic feedback in
robotic surgery. Sutures can break and needles
can be bent by the force of the robotic
instruments. There has also been concerns raised
that automated instruments can pose potential
safety hazards. The literature reports robotic
mechanical failure or malfunction rates between
0.4 to 4.6% (Agcaoglu et al. 2012). Most
malfunctions can be avoided and detected early,
through a comprehensive evaluation of the sys-
tem before starting the procedure. Despite the
complexity of the da Vinci robotic system, the
fact to date that there have been no reported
patient injuries or death due to robotic failure
reflects positively on the safety of robotic surgery
(Agcaoglu et al. 2012).

Driving Forces Behind
the Improvements in Bariatric Surgery

The outcomes of bariatric surgery continue to
improve (Wittgrove et al. 1994). The factors
responsible for this include improvements in
equipment, such as stapler and haemostatic
devices, improvements in technique, post-
fellowship training in bariatric surgery, surgery
being performed in high volume centers by high
volume surgeons, improvements in perioperative
care including Enhanced Recovery After Surgery
(ERAS) protocols, and learning curve effects for
surgeons and their institutions. Most published
articles comparing robotic to laparoscopic bariat-
ric cases compare robotic cases to laparoscopic
historical cohorts, so any advantage seen needs to
be viewed with that perspective.
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Two other important forces that are driving
improved outcomes in bariatric surgery are
ERAS programs and improved data collection
systems with national and international registries.

Enhanced Recovery After Surgery (ERAS)
Programs

ERAS describes multimodal perioperative
pathways that are protocoled and provide benefits
to the outcomes of surgery. ERAS protocols
include a limit on preoperative fasting, deep neu-
romuscular blockade during general anaesthesia,
avoidance of drains, avoidance of opiate analge-
sia, early post-surgical mobilization, and early
return to oral nutrition. When delivered, they
result in improved patient outcomes, particularly
perioperative pain and nausea, with earlier patient
discharge (Ruiz-Tovar et al. 2019). For robotic
cases, anaesthetists are especially aware of the
need for deep neuromuscular blockade, to avoid
any patient movement while the robotic arms are
docked. Deep neuromuscular blockade leads to
improved surgical conditions and less postopera-
tive pain. ERAS is considered the standard of care
and should be implemented prior to deciding
whether to replace standard laparoscopy with a
robotic digital platform (Slim and Mattevi 2018).

Databases

The primary aim of databases and registries for
bariatric surgical patients is to measure outcomes
on bariatric surgery and provide quality and
safety data. The International Federation for the
Surgery of Obesity and Metabolic Disorders
(IFSO) has just published its 2019 Global Registry
Report, with the three most popular procedures
being sleeve gastrectomy (SG) making up 47%
of all procedures, RYGB 35%, and gastric band
8% (IFSO 2019b).

The Metabolic and Bariatric Surgery Accredi-
tation and Quality Improvement Program
(MBSAQIP) was rolled out in 2014, and it is the

largest bariatric-specific prospective database in
the world. It records 30-day outcomes from
around 900 American Society of Metabolic and
Bariatric Surgery (ASMBS) accredited centers in
the USA and Canada, totalling 150,000 annual
procedures. Its benefit relates to power and
national representation of bariatric surgery. Its
limitations are that the database lacks information
on procedure-related costs, surgical techniques
are not standardized, hybrid robotic/laparoscopic
cases are not accounted for, and there is a lack of
metrics on surgeon experience (Lundberg et al.
2019). Preceding the MBSAQIP database was the
Bariatric Outcomes Longitudinal Database
(BOLD) which ran from 2007 to 2013 (Celio
et al. 2017).

Robotic Bariatric Procedures

The RYGB is historically the most established
bariatric procedure, with the original open proce-
dure performed and described by Mason and Ito
in 1967 (Mason and Ito 1996), and the
laparoscopic procedure first performed by
Wittgrove in 1993 (Wittgrove et al. 1994). The
RYGB, despite its popularity, is complex and
difficult to master. The RYGB has only recently
been overtaken by the SG as the most common
obesity operation. The SG is popular due to its
relative simplicity, low complication rates, and
good long-term efficacy (Li et al. 2019). The
LAGB has been declining in popularity second-
ary to the modest weight loss results of this pro-
cedure, high rates of revision, and long-term
complications (Li et al. 2019). The
Biliopancreatic diversion with Duodenal Switch
(BPD-DS) is a rarely performed operation, as it is
more malabsorptive than the other procedures and
is considered the most technically difficult. These
four procedures will be discussed below,
illustrating the evolution of technique and also
outcomes of robotic versus laparoscopic
procedures. The SG, RYGB, LAGB, and
BPD-DS procedures are illustrated in Fig. 59.10.
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Robotic Sleeve Gastrectomy: The
Evolution of Technique from
Laparoscopic, Hybrid Procedures
to Totally Robotic

The SG involves resecting most of the greater
curve of the stomach after it has been
devascularized. This leaves a narrow tube of
stomach between the gastro-esophageal junction
and the pylorus. The SG is considered an ideal
training procedure for introducing the robot into a
bariatric surgical practice (Silverman and Ghusn
2017) (Figs. 59.11 and 59.12). It is a relatively

short operation, so increases in operating time
during the learning curve are less clinically rele-
vant. It has even been used as a training procedure
for residents (Ecker et al. 2016).

Laparoscopic-assisted robotic SG can be
performed with the robot docked for the entire
procedure, although the stapling is performed by
a skilled bedside assistant, with the console sur-
geon controlling the tension and alignment of the
stomach. The robotic EndoWrist® Stapler was
FDA-approved in 2012, initially with 45 mm
length staplers. Recently, the more appropriately
sized 60 mm staplers are available. The totally

Fig. 59.10 Illustration of
the four procedures: (a)
RYGB, (b) LAGB, (c) SG,
and (d) BPD-DS (with
permission from
Baishideng Publishing
Group)
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robotic SG is where the console surgeon can
perform the stapling independent of the bed side
assistant (Fig. 59.13).

Outcomes of Robotic Sleeve Gastrectomy
A recent systematic review and meta-analysis by
Magouliotis et al. (2017) analyzed 16 studies and
29,787 patients and found a longer operating time
and length of stay for patients who underwent
robotic procedures. A higher cost of robotic SG
compared to laparoscopy was demonstrated,
without significant differences in patient

outcomes including complications and excess
weight loss (Moon et al. 2016). Typically, the
Learning Curve for performing a SG on the da
Vinci® system is around 20 cases for an experi-
enced bariatric surgeon (Vilallonga et al. 2012).

Using the MBSAQIP (2016) database of
107,726 patients who underwent a SG, 7% were
performed robotically. Overall, robotic-assisted
procedures had a longer mean operating time of
89 min compared with 63 min for laparoscopic
procedures. There was a doubling of the risk of
organ space infection in the robotic group. Organ
space infection includes staple line leaks which is
a most feared complication. The limitations of
this data are that variables of surgeon experience
and operative technique such as stapler type
(robotic EndoWrist® stapler or that applied by
the bed side assistant) were not accounted for
(Lundberg et al. 2019).

Overall, robotic SG can be considered an ideal
training procedure to introduce the da Vinci®
robot into a bariatric practice. However, increased
cost and operative time impede generalized appli-
cability. To date, an empirical benefit of robotic
over laparoscopic SG has not been shown. Some
caution is warranted with respect to increased
infectious complications from recent MBSAQIP
data (Lundberg et al. 2019).

Fig. 59.11 (a) Actual OT setup, (b) schematic diagram, (c) labels on the actual setup

Fig. 59.12 The vessel sealer used to divide short gastric
vessels in a sleeve gastrectomy
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Robotic Roux-en-Y Gastric Bypass: The
Evolution of Technique: From
Laparoscopic, to Hybrid Laparoscopic/
Robotic, to Totally Robotic RYGB

The gastric bypass involves creating a small prox-
imal gastric pouch and rerouting the small bowel
(alimentary limb) to connect to this pouch via the
gastro-jejunal anastomosis. Secretions of the gas-
tric remnant mix with the bile and pancreatic
juices via the biliopancreatic limb which joins
the alimentary limb at the jejuno-jejunal anasto-
mosis, forming the common channel. Today,
there are many variations of this minimally

invasive technique. In regard to the formation of
the gastro-jejunal anastomosis, the circular stapler
technique, although the most time-efficient, has
been hampered by increased complications such
as stricture, bleeding, and port site infections. The
linear stapled technique and totally hand-sewn
gastro-enterostomy have been demonstrated as a
preferred technique (Rogula et al. 2018). A totally
hand-sewn anastomosis (Fig. 59.14) is the most
time-consuming and technically demanding
laparoscopically, and this is where the robot
excels.

A hybrid approach where the robot is used
exclusively for the gastro-jejunal anastomosis

Fig. 59.13 A comparison of (a) laparoscopic stapler through the assistant port in the Si, and (b) wristed stapler through
the robotic port in the Xi

Fig. 59.14 Intraoperative picture of a robotic hand-sewn gastro-jejunostomy
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has been a starting point for many robotic
surgeons. These hybrid, robotic-assisted RYGB
were described by Horgan and Vanuno in 2001
(Horgan and Vanuno 2001). Mohr et al. described
the first “totally robotic” RYGB in 2005 (Mohr
et al. 2005), though the first truly robotic
approach would have only been feasible after
the market launch of the Endowrist® stapler in
2014 (Jung et al. 2017).

Outcomes of Robotic RYGB
Many studies have compared robotic with
laparoscopic RYGB, mostly from single
institutions or meta-analysis of fewer than 3000
patients, with mixed results. Comparative studies
show potential benefit of the robotic approach,
especially when a hand-sewn gastro-jejunal anas-
tomosis is performed (Jung et al. 2017). In the
largest cohort series of two surgical sites, Tieu
et al. (2013) reported 1100 patients operated on
robotically with only one gastro-jejunal leak,
which equated to a 0.09% leak rate (Tieu et al.
2013). Currently, there is only one single
randomized trial of RYGB outcomes which was
underpowered; however, did find a reduction in
operative times during the learning curve on the
robotic platform (Sanchez et al. 2005). Table 59.2
summarizes the current meta-analyses and sys-
tematic reviews on Robotic RYGB versus
Laparoscopic RYGB.

In summary, RYGB robotic procedures now
offer surgeons a safe modification to conventional

laparoscopic RYGB, though at the expense of
surgical time and money.

Robotic Adjustable Gastric Band

An adjustable gastric band is a restrictive bariatric
procedure where a silicone band is placed one to
two centimeters below the gastro-esophageal
junction, with the device being secured with a
suture on the gastric wall. Placement of an
adjustable gastric band requires minimal dissec-
tion, tissue handling, and suturing. Due to its
declining use in bariatric surgery, the number of
robotic gastric band cases performed is limited,
and robotic technology did not add any benefit to
this procedure (Alibhai et al. 2015). However, a
study by Edelson et al. did report an advantage
when performing those procedures robotically in
patients with a BMI over 50 kg/m2 (Edelson et al.
2011).

Robotic Biliopancreatic Diversion
with Duodenal Switch (BPD-DS)

Sudan and Podolsky reported the first BPD-DS as
a hybrid robotic procedure in 2000, initially as a
multiple docking procedure and finally with a
single docking approach (Sudan and Podolsky
2015). The Xi version of the da Vinci® robot
with its integrated table motion, robotic

Table 59.2 Meta-analyses and systematic review results of robotic versus laparoscopic RYGB

Author Patients Findings

Marker et al.
(2011)

1686 Reduction in stricture for robotic cases

Bailey et al.
(2014)

2557 Equivalent outcomes through increased cost with robotic cases

Economopoulos
et al. (2015)

5145 patients (3189
robotic, 1956 laparoscopic)

Robotic RYGB has lower rates of stricture, reoperations, and a
reduced length of stay

Li et al. (2016) 27,997 Similar results through slightly improved stricture rates,
reoperations, leak rate, and length of stay for robotic cases

Celio et al.
(2017)

137,455
1.8% robotic

Increased morbidity in robotic group. Higher leak rate, stricture,
reoperation, and 90-day reoperation rate with longer operating times
for robotic procedures

Lundberg et al.
(2018)

39,425
7.8% robotic

Equal safety through longer operating time for robotic procedures
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arm-controlled staplers, and improved mobility
has enabled this single docking robotic
procedure.

Revisional Bariatric Procedures

Revisional bariatric procedure numbers are
increasing as a percentage of procedures
performed, having doubled in number from
2011 to 2015 (El Chaar et al. 2018); MBSAQIP
data show they represent 11.9% of bariatric
procedures performed (Clapp et al. 2019).
Revisional cases are challenging, take longer to
perform, and are associated with higher patient
morbidity (El Chaar et al. 2018). It is in this
setting the da Vinci® robot would be expected
to excel. Single site performance analyses have
indicated excellent results, with complication
rates from revisional RYGB being equivalent
to outcomes for primary bariatric procedures
(Snyder et al. 2013). MBSAQIP data from
2015, however, have not demonstrated an
advantage for the robotic platform in revisional
cases (Clapp et al. 2019).

Future Directions of Robotic
Technology in Bariatric Procedures

We are on the precipice of new technologies in
surgical robotics, with the promises of nanotech-
nology and the applications of big data. Big data
is defined as a set of data so large that traditional
data processing applications are ineffective
(Taragona and Batista 2018). Big data is now
driving Artificial Intelligence, Machine Learning,
and Automaticity (Lazar 2019). Robotic surgery
has an important role in big data acquisition.
Every surgical movement on a robotic platform
is a data point. Machine learning enables
machines to make predictions by recognizing
patterns (Hashimoto et al. 2018). This could
effectively create a “collective surgical con-
sciousness” as, while operating, you provide

information which helps to decide the future
(Rodriguez Luna and Vilallonga 2019).

Augmented Reality

Under this platform, the robot would anticipate
the surgeon’s next move with real-time prediction
and avoidance of adverse events, with decision
support akin to an intraoperative Global Position-
ing System. Advances in computer vision now
enable augmented reality, created by fusing
images and the use of fluorescence in real-time.
Similarly, the worldwide introduction of 5G tech-
nology with wireless transmission and real-time
data analytics may allow robotic surgery to be
made available in remote areas to standardize
surgical care. Data can aid in better value-based
healthcare to determine what instruments and
devices are actually required. The true potential
of Artificial Intelligence is difficult to predict, and
its ability is limited by the quality of the data
analyzed (Dibbs and Hollier 2019).

Autonomous Surgery

Technical skill augmentation with task deconstruc-
tion and autonomous performance of tasks such as
suturing is already here with robots that outper-
form humans in bowel anastomosis on experimen-
tal models (Hashimoto et al. 2018). Natural Orifice
Transluminal Endoscopic Surgery (NOTES), also
known as scar-less surgery, is where the abdominal
cavity is entered via the stomach, vaginal vault, or
rectum to perform procedures. Due to the technical
limitations of current endoscopic systems, only
transvaginal-assisted SG and LAGB have been
performed with this approach (Erridge et al.
2016). Improved robotic platforms may allow
NOTES anastomotic procedures to become feasi-
ble. In the future, “Nanobots” (nanosize robotic
machines) could allow patients to swallow a surgi-
cal device and undergo genetic manipulation or
molecular medicine diagnosis, with the help of
novel miniaturized vehicles.
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New Robotic Platforms
and Manufacturers

With less than 5% of global procedures
performed robotically, the space is open for the
digitalization and mechanization of minimally
invasive surgery, and the race is on for industry
to fill this void. The global market for Robotic-
Assisted Surgery is predicted to have a compound
annual growth rate of 10.4%, from US$3.9 billion
in 2018 to US$6.5 billion by 2023 (Review RB
2019). New robotic systems now display features
of modularity, improved affordability, and data
acquisition with consumer feedback using a
decreased physical footprint (i.e., size reduction),
when compared with the da Vinci® System. Two
exciting new robots are the Senhance™ by
Transenterix and the Versius™ by Cambridge
Medical Research (CMR), both FDA-approved
and available on the market (Perez and
Schwaitzberg 2019).

Senhance™ (Transenterix Inc.,
Morrisville, NC, USA)

The Senhance™ has haptic feedback and an open
footprint with the surgeon in a seated position,
wearing 3D glasses. A stand-out feature of this
system is that the endoscopic camera is controlled
with the surgeon’s eye movements. The

instruments are reusable, though not wristed
(Fig. 59.15). Currently, this robot has found its
way into the Japanese market (Transenterix
2019). In the USA, it has limited (510 k) clear-
ance by the FDA for some surgical modalities;
however not including bariatric operations.

Versius (Cambridge Medical Research,
Cambridge, UK)

The Versius™ is portable and modular, with the
aim of working interchangeably with
laparoscopic equipment. It has five arms which
are self-contained, each weighing 25 kg, with
intelligence and sensing capability for surgeon
control and assistant staff. The surgeon console
is open, slim, and portable, and the surgeon has
the option of sitting or standing for optimal ergo-
nomics. It is supplied as a service including the
robot, instruments, and maintenance at a fixed
annual cost, with the aim to keep costs similar to
laparoscopic systems. Galaxy Care Hospital in
Pune, India, was the first to use the Versius™
robot (Fig. 59.16). The company is committed
to monitoring all outcomes on their system and
has initiated the world’s first clinical registry for
surgical robotic systems (Network MD 2019).

Additionally, there are the eagerly anticipated
offerings from the company VerbSurgical Inc.
(Bayshore, CA, USA), which is a partnership

Fig. 59.15 Senhance™ robot operating room setup (with permission from Transenterix Inc.)
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between Johnson & Johnson and Google. This
well-funded start-up company aims to create a
new paradigm in digital surgery with a connected
platform between the surgeon and patient, for all
phases of patient care (VerbSurgical 2019).
Despite these aspirations, they are yet to divulge
information about their soft tissue robotic system,
which is pegged for commercial release in 2020
(Biotech 2019).

Robotic devices beginning to emerge are
summarized in Table 59.3.

Authors’ Perspective
A surgeon’s ability to transition from a pure
laparoscopic surgeon to a robotic surgeon
requires access to a da Vinci® robot at their
institution and the intrinsic drive to immerse in
this technology. The training phase takes time and
commitment, though provides a unique challenge
via the complete disruption of the traditional
surgeon-to-patient interface.

The initial cases are exhilarating with a sense
of accomplishment to be operating in a foreign
way. Having a specialist proctor for the first few
cases and performing less technically demanding
procedures, such as the SG, can ease the stress
during this transition. Every member of the team

has their own robotic learning curve so that
patience, leadership, and a focus on positive com-
munication to support team dynamics are
important.

Next comes a phase of disillusionment as
realities set in. Administrative frustrations, such
as a lack of access to the robot, additional “tech-
nology” fees, and insurance not covering costs for
example, need to be overcome. Often business
cases need to be drawn up and robot access issues
resolved via consistent negotiations with hospital
administration and other surgeons.

The time spent in this phase depends not just
on volume alone, but on the frequency of
operations performed, the complexity of the
cases, and also the consistency of the operating
team. Coaching, mentoring, and video analysis
are important tools for advancement and
competency.

After the learning curve for simple procedures
has passed, the robot can be used for more com-
plex and revisional procedures. These later cases
appear more precise, and operative times are
improving. Importantly, there is less physical
fatigue after completing a robotic case.

The robotic platform can be used across vari-
ous surgical specialty groups (e.g., general

Fig. 59.16 Versius™ robotic system setup in the operating room (with permission from CMR)
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surgery, colorectal surgery, hernia surgery, urol-
ogy, gynaecology, and head and neck surgery),
and hence, requires its own service line of admin-
istrative support. Efficiencies can be gained by
working together, improving communication,
collaboration, and having goals that are measur-
able and achievable (Fagin 2014).

Membership with the Clinical Robotics Sur-
gery Association and the Facebook group
Robotic Bariatric Collaboration ensures well-
rounded learning with vicarious peer-to-peer
interactions and video reviews (Myers et al.
2018).

Two-dimensional laparoscopic skills are
required for port placement and division of

adhesions and to allow the robotic ports to be
inserted. There is also a need to train fellows
and residents in laparoscopy. For most
institutions, the da Vinci® robot is only available
in usual working hours for elective cases. Emer-
gency and weekend use of the robot is, however,
possible with considered planning and availabil-
ity of trained staff. This would expand the
applications of the robot (Sudan and Desai 2012).

Presently, robotic surgery in bariatrics will not
replace standard laparoscopy. Interestingly, it has
been commented on that being a robotic surgeon
can make you a better laparoscopic surgeon
(Wilson and Sudan 2013), and this is certainly
applicable to my robotic journey. Instead of

Table 59.3 Summary table of emerging robotic-assisted surgery platforms

Product Unique features Prototype
Regulatory
clearance

Single Port Orifice
Robotic Technology
SPORT™*, Titan
Medical

– Single port system with flexible
endoscopic 3D camera
– Two wristed instruments can be
used together with the camera

FDA in
2020

Hugo™ *,
Medtronic

– Open surgeon console
– Up to five minimally invasive
robotic-assisted modular arms,
incorporating elements of MiroSure
– Tower and visualization system,
generator, process, and endoscopy
can be used for laparoscopy or open
surgery

FDA in
2021

REVO-I™ *, Meere
Company

– Similar in design and concept to
da Vinci® Si
– Haptic feedback to be introduced
in new version

South
Korea,2017

Verb Surgical™ *,
Johnson & Johnson,
Google

FDA in
2020

Vicarious™ *,
Vicarious Surgical

– In-vivo robot fully inserted into
patient through thumb-sized
incision
– Controlled wirelessly by surgeon
wearing virtual reality goggles
– Full suite of proprietary
instruments including staplers,
energy devices, and retractors

–

SPORT is a Trade Mark of Titan Medical; Hugo is a Trade Mark of Medtronic; REVO is a Trade Mark of Meere
Company; Verb Surgical is a Trade Mark of Johnson & Johnson; Google Vicarious is a Trade Mark of Vicarious Surgical
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viewing the robotic platform as one that needs to
delineate traditional methods, the use of the robot
can be viewed as a complementary adjunct to
performing surgery on difficult cases, with the
added benefit of less surgical fatigue and
providing different and emerging stimuli for sur-
gical skill acquisition (Wilson and Sudan 2013).
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Abstract

The prevalence of both obesity and osteoar-
thritis is increasing. Obesity is an independent
risk factor for osteoarthritis. Both mechanical
and inflammatory factors contribute to this
risk. The gold-standard treatment for
end-stage knee and hip osteoarthritis is total
joint arthroplasty. Patients with obesity have
worse outcomes than patients with normal
weight following total joint arthroplasty.
There is a dearth of information on the effects
of bariatric surgery on the incidence of total
joint arthroplasty, and the impact on outcomes
is limited with mixed results. Further study on
total joint arthroplasty in patients with obesity
is needed to determine optimal risk stratifica-
tion, bariatric procedure selection, and timing
of bariatric surgery relative to total joint
arthroplasty.

Keywords

Bariatric surgery · Lower extremity
osteoarthritis · Arthroplasty · Outcomes

Introduction

In 2016, the prevalence of obesity in America was
39.8% among adults (Hales et al. 2017), with an
estimated 7% reaching morbid obesity, defined as
a body mass index (BMI) >40 kg/m2 (Sturm and
Hattori 2013). Osteoarthritis (OA) is also highly
prevalent. It is estimated that 25.9% of the
projected total adult population will have doctor-
diagnosed arthritis by 2040 (Hootman et al.
2016). The lifetime risk of end-stage knee osteo-
arthritis alone is 13.3% for men and 18.8% for
women (Ogden et al. 2014). Knee OA is the
second most prevalent cause of disability in the
world (GBD 2016 Disease and Injury Incidence
and Prevalence Collaborators 2017). The risk of
OA-associated disability is as elevated as of car-
diac conditions (Wang et al. 2016) and is the most
prevalent of all diseases in the elderly (Yokota
et al. 2015). In terms of hospital charges,

osteoarthritis is more expensive than pneumonia,
stroke, or complications from diabetes (Teichtahl
et al. 2009).

Obesity is an independent risk factor for oste-
oarthritis (Gu et al. 2019). Patients with grade II
obesity have 4.7 times the likelihood of develop-
ing knee osteoarthritis compared to those with
normal weights (Reyes et al. 2016). Research
suggests this risk is due to both biomechanical
and systemic inflammatory effects on joints
(Koonce and Bravman 2013). These effects even-
tually lead to total joint arthroplasty (TJA) in an
increasing number of patients with obesity
(Belmont et al. 2014; Fehring et al. 2007;
Kremers et al. 2014). In the United States, over
one million total knee and total hip replacement
procedures are performed yearly.

Patients with obesity are known to have a
higher risk of complications for total joint
arthroplasty (Salih and Sutton 2013; Belmont
et al. 2014). The American Association of Hip
and Knee Surgeons suggests weight loss prior to
TJA for patients with BMI >40 kg/m2

(Workgroup of the American Association of Hip
and Knee Surgeons Evidence-Based Committee
2013). While diet and exercise are important for a
healthy lifestyle, these methods will not achieve a
significant sustained weight loss. Bariatric sur-
gery has been shown to provide sustained weight
loss, as well as resolution of many obesity-related
comorbidities, including type II diabetes, gastro-
esophageal reflux, and hyperlipidemia (Sharples
and Mahawar 2019). Data investigating the effect
of prior bariatric surgery on postoperative TJA
outcomes is mixed.

Impact of Obesity on Lower Limb
Osteoarthritis

In the United States, 31% of those with obesity
were diagnosed with arthritis, while only 16% of
normal weight individuals carried the diagnosis
(Center for Disease Control and Prevention
2018). Obesity has been shown to be an indepen-
dent risk factor for osteoarthritis (Gu et al. 2019).
In a Swedish study by Jarvholm et al.,
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15–67 year-old male construction workers were
found to be more likely to undergo knee or hip
replacement as BMI increased, even when
controlling for age and tobacco use (Jarvholm
et al. 2008). Data from the Nurses’ Health
Study, which included over 121,000 female
nurses, revealed those with a BMI >35 kg/m2

were twice as likely to undergo total hip
arthroplasty (THA) compared to those with BMI
<22 kg/m2. Interestingly, those with a higher
BMI at age 18 years had the highest risk of
undergoing THA (Karlson et al. 2003).

Weight-Bearing Forces

Joint “wear-and-tear” secondary to mechanical
and structural factors has classically been
suggested as the mechanism for osteoarthritis.
While these factors surely contribute, recent stud-
ies suggest they cannot solely account for the
relationship between obesity and osteoarthritis
(Sowers and Karvonen-Gutierrez 2010). For
example, in a systematic review and meta-
analysis by Long et al., both lean and fat mass
in subjects with knee osteoarthritis were higher
than in those without osteoarthritis. While fat
mass percentage was positively associated with
knee osteoarthritis, lean mass percentage was
negatively associated with knee osteoarthritis.
Increased fat mass was also associated with
hand joint osteoarthritis (Long et al. 2019). The
increased incidence of non-weight-bearing joint
osteoarthritis in individuals with obesity has led
to investigation into inflammatory factors.

Mechanical Factors
Abnormal loading of the knee and hip joint can
lead to changes in the composition, structure, and
mechanical characteristics of articular cartilage
(Maly et al. 2005; Mundermann et al. 2005).

Joint load during walking is directly related to
body weight. Peak in vivo hip contact forces
during normal walking have been noted to be
2–3 times body weight (Heywood et al. 2019).
So, as body weight increases, so do joint contact

forces. The knee joint is especially vulnerable in
the population with obesity where there is a high
fat:lean mass ratio. The quadriceps muscle may
fail to adequately absorb forces on the knee joint,
leading to an increased load on the articular carti-
lage and subsequent progressive degeneration
(Maly et al. 2005). Knee joint loads during walk-
ing and stair climbing have been shown to be
higher than loads across the hip joint (Taylor
et al. 2004).

Gait Changes

Gait disturbances are also common in patients
with obesity. In a systematic review, Runhaar
et al. found that patients with obesity had altered
lower extremity biomechanics for everyday
movements including walking, standing, and
rising from a sit-to-stand position. When walking,
patients with obesity took shorter, wider steps and
chose a slower pace. During standing, individuals
with obesity had greater toe-out angles. When
transitioning from sitting to standing, those with
obesity had less hip flexion and greater foot dis-
placement. These adjustments lead to alterations
in the regions of the articular cartilage within the
joint that bears the load and higher loads across
the hip and knee joints (Runhaar et al. 2011).
While gait alterations are likely adaptations
adopted as a means to temporarily offload the
hip and knee joints, studies show that joint
loads in excess of 4 times body weight can occur
regularly. Furthermore, stumbling can result in
loads over 8 times body weight (Bergmann
et al. 2001).

Inflammatory Factors
Obesity has been shown to be associated with a
chronic inflammatory state. Specifically, where
adipocytes were previously seen as solely storage
vesicles, they are now known to be metabolically
active cells that secrete a multitude of factors,
termed adipocytokines. Many of these
adipocytokines are thought to play a role in carti-
lage homeostasis. Because obese patients have a
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higher adipocyte mass, the secondary changes in
the adipocytokine milieu are thought to contribute
to the degradation of cartilage, and therefore, the
development of osteoarthritis (Francisco et al.
2018b).

Research on adipocytes and adipocytokines
aims to determine why obesity is associated
with a range of comorbidities, including osteoar-
thritis. Adipocytokines of interest include leptin,
adiponectin, resistin, visfatin, lipocalin-2,
chemerin, and apelin (Fig. 60.1) (Sowers and
Karvonen-Gutierrez 2010; Francisco et al.
2018a).

It is unknown why some patients with obesity
develop osteoarthritis while others do not, despite
all these patients experiencing increased joint
loads and most having altered gait characteristics.
However, the conglomerate of comorbidities
associated with metabolic syndrome may have
an interrelated etiology. Karvonen-Gutierrez
et al. showed that cardiometabolic biomarkers
are associated with knee osteoarthritis regardless
of BMI. In this report, mid-aged women with
both obesity and two or more cardiovascular
risk factors were more than 6 times more likely
to have knee osteoarthritis when compared to
women without obesity or cardiometabolic risk
factors (Karvonen-Gutierrez et al. 2012).

Association of Inflammation
with Mechanical Stress

There is evidence that increased load on the knee
joint experienced by individuals with obesity may
lead to the release of cytokines, growth factors,
and metalloproteinases triggered by mechanor-
eceptors on the surface of chondrocytes (Sowers
and Karvonen-Gutierrez 2010), which may con-
tribute to the inflammatory milieu in addition to
the increased adipocytokine production by adi-
pose tissue.

Leptin

One of the most studied adipokines that likely
plays a role in the development of osteoarthritis
is leptin. Leptin is classically known as a meta-
bolic adipocytokine that acts to reduce food
intake and increase energy expenditure. It is
known to be present in both plasma and synovial
fluid in higher concentrations in individuals with
obesity (Dumond et al. 2003). Griffin et al.
showed that leptin-deficient mice could develop
an obese phenotype without increasing the inci-
dence of osteoarthritis, suggesting a key role for
leptin in the development of osteoarthritis (Griffin
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Fig. 60.1 Illustration depicting the effects of increased fat
mass and dysregulation in cartilage degradation (Adapted
from Uhalte E, Wilkinson JM, Southam L, Zeggini

E. Pathways to understanding the genomic aetiology of
osteoarthritis. Hum Mol Genet. 2017;26(R2):R193-R201)
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et al. 2009). Leptin has a synergistic relationship
with pro-inflammatory cytokines which leads to
increased production of several inflammatory
factors, growth factors, and matrix metallopro-
teinases by chondrocytes (Francisco et al.
2018a). Leptin also has been shown to affect
chondrogenic progenitor cells by reducing their
ability to migrate, changing their differentiation
pathway, and modifying their cell cycle, ulti-
mately altering their ability to maintain cartilage
homeostasis and replace damaged tissue
(Francisco et al. 2018b). Leptin likely has a
dose-dependent relationship with manifestations
of osteoarthritis. Leptin expression in cartilage,
subchondral bone, synovial tissues, and
osteophytes has been associated with the degree
of cartilage degeneration and radiologic severity
of osteoarthritis (Fig. 60.2) (Simopoulou et al.
2007; Francisco et al. 2018b).

Adiponectin

Adiponectin is a protein structurally similar to
collagen that is synthesized by adipose tissue,
although circulating levels are inversely related
to weight. Using knockout mice, adiponectin has
been associated with preventing insulin resistance
and lipid accumulation in muscles when the mice
are placed on a high fat/sucrose diet (Francisco
et al. 2018a). Adiponectin receptors have been
found in cartilage, bone, and synovial tissues
(Sowers and Karvonen-Gutierrez 2010).
Conflicting data exists regarding the role of
adiponectin in the development of osteoarthritis
with some studies suggesting a protective effect
(such as inhibition of pro-inflammatory factors,
stimulation of osteoclast proliferation, and
mineralization), while others suggest a negative
effect (such as increased production of

Fig. 60.2 Effects of adipose tissue-derived leptin on
osteoarthritis and rheumatoid arthritis. Body weight gain,
accompanied by white adipose tissue expansion, leads to
obesity and subsequent increase of mechanical load,
resulting in cartilage degradation and osteoarthritis onset.
Adipose tissue-derived leptin causes osteoblast
dysregulation in subchondral bone, thus promoting joint

destruction. Additionally, leptin induces pro-inflammatory
cytokine release from innate and adaptive immune cells,
generating an inflammatory environment that prompts car-
tilage damage and rheumatoid arthritis (Reprinted from
Francisco V, Pino J, Campos-Cabaleiro V, et al. Obesity,
Fat Mass and Immune System: Role for Leptin. Front
Physiol. 2018;9:640)
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pro-inflammatory factors, inhibition of osteoclast
differentiation, promotion of apoptosis)
(Francisco et al. 2018a).

Studies have shown an increase in adiponectin
in patients with osteoarthritis compared to heathy
controls, as well as in patients with the radiologi-
cally most severe osteoarthritis disease. Both
exercise and mechanical loading have been
shown to increase adiponectin levels and its
receptors in skeletal muscle, suggesting that
adiponectin may play a protective role in
preventing bone loss (Francisco et al. 2018a).

Resistin

Serum resistin levels have been shown to be
increased in obesity and associated with adipose
tissue inflammation. While in rodents the main
source of resistin is adipocytes, in humans it is
macrophages. Both serum and synovial fluid
levels of resistin have been found in higher
concentrations in patients with osteoarthritis
compared to healthy controls; however, its
correlation to radiographic damage is unclear,
with conflicting evidence. Resistin is a
pro-inflammatory cytokine that has been
associated with increased levels of other
cytokines and chemokines and with increased
osteoblast proliferation (Francisco et al. 2018a).

Other Adipocytokines

Other adipokines that may contribute to the
development of osteoarthritis in the population
with obesity include visfatin, lipocalin-2,
chemerin, and apelin. In patients with osteoarthri-
tis, visfatin production was noted in several joint
structures including the infrapatellar fat pad,
synovium, and osteophytes. Visfatin is more
prevalent in the serum and synovial fluid of oste-
oarthritis patients, where it increases both the
production of pro-inflammatory factors and
the degradation of joint connective tissue and
extracellular matrix (Francisco et al. 2018a).
Lipocalin-2 is a glycoprotein that circulates
in a covalent complex with matrix

metalloproteinase-9, whose main source is
adipose tissue. Lipocalin-2 is expressed in
joint tissues and found in elevated levels in
patients with obesity as well as in patients with
osteoarthritis. It has been shown to stimulate
pro-osteoclastogenetic factors, inhibit anti-
osteoclastogenic factors, and reduce chondrocyte
proliferation. Levels have been correlated with
fracture risk in the geriatric population (Francisco
et al. 2018a).

Chemerin and its receptor are both expressed
in adipose tissue, and levels are correlated with
BMI in humans. The adipokine has been shown
to be upregulated in adipose tissue of obese rats
with type 2 diabetes mellitus. It is suspected to
serve as a bridge between innate and adaptive
immunity and possibly plays a role in osteo-
blast differentiation (Francisco et al. 2018a).
Apelin is thought to be a pro-inflammatory
adipokine that is found in higher levels in syno-
vial fluid in individuals with osteoarthritis and
has been positively correlated with severity of
disease. It increases expression of catabolic
factors in chondrocytes and decreases proteo-
glycan in articular cartilage (Francisco et al.
2018a).

Impact of Obesity on Arthroplasty

The risk of complications after total joint
arthroplasty is particularly high once BMI reaches
40 kg/m2. In a cohort followed for 10 years, mor-
tality was higher in both genders, whereas risk of
revision and dislocation increased in men only,
contrasting with risk of reoperation, elevated in
women (Tohidi et al. 2019). Short-term postoper-
ative complications are likely related to the
increased incidence of comorbidities in patients
with obesity, as well as increased intraoperative
difficulty, such as technical errors, surgeon
reported difficulty, and problems that occur dur-
ing surgery (Jarvenpaa et al. 2010; Nunez et al.
2011). Type II diabetes and obstructive sleep
apnea, common comorbidities in the population
with obesity, have both been associated with an
increase in serious postoperative complications
after TJA (Jamsen et al. 2012).
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Severe obesity is noted to be associated with
an increased risk of surgical site infections, respi-
ratory complications, thromboembolic events,
and hospital length of stay (Zusmanovich et al.
2018).

In the most comprehensive systematic review
and meta-analysis on the effect of obesity on
postoperative outcomes of TJA for osteoarthritis,
31 studies from 18 different countries were
included. Patients without obesity were found to
have fewer postoperative infections and fewer
deep venous thromboses after either total hip
arthroplasty (THA) or total knee arthroplasty
(TKA) when compared to patients with morbid
obesity (Pozzobon et al. 2018).

Late Postoperative Abnormalities

Long-term complications are likely associated
with the mechanical and structural effects of obe-
sity on artificial joints over time. The differences
in joint load and daily movements between
individuals with obesity versus normal weight,
mentioned in the prior section, lead to increased
risk for accelerated bare surface wear, early pros-
thesis failure, implant loosening, need for
revisional joint surgery, and component malposi-
tion in the population with obesity after TJA.
Likely due to the increased load in the knee
compared to the hip joint, these effects are partic-
ularly evident after TKA (Abdel et al. 2015;
Kerkhoffs et al. 2012).

Revisions after TJA have been shown to be
higher in individuals with obesity versus those
without obesity, with more discrepancies after
TKA than THA (Chee et al. 2010; Foran et al.
2004). Patients with obesity are also at increased
risk of prosthetic dislocation after THA (Watts
et al. 2016). In a systematic review by Barrett
et al., THA outcomes were compared between
66,238 patients who were morbidly obese and
705,619 patients with a BMI <30 kg/m2. The
overall revision rate was 7.99% in patients with
morbid obesity versus 2.75% in patients without
obesity (Barrett et al. 2018).

Functional Outcome

Poorer functional results are likely due to the
conglomerate effect of short-term and long-term
complications experienced. In the same compre-
hensive systematic review and meta-analysis
mentioned above, participants without obesity
reported less knee pain at both short-term
(<6 months) and long-term (>6 months)
follow-up after TKA, and less hip pain at
short-term follow-up after THA. Patients without
obesity also reported less disability at long-term
follow-up for both TKA and THA (Pozzobon
et al. 2018). The functional outcome, quantified
using the Harris Hip Score, was comparable
between patients with and without obesity. How-
ever, the individual studies that looked at quality
of life did report lower Short-Form scores in
patients with obesity postoperatively (Barrett
et al. 2018).

Impact of Weight Loss and Bariatric
Surgery on Osteoarthritis

A 5–10% weight loss significantly improves pain,
self-reported disability, and quality of life in
adults with both obesity (BMI 33–36 kg/m2) and
mild to moderate knee osteoarthritis (Chu et al.
2018).

In-hospital complications after hip and knee
arthroplasty, and 90-day troubles after knee
arthroplasty, diminish in patients who underwent
prior bariatric surgery (McLawhorn et al. 2018a,
2018b). As many as 91% of patients undergoing
gastric bypass or sleeve gastrectomy experienced
a resolution of arthropathy by 21 months after
surgery (Nelson et al. 2006). All patients
undergoing sleeve gastrectomy had resolution of
their joint pain 1 year after surgery, in another
experience (Moon Han et al. 2005).

Studies assessing the specific effect of bariatric
surgery on osteoarthritis progression suggest
several benefits including: radiographic improve-
ment of disease, decreased frequency and inten-
sity of joint pain, improved physical function, and
improved range of motion (Groen et al. 2015).
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Improvements have also been noted in pos-
tural stability and sway during walking, which
may decrease the magnitude and frequency of
abnormal joint loads experienced by patients
with obesity (Ponta et al. 2014).

Improved gait parameters including decreases
in step width in the frontal plane, increases in step
length, decreased torque around the hip and knee
joint, and increased self-directed walking speed
were noted after bariatric surgery. However, other
studies suggest weight loss leads to increased
torque across joints due to the increased stride
length and gait velocity that accompany weight
loss (Vartiainen et al. 2012; Vincent et al. 2012).

Impact of Bariatric Surgery on
Arthroplasty

Because of the increased short-term and long-
term complications, poorer functional outcomes,
and increased cost of TJA in patients with morbid
obesity compared to patients with normal BMI,
the American Association of Hip and Knee
Surgeons suggested to strongly recommend con-
sideration for weight loss prior to TJA in patients
with BMI > 40 kg/m2 (Workgroup of the Ameri-
can Association of Hip and Knee Surgeons Evi-
dence Based Committee 2013). Bariatric surgery
has been shown to be the only reliable method of
weight loss and comorbidity resolution for
patients in this BMI range, though the effect of
bariatric surgery on TJA outcomes shows mixed
results.

The three most recent systematic reviews
evaluating the effect of bariatric surgery prior to
TJA include the same 13 studies in different
combinations. Gu et al. reported conflicting evi-
dence on the impact of bariatric surgery prior to
TJA on in-hospital complications, 30-day
complications, 90-day complications, revision
rates, and hospital length of stay (Gu et al.
2019). Similarly, Stavrakis et al. reviewed 7 stud-
ies, 6 of which were included in the meta-analysis
by Gu et al., to describe the conflicting evidence
regarding the effect of bariatric surgery on TJA
outcomes (Stavrakis et al. 2018). A third review
and meta-analysis by Smith et al. which was
included in the review by Stavrakis, included 5

of the studies used by Gu et al. No significant
differences in the incidence of superficial wound
infection, deep wound infection, deep vein throm-
bosis, pulmonary embolism, reoperation, joint
revision, or mortality were found between the
two groups in this meta-analysis. There were,
however, more medical complications in patients
who did not undergo bariatric surgery prior to
TJA (Smith et al. 2016).

There are several individual studies reporting
advantages to undergoing bariatric surgery prior
to TJA. In-hospital complications after hip and
knee arthroplasty, and 90-day troubles after knee
arthroplasty, diminish in patients who underwent
prior bariatric surgery (McLawhorn et al. 2018a,
2018b). A large study by Werner et al using a
Medicare database with 78,036 patients com-
pared the 90-day complication rate in three
groups: (1) patients without obesity, (2) patients
with morbid obesity who did not undergo bariat-
ric surgery, and (3) patients with morbid obesity
who underwent bariatric surgery prior to TKA.
They found a decreased rate of both major and
minor complications in patients with morbid obe-
sity who underwent bariatric surgery when com-
pared to patients with morbid obesity who did not
undergo bariatric surgery prior to TKA (Werner
et al. 2015). Watts et al compared the outcome of
THA in patients with morbid obesity who did and
did not previously undergo bariatric surgery in a
matched cohort study. They found a decrease in
reoperations and revisions for patients who
underwent bariatric surgery prior to THA (Watts
et al. 2016b). Kulkarni et al found that patients
with obesity who underwent bariatric surgery
prior to TJA had 3.5 times lower likelihood of
wound infection and 7 times lower likelihood of
hospital readmission compared to those who
underwent TJA alone (Kulkarni et al. 2011).
Nearing et al found operative time and length of
hospital stay were decreased for patients who had
arthroplasty performed after bariatric surgery.
Early complications and late reinterventions
were similar (Nearing et al. 2017).

While the decrease in joint loading and
improvement in gait mechanics account for a
portion of the improvement in joint pain and
osteoarthritic progression, the changes in the hor-
monal milieu secondary to bariatric surgery are
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also likely to contribute. There have been studies
investigating the changes in leptin secondary to
bariatric surgery. Chen et al. found that levels of
several adipocytokines and related factors
decreased over the course of the first year after
bariatric surgery. Even more interestingly, leptin
reduction and stabilization corresponded closely
with the initial reduction and stabilization in
osteoarthritic knee pain (Chen et al. 2018). This
suggests that a decrease in leptin, initiated by
bariatric surgery, is directly associated with an
improvement in osteoarthritis symptoms and
potentially joint damage.

There are also a few studies that suggested
worse postoperative TJA outcomes in patients
who had prior bariatric surgery. A New York
statewide cooperative study over a 10-year period
revealed that 90-day postoperative complications
after total joint arthroplasty were increased in
obese patients who previously underwent bariat-
ric operations. Immediate hospital costs were also
more substantial (Liu et al. 2019). In a previous
article with the same global database, they found
that bariatric surgery was not a risk factor for
nonelective readmissions at 30-days, 90-days, or
1 year and did not change overall cost. Neverthe-
less, it did predict an increase in elective admis-
sion for up to 1 year (Liu et al. 2018).

Within a similar perspective, a controlled
investigation using the Medicare database
unveiled about twice the risk of dislocation, as
well as revision surgery, in the bariatric popula-
tion compared to no weight-reducing operation in
obese or lean controls. However, the bariatric
patients in this study were significantly more
comorbid than the non-bariatric population, call-
ing to question the real reason for these
differences in outcome (Nickel et al. 2018).

Lee et al. used Medicare 5% part B data from
1999–2012 to identify patients who underwent
THA or TKA. A history of prior bariatric surgery
as well as the presence of comorbid conditions
such as diabetes, hypothyroidism, impaired renal
function, osteomalacia, and Cushing’s syndrome
was identified for all patients. Kaplan-Meier risk
of revision of THA or TKA within 0.5, 1, 2, and
5 years was evaluated for each condition, includ-
ing the presence of prior bariatric surgery.

Bariatric surgery prior to THA was not associated
with an increased overall risk for revision, but
was associated with an increased risk for revision
for periprosthetic infection. Patients undergoing
TKA following bariatric surgery were at
increased overall risk for revision, but not at
increased risk for revision for periprosthetic
infection (Lee et al. 2018).

Bariatric Surgery and Total Arthroplasty:
Which Comes First, the Chicken or the
Egg?

While it is possible that immobility secondary to
osteoarthritis contributes to the development of
obesity, evidence does not suggest that TJA will
lead to postoperative weight loss. Despite
increased mobility after TJA, most patients main-
tain and many actually gain weight postopera-
tively (Springer et al. 2017). While in one study,
postoperative weight loss was most strongly
associated with preoperative BMI (Inacio et al.
2014), this may just indicate better results of TJA
when concurrent metabolic syndrome is earlier in
its course. TJA is not suggested as a treatment for
significant weight loss.

The timing of bariatric surgery relative to TJA
may have an effect on TJA outcomes in patients
after bariatric surgery.

Schwarzkopf et al. used the Healthcare Cost
and Utilization Project California State Inpatient
Database to identify patients who underwent TJA
following bariatric surgery from 2007–2011.
There were 330 patients who underwent bariatric
surgery followed by THA and 1017 patients who
underwent bariatric surgery followed by TKA
with 19% of patients having THAwithin 6months
of their bariatric procedure and 10% of patients
having TKA within 6 months of their bariatric
procedure. There was no association found
between time of bariatric surgery and THA or
TKA and 90-day complications in multivariate
logistic regression analysis. However, patients
undergoing THA more than 6 months after bar-
iatric surgery were significantly less likely to have
a 90-day readmission compared to patients
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undergoing THA within 6 months of bariatric
surgery (Schwarzkopf et al. 2018).

Severson et al compared the outcomes of three
groups of patients: (1) patients with TKA prior to
bariatric surgery (n = 39) (2) patients who
underwent TKA less than 2 years after bariatric
surgery (n = 25) (3) patients who underwent TKA
more than 2 years after bariatric surgery (n = 61).
They found patients in group 3 had shorter anes-
thesia time, total operative time, and tourniquet
time while 90-day complication rates and dura-
tion of hospital stay did not differ among groups
(Severson et al. 2012).

More study is needed in this to determine the
optimal timing between bariatric surgery and
TJA.

Mobility and Access to Care

There are potential advantages to performing bar-
iatric surgery prior to TJA other than postopera-
tive outcomes, such as potential increased access
to care and decreased costs. Many rural facilities
will refer patients with obesity to tertiary medical
centers to undergo TJA. This requires increased
transportation costs and difficulty with follow-up.
If a patient with osteoarthritis was able to lose
weight with bariatric surgery, the patient may be
able to undergo TJA at an institution closer to
home, improving access to care and eliminating
some of the complexities of follow-up (Springer
et al. 2017).

Financial Issues

McLawhorn et al. compared the cost of
performing bariatric surgery prior to TKA in
patients with morbid obesity and osteoarthritis to
TKA alone in BMI-matched patients. Costs
included costs of treatment, complications, and
90-day follow-up. Quality-adjusted-life-years
(QALY) were also calculated for both groups.
While performing bariatric surgery prior to TKA
was more expensive than TKA alone, the QALY
was also higher. Given this, the incremental cost-
effectiveness ratio between the two groups was
found to be $13,910 per QALY. This value was

significantly less than the $100,000 per QALY
used as the threshold willingness to pay, leading
to the conclusion that performing bariatric sur-
gery prior to TKA is cost-effective (McLawhorn
et al. 2016). Kremers et al. found that, for every
5-unit increase in BMI over 30 kg/m2, hospitali-
zation cost increased $300 for TKA and $650 for
revisional TKA, even when adjusting for
comorbidities and complications (Kremers et al.
2014).

Culler et al. used the Medicare Provider Anal-
ysis Review file to show that any adverse event
for TJA increased mean hospital cost by $3429
and increased hospital length of stay by 1 day.
Given these findings, in the setting of bundled
payment for TJA, these authors suggested under-
taking all possible complication-reducing
measures to decrease the risk of complications
and therefore reduce hospital cost (Culler et al.
2016; Kremers et al. 2014).

Conversely, Giori et al. demonstrated that for
patients with BMI >40 kg/m2 who undergo TJA,
there is only one complication for every 14 com-
plication-free operations. These authors
suggested not using a strict BMI cutoff for
patients who otherwise qualify for TJA. Simi-
larly, Springer et al. followed 289 patients with
BMI >40 kg/m2 and end-stage osteoarthritis for
2 years. They found that requiring weight loss
prior to TJA in this population most often leads
to these patients remaining morbidly obese and
never undergoing TJA. Only 20% of patients
underwent bariatric surgery. These authors
suggested increasing the resources and coordi-
nated care to facilitate patients’ weight loss
(Giori et al. 2018).

Ongoing Trials and Future Perspectives

There is currently no consensus on the utility of
bariatric surgery for weight loss prior to TJA, and
no prospective or randomized controlled trials on
the topic. In addition, no prospective studies have
evaluated whether reduced biomechanical strain
on lower extremity joints after bariatric surgery
eliminates the need for TJA in certain patients, or
if, conversely, the increased mobility and exercise
capability of patients who lose significant weight
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from bariatric surgery lead to an increase in TJA
in this population.

The Surgical Weight-Loss to Improve Func-
tional Status Trajectories Following TKA
(SWIFT) Trial (NCT02598531) is the first pro-
spective, controlled, multicenter trial compar-
ing postoperative outcomes in patients with
severe obesity who undergo TKA with a well-
matched cohort of patients who undergo weight
loss surgery prior to elective TKA. This trial is
currently recruiting patients (Surgical Weight-
Loss to Improve Functional Status Trajectories
Following Total Knee Arthroplasty/SWIFT Trial
n.d.) (Benotti et al. 2018).

Future Directions

Important areas for study include: comparing the
effects of surgical weight loss and medical weight
loss on TJA necessity and outcome, comparing
the effect of different surgical weight loss
procedures on TJA necessity and outcome,
investigating risk stratification protocols for
patients with obesity and end-stage osteoarthritis,
determining a safe and cost-effective BMI cutoff
for TJA, and ultimately determining an appropri-
ate weight management algorithm and multidisci-
plinary approach for obese patients with
end-stage osteoarthritis. In addition to studies
investigating the effect of bariatric surgery on
osteoarthritis and TJA outcomes, further investi-
gation into the mechanisms that regulate periph-
eral and central adipokine activity and their
contribution to the development of osteoarthritis
may lead to novel treatments for osteoarthritis in
the morbidly obese population.
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Abstract

The use of nonclinical but also laboratory tools
to predict type 2 diabetes (T2D) remission
after metabolic/bariatric surgery has been
extensively researched. Basal fasting
C-peptide level is an accessible test, but it
cannot predict the chances of remission alone
and is biased in patients with more severe
diabetes. So, other robust biological and clini-
cal predictors of T2D remission after surgery
have been proposed. After assessing the pre-
dictive factors and acknowledging the risk of
non-remission and relapse, a pathway to ade-
quate clinical management is necessary,

particularly for cases with recurrent T2D.
Revisional surgery has been widely discussed
as an option for those cases, despite the lack of
robust evidence. Interestingly, inadequate
weight loss or weight regain that usually
indicates the reoperation is not always linked
with T2D recurrence. Pharmacological agents
such as GLP1 analogs may be an add-on alter-
native to reach glycemic control, if revisional
surgery is insufficient.
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Introduction

Type 2 Diabetes mellitus (T2D) is a chronic and
progressive disease characterized by
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hyperglycemia, insulin resistance, and relative
impairment of insulin secretion. It is strongly
associated with obesity in all ethnic groups
(Mokdad et al. 2001).

The prevalence of T2D is increasing world-
wide. The relationship between this disease and
obesity is well-established as 80% of T2D
patients are overweight or obese (Schauer et al.
2012).

As a multifactorial disease, understanding its
pathogenesis and its treatment is challenging.
Although insulin resistance can be traced back
to its genetic background, the epidemic of diabe-
tes is related to the epidemic of obesity and phys-
ical inactivity as both are insulin-resistant states
(Sha and Laferrère 2017).

Pathogenesis of T2D

It is currently known that eight factors play a role
in the development of glucose intolerance in T2D
individuals (DeFronzo 2009). Genetically,
individuals prone to develop T2D evolve to insu-
lin resistance that presents itself in multiple
organs. In the liver, it leads to an overproduction
of glucose, despite fasting hyperinsulinemia and
by reduced suppression of hepatic glucose pro-
duction in response to insulin. In the muscle, it
decreases glucose uptake after carbohydrate
ingestion resulting in postprandial hyperglyce-
mia. Thus, decreased insulin sensitivity
stimulates insulin production by the pancreatic
ß-cells. Over time, the ß-cells become fatigued,
losing function progressively and reducing
circulating insulin levels, consequently increasing
plasma glucose concentration leading to the onset
of diabetes. In addition to the muscle, liver, and
ß-cell, several other cellular dysfunctions are part
of T2D pathogenesis, with the involvemet of fat

cells (accelerated lipolysis), gastrointestinal tract
(incretin deficiency/resistance), alfa cells
(hyperglucagonemia), kidney (increased glucose
reabsorption), and brain (insulin resistance).

As complex as the pathogenesis, the treatment
of this disease is also challenging. Randomized
clinical trials have indicated that metabolic/bar-
iatric surgery achieves rapid and better glycemic
control than medical therapy alone in obese
patients with T2D. Accordingly, metabolic/bar-
iatric surgery is recommended in the treatment
algorithm of T2D in patients with a body mass
index of 30 kg/m2 and over and endorsed by over
50 worldwide medical and scientific associations
(Rubino et al. 2017).

How to Predict Metabolic/Bariatric
Surgery Outcomes

As the goals of metabolic/bariatric surgery are the
control of T2D and related metabolic conditions,
high remission rates are expected. Due to the use
of different remission criteria, rates are very vari-
able in the literature. The rate of T2D remission
varies from 24% to 95% at 2 years, depending on
the type of surgery, the definition of remission,
and the characteristics of patients enrolled in the
studies (Yan et al. 2017; Maleckas et al. 2015).

The main goal of metabolic/bariatric surgery,
as described above, is to keep the American Dia-
betes Association (ADA) triple endpoint under
control (Table 61.1) (Standards of Medical Care
in Diabetes 2020). Therefore, as T2D is a pro-
gressive disease, the ADA are targeted with the
correct association of surgery and the best medi-
cal treatment available.

Several studies tried to identify the best
protocols to manage these patients peri and post-
operatively (Sjostrom 2013). The main objectives

Table 61.1 Summary of the American Diabetes Association for glycemic, blood pressure, and lipid control for adults
with diabetes (Standards of Medical Care in Diabetes 2020)

A1c <7%

Blood Pressure <130/80 mmHg
Lipids
LDL cholesterol <100 mg/dl
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were identifying responders and the development
of preoperative scores that could shed a light on
achieving the best outcomes.

Different trials reported some clinical issues
that could predict T2D recurrence after surgery.
One study showed that one third of severely
obese diabetes adults who underwent gastric
bypass surgery experience relapse after diabetes
remission in five years (Schauer et al. 2014).

A retrospective cohort study that included
345 patients with obesity and type T2D, submit-
ted to Roux-en-Y gastric bypass (RYGB), with a
minimum 3-year follow-up since surgery,
assessed the factors associated with T2D remis-
sion and relapse. The predictors of remission
were younger age, preoperative glycemic control,
and duration of diabetes at baseline. Of the
patients in remission, 12% experienced T2D
recurrence. Predictors of recurrence were preop-
erative use of insulin, or any anti-diabetes agents
other than metformin (Mingrone et al. 2012;
Arterburn et al. 2013a).

Predictive Scores

Despite some limitations, a model of score based
on clinical variables for the preoperative predic-
tion of T2D remission following RYGB surgery
was proposed (DiaRem). In a retrospective cohort
study of 2300 patients who underwent RYGB
surgery, predictive factors of remission were
evaluated to produce a score that predicts the
probability of diabetes remission within 5 years.
This score uses as prediction factors age, Hba1c,
use of diabetes medications beyond metformin,
and use of insulin (Oliveira et al. 2018; Dixon
et al. 2013).

Young age and low BMI (25–35 kg/m2) are
also predictors of long-term T2D remission, while
the use of insulin and high glycated hemoglobin
A1c (HbA1c) levels are predictors of decreased
rates of remission after surgery. Glycemic
response to RYGB has also been correlated with
BMI, duration of diabetes, fasting C-peptide, and

weight loss (Brethauer et al. 2013; Arterburn et al.
2013b).

DiaRem is a well-validated tool with easy
clinical use (Still et al. 2014). However, one of
the drawbacks related to this score is the fact that
it does not use the duration of diabetes to calcu-
late the prediction of disease remission after sur-
gery. The DiaRem 2, updated its first version. It
added the time of history of T2D and changed the
remission groups from 5 to 3 categories (low,
intermediate, and high) which allowed the score
to improve its accuracy (Still et al. 2019; Pucci
et al. 2018).

A prospective single center, nonblinded,
randomized controlled trial including 45 obese
patients with T2D showed the potential use of
baseline circulating succinate to predict T2D
remission after metabolic/bariatric surgery. Suc-
cinate baseline concentrations were an indepen-
dent predictor of T2D remission (Ceperuelo-
Mallafre et al. 2019). Succinate is a metabolite
that signals metabolic stress and inflammation.
Microbiota-produced succinate has also been
related to intestinal glucose metabolism and met-
abolic activity of brown adipose tissue. This study
reported that patients who achieved remission
after 1 year had lower levels of baseline succinate.

Nevertheless, more studies are needed to
incorporate the use of succinate as a tool to help
identifying remission chances. Moreover, the
need to standardize this test in daily practice is
also required (Ceperuelo-Mallafre et al. 2019).

A pilot study to access the genetic predisposi-
tion risk scores in T2D in order to predict the
better response to metabolic/bariatric surgery in
terms of either weight loss or diabetes remission
showed highly sensitive and specific genetic pre-
dictive scores of responses to surgery in terms of
weight loss and T2D remission and the long-term
sustainability of these effects (Ciudin et al. 2019).

Further studies are needed to justify the appli-
cability of genetic analysis as a predictor of meta-
bolic response. However, the available current
studies mentioned above have already given
some clues towards precision medicine that can

61 Relapse of Diabetes After Metabolic/Bariatric Surgery 829



help clinicians to select even better candidates for
metabolic/ bariatric surgery.

Revisional Bariatric and Metabolic
Surgery

Metabolic surgery is the most effective treatment
for medically uncontrolled type 2 diabetes (T2D),
leading to a meaningful improvement in glycemic
control as good as 70% of diabetes remission
early after surgery (Panunzi et al. 2015). How-
ever, T2D recurrence rate five years after surgery
is not low (Mingrone et al. 2015). The main
apparent reason for those outcomes is that almost
all metabolic surgery trials have been designed
using T2D remission without antidiabetic
medications as an endpoint (Gloy et al. 2013).

As T2D is a chronic disease, consequently it is
not reasonable to have medication withdrawal as
a treatment target. On the contrary, the main goal
is the reduction of micro and macrovascular
complications and mortality, regardless of medi-
cation use (Cohen et al. 2017).

Although there is some data supporting
revisional surgery for insufficient weight loss or
weight regain, the literature is scarce, with weaker
levels of evidence about the benefits of revisional
metabolic surgery. Because of potentially higher
complication rates, and modest weight loss after
bariatric surgical revisions (Mor et al. 2013;
Sudan et al. 2014), a careful evaluation of its
necessity is mandatory, and many times, the treat-
ment with new antidiabetic medications, as glu-
cagon peptide 1 (GLP-1) analogues, can be better
options. Gravitas, a randomized controlled trial
comparing liraglutide versus placebo in
80 patients with persistent or recurrent type 2 dia-
betes at least one year after surgery, demonstrated
a decrease of 1.22% in HbA1c and 4.23 kg after
26 weeks of treatment (Miras et al. 2019).

Any given surgical technique has distinct
mechanisms of action. It was demonstrated that
rerouting the proximal bowel leads to a more
powerful metabolic improvement after surgery.
Therefore, depending on the index surgery and
the choice of the second operative technique, it is

expected that the metabolic outcomes potentially
will change (Brethauer et al. 2013).

In 2017, a review (Yan et al. 2017)
summarized all the evidences published to deter-
mine if there is metabolic improvement after
revisional surgery. The authors demonstrated
that converting restrictive procedures as the verti-
cal banded gastroplasty (VBG) or adjustable gas-
tric banding (AGB) to Roux-en-Y gastric bypass
(RYGB) leads to T2D improvement or remission
in 79% and 72%, as well as a decrease of 15–25%
and 13–26% in BMI, respectively. Similarly, two
studies reported outcomes converting AGB into
sleeve gastrectomy (SG) with 65% of T2D
improvement or remission.

Moreover, procedures as SG and RYGB are
not purely restrictive because other mechanisms,
besides the weight loss, underlie the improvement
of glucose metabolism. Nevertheless, studies
showed that, when converting SG into RYGB,
T2D improves or remits in 62% among patients
with residual disease. These results are even bet-
ter when converting SG into duodenal switch
(79% of diabetes improvement).

In patients submitted primarily to RYGB,
reoperative techniques lack compelling positive
data. Better results were reported after trimming/
redoing the gastric pouch and/or increasing the
malabsorptive component. The first option shows
heterogeneous results in different studies (50 to
100% of diabetes improvement), maybe because
of the diversity of techniques employed. Only one
study reported that all patients with T2D recur-
rence after RYGB (n ¼ 11) presented improve-
ment after distalization of the common channel.

The authors concluded some interesting points
after that narrative review of the literature.
Around 80% of patients are diabetes-free at the
time of the surgical revision and inadequate
weight loss or weight regain that usually indicates
the reoperation is not always linked with T2D
recurrence. In spite of the lack of quality data
and the limitations of the included studies,
revisional surgery seems to be effective in reduc-
ing weight and improving T2D among patients
with inadequate weight loss or weight regain
accompanied with T2D relapse.

830 L. P. C. da Silveira et al.



Recently, Aleassa et al. (2019) published a
retrospective study with the most significant
series of 81 patients with T2D relapse after the
primary bariatric operation submitted to
revisional surgery in an academic medical center.
T2D remission was defined as glycated hemoglo-
bin (HbA1c) < 6.5% and fasting plasma glucose
(FPG) < 126 mg/dL without diabetes
medications. T2D improvement was considered
when patients presented a reduction in HbA1c
(by>1%) and FPG (by>25 mg/dL), or reduction
in HbA1c and FBG accompanied by a decrease in
antidiabetic medications.

Patients were divided accordingly to the type
of primary and revisional bariatric procedures.
The median follow-up was 22 months. Among
20 patients submitted to a conversion of VBG to
RYGB, a median additional total weight loss
(TWL) was 20.5% and T2D remission and
improvement rates were 35% and 55% with a
44.4% reduction of patients using insulin.
Among AGB conversions, 14 were converted
into RYGB with a median of 22.4% of additional
TWL and 35.7% of T2D remission and 35.7% of
improvement in 43.5 months of median follow-
up. In 7 cases, the second procedure was a SG,
with modest results and a median of 13.5% of
additional TWL and HbA1c decrease from 7.2%
at baseline to 6.7% after median of 38 months.
Only 2 patients were converted to duodenal
switch (DS) with an additional weight loss and
T2D improvement, but in a short follow-up.

Sleeve gastrectomy was converted to RYGB
in 13 patients with a median additional TWL of
11.3% and T2D remission and improvement rates
of 23.1 and 30.8%, respectively, but the HbA1c
change was not statistically significant. Conver-
sion to DS was performed only in three patients
leading to significant T2D improvement and
weight loss.

In a median length of 12 months of follow-up,
revising the pouch after RYGB resulted in a
median of total weight loss of 14.1%, 22.7% of
T2D remission, and 50% of improvement.

Analyzing 115 patients converted to RYGB
(82 from AGB and 33 from SG) matched in a
1:1 ratio, including T2D as matching criteria, with
control patients who underwent primary RYGB,

Vallois et al. (2019) found similar early and late
morbidity between groups and no mortality.
Although the revisional group presented less
weight loss compared with primary RYGB
group (mean % excess weight loss
67.4 � 20.7 vs. 72.7 � 22.9, p ¼ 0.023) after
1 year, improvement of hypertension
(62.5 vs. 70.5%; p > 0.05), diabetes
(73.7 vs. 79%; p > 0.05), and obstructive sleep
apnea syndrome (100 vs. 97%; p > 0.05) was
similar between groups. Differently from previ-
ous data, this study showed that the revisional
procedure was as safe as the primary one and
showed similar significant improvement in
comorbidities, as T2D, even with less weight loss.

Finally, a systematic review and meta-analysis
published in 2018 (Pędziwiatr et al. 2018)
assessed 21 studies comparing outcomes after
primary versus revisional RYGB and included
11,720 and 3043 patients, respectively. Seven
studies reported results on T2D and hypertension
remission, and there were no differences between
groups ( p ¼ 0.61). It is important to notice that
the majority of patients in the revisional group
had a VBG or AGB as the primary procedure.
Weight loss was significant in the primary RYGB
group (20% more excess weight loss than
revisions). The analysis showed higher rates of
morbidity and mortality in revisional procedures,
although the numbers are still relatively low (0.2
versus 0.6% of mortality). However, there were
no differences in the case-matched subgroup.

Revisional surgery for Type 2 diabetes relapse
still lacks quality data. Keeping in mind that T2D
is a chronic and progressive disease, maintaining
glycemic endpoints under the target is important
to prevent micro and macrovascular
complications. Metabolic surgery is
recommended when the best medical treatment
fails. However, the optimal strategy to mitigate
recurrence, analog to cancer treatment, when
oncological surgery is often associated to radio/
chemotherapy, is to keep the best medical treat-
ment after surgery. So far, there are no accurate
scores to predict T2D outcomes after metabolic
interventions. Those available are good tools to
help the clinician to refer the best patients to
surgery.
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Operations that reroute the food through the
gastrointestinal tract deliver long-term better
outcomes than those that don’t. Currently, based
on the mechanisms behind the “bypass”
operations, it seems that converting SG or AGB
to RYGB or DS is efficacious to achieve glycemic
control and added weight loss, but always
keeping along the best medical treatment.

In most cases of postoperative T2D recurrence
after RYGB or DS, if there is no anatomical
complication to be fixed (as gastro-gastric
fistulas), adding pharmacological agents as
GLP1 analogs may be an alternative to reach
glycemic control.
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Abstract

Obesity and malnutrition appear to be at the
opposite ends of the spectrum. But in reality,
obesity in itself is a form of malnutrition
associated with nutritional deficiencies.
Attempts to lose weight by various special
diets complement the preexisting nutritional
deficiencies. Bariatric surgical procedures are
well-accepted for sustained remission of obe-
sity. The physiological basis of these
procedures is either gastric reduction (restric-
tive) or diminished absorption of nutrients
(malabsorptive). In both types, the weight
loss is associated with worsening of the
preexisting nutrient deficiencies or creating
new deficiencies of macro- and micronutrients.
A well-defined protocol-based pre- and post-
operative nutritional assessment is needed for
minimal adverse effects. Clinical guidelines
and recommendations are provided in the pres-
ent chapter.

Keywords

Obesity · Bariatric surgery · Roux-en-Y gastric
bypass · Sleeve gastrectomy · Biliopancreatic
bypass with duodenal switch · Micronutrients ·
Vitamin B12 · Folate (vitamin B9) Vitamin
B1 · Thiamine · Biotin · Wernicke’s
psychosis · Osteomalacia · Osteoporosis ·
Blind loop syndrome · SIBO · Anemia ·
Neuropathy · Magnesium · Copper · Selenium

Introduction

Obesity and malnutrition are presently considered
as two sides of one crisis or “a double burden of
malnutrition,” the coexistence of nutritional
deficiencies along with overweight and obesity.

A recent study has projected that nearly 1 in
2 US adults will be obese by 2030 (Ward et al.
2019). It also showed that severe obesity would
affect nearly 1 in 4 adults by 2030, particularly
women and certain disadvantaged populations.
China and India also are facing the obesity crisis,
especially in the middle and upper class,

contrasting with a high prevalence of
malnourished poor.

Deficiencies Across All Classes

A dogmatic view of the past is that malnutrition is
the consequence of the chronic consumption of an
insufficient quantity of inferior quality diet as a
result of poverty or disease. However, it has
become clear that malnutrition does not spare
the rich. The excessive use of high calorie foods
and drinks along with sedentarism is relevant.
The available solutions to the problem of obesity
are many, including various calorie-restricted
diets and bariatric surgical procedures designed
to induce malabsorption. All of the above cause
malnutrition and malabsorption of nutrients with
varying amounts as side effects.

Definition of Obesity and Its Types

In several Asiatic countries, BMI of
23.0–24.9 kg/m2 and � 25 kg/m2 are adopted
for overweight and obesity, respectively (World
Health Organization 2014; Gronroos et al. 2010;
Misra et al. 2009). The traditional WHO classifi-
cation is predominantly applicable to the people
of European ancestry.

Abdominal fat accumulation has a more omi-
nous prognosis than gluteo-femoral fat, raising
doubts about reliability of BMI alone (Adab
et al. 2018; Kissebah et al. 1982; Després et al.
1990). Even visceral fat signals cardiovascular
complications at different proportions among
Asians and other Americans (Demerath et al.
2007; Lim et al. 2011).

Metabolic Obesity

New clinical modalities encompassing metaboli-
cally healthy but obese (MHO), metabolically
obese but normal weight (MONW), and meta-
bolic or central obesity have thus been devised
(Karelis et al. 2004; Hamdy et al. 2006). A normal
waist to hip ratio (< 0.95 for men, < 0.86 for
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women) rules out metabolic obesity. Based on
waist-hip ratio, obesity is classified as pear-
shaped when the waist-hip ratio is <0.8 in
women and 0.9 in men. An apple-shaped obesity
is characterized as a higher waist to hip ratio
compared to the pear shape, implying that the
accumulated fat on an apple-shaped body is
mostly around the abdomen or waist (central obe-
sity) and is more often related to cardiovascular
and metabolic problems.

Obesity and Muscle Wasting

Sarcopenic obesity is not uncommon (Choi
2016), and aging, undernutrition, consumptive
illnesses, or disuse atrophy are common
precipitants. Functional and clinical aberrations
are observed, including propensity towards
increased adiposity (Dufour et al. 2013; Lee
et al. 2016), whereas obesity itself as an inducer
of sarcopenia has also been proposed, suggesting
some common pathways (Gregor and

Hotamisligil 2011). Glucose homeostasis and
other metabolic conditions could be negatively
affected, thus demanding a more structured
approach.

Types of Bariatric Surgery

Bariatric interventions can be restrictive,
malabsorptive, and mixed (restrictive and
malabsorptive). Most operations are surgical
(laparoscopic), along with emerging endoscopic
maneuvers (Table 62.1). More aggressive
modalities (malabsorptive) generally feature
more nutritional deficits.

Nutritional Deficiencies

Among Western populations, industrialized
meals are preferred, with an excessive amount
of undesirable calories and sodium and insuffi-
cient fiber and micronutrients (Damms-Machado

Table 62.1 Types of bariatric surgical procedures

Laparoscopic or surgical procedures89, 90

(Indication: BMI � 40 or � 35 kg/m2 with clinically significant comorbidities)

Type Mechanism Procedural details
% TWL
(Mean)

Adjustable gastric banding Restrictive A balloon encircles the upper stomach 11.8
Vertical sleeve
gastrectomy (VSG)

Restrictive The entire greater curvature is resected 15.4

Roux-en-Y gastric bypass
(RYGB)

(Restrictive
and
malabsorptive)

A proximal pouch is anastomosed to a gastrojejunostomy.
A Roux-en-Y biliopancreatic conduit joins 75–100 cm
downstream

20.1

Biliopancreatic bypass
with duodenal switch
(BPDS)

Restrictive and
malabsorptive

After sleeve gastrectomy, the ileum is anastomosed to the
duodenum

36.7

Endoscopic bariatric procedures91

Indication: mild to moderate obesity (BMI 30–40 kg/m2), or more severe cases who refuse surgery
Space occupying devices Restrictive Promote gastric distension and reduced emptying 10.2

(Orbera
balloon)

Aspiration assist device Unique class A gastrostomy for removing gastric contents after meals 14.2
Endoscopic sleeve
gastroplasty

Restrictive Endoscopic sutures to collapse the greater curvature and
diminish gastric volume

18.6

Primary obesity surgery
endoluminal

Restrictive Endoscopic sutures that reduce accommodation of the
gastric fundus.

4.9

%TWL (total weight loss) ¼% total weight loss which is computed as 100% � (pre-surgery BMI—post-surgery BMI at
the time of measurement)/pre-surgery BMI
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et al. 2012). Obesity could by itself trigger certain
deficits (Kaidar-Person et al. 2008), whereas
crash diets and other radical attempts to lose
weight could be equally deleterious.

Deficiencies Post-Bariatric Surgery

1. Restrictive interventions diminish nutrient
intake and could lead to an imbalanced diet.

2. Vertical sleeve gastrectomy can be addition-
ally followed by loss of appetite (reduced
ghrelin), abnormal iron, and vitamin B12
absorption (less intrinsic factor, less acidifica-
tion of the duodenum).

3. Up to one quarter of dietary protein and three
quarters of fat intake can be lost with
malabsorptive techniques, along with
associated micronutrients. Frequent stools
can further compromise nutritional status.

4. A combination of some of the features of
restriction and malabsorption can be detected
after RYGB (Roux-en-Y gastric bypass) (Kizy
et al. 2017).

Nutritional Deficiencies Before
and After Bariatric Management

Dietary shifts, clinical comorbidities and
treatments, along with the profile of the operation
itself modulate the advent and course of nutritional
deficits. Current recommendations are listed in
Tables 62.2 and 62.3 (Mechanick et al. 2013;
Parrott et al. 2016; Thibault et al. 2016).

Protein

Protein is essential for the synthesis of tissues,
enzymes, hormones, albumin, hemoglobin, and
other biomolecules. Severe protein deficit can
occur in 3–21% of patients after BPDS and up
to 13% following RYGB, depending on the
length of the Roux-limb (Faintuch et al. 2004).

Some bariatric patients develop an intolerance to
proteins due to altered gastrointestinal anatomy
and function, with inadequate digestion and
absorption. Early low-caloried liquid diets and
eventual vomiting could further contribute to
depletion.

Protein deficiency conducts to skin atrophy
and decreased muscle mass, besides classic
hypoalbuminemia and even generalized edema.
Impairment of growth, wound healing, immune
competence, and other essential functions can
trigger multiple complications.

Current consensus guidelines suggest addi-
tional protein along with all modalities of exer-
cise. Daily consumption of 60–120 g after
RYGB, 60–80 g or 1.1 g/kg of ideal body weight
after LSG, and 90 g following BPDS is advised.
Enteral nutrition should be considered in case of
significant undernutrition.

Essential Fatty Acids

Both omega 6 linoleic acid (LA) and omega
3 fatty acids, including alpha-linoleic acid
(ALA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA), are considered
essential for humans, even though some intercon-
versions among the omega 3 family are
recognized. Vegetable oils are the most important
sources of omega 6 fatty acids (EFAs) and ALA,
whereas EPA and DHA are usually ingested in
the form of fish. EFAs are required for the forma-
tion of various eicosanoids (biologically active
lipids). Patients after bariatric surgeries (particu-
larly malabsorptive procedures) are susceptible to
EFAs deficiency due to aberrant intestinal fat
processing (Forbes et al. 2016).

Dermatologic disorders, slow wound healing,
and increased susceptibility to infections are some
of the features of EFAs deficiency. Associated
zinc deficit (which also presents with dry scaly
rash) is a possibility which should be promptly
recognized (Mogensen 2017).

EFAs deficiency can be managed by
supplementing unsaturated omega-6-rich
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vegetable oils, as well as omega-3-rich fish oil,
for patients tolerating oral diet. For intravenous
nutrition-dependent patients, injectable fat
emulsions containing both omega 6 and omega
3 fatty acids are available in the market
(Mogensen 2017). The lipid injectable emulsion
infusion can be considered periodically for these
patients.

Vitamin D

This is a major fat-soluble nutrient, with rele-
vance in a variety of benign and malignant
conditions (Charoengam et al. 2019; Bouillon
and Carmeliet 2018; Amrein et al. 2020). Defi-
ciency is defined as levels of 25 (OH)D less than
20 ng/mL (50 nmol/L), whereas less than 12 ng/
mL (30 nmol/L) characterize severe deficiency

Table 62.3 Micronutrient assessment before and after bariatric surgeries

Micronutrient
Deficiency
in obesity

Deficiency after
bariatric surgery

Screening
post-bariatric
surgery

Supplementation post-
bariatric surgery Comments

Thiamine 15.5–29% <1% to 49% High-risk
patients

12–50 mg once or twice daily Begin on day 1

Vitamin B12 2–18% At 2–5 year of
RYGB-(<20%)
VSG- (4–20%)

Every
3 months for
1 year, and
then yearly

IM or SQ: 1000 μg monthly
Orally or sublingual: 350–
500 μg daily

Begin 0–
3 months after
surgery

Folate Up to 54% up to 65% Routine
screening

400–800 μg daily
800–1000 μg for fertile
women

>1000 mg
could mask low
vit. B12

Vitamin
D/calcium

25–90% 20–100% Routine
screening

LAGB, VSG, RYGB: 1200–
1500 mg/day BPDS: 1800–
2400 mg/day; Vit. D3: 3000/
day

Day 1–30
Calcium should
be given in
divided doses

Vitamins A,
E, K

Vitamin A
14%
Vitamin E
2.2%

Within 4 years of
RYGB and
BPDS—up to 70%

Vitamin A:
first year
RYGB,
BPDS,
undernutrition
Vitamin E, K:
symptomatic
patients

LAGB: Vit A 5000 IU/d Vit
K 90–120 μg/d; RYGB and
VSG: Vit A 5000–10,000 IU/
d, Vit K 90–120 μg/d; BPDS:
Vit A 10,000 IU/d Vit K
300 μg/d
Vit E 15 mg/d(all)

2–4 weeks;
Higher doses
with history of
deficiencies

Iron Up to 45% AGB (14%); SG
(Up to18%);
RYGB (20–55%);
BPD (13–62%);
DS 8–50%

Every
3 months for
1 year, and
then yearly

Males: 18 mg;menstruating
females: 45–60 mg

Day 1; Avoid
Simultaneous
acid, calcium,
Polyphenols, or
phytates

Zinc 24–28%
overall
74% BPDS

BPD (45 to 91%);
RYGB (15 to
21%); LSG (11 to
14%).

Annually
(RYGB or
BPDS);
anemia with
normal iron

LABG/VSG: 8–11 mg/d;
RYGB: 8–22 mg/d; BPDS:
16–22 mg

Day 1;
Suggested
1 mg copper:
8–15 mg zinc
(copper deficit
risk)

Copper Up to 70%
BPD
women

BPDS- (Up to
90%); RYGB-
(10–20%)

Annually
RYGB or
BPDS

LAGB/VSG: 1 mg/d;RYGB
or BPDS: 2 mg/d

Day 1 of
discharge

Magnesium 35% 32% BPDS
(eventually
others)

Magnesiumcitrate, 300 mg/
day

–

25 (OH) D 25-hydroxyvitamin D, PTH parathyroid hormone, MMA serum methyl malonic acid, tHcy serum homocys-
teine, PT prothrombin time, TIBC total iron-binding capacity, DXA dual-energy X-ray absorptiometry
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(Bouillon and Carmeliet 2018; Amrein et al.
2020).

Diagnosis in populations with excessive adi-
posity is extremely common, with an estimated
prevalence of 25–90% (Bouillon and Carmeliet
2018; Amrein et al. 2020; Xanthakos 2009;
Lespessailles and Toumi 2017). As body fat
accumulates, 25(OH)D proportionally moves
down (Arunabh et al. 2003; Vimaleswaran et al.
2013). Volumetric dilution of the nutrient, and
reduced exposure to sunlight on account of
sedentarism and avoidance of beaches and swim-
ming pools, could contribute to it. Importance of
dietary intake, however, is unclear. Liver steatosis
and certain cytokines could be detrimental for
endogenous production as well (Mohapatra et al.
2019).

Following malabsorptive bariatric procedures,
an estimated 17–52% (2 years) and 50–63%
(4 years) exhibit deficiency (Hamoui et al. 2003;
Newbury et al. 2003; Slater et al. 2004;
Bloomberg et al. 2005). After bypass procedures,
the altered anatomy and reduced biliary-
pancreatic processing decrease the absorption of
all fat-soluble vitamins. Rapid transit time after
VSG could similarly be deleterious.

Severe deficiency is predominantly detected as
rickets/osteomalacia (Charoengam et al. 2019).
Asymptomatic or oligosymptomatic cases are
the majority; however, secondary hyperparathy-
roidism can be damaging to bones, with the pos-
sibility of fractures. Such endocrine reaction is
not uncommon with vitamin D levels �30 ng/
mL. Dietary calcium processing is impaired when
the upper small bowel is excluded in RYGB and
BPDS (as little as 20% only) (Hamoui et al. 2003;
De Prisco and Levine 2005), potentially resulting
in calcium resorption and weakened bones.

Patients should be routinely monitored to
inhibit secondary hyperparathyroidism. Yet,
paracellular migration of calcium through the
small bowel occurs even during vitamin D defi-
ciency, raising questions about the real role of
such prescriptions.

Baseline calcium and vitamin D are manda-
tory. Calcium citrate (1200 to 1500 mg) and
3000 IU of vitamin D, or more in case of defi-
ciency, are necessary as well. As much as

50,000 units 1 to 3 times weekly, and eventually
calcitriol (1,25—dihydroxy vitamin D), have
been suggested for refractory cases. Associated
hypophosphatemia is frequent and demands pre-
vention (1.5 to 2.5 mg/dL). Besides vitamin D
measurements, bone densitometry every two
years is advocated after mixed or malabsorptive
interventions.

Vitamin B1 (Thiamine)

The prevalence of thiamine deficiency is 16–29%
in preoperative patients who undergo bariatric
surgery (Carrodeguas et al. 2005; Flancbaum
et al. 2006). Thiamine can get depleted rapidly
within as little as 2–3 weeks (Lonsdale 2006).
Large intakes of simple carbohydrates consume
available thiamine, further precipitating its
depletion.

Several case reports of Wernicke’s encepha-
lopathy are reported in post-bariatric patients
(Mohapatra et al. 2019). Beriberi is not entirely
unknown either. The prevalence of thiamine defi-
ciency ranges from <1% to 49% according to
population and intervention (Parrott et al. 2016).
Thiamine deficiency can be attributed to duodenal
malabsorption, metabolic demand, and decreased
dietary intake, particularly with frequent
vomiting. Altered intestinal bacterial composition
could also enhance production of thiaminases
(Lakhani et al. 2008).

Carbohydrate-rich prescriptions in the form of
intravenous fluids as well as enteral or parenteral
nutrition can also be risky in certain
circumstances due to elevated thiamine consump-
tion by such substrates. Routine monitoring and
supplementation are therefore advised
(Mechanick et al. 2013).

Acute cases may require thiamine, 500 mg
IV/d, for 3 to 5 days, followed by 250 mg PO/d
for 3 to 5 days or more. In these patients, long-
term oral supplementation with 100 mg/d is
advocated. For less stringent circumstances,
7–14 days of IV thiamine, 100 mg/d, is an
alternative.

Individuals with irregular or insufficient diet
and possibility of nutritional imbalances,
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digestive diseases, comorbidities including furo-
semide prescription, alcohol abuse, or neuropsy-
chiatric conditions need follow-up for 6 months
and for even longer if suspicions remain (every
3–6 months).

Vitamin B12 and Folate

About 2–18% of those with excessive adiposity
suffer from these deficiencies, and it is debated
whether there are links between the two
conditions (Parrott et al. 2016; El-Qudah et al.
2013; Yagan et al. 2016). Vitamin B12
containing animal protein is not always
appreciated by the obese, a possible contributing
factor. Certain medications such as metformin
and proton pump inhibitors affect B12 absorption
and stores. Serum 5-methyltetrahydrofolate and
unmetabolized folic acid are inversely associated
with BMI; (Bradbury et al. 2014) however, not
RBC folate (Bird et al. 2015). Obese pregnant
women very often exhibit low serum folate
(da Silva et al. 2013; Knight et al. 2015), which
predisposes to obesity in the offspring (Wang
et al. 2016).

Restrictive bariatric interventions are not
associated with vitamin B12 or folate deficits
(Alvarez-Leite 2004), contrasting with RYGB
after which the opposite occurs with vitamin
B12. Lack of intrinsic factor, achlorhydria, and
insufficient intake of B12 are the putative
mechanisms (Ponsky et al. 2005). Folate defi-
ciency is registered after RYGB patients; how-
ever, it seems much less common (MacLean et al.
1983; Boylan et al. 1988). Available supplements
usually prevent both abnormalities.

Pre- and postoperative vitamin B12 and folate
screening are necessary every 3–6 months until
12 months or longer when required. Because
serum B12 can be misleading, serum
methylmalonic acid (MMA) with or without
homocysteine should be checked.

Dosages of vitamin B12 for supplementation
encompass 1000 mcg/day orally, 1000 mcg
monthly (IM or SQ), or eventually nasal spray.
Being water-soluble, it is promptly excreted with
a low risk of overdose. About 400–800 μg of folic

acid, or 800–1000 μg for women of reproductive
age, should be added.

Vitamins A, C, E, K

It is still debated whether antioxidants such as
beta-carotene, alpha-tocopherol, and vitamin C
correlate or not with BMI (Stryker et al. 1988;
Schectman et al. 1989; Drewnowski et al. 1997;
Wallström et al. 2001). More evidence is avail-
able regarding retinol, which becomes depressed
as BMI increases (Viroonudomphol et al. 2003;
Switzer et al. 2005).

We recommend baseline screening of
vitamins A, C, E, and K during the preoperative
period. Regardless of the symptoms, those sub-
mitted to mixed or malabsorptive interventions
deserve subsequent vitamin A monitoring, with
more selective indication for the other, less fre-
quently deranged vitamins.

Prescriptions after surgery are listed: LAGB:
Vitamin A 5000 IU/d and vitamin K 90–120 μg/d.
RYGB and SG: Vitamin A 5000–10,000 IU/d
and vitamin K 90–120 μg/d. LAGB, SG,
RYGB, BPDS: Vitamin E 15 mg/d DS: Vitamin
A (10,000 IU/d) and vitamin K (300 μg/d).
Personalized attention may be required for certain
conditions.

Iron

Iron deficiency (ID) is the principal predisposing
factor for anemia (Lopez et al. 2016), being
detected in as much as one sixth of humankind
(Lopez et al. 2016). A 35% prevalence is occa-
sionally observed in the obese (Schweiger et al.
2010). Hepcidin, a pro-inflammatory adipokine
promoted by obesity, could aggravate the prob-
lem by linking to iron transporter ferroportin,
which is already less abundant in the small
bowel of this population (Girelli et al. 2016).
The opposite phenomenon, possibly triggered by
hepcidin dysfunction as well, is “Dysmetabolic
iron overload syndrome (DIOS),” featuring ele-
vated ferritin with normal or mildly elevated
transferrin saturation. This is not rare in metabolic
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syndrome (15%) and even more frequent (50%)
with fatty liver disease (NAFLD) (Bozzini et al.
2005).

Also, after bariatric treatment, iron deficiency
ranks among the most common troubles
(30–60%) (Muñoz et al. 2009). Hypochlorhydria,
duodenum bypass, dietary shifts, and bacterial
interference (H.pylori, intestinal microbiota) are
the most frequently mentioned drivers (Topart
2008; Hershko et al. 2005).

Baseline iron and transferrin saturation, total
iron-binding capacity, and ferritin are advised.
Daily iron supplementation should be given.
Iron monitoring schedule should be every 3–-
6 months (first year) and annually thereafter, if
there are no abnormalities. Complete blood count,
iron panel, total iron-binding capacity, ferritin,
and soluble transferrin receptor are useful as well.

Zinc

Zinc deficiency is not uncommon (up to 50%) in
bariatric candidates (Mahawar et al. 2017). Insu-
lin pathways require zinc, and there is experimen-
tal evidence that it could enhance leptin
expression, as well as macrophage infiltration
into adipose tissue (Liu et al. 2013). Weight loss
is associated with restoration of zinc
concentrations (Ishikawa et al. 2005).

All bariatric interventions have some negative
repercussions on zinc measurements, often
detected quite early due to lack of reserves, with
emphasis on the malabsorptive modality
(45–91%) (Gehrer et al. 2010; Sallé et al. 2010;
Balsa et al. 2011; Saif et al. 2012). DMT-1 (diva-
lent metal transporter-1) is the most relevant
mediator of absorption, expressed in the duode-
num and proximal jejunum; therefore
circumstances that shorten or eliminate food pas-
sage at this level exert negative impact. In large
doses, all major nutritional metals, namely zinc,
copper, and iron, can compromise absorption of
the others, therefore reciprocal monitoring is
advised (Bowley et al. 2017).

The majority of patients with mild to moderate
deficiency remain asymptomatic. Advanced cases
could present with dermatologic changes,

immune deficiency, neurohormonal disorders,
diminished appetite, and slow wound healing.

Zinc should be tested in candidates for mixed or
malabsorptive procedures, and every year thereaf-
ter. Low findings do not necessarily require inter-
vention (Marreiro et al. 2002) unless there are
symptoms. Anemia with normal iron demands
investigation, along with persistent diarrhea. Rou-
tine prescription is advised after these operations.

Copper

This is a cofactor for redox enzymes and
contributes to antioxidant defense, immune func-
tion, and neuropeptide synthesis (Uriu-Adams
2005). Ceruloplasmin, relevant for iron metabo-
lism, is a Cu-dependent ferroxidase.

As occurs with iron, gastric acid and the duode-
num are relevant for copper absorption. Conse-
quently, the same malabsorptive operations
previously alluded to represent risk factors for
such deficiency (9.6%) (Gletsu-Miller et al.
2012). Unsupplemented intravenous nutrition
could occasionally be a precipitant as well (Shike
2009). Anemia with neutropenia,
myeloneuropathy, and unusually optic neuropathy
have been documented in severe cases (Shah and
Tamhankar 2014).

The same testing routine as alluded to for zinc
should be adopted for copper and ceruloplasmin.
During acute-phase conditions such as fever or
inflammation, spurious elevation can occur.
Erythrocyte superoxide dismutase changes earlier
during copper deficiency and could represent an
alternative. Non-iron deficiency anemia demands
copper screening, along with other nutrients.

Oral (2 mg/d), or IV copper (2–4 mg/d), for
advanced deficiency can be adopted until normal-
ization. Around 1 mg of copper is suggested for
each 8 to 15 mg of zinc prescription, as high zinc
precipitates copper reduction.

Conflict of Interest
The authors declare no conflict of interest.

Funding
None.

844 S. Mohapatra and C. S. Pitchumoni



References

Adab P, Pallan M, Whincup PH (2018) Is BMI the best
measure of obesity? BMJ 360:k1274. https://doi.org/
10.1136/BMJ.K1274

Alvarez-Leite JI (2004) Nutrient deficiencies secondary to
bariatric surgery. Curr Opin Clin Nutr Metab Care
7:569–575

Amrein K, Scherkl M, Hoffmann M, Neuwersch-
Sommeregger S, Köstenberger M, Tmava Berisha A,
Martucci G, Pilz S, Malle O (2020) Vitamin D defi-
ciency 2.0: an update on the current status worldwide.
Eur J Clin Nutr. https://doi.org/10.1038/s41430-020-
0558-y

Arunabh S, Pollack S, Yeh J, Aloia JF (2003) Body fat
content and 25-hydroxyvitamin D levels in healthy
women. J Clin Endocrinol Metab 88:157–161. https://
doi.org/10.1210/jc.2002-020978

Balsa JA, Botella-Carretero JI, Gómez-Martín JM et al
(2011) Copper and zinc serum levels after derivative
bariatric surgery: differences between Roux-en-Y gas-
tric bypass and biliopancreatic diversion. Obes Surg
21:744–750. https://doi.org/10.1007/s11695-011-
0389-y

Bird JK, Ronnenberg AG, Choi S-W, Du F, Mason JB, Liu
Z (2015) Obesity is associated with increased red blood
cell folate despite lower dietary intakes and serum
concentrations. J Nutr 145:79–86. https://doi.org/10.
3945/jn.114.199117

Bloomberg RD, Fleishman A, Nalle JE, Herron DM, Kini
S (2005) Nutritional deficiencies following bariatric
surgery: what have we learned? Obes Surg
15:145–154. https://doi.org/10.1381/
0960892053268264

Bouillon R, Carmeliet G (2018) Vitamin D insufficiency:
definition, diagnosis and management. Best Pract Res
Clin Endocrinol Metab 32(5):669–684. https://doi.org/
10.1016/j.beem.2018.09.014

Bowley MP, David WS, Cho TA, Dighe AS (2017) Case
35-2017. A 57-year-old woman with hypoesthesia and
weakness in the legs and arms. N Engl J Med
377:1977–1984. https://doi.org/10.1056/
NEJMcpc1710564

Boylan LM, Sugerman HJ, Driskell JA (1988) Vitamin E,
vitamin B-6, vitamin B-12, and folate status of gastric
bypass surgery patients. J Am Diet Assoc 88:579–585

Bozzini C, Girelli D, Olivieri O et al (2005) Prevalence of
body iron excess in the metabolic syndrome. Diabetes
Care 28:2061–2063. https://doi.org/10.2337/
DIACARE.28.8.2061

Bradbury KE, Williams SM, Mann JI, Brown RC,
Parnell W, Skeaff CM (2014) Estimation of serum
and erythrocyte folate concentrations in the
New Zealand adult population within a background
of voluntary folic acid fortification. J Nutr 144:68–74.
https://doi.org/10.3945/jn.113.182105

Carrodeguas L, Kaidar-Person O, Szomstein S, Antozzi P,
Rosenthal R (2005) Preoperative thiamine deficiency
in obese population undergoing laparoscopic bariatric

surgery. Surg Obes Relat Dis 1:517–522. https://doi.
org/10.1016/j.soard.2005.08.003

Charoengam N, Shirvani A, Holick MF (2019) Vitamin D
for skeletal and non-skeletal health: what we should
know. J Clin Orthop Trauma 10(6):1082–1093. https://
doi.org/10.1016/j.jcot.2019.07.004

Choi KM (2016) Sarcopenia and sarcopenic obesity.
Korean J Intern Med 31:1054–1060. https://doi.org/
10.3904/kjim.2016.193

da Silva VR, Hausman DB, Kauwell GPA et al (2013)
Obesity affects short-term folate pharmacokinetics in
women of childbearing age. Int J Obes 37:1608–1610.
https://doi.org/10.1038/ijo.2013.41

Damms-Machado A, Weser G, Bischoff SC (2012) Micro-
nutrient deficiency in obese subjects undergoing low
calorie diet. Nutr J 11:34. https://doi.org/10.1186/
1475-2891-11-34

De Prisco C, Levine SN (2005) Metabolic bone disease
after gastric bypass surgery for obesity. Am J Med Sci
329:57–61

Demerath EW, Sun SS, Rogers N et al (2007) Anatomical
patterning of visceral adipose tissue: race, sex, and age
variation**. Obesity 15:2984–2993. https://doi.org/10.
1038/oby.2007.356

Després JP, Moorjani S, Lupien PJ, Tremblay A,
Nadeau A, Bouchard C (1990) Regional distribution
of body fat, plasma lipoproteins, and cardiovascular
disease. Arteriosclerosis 10:497–511. https://doi.org/
10.1161/01.ATV.10.4.497

Drewnowski A, Rock CL, Henderson SA et al (1997)
Serum β-carotene and vitamin C as biomarkers of
vegetable and fruit intakes in a community-based sam-
ple of French adults. Am J Clin Nutr. https://doi.org/
10.1093/ajcn/65.6.1796

Dufour AB, Hannan MT, Murabito JM, Kiel DP, McLean
RR (2013) Sarcopenia definitions considering body
size and fat mass are associated with mobility
limitations: the Framingham Study. J Gerontol A Biol
Sci Med Sci 68:168–174. https://doi.org/10.1093/
gerona/gls109

El-Qudah JM, Dababneh BF, Al-Qudah MM, Haddad M
(2013) Serum vitamin B12 levels related to weight
status among healthy Jordanian students. Lab Med
44:34–39. https://doi.org/10.1309/
LMG2E7PEDHET5QVI

Faintuch J, Matsuda M, Cruz MELF et al (2004) Severe
protein-calorie malnutrition after bariatric procedures.
Obes Surg 14:175–181. https://doi.org/10.1381/
096089204322857528

Flancbaum L, Belsley S, Drake V, Colarusso T, Tayler E
(2006) Preoperative nutritional status of patients
undergoing Roux-en-Y gastric bypass for morbid obe-
sity. J Gastrointest Surg 10:1033–1037. https://doi.org/
10.1016/j.gassur.2006.03.004

Forbes R, Gasevic D, Watson EM et al (2016) Essential
fatty acid plasma profiles following gastric bypass and
adjusted gastric banding bariatric surgeries. Obes Surg
26:1237–1246. https://doi.org/10.1007/s11695-015-
1876-3

62 Malnutrition in Obesity 845

https://doi.org/10.1136/BMJ.K1274
https://doi.org/10.1136/BMJ.K1274
https://doi.org/10.1038/s41430-020-0558-y
https://doi.org/10.1038/s41430-020-0558-y
https://doi.org/10.1210/jc.2002-020978
https://doi.org/10.1210/jc.2002-020978
https://doi.org/10.1007/s11695-011-0389-y
https://doi.org/10.1007/s11695-011-0389-y
https://doi.org/10.3945/jn.114.199117
https://doi.org/10.3945/jn.114.199117
https://doi.org/10.1381/0960892053268264
https://doi.org/10.1381/0960892053268264
https://doi.org/10.1016/j.beem.2018.09.014
https://doi.org/10.1016/j.beem.2018.09.014
https://doi.org/10.1056/NEJMcpc1710564
https://doi.org/10.1056/NEJMcpc1710564
https://doi.org/10.2337/DIACARE.28.8.2061
https://doi.org/10.2337/DIACARE.28.8.2061
https://doi.org/10.3945/jn.113.182105
https://doi.org/10.1016/j.soard.2005.08.003
https://doi.org/10.1016/j.soard.2005.08.003
https://doi.org/10.1016/j.jcot.2019.07.004
https://doi.org/10.1016/j.jcot.2019.07.004
https://doi.org/10.3904/kjim.2016.193
https://doi.org/10.3904/kjim.2016.193
https://doi.org/10.1038/ijo.2013.41
https://doi.org/10.1186/1475-2891-11-34
https://doi.org/10.1186/1475-2891-11-34
https://doi.org/10.1038/oby.2007.356
https://doi.org/10.1038/oby.2007.356
https://doi.org/10.1161/01.ATV.10.4.497
https://doi.org/10.1161/01.ATV.10.4.497
https://doi.org/10.1093/ajcn/65.6.1796
https://doi.org/10.1093/ajcn/65.6.1796
https://doi.org/10.1093/gerona/gls109
https://doi.org/10.1093/gerona/gls109
https://doi.org/10.1309/LMG2E7PEDHET5QVI
https://doi.org/10.1309/LMG2E7PEDHET5QVI
https://doi.org/10.1381/096089204322857528
https://doi.org/10.1381/096089204322857528
https://doi.org/10.1016/j.gassur.2006.03.004
https://doi.org/10.1016/j.gassur.2006.03.004
https://doi.org/10.1007/s11695-015-1876-3
https://doi.org/10.1007/s11695-015-1876-3


Gehrer S, Kern B, Peters T, Christoffel-Courtin C, Peterli
R (2010) Fewer nutrient deficiencies after laparoscopic
sleeve gastrectomy (LSG) than after laparoscopic
Roux-Y-Gastric bypass (LRYGB)—a prospective
study. Obes Surg 20:447–453. https://doi.org/10.
1007/s11695-009-0068-4

Girelli D, Nemeth E, Swinkels DW (2016) Hepcidin in the
diagnosis of iron disorders. Blood 127:2809–2813.
https://doi.org/10.1182/blood-2015-12-639112

Gletsu-Miller N, Broderius M, Frediani JK et al (2012)
Incidence and prevalence of copper deficiency follow-
ing roux-en-y gastric bypass surgery. Int J Obes (2005)
36:328–335. https://doi.org/10.1038/ijo.2011.159

Gregor MF, Hotamisligil GS (2011) Inflammatory
mechanisms in obesity. Annu Rev Immunol
29:415–445. https://doi.org/10.1146/annurev-
immunol-031210-101322

Gronroos JM, Salminen P, Laine S, Gullichsen R (2010)
Feasibility of ERCP procedures in patients 90 years of
age and older. J Clin Gastroenterol 44:227–228

Hamdy O, Porramatikul S, Al-Ozairi E (2006) Metabolic
obesity: the paradox between visceral and subcutane-
ous fat. Curr Diabetes Rev 2:367–373

Hamoui N, Kim K, Anthone G, Crookes PF (2003) The
significance of elevated levels of parathyroid hormone
in patients with morbid obesity before and after bariat-
ric surgery. Arch Surg 138:891. https://doi.org/10.
1001/archsurg.138.8.891

Hershko C, Hoffbrand AV, Keret D et al (2005) Role of
autoimmune gastritis, Helicobacter pylori and celiac
disease in refractory or unexplained iron deficiency
anemia. Haematologica 90:585–595

Ishikawa Y, Kudo H, Kagawa Y, Sakamoto S (2005)
Increased plasma levels of zinc in obese adult females
on a weight-loss program based on a hypocaloric bal-
anced diet. In Vivo 19:1035–1037

Kaidar-Person O, Person B, Szomstein S, Rosenthal RJ
(2008) Nutritional deficiencies in morbidly obese
patients: a new form of malnutrition? Obes Surg
18:870–876. https://doi.org/10.1007/s11695-007-
9349-y

Karelis AD, St-Pierre DH, Conus F, Rabasa-Lhoret R,
Poehlman ET (2004) Metabolic and body composition
factors in subgroups of obesity: what do we know? J
Clin Endocrinol Metabol 89:2569–2575. https://doi.
org/10.1210/jc.2004-0165

Kissebah AH, Vydelingum N, Murray R, Evans DJ,
Kalkhoff RK, Adams PW (1982) Relation of body fat
distribution to metabolic complications of obesity*. J
Clin Endocrinol Metabol 54:254–260. https://doi.org/
10.1210/jcem-54-2-254

Kizy S, Jahansouz C, Wirth K, Ikramuddin S, Leslie D
(2017) Bariatric surgery: a perspective for primary
care. Diab Spectrum 30:265–276. https://doi.org/10.
2337/ds17-0034

Knight BA, Shields BM, Brook A et al (2015) Lower
circulating B12 is associated with higher obesity and
insulin resistance during pregnancy in a non-diabetic

white British population. PLoS One 10:e0135268.
https://doi.org/10.1371/journal.pone.0135268

Lakhani VS, Shah HN, Alexander K, Finelli FC,
Kirkpatrick JR, Koch TR (2008) Small intestinal bac-
terial overgrowth and thiamine deficiency after Roux-
en-Y gastric bypass surgery in obese patients. Nutr Res
28:293–298. https://doi.org/10.1016/j.nutres.2008.03.
002

Lee J, Hong YP, Shin HJ, Lee W (2016) Associations of
sarcopenia and sarcopenic obesity with metabolic syn-
drome considering both muscle mass and muscle
strength. J Prev Med Public Health 49:35–44. https://
doi.org/10.3961/jpmph.15.055

Lespessailles E, Toumi H (2017) Vitamin D alteration
associated with obesity and bariatric surgery. Exp
Biol Med (Maywood) 242:1086–1094. https://doi.
org/10.1177/1535370216688567

Lim U, Ernst T, Buchthal SD et al (2011) Asian women
have greater abdominal and visceral adiposity than
Caucasian women with similar body mass index.
Nutr Diabetes 1:e6. https://doi.org/10.1038/nutd.
2011.2

Liu M-J, Bao S, Bolin ER et al (2013) Zinc deficiency
augments leptin production and exacerbates macro-
phage infiltration into adipose tissue in mice fed a
high-fat diet. J Nutr 143:1036–1045. https://doi.org/
10.3945/jn.113.175158

Lonsdale D (2006) A review of the biochemistry, metabo-
lism and clinical benefits of thiamin(e) and its
derivatives. Evid Based Complement Alternat Med
3:49–59. https://doi.org/10.1093/ecam/nek009

Lopez A, Cacoub P, Macdougall IC, Peyrin-Biroulet L
(2016) Iron deficiency anaemia. Lancet 387
(10021):907–916. https://doi.org/10.1016/S0140-
6736(15)60865-0

MacLean LD, Rhode BM, Shizgal HM (1983) Nutrition
following gastric operations for morbid obesity. Ann
Surg 198:347–355

Mahawar KK, Bhasker AG, Bindal V et al (2017) Zinc
deficiency after gastric bypass for morbid obesity: a
systematic review. Obes Surg 27:522–529. https://doi.
org/10.1007/s11695-016-2474-8

Marreiro DN, Fisberg M, Cozzolino SMF (2002) Zinc
nutritional status in obese children and adolescents.
Biol Trace Elem Res 86:107–122

Mechanick J, Youdim A, Jones D et al (2013) Clinical
practice guidelines for the perioperative nutritional,
metabolic, and nonsurgical support of the bariatric
surgery patient—2013 update: cosponsored by Ameri-
can Association of Clinical Endocrinologists, The
Obesity Society, and American Society for Metabolic
& Bariatric Surgery. Endocr Pract 19:337–372. https://
doi.org/10.4158/EP12437.GL

Misra A, Chowbey P, Makkar BM et al (2009) Consensus
statement for diagnosis of obesity, abdominal obesity
and the metabolic syndrome for Asian Indians and
recommendations for physical activity, medical and sur-
gicalmanagement. J Assoc Physicians India 57:163–170

846 S. Mohapatra and C. S. Pitchumoni

https://doi.org/10.1007/s11695-009-0068-4
https://doi.org/10.1007/s11695-009-0068-4
https://doi.org/10.1182/blood-2015-12-639112
https://doi.org/10.1038/ijo.2011.159
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.1001/archsurg.138.8.891
https://doi.org/10.1001/archsurg.138.8.891
https://doi.org/10.1007/s11695-007-9349-y
https://doi.org/10.1007/s11695-007-9349-y
https://doi.org/10.1210/jc.2004-0165
https://doi.org/10.1210/jc.2004-0165
https://doi.org/10.1210/jcem-54-2-254
https://doi.org/10.1210/jcem-54-2-254
https://doi.org/10.2337/ds17-0034
https://doi.org/10.2337/ds17-0034
https://doi.org/10.1371/journal.pone.0135268
https://doi.org/10.1016/j.nutres.2008.03.002
https://doi.org/10.1016/j.nutres.2008.03.002
https://doi.org/10.3961/jpmph.15.055
https://doi.org/10.3961/jpmph.15.055
https://doi.org/10.1177/1535370216688567
https://doi.org/10.1177/1535370216688567
https://doi.org/10.1038/nutd.2011.2
https://doi.org/10.1038/nutd.2011.2
https://doi.org/10.3945/jn.113.175158
https://doi.org/10.3945/jn.113.175158
https://doi.org/10.1093/ecam/nek009
https://doi.org/10.1016/S0140-6736(15)60865-0
https://doi.org/10.1016/S0140-6736(15)60865-0
https://doi.org/10.1007/s11695-016-2474-8
https://doi.org/10.1007/s11695-016-2474-8
https://doi.org/10.4158/EP12437.GL
https://doi.org/10.4158/EP12437.GL


Mogensen K (2017) Essential fatty acid deficiency. Pract
Gastroenterol XLI:37–44

Mohapatra S, Gangadharan K, Pitchumoni CS (2019)
Malnutrition in obesity before and after bariatric sur-
gery. Dis Mon 100866. https://doi.org/10.1016/j.
disamonth.2019.06.008

Muñoz M, Botella F, Gómez-Ramírez S, Campos A,
García-Erce J (2009) Iron deficiency and anaemia in
bariatric surgical patients: causes, diagnosis and proper
management. Nutr Hosp 24:640–654. https://doi.org/
10.3305/nh.2009.24.6.4547

Newbury L, Dolan K, Hatzifotis M, Low N, Fielding G
(2003) Calcium and vitamin D depletion and elevated
parathyroid hormone following biliopancreatic diver-
sion. Obes Surg 13:893–895. https://doi.org/10.1381/
096089203322618722

Parrott J, Frank L, Rabena R, Craggs-Dino L, Isom KA,
Greiman L. American Society for Metabolic and Bar-
iatric Surgery Integrated Health Nutritional Guidelines
for the Surgical Weight Loss Patient 2016 Update:
Micronutrients 2016. https://doi.org/10.1016/j.soard.
2016.12.018

Ponsky TA, Brody F, Pucci E (2005) Alterations in gas-
trointestinal physiology after Roux-En-Y gastric
bypass. J Am Coll Surg 201:125–131. https://doi.org/
10.1016/j.jamcollsurg.2005.03.021

Saif T, Strain GW, Dakin G, Gagner M, Costa R, Pomp A
(2012) Evaluation of nutrient status after laparoscopic
sleeve gastrectomy 1, 3, and 5 years after surgery. Surg
Obes Relat Dis 8:542–547. https://doi.org/10.1016/j.
soard.2012.01.013

Sallé A, Demarsy D, Poirier AL et al (2010) Zinc defi-
ciency: a frequent and underestimated complication
after bariatric surgery. Obes Surg 20:1660–1670.
https://doi.org/10.1007/s11695-010-0237-5

Schectman G, Byrd JC, Gruchow HW (1989) The influ-
ence of smoking on vitamin C status in adults. Am J
Public Health. https://doi.org/10.2105/AJPH.79.2.158

Schweiger C, Weiss R, Berry E, Keidar A (2010)
Nutritional deficiencies in bariatric surgery candidates.
Obes Surg 20:193–197. https://doi.org/10.1007/
s11695-009-0008-3

Shah AR, Tamhankar MA (2014) Optic neuropathy
associated with copper deficiency after gastric bypass
surgery. Retin Cases Brief Rep 8:73–76. https://doi.
org/10.1097/ICB.0000000000000008

Shike M (2009) Copper in parenteral nutrition. Gastroen-
terology 137:S13–S17. https://doi.org/10.1053/j.
gastro.2009.08.017

Slater GH, Ren CJ, Siegel N et al (2004) Serum fat-soluble
vitamin deficiency and abnormal calcium metabolism
after malabsorptive bariatric surgery. J Gastrointest
Surg 8:48–55

Stryker WS, Kaplan LA, Stein EA, Stampfer MJ, Sober A,
Willett WC (1988) The relation of diet, cigarette

smoking, and alcohol consumption to plasma beta-
carotene and alpha-tocopherol levels. Am J Epidemiol.
https://doi.org/10.1093/oxfordjournals.aje.a114804

Switzer BR, Atwood JR, Stark AH et al (2005) Plasma
carotenoid and vitamins A and E concentrations in
older African American women after Wheat Bran sup-
plementation: effects of age, body mass and smoking
history. J Am Coll Nutr 24:217–226. https://doi.org/
10.1080/07315724.2005.10719468

Thibault R, Huber O, Azagury DE, Pichard C (2016)
Twelve key nutritional issues in bariatric surgery.
Clin Nutr 35:12–17. https://doi.org/10.1016/j.clnu.
2015.02.012

Topart P (2008) Iron deficiency and anemia after bariatric
surgery. Surg Obes Relat Dis 4:719–720. https://doi.
org/10.1016/j.soard.2008.05.006

Uriu-Adams JY (2005) Copper, oxidative stress, and
human health. Mol Asp Med 26:268–298. https://doi.
org/10.1016/J.MAM.2005.07.015

Vimaleswaran KS, Berry DJ, Lu C et al (2013) Causal
relationship between obesity and vitamin D status:
bi-directional mendelian randomization analysis of
multiple cohorts. PLoS Med 10:e1001383. https://doi.
org/10.1371/journal.pmed.1001383

Viroonudomphol D, Pongpaew PMS, Tungtrongchitr R
et al (2003) The relationships between anthropometric
measurements, serum vitamin A and E concentrations
and lipid profiles in overweight and obese subjects.
Asia Pacific J Clin Nutr

WallströmP,Wirfält E, Lahmann PH,Gullberg B, JanzonL,
Berglund G (2001) Serum concentrations of β-carotene
and α-tocopherol are associated with diet, smoking, and
general and central adiposity. Am J Clin Nutr
73:777–785. https://doi.org/10.1093/ajcn/73.4.777

Wang G, Hu FB, Mistry KB et al (2016) Association
between maternal prepregnancy body mass index and
plasma folate concentrations with child metabolic
health. JAMA Pediatr 170:e160845. https://doi.org/
10.1001/jamapediatrics.2016.0845

Ward ZJ, Bleich SN, Cradock AL et al (2019) Projected
U.S. State-level prevalence of adult obesity and severe
obesity. N Engl J Med 381:2440–2450. https://doi.org/
10.1056/NEJMsa1909301

World Health Organization. Obesity. WHO 2014. https://
www.who.int/topics/obesity/en/. Accessed December
31, 2018

Xanthakos SA (2009) Nutritional deficiencies in obesity and
after bariatric surgery. Pediatr Clin N Am
56:1105–1121. https://doi.org/10.1016/j.pcl.2009.07.
002

Yagan FCC, Olcum GG, Kurtulus D, Tugtekin HB (2016)
The relationship between obesity and serum Vitamin
B12, folic acid, vitamin D concentrations in obes
adults: a retrospective study. Endocr Abstr 41:EP183.
https://doi.org/10.1530/endoabs.41.EP183

62 Malnutrition in Obesity 847

https://doi.org/10.1016/j.disamonth.2019.06.008
https://doi.org/10.1016/j.disamonth.2019.06.008
https://doi.org/10.3305/nh.2009.24.6.4547
https://doi.org/10.3305/nh.2009.24.6.4547
https://doi.org/10.1381/096089203322618722
https://doi.org/10.1381/096089203322618722
https://doi.org/10.1016/j.soard.2016.12.018
https://doi.org/10.1016/j.soard.2016.12.018
https://doi.org/10.1016/j.jamcollsurg.2005.03.021
https://doi.org/10.1016/j.jamcollsurg.2005.03.021
https://doi.org/10.1016/j.soard.2012.01.013
https://doi.org/10.1016/j.soard.2012.01.013
https://doi.org/10.1007/s11695-010-0237-5
https://doi.org/10.2105/AJPH.79.2.158
https://doi.org/10.1007/s11695-009-0008-3
https://doi.org/10.1007/s11695-009-0008-3
https://doi.org/10.1097/ICB.0000000000000008
https://doi.org/10.1097/ICB.0000000000000008
https://doi.org/10.1053/j.gastro.2009.08.017
https://doi.org/10.1053/j.gastro.2009.08.017
https://doi.org/10.1093/oxfordjournals.aje.a114804
https://doi.org/10.1080/07315724.2005.10719468
https://doi.org/10.1080/07315724.2005.10719468
https://doi.org/10.1016/j.clnu.2015.02.012
https://doi.org/10.1016/j.clnu.2015.02.012
https://doi.org/10.1016/j.soard.2008.05.006
https://doi.org/10.1016/j.soard.2008.05.006
https://doi.org/10.1016/J.MAM.2005.07.015
https://doi.org/10.1016/J.MAM.2005.07.015
https://doi.org/10.1371/journal.pmed.1001383
https://doi.org/10.1371/journal.pmed.1001383
https://doi.org/10.1093/ajcn/73.4.777
https://doi.org/10.1001/jamapediatrics.2016.0845
https://doi.org/10.1001/jamapediatrics.2016.0845
https://doi.org/10.1056/NEJMsa1909301
https://doi.org/10.1056/NEJMsa1909301
https://www.who.int/topics/obesity/en/
https://www.who.int/topics/obesity/en/
https://doi.org/10.1016/j.pcl.2009.07.002
https://doi.org/10.1016/j.pcl.2009.07.002
https://doi.org/10.1530/endoabs.41.EP183


Part VIII

New Apps, Drugs, Artificial Intelligence and Public Health
Initiatives



Sugar-Sweetened Beverage Taxes:
Origins, Mechanisms, and Current
Worldwide Status

63

Fabrizio Ferretti

Contents

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 852
Drink Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 852
Tax Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 853

The Demand for Sugar-Sweetened Beverages (SSBs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 853
Affordability and Risk Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 854
Practical Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 854
Consumption Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 855
Tax and Soda Sales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 855
Multi-pronged Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 856

Taxing Sugar-Sweetened Beverages (SSBs): Rationale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 856
The Pitfalls of Wrong Perceptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 857

Taxing Sugar-Sweetened Beverages (SSBs): Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . 857
A Comprehensive and Enlightened Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 858
Sugar Tax in the Real World . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 858
Price Elasticity of Demand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 858
Cross Price Elasticity of Demand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 858
The General Economy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 859
Behavior of the Industry and the Government . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 859

Current Worldwide Status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 859
Sugared Drinks in Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861
Other Consequences in Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861
Unjust and Regressive Taxes? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861
The Broader Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 862

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 862

F. Ferretti (*)
School of Social Sciences, University of Modena and
Reggio Emilia, Modena, Italy

Department of Communication and Economics, Palazzo
Dossetti, Reggio Emilia, Italy
e-mail: fabrizio.ferretti@unimore.it

# Springer Nature Switzerland AG 2020
J. Faintuch and S. Faintuch (eds.), Obesity and Diabetes, https://doi.org/10.1007/978-3-030-53370-0_63

851

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53370-0_63&domain=pdf
mailto:fabrizio.ferretti@unimore.it
https://doi.org/10.1007/978-3-030-53370-0_63#DOI


Abstract

The emergence of modern food systems has
been causing unhealthy changes in the dietary
patterns of millions of consumers worldwide.
Nowadays, ultra-processed foods and
beverages represent an increasing fraction of
the total daily energy intake in both advanced
and emerging economies. Most of these
products are typically low in nutrients but
high in one or more added ingredients, such
as in the case of sugar-sweetened beverages
(SSBs) usually rich in free sugars. The regular
consumption of SSBs has been associated with
adverse health outcomes, including obesity,
type 2 diabetes, and cardiovascular diseases.
Taxes are an increasingly popular approach to
attempt reducing the overconsumption of
SSBs. This chapter provides a non-techni-
cal description of the rationale, mechanisms,
and current worldwide status of taxes on SSBs.

Keywords

Tax strategies · Soda sales · Price elasticity ·
Industry sugar tax · Government sugar tax ·
Regressive taxes

Introduction

The production of ultra-processed foods and
beverages is a common feature of modern food
systems (Monteiro et al. 2018a). Nowadays, an
increasing fraction of world population has access
to a large variety of convenient (i.e., durable and
ready-to-consume) products, in the form of
hyper-palatable and relatively inexpensive
calorie-dense foods and beverages (Baker and
Friel 2016; Monteiro et al. 2018b; Pan American
Health Organization 2019). Most of these
products are typically low in nutrients but high
in one or more added ingredients (such as sugar,
salt, and industry-created fats). Various types of
additives and preservatives, as well as
neo-formed contaminants derived from the pro-
duction processes and the packaging materials
(e.g., acrylamide and bisphenol A), are also pres-
ent (Monteiro et al. 2019).

A traditional balanced and diversified diet is
based on the regular consumption of fresh and
minimally processed foods. In contrast, a ‘West-
ern-style’ dietary pattern relies heavily on ultra-
processed foods and beverages and is regarded
as one of the key drivers of the growing world-
wide burden of the leading noncommunicable
diseases, such as obesity, cardiovascular diseases,
diabetes, and some types of cancer (WHO 2014;
Chazelas et al. 2019; Lawrence and Baker 2019).
In the current food environment, a popular
source of ‘empty calories’ comes from soft
(non-alcoholic) drinks and, more specifically,
from sugar-sweetened beverages (SSBs),
(Martinez Steele et al. 2016). The world’s most
consumed SSBs include regular (i.e., non-diet)
sodas, fruit juices, fruit, and milk-flavored drinks,
ready-to-drink tea and coffee, flavored water, and
energy, functional, and sports drinks (Singh et al.
2015a).

SSBs are defined as all types of carbonated and
non-carbonated beverages containing free sugars
(British Medical Association 2015). The World
Health Organization (WHO) defines free sugars
as all monosaccharides (e.g., glucose and fruc-
tose) and disaccharides (e.g., sucrose) inherent
in the food plus any added sugars (WHO 2015).
A given amount of sugar is naturally present in
certain types of SSBs (e.g., fruit juices). One key
feature of SSBs is a large amount of free sugar
added by the manufacturer (The Nutrition Source
2019). The beverage industry adds free sugars,
usually in the form of refined beet and cane sugar,
or by using high-fructose corn syrup, a liquid
sweetener derived from the processing of corn
starch (Public Health Law and Policy 2011).
These added sugars are incorporated to improve
the products’ palatability (Goldfein and Slavin
2015). Hence, SSBs are also called ‘sugary
drinks’.

Drink Composition

There are notable differences in the sugar content
of these products, both across and within bever-
age categories. In general, the total quantity of
sugar may range from 1 g to more than 50 g per
8-oz serving. A typical 8-oz serving of regular
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soda contains about 29 g of free sugars. One
teaspoon provides approximately 4.2 g of sugar.
On this basis, drinking a standard 8-oz serving of
soda is equivalent to eating more than 7 tsp. of
table sugar (Harris and Schwartz 2014).

In the same 8-oz serving of other popular
SSBs, for example, fruit and energy drinks, the
average sugar content equates to about 22 g of
free sugars (around 5 tsp). Similarly, in flavored
water and ready-to-drink tea/coffee, there are typ-
ically 10 and 15 g of sugar, around 2.3 and 3.5
tsp. of table sugar, respectively. However, great
diversity exists even within the same beverage
category. Some regular sodas contain less than
10 g of sugar per 8-oz serving, and others, more
than 45 g. Likewise, fruit drinks may contain
from 1 g up to 57 g (about 13.5 tsp) of sugar per
8-oz serving (Harris and Schwartz 2014).

Despite the differences between products, the
regular consumption of one or more SSBs in the
everyday diet normally results in an abnormal
high free-sugars intake (WHO 2015). Further-
more, studies on the health impacts of frequent
SSB consumption address not only the total sugar
content of these products, but also the proportion
of the different types of sugars (e.g., the actual
fructose content of high-fructose corn syrup)
added to the beverages (Ventura et al. 2011).
The most documented adverse health effects
associated with SSB consumption include: (1) a
greater likelihood of unhealthy weight gain (thus,
an increased risk for becoming overweight or
obese); (2) a greater incidence of type 2 diabetes;
and (3) a higher risk of hypertension (Vartanian
and Brownell 2006; Te Morenga et al. 2012).

During the last two decades, the daily con-
sumption of SSBs is one of the modifiable risk
factors responsible for the increase in global
attributable deaths and disability-adjusted life-
years (GBD 2017 Diet Collaborators 2019;
Rico-Campà et al. 2019). In order to prevent the
negative health effects of an excessive intake of
free sugars, the WHO (2015) suggests reducing
their consumption preferably to less than 5% of
the daily energy intake. This limit corresponds to
about 6 tsp. of table sugar for adults per day.

Tax Strategies

Substantial research supports the need for action
to curb the unhealthy habit of consuming too
much sugar from SSBs (Hu 2013; Tedstone
et al. 2015). Indirect taxes are an increasingly
popular approach to promoting healthy eating
habits by changing the relative prices of the dif-
ferent foods and beverages available on the mar-
ket (Mytton et al. 2012; Powell et al. 2013).

Excise taxes are taxes on the sale of a specific
category of goods and services, such as tobacco,
alcohol, and unhealthy foods and beverages.
These taxes usually target products deemed harm-
ful to human health, but that society does not
want to completely ban (Samuelson and
Nordhaus 2010). Specifically, taxes on SSBs
(SSB taxes) are excise taxes imposed by national
or local governments for three main reasons: One,
to discourage the excessive consumption of free
sugars from SSBs; Secondly, to encourage
producers to develop healthier soft drinks; and
thirdly, to raise revenue to finance comprehensive
policy programs, devoted to promoting healthy
eating habits (WHO 2017).

The main motivation behind implementing
SSB taxes is that the tax will increase the shelf
price. This price rise will result in a decline in
regular consumption of SSBs, which, in turn, will
reduce the incidence of the harmful effects of an
excessive intake of free sugars. Regular sodas are
usually the most common SSBs. Hence, these
taxes are often called ‘soda (or sugar) taxes’.

The Demand for Sugar-Sweetened
Beverages (SSBs)

Due to the combination of rising disposable
income and declining prices during the last
25 years, SSBs have become more affordable in
more than 80 countries worldwide (Blecher et al.
2017). The affordability of SSBs is measured by
the percentage of consumer’s disposable income
required to buy a given amount (e.g., 1 l) of
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product. As a result, it captures changes in SSB
prices and consumers’ income simultaneously
(Ferretti and Mariani 2019). Considering the
same share of income, a typical world consumer
could buy about 70% more SSBs in 2016 than
1990. This percentage has risen above 85% in
many emerging economies, in which the
affordability of SSBs has nearly doubled in less
than three decades (Blecher et al. 2017).

Affordability and Risk Exposure

According to the Global Burden of Disease
(GBD) study, during around the same time
frame (1990–2016), the ‘summary exposure
value’ (SEV) of SSBs increased by more than
40% (GBD 2016 Risk Factors Collaborators
2017; Singh et al. 2015b). The SEV measures
the population’s exposure to a specific risk factor,
by considering both the extent of exposure by risk
level and the severity of that risk’s contribution to
disease burden (Institute for Health Metrics and
Evaluation 2019). For a given content of free
sugars, the SEV of products such as SSBs is
mainly affected by the average level of SSBs’
consumption among the general population.
Research has consistently shown that the amount
of SSBs consumed in each population primarily
responds to SSB market prices, and all else being

equal, prices and consumption are negatively
related (Andreyeva et al. 2010; Goryakin et al.
2017). The curve labeled D in Fig. 63.1a
illustrates this inverse relationship.

Practical Example

Let’s assume that only one type of SSB is avail-
able in the market, for example, a carbonated soft
drink containing 39 g of free sugars (about 9.3
tsp) per 12-oz (335-ml) serving. In Fig. 63.1a, the
vertical axis of the graph shows the average retail
price (P) of the soda, measured in U.S. dollars
(USD). The horizontal axis shows the total quan-
tity of soda demanded in the market (Q),
measured in units per period (e.g., cans per day).
Finally, D is the demand curve that shows how
many cans of soda consumers are willing to buy
per day as the price per unit changes, ceteris
paribus.

The demand curve for SSBs slopes downward.
A relatively lower price may encourage
consumers who have already been buying the
soda, to purchase more cans per day. Likewise,
it may allow other consumers who were previ-
ously unable to afford the product to begin buying
it. As shown in Fig. 63.1a, if the average price per
decreases from P1 to P2, the quantity demanded
increases from Q1 to Q2 and vice versa. Overall,
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Fig. 63.1 (a and b) The demand curve for sugar-sweetened beverages (SSBs)
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changes in price result in changes in the quantity
demanded, that is, in movements along a given
demand curve (such as D).

The quantity of soda that consumers are will-
ing to buy in this market depends on many other
factors besides its price, among which
consumers’ income is especially important. A
good whose consumption increases when income
rises is called a ‘normal good’. Empirical evi-
dence indicates that the consumption of SSBs
varies substantially by income groups. Up to a
threshold level of disposable income, low-income
consumers tend to buy more SSBs when their
incomes rise (Singh et al. 2015a; Allcott et al.
2019; Ferretti and Mariani 2019).

Consumption Scenarios

The effects of changes in income are shown in
Fig. 63.1b. If soda is a ‘normal good’, and there
are no changes in the price of soda when
consumers’ income increases, then consumption
also increases. This increased consumption
occurs independently of the market price. Conse-
quently, the demand for soda changes. That is,
there is a shift to the right of the entire curve
(in Fig. 63.1b, this is shown as a shift from the
solid D1 curve to the dashed D2 curve). In other
words, with higher incomes, consumers are will-
ing to pay a higher price (P1 instead of P2) to buy
any given quantity (Q1) of sodas.

Along with disposable income, the market for
soda is also shaped by consumers’ tastes.
Changes in taste will affect the number of sodas
that consumers want to purchase, given their dis-
posable income and the soda market price. If
consumers become aware of the negative health
effects of SSBs, then they will be willing to buy
fewer sodas at any given price. As exemplified in
Fig. 63.1b, this will shift the entire demand curve
to the left (from D2 to D1). Conversely, a success-
ful industry’s advertising strategy shapes
consumers’ tastes and shifts the demand curve
outward again to D2.

More generally, besides the market price, any
other factor influencing purchasing behavior will
result in a change in demand, and thus, in a shift
of the entire demand curve. Understanding the
difference between changes in the quantity
demand and changes in demand is essential to
improve a soda tax, and to design an effective
and comprehensive policy program to reduce
SSBs’ consumption. Specifically, a change in
the quantity demand is a movement along a
given demand curve that occurs as a result of
changes in the good’s price. A change in demand
is a shift of the entire demand curve, caused by a
change in a determinant of demand other than the
good’s price.

Tax and Soda Sales

In Fig. 63.2, it is assumed that at price P,
consumers buy Q cans of soda per day (point
A on the solid demand curve D2). To discourage
SSBs’ consumption, the government introduces
an excise tax that raises the shelf price of each can
of soda from P to PTAX. Without changes occur-
ring in their incomes and tastes, consumers
respond to the higher price by reducing the quan-
tity demanded from Q to QTAX. In Fig. 63.2, this
corresponds to an upward movement along theD2

demand curve until point B.
However, producers might be able to ‘steril-

ize’ the impact of the tax, for instance, by devel-
oping an aggressive price discount strategy to
keep the retail price almost unchanged at the
original level P. In this case, the quantity demand
remains nearly Q. The tax has little or no impact
on consumers’ behavior, and so little or no impact
on the population’s intake of free sugars, because
government policy only affects the quantity
demand. Conversely, if the revenue collected
with the tax is used to implement an effective
program to enhance consumers’ nutrition and
health education, consumers’ tastes are affected.
As a result, the entire demand curve shifts to the
left. This scenario is illustrated in Fig. 63.2. It

63 Sugar-Sweetened Beverage Taxes: Origins, Mechanisms, and Current Worldwide Status 855



shows that the tax decreases the quantity demand
(from Q to QTAX), and the education program
decreases the demand (from D2 to D1). Eventu-
ally, the daily consumption of soda becomes Q0

(point C on the D2 curve) as a result of changes in
price and tastes, respectively.

Multi-pronged Strategy

If producers attempt to ‘sterilize’ the effect of the
tax by reducing the price back to its pre-tax level
P, then the strategy will have little effect on Q.
The reason being that better-educated consumers
are willing to buy fewer cans of soda per day at
any given price. Thus, a decrease in price from
PTAX to its original level P increases the quantity
demand. This effect is shown as a downward
movement along the new D1 curve from Q0 only
to Q1 (point D), which is well below the initial
level of consumptionQ. In other words, the use of
taxes as economic tools to affect health-related
purchasing behavior should be part of a compre-
hensive policy approach.

Taxing Sugar-Sweetened Beverages
(SSBs): Rationale

Sometimes consumers tend to ignore the adverse
health effects of their consumption patterns
(Bernheim 2016). There are two main reasons
for the overconsumption of SSBs. Either the
consumers are misinformed, or they deal with
problems of self-control and time-inconsistency.
In the former case, consumers do not know that
free sugars can damage their health. In the latter
case, consumers prioritize the immediate satisfac-
tion of drinking SSBs, over future negative
consequences.

In both cases, consuming high levels of free
sugars from SSBs has two main effects. First, it
harms consumers of SSBs by damaging their
health. The direct negative effects of SSBs on
consumers’ health lead to various monetary and
non-monetary costs, such as not-reimbursed out-
of-pocket health care expenses, as well as wage
loss and reduced income, due to poorer health
conditions (for instance, obesity and diabetes).
These are called ‘internality costs’ because they
are borne directly by SSB consumers. Second, the
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Fig. 63.2 The impact of an
excise tax on sugar-
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unhealthy habit of consuming SSBs generates
indirect costs that spread to the whole economy,
via the public (or private) health system. These
are called ‘externality costs’ because they are
unintended and uncompensated costs that SSB
consumers impose on the entire health system,
primarily in the form of increased health care
expenditure on treating SSB-attributable diseases
(Allcott et al. 2019).

The Pitfalls of Wrong Perceptions

Internality and externality indicate that there is a
divergence between the perceived and actual
costs of consuming SSBs. This divergence leads
individuals to consume more SSBs than they
would if they were able to consider all the direct
and indirect costs. As a result, society faces a
market failure, namely a misleading market real-
ity. A situation that occurs when the individual
pursuit of self-interest leads to adverse results for
the collectivity as a whole (Perloff 2015). The
attempt to correct this market failure is the eco-
nomic rationale underlying the government inter-
vention in the market for SSBs. In this context, a
‘sugar tax’ is an economic tool used to close the
gap between the price that the consumer pays for
a can of sugary drink at the time of purchase, and
the total (i.e., internal and external) cost
associated with SSB consumption (American
Heart Association 2016; Griffith et al. 2016).

These corrective taxes are also named
‘Pigouvian taxes’ after the Cambridge economist
A.C. Pigou, who emphasized their usefulness to
correct market failure, as early as the beginning of
the twentieth century (Pigou 1920). SSB taxes are
thus policy tools designed to discourage activities
that yield internal and external costs. Essentially,
by affecting the price paid by the consumers and
received by the producer, these taxes are eco-
nomic signals, a piece of information that helps
people make better economic decisions (Perloff
2015).

Taxing Sugar-Sweetened Beverages
(SSBs): Mechanisms

The mechanisms through which a ‘sugar tax’ is
supposed to operate are illustrated in Fig. 63.3.
The government decides to discourage SSB con-
sumption by levying an excise tax on the bever-
age industry. Some fraction of the excise tax is
passed on to distributors, and, in turn, on to the
final consumers in the form of a higher retail
price. The remaining fraction of the tax (along
with its administrative costs) falls on producers.
Consumers respond to the higher price by reduc-
ing the quantity demand (i.e., by moving upward
along the demand curve). Given the SSBs’ nutri-
tion facts, a lower consumption means fewer
calories from free sugars, resulting in better health
outcomes (Institute of Economic Affairs 2016).

Tax pass-through

Excise tax Retail price

Supply

Demand

Consumption Free sugars intake Health outcomes

Price elasticity
of demand

Cross price elasticity 
of demand

Tastes

Income
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Marketing
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Government

Government
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Fig. 63.3 Taxing sugar-sweetened beverages (SSBs): Mechanisms
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A Comprehensive and Enlightened
Approach

In addition to these basic static effects, the tax
may help in triggering a virtuous cycle of a grad-
ual reduction in SSB consumption. The revenue
collected with the ‘sugar tax’ is used by the gov-
ernment to implement nutrition education
programs. Increasing public awareness about the
health implication of SSB consumption decreases
the demand for SSBs (i.e., the entire demand
curve shifts to the left). A declining demand
encourages the beverage industry to develop
healthier products, to avoid taxes and meet
emerging trends in consumers’ health-related
lifestyles. As a result of all these demand and
supply changes, the consumption of SSBs falls,
reducing people’s exposure to the harmful effects
of free sugars and decreasing the incidence of
SSB-related diseases (Heise et al. 2016).

However, as highlighted in Fig. 63.3, several
links in this complex chain of events deserve
careful consideration from policymakers (Allcott
et al. 2019; Francis et al. 2016). The quantity
demand decreases only if the tax results in a
higher shelf price. In other words, the direct
impact of the tax on SSB consumption depends
primarily on the extent to which the tax is passed
on to consumers. Besides the question of who will
bear the administrative costs of the tax (i.e., the
time and money spent to compute and pay the tax
to the government), the tax incidence indicates
how the economic burden (i.e., the amount of
the tax) is divided between consumers and
producers (Mankiw 2016).

Sugar Tax in the Real World

The burden of an excise tax is usually shared by
both buyers and sellers. The tax drives a wedge
between the price paid by consumers and the price
received by producers. The consequence of this
wedge is that consumers pay more, and producers
receive less. As a general rule, the tax falls more
heavily on the side of the market that is less respon-
sive to price changes (Mankiw 2016). The bever-
age industry, however, is dominated by large

multinational corporations that set the product
prices based on their direct costs per unit of output,
plus a mark-up to cover overhead costs and profits.
In theory, these firms can absorb some or all of the
tax, by offering discounts and reducing their profit
margins (Powell and Maciejewski 2018).

Even when the tax is mainly (or fully) paid by
the consumers, the quantity demand only
decreases if consumers are sufficiently responsive
to price changes. This responsiveness is usually
measured by the price elasticity of demand,
computed as the ratio of the percentage change
in quantity demanded to the percentage change in
price (Perloff 2015).

Price Elasticity of Demand

Specifically, the price elasticity of demand
provides the percentage change in the quantity
demanded that results from a 1% increase in
price. Thus, it captures the willingness of
consumers to leave the market when conditions
become unfavorable. If consumers have particu-
larly strong preferences for SSBs, the demand
will be very inelastic (i.e., the price elasticity is
well below one). In this instance, a tax-induced
price change would be an ineffective strategy to
nudge consumer behavior toward healthier die-
tary habits (Powell and Maciejewski 2018).

The impact of SSB taxes on health outcomes
also depends on consumers’ choice of alternative
foods and beverages. Consumers might react to
higher SSB prices by shifting their demand
toward other unhealthy, but untaxed products. If
consumers have developed strong preferences for
sugary tastes, they could buy more untaxed sugar-
sweetened foods and drinks (such as ultra-
processed snacks, fruit juice or smoothies).

Cross Price Elasticity of Demand

The direction and strength of these ‘cross effects’
are captured by the cross-price elasticity of
demand, which measures the percentage change
in one good’s quantity demanded (e.g., a fruit
juice) that results from a 1% change in the price
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of another good (e.g., a regular soda). This coef-
ficient can be a positive or negative number,
depending on whether the two goods are
substitutes or complements. For instance, if SSBs
and bottled water are substitutes, a sugar tax that
raises SSB price will increase the demand for
bottled water. Vice versa, if two goods are
complements, as the price of one rises (falls),
the demand for the other falls (rises). Thus, if
regular sodas and ultra-processed snacks are
complements, an excise tax on soft drinks will
decrease the demand for unhealthy snacks
(Mankiw 2016).

The General Economy

The impact of a tax that increases the retail price
may be offset by a rising disposable income. In
emerging economies SSBs tend to be ‘normal
goods’, and the income per capita increases rap-
idly. Hence, a small excise tax is likely to have
only a limited and transitory effect on SSB con-
sumption, and virtually no impact on health
outcomes. The reason is that the increase in
demand, due to the higher income, outweighs
the decrease in the quantity demand due to the
tax. In such situations, SSBs become more afford-
able, and the resulting net effect is an increase in
SSB consumption despite the excise tax (Ferretti
and Mariani 2019).

Behavior of the Industry
and the Government

Producers may react with a collective advertising
strategy designed to offset the impact of the tax.
Producers may also choose to reformulate their
products by switching from regular to diet (i.e.,
no calories) beverages, in order to avoid the tax.
Although the diet versions are without added
sugars, these products have no nutritional value,
and their health effects are still uncertain.
Finally, the government may promote healthy
dietary patterns, by using the revenue collected
with the tax to finance nutrition education
programs. These programs tend to reinforce the

impact of the tax, because better-educated
consumers are normally less exposed to industry
advertising strategies (Obesity Policy Coalition
2018).

Current Worldwide Status

In many countries, sugar has been heavily taxed,
or even a state monopoly, for centuries. The
origins of a tax on SSBs, however, date back to
the beginning of the last century. A specific
excise tax on soft drinks was first proposed in
1914 by U.S. President Woodrow Wilson, to
replace declining revenue from import tariffs
(Blakey 1917; Brownlee 1985). An excise tax
on SSBs was then introduced in Denmark during
the mid-1930s, and Finland in the 1940s (Global
Food Research Program 2019).

At those times, the governments were not
concerned about public health issues. These
taxes were levied merely to collect revenue in
order to balance the national budget. The modern
history of SSB taxes began in the early 1980s in
Norway, but most of the currently existing SSB
taxes were established after 2010, notably during
the last 5 years. Nowadays, SSB taxes have been
implemented in more than 35 countries world-
wide, and seven U.S. local municipalities (Global
Food Research Program 2019; Wan et al. 2017).

Apart from minor differences, current SSB
taxes share a common design. They are usually
collected from producers or distributors (i.e., the
legal burden to remit the tax normally falls on
manufacturers or retailers), and consumers simply
see the tax as somewhat higher retail price. Over-
all, an excise tax can be specific, or ad valorem—
that is, a given amount per beverage unit (e.g.,
10 cents per liter) or a given percentage of the
beverage price (e.g., 10% of the price of 1 l). SSB
taxes are mostly specific and typically computed
on a volumetric basis (a constant rate per unit of
product). In some U.S. cities, for example, the
average SSB tax is 1.5 cents per ounce of liquid
(Global Food Research Program 2019; Wan et al.
2017).

Less frequently, SSB taxes directly target the
amount of sugar content (for example, 0.5 cents
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per gram of sugar) or adopt a tiered tax design,
which applies different tax rates depending on the
sugar content. This is the case, for example, in the
U.K., which has two tax bands. One is for SSBs
with more than 5 g of sugar per 100 ml and the
other for more than 8 g of sugar per 100 ml, taxed
at 18 and 24 pence per liter, respectively (Global
Food Research Program 2019; Wan et al. 2017).

Over the past 5 years, seven U.S. cities have
introduced an excise tax on SSBs. A tax was first
established in 2014, in Berkeley, followed in
November 2016, by three other Californian cities
(Albany, Oakland, San Francisco), and then by
Seattle (Washington) in 2017. Since 2016, Boul-
der (Colorado) and Philadelphia (Pennsylvania)
have also implemented a tax on SSBs. All these
cities use a tax rate that ranges from 1 to 2 cents
per ounce, levied on all SSBs, except milk
products and 100% fruit juice. Philadelphia is
the only U.S. city that also taxes diet drinks
(Allcott et al. 2019).

A picture of the worldwide status of SSB taxes
is shown in Fig. 63.4. At the end of 2019, of the
39 countries that have implemented a tax on
SSBs, ten are in Europe, seven in the Americas,
eleven in the western Pacific region, and the
remaining are spread throughout African, eastern

Mediterranean, and Southeast Asian countries.
The governments of several countries (such as
Australia, Canada, Singapore, and Italy) have
recently announced plans to imminently intro-
duce a tax on SSBs. Besides the U.K., also in
France, and Portugal taxes on SSBs are propor-
tional to the sugar content, but other countries
have typically set a constant rate per volume of
product (Global Food Research Program 2019;
Wan et al. 2017).

Empirical evidence indicates that producers
usually do not attempt to ‘sterilize’ the tax. They
normally pass along the supply chain down to the
final consumers and raise the retail price by
around the same amount of the tax. In countries
such as Denmark, Mexico, and France, a 100%
pass-through of the tax on the retail price was
found. In some U.S. cities (Philadelphia, Boulder,
and Berkeley), the percentage of the tax that falls
on the consumer ranges from 75% to 90%,
depending on the product variety and store type
(Cawley et al. 2019; Powell et al. 2013).

Studies (Cawley et al. 2019) indicate that
SSBs exhibit a price elasticity that varies widely
with product types and consumer groups.
Responsiveness of consumers is estimated to be,
on average, around one (specifically, between 0.8

Fig. 63.4 The worldwide status of sugar-sweetened beverages taxes. Figure based on data from Global Food Research
Program 2019 and Allcott et al. 2019
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and 1.2). It means that an excise tax that raises the
shelf price, for instance, by 20%, is expected to
decrease the quantity demand for that good by
20% too, ceteris paribus (Muhammad et al. 2019;
Powell et al. 2013).

Sugared Drinks in Mexico

In the Organization for Economic Cooperation
and Development (OECD), Mexico is one with
both high consumption of SSBs and high preva-
lence of obesity and diabetes (WHO 2011). In
2012, about 30% of the Mexican population was
obese, and diabetes mellitus affected around 10%
of the adult population. The prevalence of obesity
and diabetes has been growing rapidly during the
last decades, along with the consumption of
SSBs, which exceeded 160 l per capita in 2013
(Colchero et al. 2017).

According to preliminary studies, an increase
of 20% in the retail price of SSBs would have
decreased consumption from 163 to 120 l per
capita, which is a 26% reduction (Donaldson
2015). In January 2014, Mexican authorities
passed a 1 peso (about 0.12 USD) per liter excise
tax on all SSBs, which increased the price paid by
the consumers by about 10%. During the follow-
ing 2 years, the consumption of SSBs declined by
7.6% (5.5% in 2014 and 9.7% in 2015) among the
general population, and by more than 11.5%
among consumers with the fewest resources
(Colchero et al. 2017).

Other Consequences in Mexico

These results imply a price elasticity of 0.76 and
1.5, respectively, and indicate greater price
responsiveness in relatively poorer consumers
(Pan American Health Organization 2015). Con-
versely, the consumption of untaxed beverages
increased, on average, by more than 2% during
the same period. Specifically, research has found
a cross-price elasticity for water and unhealthy
snacks of +0.10 and � 0.23, respectively. In
other words, these ‘cross effects’ improved the
positive effects of the tax on consumers’

behavior. Moreover, in 2 years, the tax has
generated revenue of more than 2.6 billion USD,
part of which might be used to finance measures
promoting healthy habits, such as the installation
of drinking fountains at schools and public spaces
(Colchero et al. 2017; Pan American Health
Organization 2015).

Unjust and Regressive Taxes?

A regressive tax is one that takes a larger fraction
of income from the underprivileged than from
high-income groups. Overall, all excise taxes are
inherently regressive because they do not vary
with an individual’s financial status. Furthermore,
SSBs often behave as inferior goods, so that
lower- and middle-income consumers spend a
larger fraction of their income on SSBs than
richer consumers. In the U.S., for instance, people
with a household income above 75,000 USD per
year, on average, consume about 117 cal per day
from SSBs, roughly half of those consumed by
people with a household income below 15,000
USD per year (Allcott et al. 2019).

The Broader Context

There are three main reasons why this regressive
effect may be negligible. First, even in
low-income groups, expenditure on SSBs is usu-
ally a very small part of household budgets
(Duckett et al. 2016). Second, the responsiveness
to SSB taxes tends to be greater in low-income
consumers. In Berkeley (California), for example,
the consumption of SSBs dropped by about 52%
among low-income residents in the 3 years after
the implementation of a tax of 1 cent per ounce on
all SSBs, excluding diet drinks (Lee et al. 2019).
Third, the health benefits of reducing SSBs tend to
be greater for low-income individuals, who are
usually the most disadvantaged in access to high-
quality health care services. In other words, strong
progressive health benefits are likely to overcome
the ‘mildly regressive’ direct impact of the tax on
low-income consumers’ expenditures (Allcott
et al. 2019; Grummon et al. 2019).
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Conclusions

The first attempts to quantify tax effects indicate a
persistent reduction in SSB consumption in favor
of healthier alternatives. It thus suggests that fis-
cal policy may be an effective tool to promote
healthy dietary patterns (Lee et al. 2019; Teng
et al. 2019; Vecino-Ortiz and Arroyo-Ariza
2018; Veerman et al. 2016).

Some guiding principles should be followed
(Allcott et al. 2019; Lloyd and MacLaren 2019;
Jou and Techakehakij 2012). The excise tax
should be levied on all kinds of soft drinks with
added sugar and implemented statewide to avoid
both substitution effects (increase in demand of
untaxed SSBs), and cross-border shopping. As
the harmful health effects of SSBs come from
sugar, the tax should be based on the quantity of
sugar contained in the beverages, rather than on
the amount of liquid. This strategy will encourage
consumers and producers to switch to low-sugar
drinks (Grummon et al. 2019).

The tax should reduce as well the gap between
the private and social costs of consuming SSBs.
The socially optimal tax rate is the one needed to
offset both the internality and the externality costs
of consuming an additional unit of sugar from
SSBs. This scenario usually implies an increase
of at least 10% to 20% of the average retail price.
The revenue collected by SSB taxes should be
used to foster health and nutrition education
among children and adults. Finally, SSB taxes
should be a component of a more comprehensive
policy . Such a plan should include effective
controls to reduce people’s exposure to SSB mar-
keting, phasing out SSBs from schools,
workplaces, and all public institutions, and social
campaigns to promote healthy lifestyles (Allcott
et al. 2019; Backholer et al. 2017; Lloyd and
MacLaren 2019; Jou and Techakehakij 2012).
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Abstract

Overweight and obesity are significant global
public health problems. Developing evidence-
based and novel health promotion
interventions is greatly needed. One emerging
area of research that holds promise for manag-
ing weight in overweight and obese
populations involves mHealth. This chapter
reviews the current evidence-base for mHealth
for weight loss including the latest studies in
different populations, commercial weight loss
apps, use of theory and behaviour change
techniques, consumer preferences, and
emerging areas of research. mHealth holds
promise for weight loss and weight-related
behaviours in diverse populations. Current
commercial weight loss apps are suboptimal
in quality and lack empirical research on evi-
dence of effectiveness. To ensure consumer
satisfaction and sustainable use, considering
consumer mHealth preferences and barriers is
important. New and exciting areas of research
merge the mind with the body, through mind-
fulness delivered via mHealth for weight loss.
Current evidence indicates that this new area
of research holds promise for targeting stress-
related weight behaviours, which may in turn
lead to weight loss.

Keywords

mHealth · Weight loss · Diet · Exercise ·
Behaviour change · Eating behaviour ·
Obesity · Mindfulness

Introduction

mHealth Overview

Overweight and obesity are highly prevalent
global public health problems, that are significant
risk factors for premature mortality and morbidity
from diseases such as cancer, cardiovascular dis-
ease, and diabetes (CDC 2015; WHO—Obesity
and Overweight Fact Sheet 2015). They are also
risk factors for osteoarthritis and mental illness
(CDC 2015; WHO—Obesity and Overweight
Fact Sheet 2015). The global mortality attribut-
able to obesity and overweight was 3.4 million in
2010 (The G. B. D. Obesity Collaboration et al.
2014). Developing novel and effective health pro-
motion interventions to tackle overweight and
obesity through behaviour change interventions,
that target their determinants such as diet and
exercise (WHO—Healthy Diet Fact Sheet 2015;
WHO—Physical Activity Fact Sheet 2015) are
greatly needed.

One novel method for delivering a behavioural
change intervention for weight loss is through
mobile health. mHealth is mobile healthcare on
the go, which has the convenience of portability
and increased accessibility to valuable health
information, and monitoring of health behaviours
at any time and place for consumers (Lefebvre
2009; World Health Organization 2011). Users
can gain instant access to health promotion edu-
cational content and interventions even with a
busy schedule. The devices that fall under the
umbrella of mHealth include smartphones,
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personal digital assistants (PDAs), iPads, and
iPods or MP3 players. Smartphone interventions
can include apps, text messages or short message
service, and phone coaching calls (Lefebvre
2009; World Health Organization 2011).

Usage and Trends

Delivering health promotion interventions
through mHealth is particularly scalable due to
their ubiquitous nature (Lefebvre 2009; World
Health Organization 2011). The majority of peo-
ple across the globe use a mobile phone and send
daily text messages. There were seven billion
people who subscribed to a mobile phone in
2017 (ITU 2015). Research also indicates that
the number of text messages that users sent per
month totalled 350 billion around the world in
2014 alone (Open University 2014).

Recent reports indicate that half of all
smartphone users regularly use a health app,
mostly in the wellness lifestyle category (Krebs
and Duncan 2015; State L 2017). According to
the mHealth economics report, there were 78,000
new health apps that were made in 2017 alone
((R2G) RG 2017). There is a massive market of
health apps worth 23 billion US dollars (Reuters
2017) due to the demand and drive by consumers,
with a 16% increase in health app downloads
totalling 3.7 billion downloads in 2017 ((R2G)
RG 2017). Findings in the mHealth economics
report indicate that the leading health apps that
are being made by developers based on demand
are for diabetes, depression, and obesity ((R2G)
RG 2017).

Research indicates that mHealth can save
international health systems 370 billion US
dollars a year by managing chronic health
conditions on a global scale (Reuters 2017).
Although there was mostly interest from
non-health industry personnel when mHealth
first emerged in 2008, there has been a recent
increase in the enthusiasm and interest of
healthcare practitioners in adopting and
recommending mHealth for their patients
((R2G) RG 2017). The leading countries where
health practitioners are interested in using

mHealth for their patients are the UK (European
share 47%), USA (North American share 36%),
and the Asia Pacific region (11%) ((R2G) RG
2017).

Thus, given the massive use of smartphones,
willingness of users to download health apps, and
the rising willingness of health practitioners to
become involved, there is much potential to
deliver weight loss and weight-related behaviour
change interventions via the mobile phone
medium.

mHealth for Weight Loss in General
Populations

Recent meta-analyses have found that mobile
devices are effective for assisting with weight
loss or weight-related behaviours, such as dietary
intake and physical activity in various
populations (Lyzwinski 2014). Table 64.1
summarizes the major meta-analyses for various
populations. My previous meta-analysis found a
medium effect size (Cohen’s D ¼ 0.43; p-
value<0.01) (95% CI ¼ 95%
CI ¼ 0.252–0.609), which favoured the mHealth
interventions for weight loss over the control
groups (Lyzwinski 2014). My meta-analysis
included all interventions that targeted diet and
exercise for weight in different populations.

Since my work on mHealth, some newer stud-
ies have also confirmed that mHealth is effective
for assisting with weight loss and maintaining
weight (preventing weight gain) after behaviour
change (Chin et al. 2016). A recent review found
a modest significant effect of mHealth for weight
loss in obese and overweight populations, with a
mean weighted standardized weight loss of
2.66 kg in the intervention, compared with the
control at six months (Park et al. 2019).

Special Populations

Pregnancy

The study by Chan and Chen (2019) similarly
found a medium effect size of mobile devices
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for assisting with weight loss in pregnant and in
post-partum women (Cohen’s D ¼ 0.45) ( p-
value<0.05) (95% 0.16–0.074). Interestingly,
they found that both mHealth (9/15 studies) and
social media interventions (6/15) were equally
effective for weight loss. Additional professional
consultations or support did not modify the effect,
and it was postulated that this was likely due to
the fact that the mHealth interventions already

had a strong health educational component,
which did not require further professional guid-
ance. However, they found that studies which
utilized a self-monitoring wearable band in addi-
tion to the use of mHealth, were more effective
for weight loss (Cohen’s D ¼ 0.97). Thus, it
could be that additional behavioural self-
monitoring increases motivation and reminds
users to continue to engage in behaviour change.

Table 64.1 Summary of major meta-analyses of mHealth for weight loss in populations

Population, design,
reference

Weight and
Weight-related
Behavioural
Outcomes Quality Appraisal, Publication Bias

Studies used Theory and BCTs
with a Clear description of the
content?

All General Adults
>18, RCTs
(Lyzwinski 2014)

The results
favoured
mHeath for
weight loss
Improvements in
dietary and
physical activity
indices

Cochrane Risk of Bias Grading Tool
Overall Quality ¼ Moderate Funnel
Plot: Studies with small sample sizes
and + findings more likely to be
published
Effect would be smaller but still
significant

Yes
Most common BCTs: Goal setting,
self-monitoring, feedback, tips,
prompts, encouragement, social
support, health education
Most common theories: Social
Cognitive Theory
Others: Self-monitoring theory,
Implementation Intentions, Self-
Regulation Model, Action Belief
Model

Pregnant and Post-
partum Women,
RCTs (Chan and
Chen 2019)

The results
favoured
mHealth for
weight loss

Yes 8-item checklist: the study
design, sample size calculation, form
of randomization, details of the
intervention, eligibility (participant
details), outcome measures, and
statistical analysis
Quality ¼ Moderate
Low Risk of Bias Funnel Plot:
Studies with small sample sizes
and + findings more likely to be
published

Yes
Most Common Theories:
social cognitive theory
social learning theory, combined
models of behaviour prediction
and behaviour persuasive design,
and stage theories of decision-
making
Most Common BCTs: were
encouragement, reminders, goal
setting self-monitoring feedback
health education, and social
support

Adolescents ages
10–19, RCTs, and
non-RCTs (Shin
et al. 2019)

No significant
weight loss
compared with
the controls
Significant
reduction in
sugar-sweetened
beverages
Significant
reduction in
screen time
Significant
increase in
physical activity

Cochrane Risk of Bias Grading Tool
of RCTs
And Risk of Bias for
Non-Randomized Controlled Trials
Quality ¼ Weak
High risk of Bias
No publication bias assessment

No
A few studies reported details of
the intervention content
Theory used and BCTs only in a
few studies
Theories:
BCTs:
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Adolescents

There was a recent meta-analysis of mHealth for
weight and weight-related behaviours in
adolescents ages 10–19 years by Shin et al.
(2019). While they did not find a significant effect
of mHealth on weight loss, there were only three
studies that assessed this outcome in the teen
population. Thus, more studies are needed that
may better ascertain whether mHealth is feasible
and acceptable in adolescents. Their meta-
analysis of nine studies that examined the effects
of mHealth on BMI also did not have significant
effect sizes. Given the large age group gap, it
could be that the effectiveness of mHealth is
contingent upon the involvement of parents for
younger children, compared with those in their
mid to late teens. More research is needed to
better understand this.

However, they found support for the effective-
ness of mHealth for physical activity, screen time,
and sugar-sweetened beverage intake, which are
weight-related behaviours. They found a moder-
ate effect size for physical activity in six studies
(standard differences in means ¼ 0.341) (95%
CI ¼ 0.019–0.664). They found larger effect
sizes for SMS interventions over app
interventions, in tandem with single over multiple
complex interventions involving different
elements besides simple SMS (Shin et al. 2019).

They further found that mHealth is effective
for reducing screen time in their pooled analysis
of five studies (Cohen’s D ¼ �0.198) (95%
CI ¼ �0.317 to �0.078). Effects were larger for
app interventions over SMS, and interventions
involving multiple components rather than singu-
lar ones (Shin et al. 2019).

They additionally found support for mHealth
for reducing sugar-sweetened beverages, in their
pooled analysis of three studies. The standardized
difference in means (SMD) was �0.40 (95%
CI ¼ �0.759 to �0.040), and shorter
interventions were more effective than lengthier
ones (over six months) (Shin et al. 2019). Given
the positive findings for weight-related
behaviours, studies of longer duration could be
needed in order for the weight-related behaviours
to influence weight (Shin et al. 2019).

An earlier review found equally little studies,
with mixed results for weight loss in adolescents
and children. They did find some support for goal
setting and motivational behaviour (Quelly et al.
2016). As attitudes precede behaviours, which in
turn translate into weight, it is plausible that more
time is needed before the benefits in weight may
be observed (Barber 2011).

Quality Assessment

The quality of the studies across the major meta-
analyses was variable. My previous meta-analysis
in the general adult population only included
randomized controlled trials (Lyzwinski 2014).
They were appraised using the Cochrane risk of
bias grading tool, which includes a consideration
of blinding (participants and outcome assessors),
quality of randomization, allocation concealment,
and attrition (and intention to treat analysis)
(Higgins and Green 2011; Higgins et al. 2011;
Hannes 2011). Overall, most of the studies in my
meta-analysis were of moderate quality, meeting
3/5 of the main domains (Lyzwinski 2014). The
meta-analysis in adolescents (Shin et al. 2019)
also used the Cochrane risk of bias grading tool
to appraise the studies (Shin et al. 2019). They
also assessed non-randomized trials, using the
risk of bias grading for non-randomized con-
trolled trials (Shin et al. 2019). They found that
their studies were weak in quality, as many were
lacking in the following domains: allocation con-
cealment, blinding, attrition, and not controlling
for cofounding (in non-RCTs). This may possibly
explain some of the discrepancies in the negative
findings relative to the positive findings in other
reviews.

The meta-analysis in pregnant and post-
partum women used a checklist of eight items to
appraise the studies, which included a consider-
ation of the study design, sample size calculation,
form of randomization, details of the intervention,
eligibility including participant details, outcome
measures, and statistical analyses. They found
that the quality of the studies was moderate and
that there was a low risk of bias (Chan and Chen
2019).
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Consideration of Publication Bias

My previous systematic review found some evi-
dence of publication bias of studies, with small
sample sizes with positive results (Lyzwinski
2014). However, the funnel plot also indicated
that without the bias, the effect would have still
been significant, though smaller (Lyzwinski
2014). The meta-analysis by Chan et al. also
found that there was some publication bias to
keep in mind when interpreting the results, as
studies with smaller sample sizes and positive
findings were also more likely to be published
(Chan and Chen 2019).

Integration of Behaviour Change
Techniques

Abraham and Michie developed a list of
26 behaviour change techniques in interventions
that shape behaviour (Abraham and Michie
2008). Many successful interventions in my
meta-analysis had integrated a wide range of
behaviour change techniques, highlighting their
importance. The most common ones were health
education (Brindal et al. 2013; Haapala et al.
2009; Hurling et al. 2007; Patrick et al. 2009;
Prestwich et al. 2010; Shapiro et al. 2012;
Turner-McGrievy and Tate 2011; Turner-
McGrievy et al. 2009), goal setting (Chan and
Chen 2019; Brindal et al. 2013; Haapala et al.
2009; Hurling et al. 2007; Prestwich et al. 2010;
Shapiro et al. 2012; Burke et al. 2012; Carter et al.
2013; Napolitano et al. 2013; Spring et al. 2013),
self-monitoring (Brindal et al. 2013; Haapala
et al. 2009; Hurling et al. 2007; Prestwich et al.
2010; Shapiro et al. 2012; Turner-McGrievy and
Tate 2011; Turner-McGrievy et al. 2009; Burke
et al. 2012; Carter et al. 2013; Napolitano et al.
2013; Spring et al. 2013), and feedback (Brindal
et al. 2013; Haapala et al. 2009; Hurling et al.
2007; Prestwich et al. 2010; Shapiro et al. 2012;
Burke et al. 2012; Carter et al. 2013; Napolitano
et al. 2013; Spring et al. 2013). Other important
techniques included intention formation (Brindal
et al. 2013; Hurling et al. 2007; Prestwich et al.

2010; Napolitano et al. 2013), social support
(Hurling et al. 2007; Turner-McGrievy and Tate
2011; Turner-McGrievy et al. 2009; Carter et al.
2013; Napolitano et al. 2013), encouragement
(Brindal et al. 2013; Hurling et al. 2007; Patrick
et al. 2009; Shapiro et al. 2012; Carter et al. 2013;
Napolitano et al. 2013), barrier identification
(Brindal et al. 2013; Patrick et al. 2009; Shapiro
et al. 2012; Napolitano et al. 2013), prompts
(Brindal et al. 2013; Haapala et al. 2009; Hurling
et al. 2007; Patrick et al. 2009; Prestwich et al.
2010; Shapiro et al. 2012; Carter et al. 2013), and
tips (Brindal et al. 2013; Patrick et al. 2009;
Turner-McGrievy and Tate 2011; Turner-
McGrievy et al. 2009; Burke et al. 2012; Spring
et al. 2013), One used rewards (Brindal et al.
2013) and one used stress management strategies
(Napolitano et al. 2013).

The meta-analysis in pregnant women (Chan
and Chen 2019) also used behaviour change
techniques; however, they were not as extensive.
The most common ones across the included stud-
ies were encouragement (Choi et al. 2016; Dodd
et al. 2018; Fiks et al. 2017; Kennelly et al. 2018;
Mackillop et al. 2018; Olson et al. 2018),
reminders (Dodd et al. 2018; Mackillop et al.
2018; Olson et al. 2018; Herring et al. 2014),
goal setting (Dodd et al. 2018; Mackillop et al.
2018; Olson et al. 2018; Herring et al. 2014), self-
monitoring (Choi et al. 2016; Dodd et al. 2018;
Fiks et al. 2017; Kennelly et al. 2018; Mackillop
et al. 2018; Olson et al. 2018; Herring et al. 2014,
2016; Gilmore et al. 2017; Redman et al. 2017;
Yang et al. 2018), feedback (Choi et al. 2016;
Mackillop et al. 2018; Olson et al. 2018; Gilmore
et al. 2017; Herring et al. 2016; Redman et al.
2017), health education (Choi et al. 2016; Dodd
et al. 2018; Fiks et al. 2017; Kennelly et al. 2018;
Olson et al. 2018; Herring et al. 2014, 2016;
Gilmore et al. 2017; Redman et al. 2017; Yang
et al. 2018), and social support (Choi et al. 2016;
Fiks et al. 2017; Herring et al. 2016).

The authors of the meta-analysis in
adolescents did not identify many intervention
details nor behaviour change techniques (Shin
et al. 2019). Upon reviewing the independent
studies, a few studies used some techniques,
though the details of the interventions were
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scarce. A few used the following techniques: goal
setting (Abraham et al. 2015; Babic et al. 2016;
Mameli et al. 2018; Thompson et al. 2016), self-
monitoring (Abraham et al. 2015; Babic et al.
2016; Mameli et al. 2018; Thompson et al.
2016; Chen et al. 2017a, b; Vidmar et al. 2019),
feedback (Abraham et al. 2015; Mameli et al.
2018; Thompson et al. 2016; Chen et al. 2017b),
and education (Abraham et al. 2015; Babic et al.
2016; Mameli et al. 2018; Chen et al. 2017b;
Vidmar et al. 2019; Direito et al. 2015). One
used semi-personal tailoring (Abraham et al.
2015). It is important to understand what features
and techniques were used in an intervention, in
order to better understand if it was based on
evidence-based features, and what features
worked or need to be improved.

Use of Theory

The use of theory to inform an intervention is
important, as psychological theories are the
foundations for testing whether certain targets
such as attitudes, motivation, and other relevant
constructs will impact behaviour change
(Lyzwinski 2014). Many studies in my meta-
analysis were informed by an explicit theory,
while the rest used implicit theories. The most
common explicit theory was social cognitive the-
ory (Shapiro et al. 2012; Turner-McGrievy and
Tate 2011; Turner-McGrievy et al. 2009). Other
theories included self-monitoring theory (Patrick
et al. 2009), implementation intentions (Prestwich
et al. 2010), self-regulation model (Burke et al.
2012), and the health action model (Brindal et al.
2013). A few combined several theories (Haapala
et al. 2009; Hurling et al. 2007).

Theories were also used in the studies in the
meta-analysis of mHealth in pregnant and post-
partum women (Chan and Chen 2019). These
included social cognitive theory (Choi et al.
2016; Kennelly et al. 2018; Herring et al. 2016),
social learning theory (Fiks et al. 2017), com-
bined models of behaviour prediction and
behaviour persuasive design (Olson et al. 2018),
and stage theories of decision-making (Dodd
et al. 2018).

The use of explicit theory was not often men-
tioned in the studies in the meta-analysis of
mHealth in adolescents (Shin et al. 2019). Four
studies mentioned the use of an explicit theory
which included social cognitive theory (Chen
et al. 2017b; Lubans et al. 2016) and self-
determination theory (Babic et al. 2016;
Thompson et al. 2016).

Emerging Research in Other
Populations

There have been emerging studies in other
populations including paediatric obesity preven-
tion. One SMS study found that mothers signifi-
cantly engaged in greater breastfeeding, had
increasing awareness of the WHO’s breastfeeding
guidelines, and were less prone to introduce solid
foods to their infants before four months, com-
pared with the control (Jiang et al. 2014). How-
ever, a follow-up study did not find any effect of
mHealth on an infant’s BMI or weight relative to
the control (Jiang et al. 2019).

Studies in older adults have been scarce. There
is a current protocol for a study in a senior popu-
lation of adults that will examine the effectiveness
of mHealth for lifestyle, weight-related
behaviours, and weight in adults over the age of
60 (Fuchs et al. 2018).

In postmenopausal women, two studies
observed that mHealth assists with weight loss
in this population. The 12-week study by
Buckworth et al. (David et al. 2012) which com-
bined daily phone calls with a pedometer found
significant weight loss, with a mean reduction of
0.93 kg and a mean BMI reduction of 0.28 kg/m2.
Another twelve-week SMS study by Park and
Kim (2012) also found weight loss of 2 kg and
reduction in waist circumference by 3 cm, while
the controls gained weight and experienced an
increase in their waist circumferences.

Commercial Weight Loss Apps

Reviews of commercially available weight loss
apps have been undertaken in the adult and
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adolescent populations, available in the iTunes
and Google Play stores in different countries.
The results are summarized in Table 64.2.

App Quality

Chen et al. (2015) preliminarily screened the top
200 rated apps in the health and fitness app cate-
gory in both stores in Australia. They appraised
28 apps against a set of criteria which included
accountability, use of technology-enhanced
features, and scientific validity of information.
Most apps were weak overall in quality, with
weak scores for accountability as there was no
information about whether the developers had
medical research backgrounds, or their
affiliations. There was also little scientific infor-
mation as well as references that backed up the
educational content.

Most apps utilized some technology-enhanced
features, such as use of energy intake and expen-
diture input methods with graphic feedback
(79%). Social media and support were integrated
in 43% of apps. They gave the apps a score of
5 out of 14 for usage of technology-enhanced
features. Usability wise, they received suboptimal
quality scores of 13.5/20 (Chen et al. 2015).

Additionally, few incorporated behaviour
change techniques (BCTs), with a mean score of
6.3/26 in total. The main BCTs used were self-
monitoring with feedback. They lacked stress
management, prompts, and personal tailoring
among other important techniques (Chen et al.
2015).

Another review by Breton et al. appraised the
top 204 apps in the app store (Breton and Abroms
2011). Criteria included a comprehensive set of
evidence-informed practice guidelines, informed
by the Centre for Disease Control, The National
Institutes of Health, The Food and Drug Admin-
istration, and the US Department of Agriculture.
They assessed whether the apps had a food diary,
assessed weight, helped maintain calorie balance,
encouraged journaling, included portion control,
included nutrition facts and encouraged reading
labels, encouraged regular physical activity, and
whether they educated people about a diet rich in

fruits and vegetables. They further assessed
whether the apps had meal planning, promoted
drinking water over soda, assisted with loss of
1–2 pounds per week, and integrated social
support.

Most apps had a food diary (43%), assessed
weight (36%), and had info on maintaining calo-
ric balance (34%). Around a quarter of the apps
had info on physical activity, including encourag-
ing the use of a journal and regular exercise, as
well as information on portion control and nutri-
tion labels. Only 12% of apps had information on
eating a diet rich in fruit and vegetables, and less
than 10% of apps had information on meal
planning. Only seven per cent encouraged water
drinking over soda. Only 6% encouraged weight
loss of 1–2 pounds per week, and just 3% had any
kind of social support in them (Breton and
Abroms 2011).

The appraisal by Schoffman et al. reviewed
57 commercially available weight loss apps for
teens and children in iTunes (Schoffman et al.
2013). A set of expert-recommended strategies
for paediatric obesity prevention were used.
These included calculating and plotting BMI
over time, incorporating strategies for obesity
treatment, incorporating motivation to change
behaviours, personally tailoring the intervention,
setting goals, discussing the influence of the built
environment, incorporating the whole family in
the intervention, and setting behavioural targets
for sugar-sweetened beverage reduction and con-
sumption of fruit and vegetables. They further
assessed whether the apps targeted both diet and
exercise, encouraged a reduction of screen time,
home-made meals over fast food, family meal
eating and daily breakfast, and physical activity
for over an hour a day (Schoffman et al. 2013).

The overall quality of the apps was very poor,
as 61.4% did not utilize any expert-recommended
strategies. Over a quarter of the apps set goals like
screen time limits. Only 5% plotted BMI and
calculated it. None of the apps discussed the role
of environmental determinants. Less than 10% of
apps encouraged physical activity for more than
an hour a day in children. Only 12% of the apps
involved the family, and less than 2% encouraged
eating with the family at home and preparing
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Table 64.2 Summary of critical appraisals of commercial weight loss apps in different populations

Population, app type,
platform, reference Appraisal criteria Appraisal findings Top Rated Apps

General adults
Australia, weight loss,
iTunes and Google
Play (Chen et al. 2015)

Accountability, use of
technology-enhanced features,
and scientific validity of
information
Incorporation of behaviour
change techniques (BCTs)

Weak Overall
Weak areas include: lack of
professional references and
referenced information
Poor use of BCTs (score ¼ 6.3/
26)
Usability Weak (Score ¼ 13.5/
20)
Technology Enhanced Features
Weak
(Score ¼ 5/14)

Noom Weight Loss
Coach, Calorie
Counter Pro and
Control my Weight by
Calorie King

General adults, weight
loss, iTunes (Breton
and Abroms 2011)

Evidence-informed practice
guidelines
Criteria: food diary, assessed
weight, calorie balance,
journaling, portion control,
nutrition facts, reading labels,
regular physical activity, info
about a diet rich in fruits and
vegetables, meal planning,
drinking water over soda,
weekly weight loss goals, and
social support.

Weak
Strong areas: assessed weight
(43%)
Info on maintaining caloric
balance (36%)
~25% info on physical activity
including, journal regular
exercise, portion control and
nutrition labels.
Diet rich in fruit and vegetables
(12%)
<10% of apps information on
meal planning.
Water drinking over soda (7%)
Social Support (3%)

Calorie Tracker
Livestrong (9/13)
Tap and Track Weight
Calorie
Exercise Tracker
(8/13)

Adolescents, weight
loss and weight-related
behaviours, iTunes
(Schoffman et al. 2013)

Expert Recommended
Strategies
Plotting BMI over time,
Strategies obesity treatment
Motivation to change
behaviours, personal tailoring
Setting goals
The built environment
The whole family Involved
Sugar-sweetened beverage,
fruit and vegetables
Target both diet and exercise,
reduction of screen time, home-
made meals, family meal eating
and daily breakfast, physical
activity >1 hour/ day

Weak
61.4% did not adopt expert
strategies
>25% of the apps set goals
(screen time limits)
5% plotted BMI and calculated
it.
Zero discussed the role of
environmental determinants.
<10% physical activity > hour
a day
12% involved the family
Family meal eating and
planning ¼ 2%
Reduce sugar-sweetened
beverages and increasing fruit
and vegetable intake (15%)

HyperAnt, Ideserve2,
and Smash Four Food

Mindful eating apps for
all populations, iTunes
(Lyzwinski et al.
2019a)

Mobile App Rating Scale
(MARS): aesthetics,
functionality, engagement,
subjective assessment,
information
Therapeutic effectiveness
Royal College of Physicians
Unit Informatics Guidelines
Privacy from the Enlight
Criteria

Moderate for MARS (72% of
apps)
Mean global score range:
1.96–3.75/5
Weak MARS areas:
information, engagement,
privacy policy, and evidence
85% Weak for Mindful Eating
Specific Assessment
Weak areas: guided mindful

Am I Hungry
In the Moment
Eat C

(continued)
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meals at home. Only 15% focused on reducing
sugar-sweetened beverages and increasing fruit
and vegetable intake (Schoffman et al. 2013).

Mindfulness and Weight Loss

Lyzwinski et al. reviewed mindful eating apps in
the iTunes store (Lyzwinski et al. 2019a). Mind-
fulness is a form of present moment meditation
which involves both formal meditation practice
and informal practice, where one is actively pres-
ent in one’s daily interactions (Chiesa and
Malinowski 2011). Mindfulness and mindful
eating have been linked with healthier weight-
related behaviours such as lower binge eating,
emotional eating, and weight loss (O’Reilly
et al. 2014; Olson and Emery 2015). Given the
high number of commercial apps, my colleagues
and I decided to appraise their quality. The
Mobile App Rating Scale (MARS) (Stoyanov
et al. 2015) was used to assess the apps across
the following domains: functionality, aesthetics,
information, engagement, and a subjective score
of whether one would actually get the app (not
included in the total score). In addition to this,
privacy policy was added as an extra domain,
adapted from the Enlight criteria (Baumel et al.
2017). Therapeutic effectiveness was also
adapted from the Royal College of Physicians
and surgeons health informatics guidelines
(Physicians RCo 2019).

Additionally, my colleagues and I developed a
set of appraisal criteria specific to mindful eating,

including whether the apps offered guided eating
examples, whether they increased self-awareness
of hunger and fullness cues (over extra stressor
triggers), and whether they taught mindfulness
through a diversity of media. Other domains that
were assessed included whether the apps offered
real-life mindful eating examples and tips,
whether they utilized mindful eating self-
monitoring techniques, whether they had infor-
mation about balanced dietary guidelines, and
whether they integrated a range of behaviour
change techniques (BCTs) (Lyzwinski et al.
2019a).

The majority of the mindful eating apps
received moderate scores in the MARS scale
(72% moderate). The scores ranged from 1.96 to
3.75 out of 5. The apps had average scores for
aesthetics and functionality. They had weak
scores in the domain of quality of information
about mindful eating, which was often limited
and not backed up by scientific research.

The majority of the mindful eating apps (86%)
were rated as weak with regard to the mindful
eating specific appraisal. Many did not teach
mindful eating using guided audios and a range
of media. They also did not tune users in with
their hunger and fullness cues. Many did not
incorporate behaviour change techniques. Most
did not offer any real-life tips or advice about
how to eat mindfully (Lyzwinski et al. 2019a).
Improvements need to be made in particular in the
areas of evidence-based information, expert
recommendations, and behaviour change
techniques (BCTs).

Table 64.2 (continued)

Population, app type,
platform, reference Appraisal criteria Appraisal findings Top Rated Apps

Guided eating examples,
increased self-awareness of
hunger and fullness cues (over
extra stressor triggers),
mindfulness through a diversity
of media.
Real-life mindful eating
examples and tips, dietary
guidelines

eating examples, real-life eating
tips and examples, tuning in
with one’s body and hunger,
and little integration of BCTs
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Top-Ranked Apps

The top-ranked commercial apps according to the
appraisal by Chen et al. were Noom Weight Loss
Coach, Calorie Counter Pro, and Control my
Weight by Calorie King (Chen et al. 2015). Calo-
rie Tracker by Livestrong (9/13), and Tap and
Track Weight, Calorie, and Exercise Tracker
(8/13) were the first in the review by Breton and
Abroms (2011). The top-ranked apps for weight
in teens and children in the appraisal by
Schoffman et al. (2013) were HyperAnt,
Ideserve2, and Smash Four Food. These apps
had information on healthy dietary intake and
servings for children; however, the reviewers
argued that the apps could have had more healthy
tips and information in them. The top-ranked
mindful eating apps in the review by Lyzwinski
et al. (2019a) were Am I Hungry by Dr. May, In
the Moment, and Eat C. None of the apps in any
of the reviews received a perfect score in any of
the appraisals.

Evidence for Effectiveness

The scientific evidence on the effectiveness of
these commercial apps is scarce. The researchers
argue that while apps like My FitnessPal or Lose
It! are popular, they were no more effective than
the control in randomized controlled trials,
highlighting the discrepancy between evidence
and popularity (Chen et al. 2015). Likewise,
there was no evidence of any effectiveness studies
of the apps that were reviewed in the appraisal by
Breton and Abroms (2011). They also critiqued
the apps for not including any SMS or
notifications, given that the prevailing literature
had found that SMS is effective for weight loss
(Breton and Abroms 2011). Likewise, the review
by Schoffman found that none of the apps for
children were tested in trials for effectiveness,
and they felt that the lack of sufficient information
and behaviour change in the apps would make
them unlikely to be effective when tested in trials
(Schoffman et al. 2013).

Similarly, none of the mindful eating apps in
our appraisal were empirically tested in
randomized controlled trials (Lyzwinski et al.
2019a). The lack of scientific validity coupled
with low quality of information and aesthetics
was also found in a review of general mindfulness
apps (Mani et al. 2015). Thus, there is insufficient
evidence to recommend the commercially avail-
able apps until they are proven to be effective in
quality randomized controlled trials.

Privacy Issues

My review of mindful eating apps found that
privacy is a major issue with existing apps
(Lyzwinski et al. 2019a). There is a need for
clear and explicit privacy information in apps
for weight loss and weight-related behaviours, in
order to protect consumers (Lyzwinski et al.
2019a).

Consumer Preferences for mHealth

Gaining insight into consumer preferences for
mHealth for weight loss is valuable for promoting
continued interest and use. Thus, my colleagues
and I undertook the first meta-synthesis of quali-
tative studies that examined user perceptions,
barriers, and facilitators of use (Lyzwinski et al.
2018a). Figure 64.1 Illustrates the benefits that
should be maximized, and the barriers that should
be minimized in consumers.

User-Friendly Features

Three themes were identified for app preferences
which included simplicity in design and ease of
use, personalization, and engagement or enter-
tainment. Users wanted apps that would be user
friendly to navigate without any major hindrances
or difficulties. They also wanted personal tailor-
ing in the apps. They further wanted the apps to
be fun or engaging for them.
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Five themes were identified for consumer
preferences for text messages in mHealth
weight-loss interventions (Lyzwinski et al.
2018a). Consumers wanted personally tailored
messages. They further wanted messages to be
considerate of tone. An overtly judgemental tone
or one that pressured them could instil psycholog-
ical roadblocks. These included guilt or fear of
failing. The importance of message phrasing and
structure was also brought up as a theme for users.
They wanted the messages to be short and profes-
sional. Teenagers had a dislike of imperative
wording, colloquial abbreviations, and phrasing
messages in a non-professional way, that sounded
like the way their peers would message one
another. Message content was also raised as an
important theme. Consumers wanted the text
messages to be filled with educational material
and practical health tips.

Barriers

Several barriers and benefits of mHealth for
weight loss were identified as themes by the
consumers (Lyzwinski et al. 2018a). Consumers
liked the integration of a wide variety of

behaviour change techniques, which were viewed
positively by them. They found that goal setting,
self-monitoring, encouragement, social support,
reminders/prompts, and health education were
valuable. A few barriers were also identified
which were psychological, technological, and
engagement related. Consumers wanted encour-
aging messages over ones that could create exces-
sive pressure or guilt. They also expressed
technological concerns in remote areas. Older
adults felt that modern technology could be a
barrier. Some consumers expressed privacy
concerns. Finally, excessive engagement through
sending too many messages, or monotonous apps
that lacked engagement, was viewed as barriers to
continued use.

Challenges with mHealth

Research indicates that most users cease using
health apps after a period of time (Krebs and
Duncan 2015).

The main reasons are usually the cost of the
app if it requires a subscription, and lack of suffi-
cient engagement in order to keep them interested
in sustained use (Krebs and Duncan 2015). This is
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in congruence with research which found that
brief SMS messages for sugar-sweetened
beverages over six months, were more effective
than longer ones (Shin et al. 2019).

Another factor to consider involves the psy-
chological and mental health component. Only
one study in my previous meta-analysis had any-
thing for stress management (Napolitano et al.
2013). Likewise, one review also found that
there were not any studies that employed stress
management techniques (Chen et al. 2015). My
previous research has linked stress with maladap-
tive coping behaviours that are associated with
weight which include binge eating, emotional
eating, craving junk food, eating fast food, and
low levels of exercise (Lyzwinski et al. 2018b).

New Areas of mHealth Research

Research has found that mindfulness is beneficial
for mental health (Hofmann et al. 2010) as well as
stress, weight, and weight-related behaviours
(O’Reilly et al. 2014; Olson and Emery 2015;
Chiesa and Serretti 2009; Lyzwinski et al.
2018c). Given that mindfulness targets stress, it
is possible that behaviour change and app usage
may be sustained over longer periods of time
during fluctuating periods of stress.

Despite the large number of studies involving
face-to-face interventions and the large number of
mindfulness apps in the app stores, my colleagues
and I found that there were no RCTs that exam-
ined mindfulness for weight and weight-related
behaviours using mHealth (apps or SMS), in our
previous systematic review (Lyzwinski et al.
2018d).

Preliminary Student Analysis

Prior to undertaking a trial, exploratory focus
groups were undertaken to better understand con-
sumer preferences, and any potential barriers and
facilitators of use (Lyzwinski et al. 2018e). Most
students wanted a mindfulness weight loss app
that would be simple and easy to use. Their pre-
ferred colour was blue like the sky or ocean for a

splash screen. They also wanted the app to have
plenty of educational material and health tips.
Certain barriers were identified which were tech-
nological, psychological, and time related.
Students were concerned about technological
distractions such as the phone ringing or having
pop up ads. They also did not want the app to
pressure them into changing dramatically.
Finally, they were concerned that some mindful-
ness exercises might be too long, and they would
not do them given their busy schedules. Thus, the
app was made with these suggestions in mind,
along with consulting key evidence-based mind-
fulness-based stress reduction (MBSR) and mind-
ful eating books (Albers 2006; Kabatt-Zinn 2016;
Somov 2008; Stahl and Elisha 2010, 2015).

Randomized Trial of a
Mindfulness App

Following this, my colleagues and I undertook
the first randomized controlled trial of a
mindfulness-based mHealth app for weight,
weight-related behaviours, and stress in univer-
sity students at the University of Queensland in
Australia (Lyzwinski et al. 2019b). The RCT was
11 weeks in duration.

The app had mindfulness-based stress reduc-
tion techniques, derived from MBSR and mindful
eating as well as mindful exercise (Albers 2006;
Kabatt-Zinn 2016; Somov 2008; Stahl and Elisha
2010, 2015). It had formal mindfulness medita-
tion including the body scan, breathing exercises,
sitting meditation (loving kindness and concen-
trative), walking meditation, and choiceless
awareness mindfulness meditation, in addition to
informal exercises. There were also tailored
eating meditation audios. The app used a range
of behaviour change techniques including send-
ing push notifications that reminded, educated,
and prompted students to practice mindfulness
in addition to health education tips, self-
monitoring, and stress management. The app
taught mindfulness through a diversity of media
including educational articles, audios, videos, and
games.
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Protocol Inclusion Criteria and Methods

All healthy students who wished to lose weight
were eligible to participate. A priori sample sizes
were calculated and 90 students enrolled in the
study. Weight was measured objectively with a
digital scale at baseline and follow-up. Weight-
related behavioural patterns were assessed using
valid and reliable surveys. Students were
randomized to either the mindfulness app or to a
control group, which received an electronic diary
for self-monitoring of diet and exercise. Alloca-
tion was concealed as an independent statistician
randomized the participants using a 1:1 simple
parallel randomization sequence.

There was no weight loss in either group. How-
ever, neither the mindfulness app group nor the
e-diary group gained weight either. This finding is
nonetheless relevant, as university students are at
risk of weight gain during their studies (Crombie
et al. 2009). Behavioural self-monitoring using a
diary has long been established as a method of
weight control, which explains why the control
group also did not gain weight (Burke et al. 2011).

When compared with the control, the mindful-
ness app intervention had lower levels of emo-
tional eating by 1.088 points (F ¼ 5.893; p-value
< 0.05) in the analysis of covariance. The app
intervention also had significantly lower levels of
uncontrolled eating compared with the control, by
2.047 points (F ¼ 5.974; p-value < 0.05)
(Lyzwinski et al. 2019b).

Furthermore, mindfulness app intervention
also had lower levels of stress in the adherer anal-
ysis by 3.21 points (F¼ 5.943; p-value< 0.05). In
addition to this, they also had higher levels of
mindful eating by 0.295 points (F ¼ 21.035; p-
value < 0.01) and mindfulness by 3.104 points
(F ¼ 14.580; p-value < 0.01) than the control.

It could be that changes in weight will be
observed in studies of longer duration, as it takes
times for weight-related behaviours and changes
in attitudes to lead to weight changes. Thus, there
is a need for studies of longer duration.

Most students enjoyed the app (94%), and
there was a high retention of 80%. Adherence

was a challenge as regular usage of the app was
low, and most students used it periodically (61%).

Perspectives for Future Improvement

Several themes were identified from the post-trial
focus groups that could be used to ameliorate the
app (Lyzwinski et al. 2018f). The first few themes
were about the control group e-diary. Many found
the diary to be helpful and that it increased
accountability and knowledge about guidelines;
however, time was a barrier. Most students
enjoyed using the app and found that it made
mindfulness much more accessible to them. Pre-
vious myths about meditation being difficult were
debunked. Students also felt that their attitudes
towards a healthy lifestyle (diet and exercise) had
improved as a result. The short breathing audios
were preferred by students, due to their time con-
venience. Many felt that the app reduced their
stress. They also felt that they were more mindful
as a result of the app. Barriers included finding the
time to meditate and getting into the habit of
meditating. Students wanted more push
notifications in the app and more healthy tips.

Relevance of the e-Diary

Most students wanted a mindfulness weight loss
app that would have an e-diary for diet and exer-
cise like the control group had. The control diary
group had higher levels of moderate to vigorous
MET physical activity (F ¼ 10.016; p-
value < 0.01 than the app group, highlighting
the potential benefit of incorporating exercise
self-monitoring into the mindfulness app
(Lyzwinski et al. 2018f). This would likely
increase the benefits.

Since this trial, a few other trials have been
undertaken. There was an Acceptance and Com-
mitment Therapy (ACT) app study, which found
that using food as a reward decreased and intui-
tive eating increased. They did not find that stress
modified this relationship, though the app was not
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MBSR based which targets stress (Jarvela-
Reijonen et al. 2018). Another study in teens
found that the mindfulness app increased aware-
ness of weight-related behaviours (Turner and
Hingle 2017). There was also a mobile phone
mindfulness coaching study, which found signifi-
cant decreases in binge eating and experiential
avoidance (indicator of emotional eating). Both
the mindfulness intervention and the active con-
trol group (which also received a weight loss
intervention) lost weight, with no differences
between groups. Adherers of the mindfulness
intervention lost the most weight (Carpenter
et al. 2019). Indeed, adherence is an issue for
mindfulness weight-loss interventions which
needs to be tackled in the future.

Conclusion

mHealth holds great promise for weight loss
across different populations. More studies are
needed in teens and children in order to ascertain
their effectiveness in this population, and whether
other strategies such as parental involvement
need to be implemented. Current commercial
mHealth weight loss apps are weak in quality
and lack an evidence base. More work needs to
be done to create apps that are of higher quality
and that are empirically tested for effectiveness in
trials. It is important to consider consumer
preferences and minimize barriers, in order to
ensure long-term sustainable use and behaviour
change as well as consumer satisfaction. Mobile
mindfulness weight-loss interventions are a new
area of mHealth which is very exciting and filled
with potential, as they target the underlying psy-
chological factors involved with weight-related
behaviours. More studies of longer duration are
needed to confirm their effectiveness.
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Abstract

Next-generation sequencing, multi-omics,
high-resolution medical imaging technologies,
and a wide range of (smart) sensors have led the
biosciences into the big data era. To this end,

machine learning approaches are more than
ever indispensable to transform all this data
into valuable knowledge. This chapter aims to
address the current state, progress, and
challenges in biomarkers discovery in obesity
with respect to anthropometric measurements,
biochemical and omics approaches, and to
discuss the most representative studies relative
to the application of machine learning
emphasizing prediction tools, feature extraction
and closely related factor evaluation, nutrition-
driven applications, bariatric surgery, and

O. Tsave
Department of Chemical Engineering, Aristotle University
of Thessaloniki, Thessaloniki, Greece

I. Kavakiotis (*)
Department of Computer Science and Biomedical
Informatics, University of Thessaly, Lamia, Greece
e-mail: ikavakiotis@gmail.com

# Springer Nature Switzerland AG 2020
J. Faintuch and S. Faintuch (eds.), Obesity and Diabetes, https://doi.org/10.1007/978-3-030-53370-0_65

883

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53370-0_65&domain=pdf
mailto:ikavakiotis@gmail.com
https://doi.org/10.1007/978-3-030-53370-0_65#DOI


childhood obesity. The mapping, and hence
understanding, of invasive and noninvasive
biomarkers extraction and utility along with its
limitations, could offer valuable insights into
pathophysiology, prevention, and treatment.

Keywords

Machine learning · Data mining · Obesity ·
Childhood obesity · Disease prediction
models · Biomarker(s) identification

Introduction

Recent advances in both analytical techniques
and artificial intelligence have given rise to time-
and cost-efficient tools. Numerous sensor-based
devices such as smartphones (utilizing gyroscope,
cameras, accelerometers), smartwatches, and sev-
eral wireless (nano)networks enable continuous
health monitoring (Majumder and Deen 2019;
Tsave et al. 2019). High-throughput data derived
from genomics, transcriptomics, proteomics,
metabolomics, lipidomics, and frommedical imag-
ing techniques such as positron emission tomogra-
phy (PET), single-photon emission computed
tomography (SPECT), and magnetic resonance
imaging (MRI) have led to the development of
integrated strategies that give systematic andmech-
anistic insight in numerous pathophysiological
conditions (Kavakiotis et al. 2017; Severin et al.
2019).

The management of obesity and/or its related
complications along with the delineation of its
causal mechanisms stand as a challenge in the
twenty-first century (World Health Organization

2016; Nguyen et al. 2012). Machine learning, an
artificial intelligence field utilizing methodologies
for extracting useful knowledge from databases,
could be helpful to this aim.

Background Knowledge

Knowledge Discovery in Databases
(KDD) and Data Mining

KDD is a multistep process (Fayyad and
Piatetsky-Shapiro 1996), depicted in Fig. 65.1,
focusing on data management and extraction of
useful information. A definition of KDD is given
by Fayyad et al. (Fayyad and Piatetsky-Shapiro
1996): KDD is the nontrivial process identifying
valid, novel, potentially useful, and ultimately
understandable patterns in data. The most impor-
tant step is data mining, in which algorithms from
machine learning and statistics are employed in
order to extract patterns from data. Alpaydin
(Alpaydin 2004) states that application of
machine learning methods to large databases is
called data mining.

At the very beginning of the KDD process,
stands the definition of the problem and the
understanding of the field, which is performed in
close collaboration between the application’s
field and KDD experts. Moreover, various aspects
of the analysis are sought such as restrictions that
may apply in the application domain.

Data Selection Nowadays, in the big data era, it
is common that heterogeneous data are included
in a study, such as electronic health records

Fig. 65.1 The basic steps of the knowledge discovery in databases (KDD) process (Kavakiotis et al. 2017)
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(EHR), next-generation sequencing of
DNA/RNA, and metabolomic data. Those data
are not organized in a way that expedites the
KDD process. The first step is to select and export
the appropriate data from the originating
resources and to organize them into simpler,
appropriate structure.

Pre-processing This is also called the data
cleaning step. Collecting data from different
resources may result in inconsistencies
concerning the features (i.e., the descriptors) of
the data. Such inconsistencies include different
measurement units for the same quality of
information (e.g., blood glucose levels), or even
missing essential data. The preprocessing step
aims at the correction or removal of erroneous
data and acquisition or prediction of missing data.

Data Transformation Data are transformed in
an effort to expedite the extraction process either
by reducing the number of features (dimension-
ality reduction) or the number of values that a
feature can have (variability reduction), thus
providing more comprehensible results. Feature
selection is the reduction of the number of
features (dimensionality reduction). This tech-
nique embodies many advantages, such as a)
better visualization and understanding of the
data, b) reduction of the analysis duration, and
c) better prediction accuracy (Guyon and
Elisseeff 2003; Witten et al. 2011). It is the pro-
cess of selecting a subset from the available
features of the dataset, which are more relevant
and informative for the construction of a model.
Other data transformation techniques include
discretization of the data, which is the conversion
of integer or real values to categorical values, and
the integration of variables, to reduce the com-
plexity of the data.

Data Mining The appropriate machine learning
algorithm is applied to the transformed data in
order to produce the desired results. There are
two general categories of outcomes from a data
mining process: informative patterns and predic-
tive models.

Interpretation—Evaluation In the last step of
the KDD process, various visualization
techniques are employed for the presentation of
results (e.g., graphs, plots). These techniques
offer to the field expert, e.g., medical doctor or
biologist, the flexibility to summarize and draw
more solid conclusions.

Machine Learning

For the data mining step, information is extracted
through predictive models, utilizing supervised
learning, and informative patterns through unsu-
pervised learning. A formal definition of machine
learning is given by Mitchell (1997): A computer
program is set to “learn” from experience (E)
based on some class of tasks (T) and performance
measure (P), if its performance at tasks in (T), as
measured by (P), improves with experience (E).
Different protocols can be adopted (Severin et al.
2019; Witten and Frank 1999; Russell and Norvig
2003): (a) supervised learning, inferring a predic-
tive model from labeled data; (b) unsupervised
learning, during which unlabeled data are
employed; (c) reinforcement learning, based on
a dynamic environment.

Supervised learning Input-output pairs, analyzed
by an algorithm, are used for the development of a
predictive model (function), with the help of
labeled examples (training data). The resulting
model is subsequently applied to unknown
examples (input features only). In supervised
learning, learning tasks are divided into classifica-
tion (predicting classes) and regression
(predicting numbers) models. Decision trees
(DT), rule learning, and instance-based learning
(IBL) such as k-nearest neighbors (k-NN), genetic
algorithms (GA), artificial neural networks (ANN),
support vector machines (SVM), all belong to the
supervised category.

Unsupervised Learning Clusters are informa-
tive patterns occurring through clustering,
i.e. the separation of a whole dataset into groups
of data, so that instances belonging to the same
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group are as similar as possible, and instances
belonging to different groups differ as much as
possible (Han et al. 2011).

Biomarkers

Nutritional strategies against obesity encompass
a) general dietary interventions, b) control of
macronutrient composition (e.g., low-fat diets),
c) calorie restriction (low and very low-calorie
diets), and d) lifestyle interventions (weight loss-
physical exercise along with beneficial dietary
styles) (Parsanathan and Jain 2019). Pharmaco-
logical options are also available, as well as bar-
iatric surgery and endoscopically introduced
intragastric balloons (Lukas et al. 2019). Current
available therapies remain important in treating
obesity but are still limited.

Since obesity has a fundamental, causal effect
in developing numerous complications and
comorbidities, robust and reliable clinical
biomarkers would be welcome to improve
(a) diagnosis and classification of the disease,
(b) early diagnosis or prediction of the risk to
develop secondary events, and (c) more
personalized and precise medical treatment.

Biomarkers are defined as biological measures
of a certain clinical state. The ideal biomarker
should be easy to measure, safe (non-invasive),
cost-efficient, specific, sensitive, and predictive.
Biomarkers are used as monitoring, screening,
diagnostic, and prognostic tools, whereas they
can also be considered as potential targets of
drugs or other therapies (Lukas et al. 2019; Kosaka
et al. 2010). Currently available biomarkers suffer
from low specificity, sensitivity, and false-positive
outcomes. New molecules (such as miRNAs,
metabolites etc.) gain significance in this context
(Shih and Lin 2018; Musaad and Haynes 2007).
Several circulating molecules have been proposed
as mediators of obesity, namely adipose-derived
hormones and adipokines such as adiponectin and
leptin (Pischon 2009; Pan and Yeh 2008;
Nimptsch et al. 2019).

Anthropometric Predictive Indices

Indicative anthropometric measurements or
calculations that have been used as markers or
features at the clinical level include Visceral
Adiposity Index (VAI), epicardial fat thickness
(EFT), the density of both visceral adipose
tissue (VAT) and subcutaneous adipose tissue
(SAT), body fat distribution (BFD), waist circum-
ference, waist-to-hip ratio, and waist-to-height
(Okorodudu et al. 2010; Tsave et al. 2018a, b).
Most of the aforementioned indicators are used in
combination with specific phenotypes such as the
presence of hypertension, hypertriglyceridemic
waist (HTGW) phenotype, or blood glucose
levels, in an effort to improve diagnostic and
prognostic value (Okorodudu et al. 2010; Tsave
et al. 2018a, b).

Genetics

Genes involved with obesity include human lep-
tin receptor gene, proprotein convertase subtili-
sin/kexin type 1 (PCSK1; also known as PC1)
gene, brain-derived neurotrophic factor (BDNF)
and its receptor, tyrosine receptor kinase B
(encoded by NTRK2), genes encoding the
glutamic acid decarboxylase enzyme (GAD2),
peroxisome proliferator-activated receptor
gamma(PPAR-γ) gene, cannabinoid receptor
1 (CNR1), dopamine receptor 2 (DRD2), sero-
tonin receptor 2C (HTR2C), and SLC6A4 genes
among others (Fall and Ingelsson 2014; Jackson
et al. 1997; O’Rahilly et al. 1995; Deeb et al.
1998). As a chronic inflammatory condition,
inflammation-related genes are generally
upregulated in obesity. Adipogenic genes are
often downregulated since the physiology of
adipocytes is altered (lipotoxicity, adipose tissue
excess) leading to cardiometabolic disorders
and the onset of type 2 diabetes (T2D) (Wells
2012).
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Epigenetics

Epigenetic patterns, reversible impacts of chro-
matin, encompass DNA methylation, acetylation,
phosphorylation, histone modification, and non-
coding RNAs (ncRNAs), and can be passed on
mitotically (cell division) or meiotically
(transgenerational inheritance) (Lopomo et al.
2016). Among individuals with excessive adipos-
ity, they depend on alimentation patterns and
other environmental influences. Multiple
elevations of cellular micro-RNAs such as
miR-148a, miR-26b, miR-30, and miR-199a
were detected in specialized mesenchymal or adi-
pose cells in patients with excessive body weight
(Van Dijk et al. 2015; Zhang et al. 2012; Graham
et al. 2015; Ouyang et al. 2017). Also in pediatric
populations with adipose tissue accumulation,
elevated miRNAS (miR-199a-3p/miR-199b-3p
and miR-4454) regulating hundreds of genes
were unearthed, which could feed a machine
learning protocol.

Biochemical Markers and Proteins

Alterations in protein and metabolite profile (e.g.,
insulin, blood glucose, triglycerides, cholesterol,
and related pathways) also provide mechanistic
insight in the underlying mechanisms that lead to
obese phenotype. Proteomics is defined as the
mapping of the expression patterns of proteins at
a given time in response to a specific stimulus or
disease state and is used for the determination of
the functional protein networks that exist at the
cellular, tissue, or organism level (Masood et al.
2018). The construction of the proteome is a data-
driven approach applied in both untargeted and
targeted proteomics workflows, generating quali-
tative and quantitative datasets of protein expres-
sion levels, composition, and post-translational
alterations.

In a cohort of 36 male patients, with or without
abdominal obesity and diabetes, seven matched
protein spots (alpha-1-antichymotrypsin, alpha-1-

antitrypsin, apolipoprotein A-I, haptoglobin,
retinol-binding protein 4, transthyretin, and zinc-
alpha2-glycoprotein) were different between nor-
mal and prediabetes/diabetes patients. Network
analysis followed by functional annotation
revealed that most proteins were involved in
lipid transport, lipid localization, and the regula-
tion of serum lipoprotein particles (Kim et al.
2019).

Two large series of roughly 500 subjects each
were proteomically analyzed. Plasma protein pat-
tern for age, gender, and general variability was
defined, and associations with insulin, glucose,
and other markers were unearthed or confirmed
(Cominetti et al. 2018). Matrix correlation, one of
the available preliminary tools for machine
learning development, was applied to 200,000
relationships of 1700 proteins, detected in a
cohort of 47 obese patients submitted to bariatric
surgery (Roux en Y gastric bypass). Certain
proteins changed as early as one week after sur-
gery, whereas in others that occurred as late as
after more than 2 years, indicating quite specific
patterns for each of them. Elevations, reductions
and other behaviors were demonstrated,
depending on the analyzed molecule. Altered
proteins were mostly markers of systemic inflam-
mation and lipid metabolism (Wewer Albrechtsen
et al. 2018).

The Gut Microbiome

In the review of Castaner et al. (Castaner et al.
2018), it was shown that species from the
Firmicutes phylum namely Blautia hydrogeno-
trophica, Coprococcus catus, Eubacterium
ventriosum, Ruminococcus bromii, and
Ruminococcus obeum were associated with obe-
sity. In a systematic review regarding bariatric
surgery, some representatives from the phyla
Bacteroidetes, Fusobacteria, and
Verrucomicrobia increased after surgery, whereas
the Proteobacteria phylum encompassed both ele-
vated and diminished components. Reduction of
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Firmicutes was also evidenced. Faecalibacterium
prausnitzii, Lactobacillus, and Coprococcus are
highlighted as often beneficial (Guo et al. 2018).
Although machine learning was not employed in
these protocols, the massive numbers of the gut
microbiome are good candidates for such tech-
nique. Incidentally, F. prausnitzii along with
Akkermansia muciniphila are being investigated
as novel probiotics, with potential indications in
obesity.

One protocol with 75 men suggests that
circulating gut permeability biomarkers, such as
lipopolysaccharide-binding protein (LBP) and
soluble CD14, together with bacterial metabolites
(short-chain fatty acids), more robustly correlate
with obesity than fecal microbial community
structure, as evidenced by sequencing of 16S
rRNA originated from the gut microbiome.
LBP, LBP/CD14 ratio, propionic, and butyric
acids were independent determinants of BMI.
These and other variables explained 39–47% of
BMI variability, consistent with the hypothesis
that both microbiome-related and independent
biomarkers are involved in obesity risk
(Barengolts et al. 2019).

Metabolomics

Metabolomic elucidation of the underlying
pathways in obesity and obesity-associated
comorbidities is currently one of the most actively
pursued roads. The metabolome, analogously to
several omics techniques, can be constructed
through the employment of high-resolution ana-
lytical chemistry, for instance, nuclear magnetic
resonance (NMR) or liquid chromatography in
tandem with mass spectrometry (LC-MS), com-
bined with multivariate biostatistics such as pat-
tern recognition techniques, including principal
component analysis (PCA).

Serum metabolomics in obesity usually
reveals correlations with blood glucose and cho-
lesterol profile, apart from body weight and die-
tary regimen, consistent with metabolic pathway

changes in lipogenesis, lipid oxidation, energy
utilization, protein and amino acid metabolism
(Palau-Rodriguez et al. 2020). Given the growing
interest in multi-omics data, integrating inputs
from metabolomics, genomics, microbiomics,
and other fields, automated pipelines/
approaches are already emerging. In a large
series, the system was able to demonstrate two
additional metabolic pathways, namely benzoate
degradation and phosphotransferase system, as
linked to obesity (Ni et al. 2020). The M2IA
platform streamlines the integrative data analysis
between metabolome and microbiome, including
statistical analysis and biological interpretation
(M2ia 2020). Within an experimental setting,
machine learning analysis applied to serum
metabolomics pointed to deoxyhexose sugars as
predictors of gradual loss of β-cells, in prediabetic
mice that genetically progress to diabetes. The
deoxyhexose 1,5-anhydroglucitol displayed the
most substantial changes. Robust markers of
β-cell mass in obesity and diabetes are not cur-
rently available and would have important clini-
cal applications. Further studies in humans are
eagerly anticipated (Li et al. 2019).

Machine Learning Tools: Obesity

Predictive Tools in Obesity

The most diverse and common task found in the
applications of machine learning in obesity
research is prediction. Gerl et al. (2019) aimed
at predicting different measures of obesity, i.e.,
body mass index (BMI), waist circumference
(WC), waist-hip ratio (WHR), and body fat per-
centage (BFP) based on the plasma lipidome
employing several models (Cubist, Lasso, partial
least squares, stochastic gradient boosting, and
random forest). Lasso was finally employed for
the analysis as it exhibited the best performance.
Childhood clinical, environmental, and genetic
risk factors served as background for early pre-
diction of adulthood obesity. The genetic risk
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factors were 97 single-nucleotide polymorphisms
(SNPs) associated with BMI in over 100,000
genotyped individuals or a 19 SNPs subset of
the initial superset. The analysis was performed
using gradient boosting machines which are a
representative example of ensemble learning
(Seyednasrollah et al. 2017).

In a protocol addressing serum FFA levels, gut
microbiota, diet, and obesity through a machine
learning model based on a regression tree, a
gender-independent non-obese profile was
generated, with serum EPA > 0.235 μg/mL and
Bacteroides> 9.1 log cells per g of feces. Regard-
ing obesity, Bacteroides group was much less
involved (20% importance). Serum EPA and
gender (100% and 80%, respectively), along
with palmitic acid, Bifidobacterium, and
Faecalibacterium explained >30% (Fernandez-
Navarro et al. 2019). In another related work that
utilizes both genetic sequencing and support vector
machines (SVM), themodel exhibited 70.8% accu-
racy, 80.1% sensitivity, and 63.0% specificity. The
specific work showed that selected SNPs were
effective in the detection of obesity risk. Addition-
ally, the ML-based method provides a feasible
mean for conducting preliminary analyses of
genetic characteristics of obesity (Wang et al.
2018).

Feature Extraction and Closely Related
Factor Evaluation

Easily available scanned facial data, submitted to
feature extraction, have shown robust correlation
with anthropometrically relevant markers of
excessive body weight. With a different approach
(deep learning/convolutional neural networks),
satellite geographical images (Google Static
Maps API) were analogously used to trace
populations with increased adiposity (Pascali
et al. 2016; Maharana and Nsoesie 2018). Demo-
graphic, social-economical, and lifestyle
variables also conducted, by means of machine-
learning tools, to findings concerning regional
distribution of elevated body weight populations
(Scheinker et al. 2019).

Diet and Food-Driven Applications

Personal diet management, automated monitor-
ing, and analysis of eating behavior patterns can
be useful in fighting the obesity epidemic and its
comorbidities. The advances in smartphones and
wearable sensor technologies, including machine
learning systems, can be used for meal micro-
structure analysis (Papadopoulos et al. 2018),
for tracking the user’s dietary and physical
activities (Silva et al. 2018), to monitor dietary
intake using automate image classification
(McAllister et al. 2018), or to provide just-in-
time adaptive interventions to prevent dietary
lapses (Forman et al. 2019).

Country-level food sales information can be
obtained from suppliers inexpensively, rapidly,
and on a regular basis. Only a small subset of
food and beverage categories can be used,
utilizing support vector machines, random
forests, and extreme gradient boosting to predict
country-level obesity prevalence. The top three
categories in predicting country-level obesity
were baked goods/flours, cheese, and carbonated
drinks (Dunstan et al. 2019).

Bariatric Surgery

Algorithms (Sheikhtaheri et al. 2019; Cao et al.
2019) including logistic regression, linear dis-
criminant analysis (LDA), quadratic discriminant
analysis (QDA), decision trees, k-nearest neigh-
bor (KNN), SVM, multilayer perceptron (MLP),
and deep neural networks can be selected for
diagnosis, prognosis, or complication prediction
have extensively been used in bariatric cohorts.
Ensemble methods should be mentioned as well,
namely adaptive boosting (AdaBoost) logistic
regression, extra trees, gradient trees, or support
vector machine (SVM), bagging LDA, bagging
QDA, random forest, extremely randomized
(Extra) trees, gradient regression tree, bagging
KNN, and bagging MLP. Deep learning showed
superior performance in comparison to other
machine learning algorithms.
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Childhood Obesity

Electronic health records (EHR) are a valid sub-
strate for tracking information for the specific pop-
ulation (obese chirdren) (Lingren et al. 2016;
Hammond et al. 2019), as well as neuroimaging
features extracted from resting-state functional
magnetic resonance imaging (rs-fMRI) datasets
(Park et al. 2019). Apparently, nonspecific demo-
graphic, psychological, behavioral, and cognitive
variables could also allow for excessive weight
surveillance (Gray et al. 2019). Social and physi-
cal attributes of the school environment similarly
impact such disease and could be endowed with
predictive value (Hinojosa et al. 2018). The
importance of potentially modifiable psychoso-
cial, dietary, and environmental mechanisms and
their influence on weight gain in adolescent girls,
addressed in a large-scale regression model, is the
fact that they are potentially amenable to change,
thus pointing towards prophylactic interventions
(Narla and Rehkopf 2019).
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Abstract

The purpose of the present chapter was to
compare performance and accuracy of three
different approaches to diabetes mellitus risk
prediction. It was shown, in particular, that a
multilayer perceptron, logistic regression, and
random forest classifier can be successfully
employed for prediction of the T2DM risk
using the electronic medical record (EMR)
system data with a relatively large number of
individuals, albeit a limited dimension of pre-
dictor parameters space. Further improvement
of the models should be addressed through the
following avenues: application of machine and
deep learning models for analysis of greater set
of factors and derived parameters from the
EMR system, including biometric, socioeco-
nomic, geographical, ethnical, and genetic
parameters.

Keywords

Big data · Machine learning · Risk prediction ·
Diabetes mellitus

Introduction

To date, a vast number of predictive models of
type 2 diabetes mellitus (T2DM) were reported.
Most of them use basic logistic regression (LR) as
the underlying mathematical method for
obtaining the final model, and include several
biochemical, anthropometric, and environmental
parameters of the individual as predictor
variables. During past decades, a number of
machine learning methods were implemented in
diabetes risk prediction. However, most of the
models widely used in clinical practice were

developed based on classical LR and employ a
limited number of predictor parameters.

A wider spectrum of parameters and further
optimizing computational methods are currently
needed. Increasing the reliability and reproduc-
ibility of medical data employed for model train-
ing is another priority. This can be achieved by
extensive application of data stored in electronic
medical record (EMR) systems, which become
increasingly popular both in medical institutions
and in general practices. Measurements being
uploaded directly from a certain instrument/
device to a data cloud are less prone to errors
due to human factors, thus making it possible to
develop a more accurate and sensitive model for
risk predictions.

Diabetes Etiology and Biochemistry

According to the American Diabetes Association,
there are four general types of diabetes (Standards
of Medical Care in Diabetes 2018):

• Type 1 diabetes (T1DM), that is a manifesta-
tion of autoimmune pancreatic β-cell destruc-
tion, ultimately leading to complete loss of
insulin secretion. A key biochemical feature
of T1DM is presence of autoantibodies against
pancreatic antigens, such as insulin, glutamic
acid decarboxylase (GADA), insulinoma-
associated autoantigen 2 (IA2A), and zinc
transporter 8 (ZnT8A) (Atkinson et al. 2014).

• Type 2 diabetes, a condition associated with a
progressive impairment of β-cell insulin secre-
tion ability and general insulin resistance.
Type 2 diabetes dominant biochemical aspects
include lipid metabolism dysfunction,
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inflammation, oxidative stress, and impaired
mitochondrial metabolism (Ma et al. 2011).

• Gestational diabetes mellitus (GDM), a type of
diabetes, diagnosed during pregnancy (the sec-
ond or third trimester). This condition includes
undiagnosed preexisting diabetes and
so-called true GDM (Mirghani Dirar and
Doupis 2017).

• Other types of diabetes that develop as a result
of action of various specific causes (mono-
genic diabetic conditions, malfunction of exo-
crine pancreas, chemically-induced diabetes)
(Schwitzgebel 2014).

All types of diabetes are traditionally
diagnosed by fasting plasma glucose (FPG) or
the 2-h plasma glucose (2-h PG) combined with
oral glucose tolerance test (OGTT), or A1C
glycated hemoglobin levels. If necessary to spec-
ify the diagnosis, additional tests (for example,
genetic testing) may be performed.

Biomarkers of Diabetes

Despite the fact that T2DM risk factors are well-
established, risk assessment and stratification are
still a challenge. Traditional methods fail to iden-
tify individuals that display low risk according to
conventional scales, but nevertheless are prone to
development of T2DM. Use of novel biomarkers
(genomic, genetic, epigenetic, metabolomic) and
computational methods is a promising direction
of future research. Currently used clinical
biomarkers include:

• anthropometric measurements (weight, BMI,
waist circumference, waist-to-hip ratio),

• biochemical, metabolic, and clinical markers
(triglycerides, total cholesterol, HDL (high-
density lipoprotein) cholesterol, LDL
(low-density lipoprotein) cholesterol, use of
lipid-lowering drugs, fasting glucose, 2-h glu-
cose, fasting insulin, estimates of insulin resis-
tance, estimates of β-cell function, HbA1c,
liver enzymes, uric acid, leukocyte count,
C-reactive protein, adiponectin, systolic

blood pressure, diastolic blood pressure, use
of antihypertensive drugs.

• lifestyle variables: physical inactivity, dietary
components (red meat, fats, fruits, vegetables,
fiber, coffee), smoking, alcohol consumption.

• socioeconomic factors (Herder et al. 2011).

Genetics of Diabetes

Both type 1 and type 2 diabetes are polygenic
disorders. At least 40 genetic loci are described
as responsible for T1DM development (Atkinson
et al. 2014), and the contribution of genetic com-
ponent to T2DM pathogenesis is estimated to be
40–80% (Dorajoo et al. 2015; Florez 2016;
Talmud et al. 2010). Genetic mechanisms of
T2DM pathogenesis include differentially
expressed genes, genetic variants (SNPs or
single-nucleotide polymorphisms), and the com-
bined effect of SNPs and differentially expressed
genes (Das and Rao 2007). The knowledge of
SNPs in T2DM has been expanded by genome-
wide association studies (GWAS) (Mahajan et al.
2014).

Epigenetic Biomarkers of Diabetes

All known epigenetic hallmarks, such as chroma-
tin modification, DNA methylation, and
non-coding RNA involvement (Allis and
Jenuwein 2016), are shown to have an effect on
T2DM development. It has been shown that chro-
matin activity can be modulated by certain meta-
bolic signals in diabetes, determining the reaction
of genome to stimuli (Rosen et al. 2018). Expres-
sion of genes involved in glucose metabolism
pathways is greatly influenced by their methyla-
tion state that affects overall pancreatic activity;
moreover, epigenetic patterns may influence the
inheritance of T2DM (Rosen et al. 2018;
Sommese et al. 2017; Jerram et al. 2017).
MicroRNAs, small non-coding RNAs that regu-
late gene expression, are essential players in dia-
betes pathogenesis. Of all several thousands
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known human microRNAs (miRs), some were
shown to be critical for maintaining pancreatic
β-cell function, proliferation, and survival
(Backe et al. 2014; Filios and Shalev 2015;
Avnit-Sagi et al. 2012). Due to relatively simple
mechanism of action (complementary inhibition
of target mRNA), they possess qualities of a
promising biomarker. For example, by
manipulating expression of certain miRs, it has
been shown possible to enhance insulin secretion
in response to glucose (Soni et al. 2014).

Statistical Methods (Logistic
Regression)

Logistic regression (Bagley et al. 2001) is a sta-
tistical method for predicting binary outcome
(dependent or response variable), based on inde-
pendent variables (predictors). Logistic regres-
sion is applicable in cases when dependent
variable has only two possible values. The goal
of regression analysis is to describe the relation-
ship between a set of parameters and an outcome,
and to assess the fitness of the resulting model.
This approach assumes that all predictors are
independent from each other, and that the out-
come is a linear combination of all predictors
taken with some coefficient. The latter is called
regression coefficient or weight of the variable.
One can describe logistic regression by the fol-
lowing equation

Logit pð Þ ¼/ þ
X

i¼1

βixi

where α is the intercept of the logistic regression
model, xi is the predictor variable, and βi is the
regression coefficient for each predictor variable.

Regression coefficients are usually initialized
with zero values and then are repeatedly
optimized using cost function. Several methods
of optimization of variable weight using different
cost functions were described. Log-loss (or cross-
entropy), Huber, and Kullback-Leibler loss
functions along with the gradient descent are
commonly used for weights optimization.

In order to obtain predictions, which are
probabilities that the entity described by the
given set of variable values belongs to one of
two classes, one should use sigmoid function
that maps output of the logistic regression to the
probability. Sigmoid function is described by the
following equation:

S pð Þ ¼ 1
1þ e�p

where p is the output of logistic regression, e.g.,
/ + β1x1 + β2x2 + β3x3, S(p) is the probability
estimate, and e is the base of natural logarithm.

The process of classification itself relies on the
use of a threshold parameter. The latter allows
identifying a class to which a given object is
supposed to belong. This parameter is 0.5 by
default, which means that if S(p) is equal or
greater than 0.5, the object belongs to one class,
and to another if otherwise. However, this param-
eter for the particular model could be adjusted in
order to obtain a desired specificity and sensitiv-
ity. This can be done by employing a calibration
plot, which allows visualizing dependency
between specificity, sensitivity, and a threshold
value. Adjusting threshold is important for devel-
opment of predictive models in a healthcare sec-
tor because, depending on the application, one
would like to maximize sensitivity by sacrificing
specificity and vice versa.

Performance of the model is usually reported
in literature using C-statistic and area under
receiver operational curve (AUC). The
C-statistic provides a general idea of the model,
while AUC combines information about specific-
ity and sensitivity of the model.

Logistic regression has been widely used in
medical studies for developing risk models of
important groups of conditions. Abassi et al.
showed that logistic regression is one of the
most frequently used techniques for assessing
risk of diabetes mellitus (Abbasi et al. 2016).
However, choice of computational method and
the set of predictors may dictate different
approaches, which can perform better.

More than 170 diabetes mellitus risk models
have been developed and published from 1993 to
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2019. Most of the papers describing these models
report performance in terms of C-statistic or
D-statistic, as well AUC, with the latter being in
the range from 0.61 to 0.91. Most of them are
based on logistic regression and use both invasive
and noninvasive biomarkers along with reports of
questionnaires as independent variables. One of
the most comprehensive meta-reviews of diabetes
mellitus risk prediction models was performed by
Lucaroni et al. (Lucaroni et al. 2019). It is worth
noting that age and fasting glucose levels are the
main predictors in most regression-based models,
displaying the best comparable performance
(measured by AUC or C-statistic).

Machine Learning

Artificial neural networks (ANN) (Haykin 1999)
are mathematical models inspired by organization
of neurons in brain. ANNs form layers and nodes.
These nodes take some value as an input, pass it
through a hidden activation function provided
with weighted links, and use its result as an
output.

Weights of the connections are generally
calibrated to the input patterns, and ANNs learn
with growing experience. Among multiple
designs of ANNs, we adopted a multilayer
perceptron-based ANN (MLP-ANN) (Ncibi
et al. 2017). Within this system, there are only
connections between adjacent layers (Heidari
et al. 2016). Single-layer MLP-ANN consists of
one layer of adaptive weights, with full connec-
tivity between inputs and hidden units, and
between hidden units and output.

Let featurei be the variables given to ANN.
The first layer forms M linear combinations,
which result in the activation aj

a j ¼
X

i¼1

wjifeaturei þ w j0

where j ¼ 1, . . ., M. wji represents the first layer
weight matrix, and wj0 is the bias figures of the
hidden units j. The variables aj are converted by

the activation. Employing ReLU activation func-
tion, the outputs correspond to zj¼ max(0, aj)
where j ¼ 1, . . ., M.

The model described above is relevant for the
hidden and the output layers. Each unit in one
layer connects with a certain weight matrix, to
every unit in the following layer. There is one
output in the last layer of ANN. After passing
through the activation function, it returns the
final value to be between 0 and 1. In medical
applications, this is the disease risk value. Similar
to logistic regression, output of the ANN is the
probability that an entity described by a set of
variable values, belongs to one of two classes
(e.g., “high risk”-“low risk”). Therefore, similar
adjustment of a threshold can be performed, in
order to achieve a desired balance of sensitivity
and specificity.

Deep Learning

A class of deep learning methods can also be used
for diagnosis and treatment. To date, several deep
learning strategies were implemented for type
2 diabetes mellitus (T2DM) (Talaei-Khoei and
Wilson 2018; Miotto et al. 2016; Bernardini
et al. 2019; Nguyen et al. 2019; Spänig et al.
2019), with limited success. Methods such as
Adaboost, decision trees, and bagging were
employed for T2DM risk prediction, as reported
by Perveen et al. (2016).

Various deep learning approaches were
employed for detection, prediction, and classifi-
cation of diabetic retinopathy (DR), mainly via
analyzing retinal images (Ting et al. 2017;
Gargeya and Leng 2017; Abràmoff et al. 2016).
The utility of deep learning in screening and
classification of diabetic retinopathy is reviewed
by Grzybowski et al. (2019; Cheung et al. 2010).
However, to our best knowledge, currently there
are no published studies describing use of
machine learning approaches for prediction of
DR based on noninvasive or biochemical
biomarkers, or on data extracted from EMR.
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Deep learning-based natural language
processing system HYPE was developed for pre-
diction of hypoglycemic events, in patients
treated for diabetes (Jin et al. 2019). This system
uses unstructured data stored in electronic medi-
cal records. Several studies describe use of
convolutional neural networks, support vector
machines for forecasting blood glucose levels in
diabetics for short-term (30–60 min) (Li et al.
2019a; Li et al. 2019b) and mid-term (up to one
day) periods (Faruqui et al. 2019). Current
advances are reviewed by Woldaregay et al.
(2019)

Personal Experience

Study participants were recruited among patients
of MedExpert medical center (Voronezh, Russian
Federation), examined within a 7-year period
from 2010 to 2017. Informed consent was
obtained from all the participants, and the
research was approved by Voronezh State Uni-
versity Ethics Committee. All measurement
results, biometric data, and diagnoses were
extracted from the Numedy medical information
system database, which is used in MedExpert
medical centers.

Biomarkers and Their Derivatives

We computed the rate of change over time
(if applicable) for all biomarkers controlled in
this study. Thus, time-dependent change in bio-
marker values, expressed in days, went through a
simple linear regression (i.e., f(x) ¼ kx + b), with
a slope coefficient being representative of this
biomarker rate of change, to be used in a
subsequent analysis.

Dataset Preparation and Experimental
Design

The aim of the present study was to compare
performance and accuracy of three different
approaches to diabetes risk prediction. In order

to do this, we compared artificial neural network,
namely multilayer perceptron (MLP), logistic
regression (LR), and random forest
(RF) (Breiman 2001) classifiers. Same training
and testing subsets of the dataset were used for
all three algorithms. The data were shuffled and
randomly assigned into two subgroups based on
the selected size of training subset (SEP
parameter).

In order to ensure best performance of the
classifiers, data were preprocessed in the follow-
ing manner: the missing values were replaced
with the median value of the variable across the
subset, and all variables were subsequently
normalized using the formula

z ¼ x� u
s

where z is the normalized value, x is the current
value, u is the mean value of the variable, and s is
its standard deviation.

Computational Methods and Software

All experiments regarding machine learning were
performed using Python platform v. 3.7.4. We
used scikit-learn v.0.21.3 library in Python, for
training logistic regression, MLP, and RF models.
The matplotlib library for Python was employed
to visualize results of the model performance.
Calibration plots were created using Orange
open-source software v. 3.24.

Logistic regression with iteratively reweighted
least-squares optimization and 100 decision trees
in the random forest classifier were employed.

Hyperparameters of multilayer perceptron
were chosen automatically. All combinations of
hyperparameters from predefined set of possible
options were tested, and trained neural networks
were compared in terms of their classification
accuracy. It was shown that MLP provides an
optimal performance with the following
parameters: ReLU activation function f
(x) ¼ max(0,x) (Hahnioser et al. 2000), L-BFGS
optimization (Nocedal and Wright 1999), and
1 hidden layer with 8 neurons in it. Training
process was limited to 400 iterations.

898 S. A. Solodskikh et al.



Measurements of classification accuracy,
mean absolute error (MAE), area under receiver
operation curve (ROC), sensitivity, and specific-
ity of all classifiers were used to estimate and
compare their relative performance. As long as
the process of the dataset division into training
and testing subsets is random, the resulting
parameters of classifiers slightly change in differ-
ent experiments. Therefore, it was decided to
consider performance metrics of classifiers as
random and report the averaged values as a final
result of analysis.

Let Xac, Xauc, Xmae, Xsen, and Xspec be random
values of accuracy, AUC, MAE, sensitivity, and
specificity, respectively, for a given random train-
ing subset. Then, Xac, Xauc, Xmae, Xsen, and Xspec

are sample means for these values, and SXac, SXauc,
SXmae , SXsen , and SXspec are sample standard
deviations. In order to obtain means and standard
deviations for classifiers parameters, we repeated
the process of dataset subdivision and model
training for 100 times.

Desired specificity and sensitivity of the
models were obtained in the following manner:
calibration curves were calculated, and the thresh-
old of classification was adjusted for the highest
possible sensitivity with reasonable decrease in
specificity.

Study Participants and Experimental
Groups

Participants for the further analysis were chosen
based on the following criteria:

1. Fasting glucose should be measured at least
twice during the period of examination.

2. At least 3 of 4 biomarkers controlled in this
study, namely bilirubin, total cholesterol, ala-
nine transaminase (ALT), and aspartate trans-
aminase (AST), should be measured at
least once.

3. Selected individual should have follow-up,
namely two or more appointments during
past 6 years.

After filtering out all individuals who did not
meet these criteria, we included 2963 patients in
our dataset for further analysis. 885 of them were
diagnosed with type 2 diabetes mellitus.

We did not use anthropometric and clinical
parameters such as BMI, waist circumference,
and blood pressure, as these are measured manu-
ally and therefore might be unreliable.

Training and Testing Subset Size
Selection

First, we determined the optimal size of training
subset of our dataset. It had to be done in this
particular case because of a relatively small size
of the dataset, in order to achieve the best perfor-
mance of models. These results are shown in
Table 66.1.

It was determined that with this particular
dataset, the best performance for all three
classifiers was achieved with SEP parameter
equal to 0.9.

Classification Performance and Model
Comparison

Performance parameters of all three models are
summarized in Fig. 66.1. One could observe that
both random forest and MLP classifiers demon-
strate better results compared to logistic regres-
sion. With the default value of classification
threshold p ¼ 0.5, classification accuracy of
these models is in average 4% higher compared
to LR, while sensitivity is almost 20% higher.
However, specificity of both MLP and random
forest was 3% lower than that of LR. Mean values
of performance metrics of all three models are
shown in Table 66.2 and in Fig. 66.2.

Overall, ANN displays better AUC (0.812 vs
0.76 and 0.802) and accuracy (0.764 vs 0.716 and
0.761) compared to other models.
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Calibration Plots and Cut-Off
Threshold Selection

In order to obtain the final model with the desired
specificity and sensitivity, a calibration plot was
built (see Fig. 66.3). As long as the main goal of
the model is the prediction of the T2DM risk, it
should detect as many cases of individuals at high
risk of the disease as possible, therefore making
sensitivity the highest priority.

Optimal probability threshold for clinical
applications was found to be close to the value
of 0.2, which allows one to achieve high sensitiv-
ity with reasonable decrease in specificity for all
three models (see Table 66.3).

Probability of T2DM Development

In most regression-based models, age of a patient
makes the greatest contribution to the probability
of developing the disease. Figure 66.4 shows
dependence of the probability to develop diabetes
on the age of an individual. According to the

published data and results observed in Fig. 66.4,
males are more likely to develop T2DM com-
pared to females, especially in the range from
25 to 50 years (Kautzky-Willer et al. 2016).

Comments

A large number of tools for assessing the risk of
diabetes have already been developed. Some of
them are designed as risk calculators that predict a
risk of diabetes for various time periods. Most
risk models rely on combination of both invasive
biomarkers (levels of various metabolites in
blood) and noninvasive anthropometric variables,
such as height, weight, and wrist circumference,
as well as personal data on the patient’s lifestyle
obtained via the questionnaire.

One can easily observe that in the vast major-
ity of cases, the best predictors are age, body mass
index, blood glucose and glycated hemoglobin
levels. As a result of applying various methods
of data analysis (often representing a classic
logistic regression), models from reasonable to
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high values of accuracy, specificity, and sensitiv-
ity, with AUC of 0.8 and more were proposed.

Despite the fact that these results indicate a
good predictive power of the model, from the
point of view of statistics, in most cases, this
approach is not entirely correct, since the diagno-
sis is made by the physician on the basis of the
same biomarkers that are predictor variables in
the model. In other words, a model uses these
biomarkers to predict a response variable with a

value, which had already been selected based on
these predictors. This approach is similar to
predicting a variable by the variable itself and
therefore should be avoided if possible.

One way to resolve this problem is to search
for new biomarkers, for example, using high-
throughput platforms for analyzing “omics”
data, or by using data mining in databases,
which store EMRs. Several studies have shown
the utility of deep learning for risk prediction of

Table 66.2 Performance metrics of classifiers

Parameter (mean � SD) Artificial neural network Logistic regression Random forest

AUC 0.812 � 0.014 0.760 � 0.010 0.802 � 0.013
MAE 0.307 � 0.025 0.361 � 0.022 0.317 � 0.024
Accuracy 0.764 � 0.026 0.716 � 0.026 0.761 � 0.025
Sensitivity 0.516 � 0.042 0.300 � 0.044 0.487 � 0.029
Specificity 0.872 � 0.015 0.903 � 0.024 0.877 � 0.019
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diabetes mellitus, based on both supervised and
unsupervised processing of electronic medical
records (Miotto et al. 2016; Bernardini et al.
2019; Nguyen et al. 2019; Spänig et al. 2019).

Another promising approach is to derive new
types of biomarkers based on existing ones, for
example, by calculating dynamic biomarkers,
such as the rate of change of the biomarker over
time. It was shown earlier that biomarker dynam-
ics can significantly increase performance of a
risk prediction model in terms of T2DM
(Solodskikh et al. 2019), thus making them a
promising tool in clinical practice.

One of the major drawbacks of existing
approaches to diabetes risk assessment is the
fact that the vast majority of measurements,
which are stored in the electronic databases
(employed for model training), are entered there
manually. This makes such data less reliable com-
pared to the data collected directly via program

interfaces connected to a measurement instru-
ment/device.

Conclusions

Introduction of EMR and EMR storage systems,
e.g., Egton Medical Information Systems (EMIS
Web) in the United Kingdom, or Veterans Health
Information Systems and Technology Architec-
ture (VistA), developed and implemented in
Department of Veterans Affairs in the United
States, resulted in accumulation of medical
databases, which are accessible for both
physicians and patients. More than 80 percent of
hospitals in the U.S. claim that they have adopted
some type of EMR management system. How-
ever, even within a hospital, the type of EMR data
varies significantly. Types of EMR data used in
hospitals include structured data (e.g., medication

Fig. 66.3 Calibration plot
for three models with
sensitivity corresponding to
curves falling from left to
right, and specificity—to
the rising curves

Table 66.3 Sensitivity/specificity of the models after threshold adjustment

Model Sensitivity Specificity

Logistic Regression 0.898 0.476
Artificial Neural Network 0.884 0.570
Random Forest 0.861 0.560
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information or results of measurements
performed by various devices) and unstructured
data (e.g., clinical notes).

Data stored in these databases can be poten-
tially analyzed in order to obtain useful insights
about certain relationships between measurement
results and health conditions, drug intervention
results and overall treatment outcomes, and prog-
nosis. These analytical procedures can be
performed in a background manner, using various
unsupervised machine learning approaches.
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Abstract

Polycystic ovary syndrome (PCOS) is a com-
mon endocrine disorder in women of repro-
ductive age and is characterized by a
combination of hyperandrogenism, ovulation
dysfunction, and/or polycystic ovarian mor-
phology. Low muscle mass relative to fat
mass, described as “sarcopenic obesity,” is a
condition which leads to metabolic disorders
to a greater degree than either sarcopenia or
obesity alone. About 58% of women with
PCOS have sarcopenic obesity; this may con-
tribute the high degree of metabolic disorders
(i.e., hyperglycemia, hyperinsulinemia,
dyslipidemia). Diets designed to improve risk
factors for cardio-metabolic disease (DASH,
Mediterranean, Portfolio, low-glycemic
index, low-carbohydrate diets), as well as
supplements (vitamin D, omega-3 fatty acids,
antioxidants, carnitine) have potential to be
effective for women with PCOS.
Low-moderate intensity aerobic training or
high-intensity interval training combined with
resistance training improves metabolic
aberrations as well. Women with PCOS
should be offered a wide variety of effective
interventions to choose from since adherence
to any one intervention tends to be low.

Keywords

Muscle · Fat · Lipids · Glucose · Insulin ·
Androgens · Testosterone

General Features of Polycystic Ovary
Syndrome

Approximately 18% of women worldwide suffer
from polycystic ovary syndrome (PCOS),

(Carmina and Lobo 1999); however, estimates
vary with the definition and proper diagnosis of
PCOS. Hyperandrogenism, ovulation dysfunc-
tion, and/or aberrant polycystic ovarian morphol-
ogy are the cardinal features (Teede et al. 2018).
Hyperandrogenism appears as hirsutism
(unwanted or excessive hair growth)
accompanied by elevation in total, free, and bio-
available testosterone, or free androgens (i.e., free
androgen index) (Teede et al. 2018). Hirsutism is
usually determined by the modified Ferriman-
Gallwey Index. A score of �4–6 is considered
diagnostic (Teede et al. 2018). The ovulation/
ovulatory dysfunctions typically feature
oligomenorrhea, whereas �20 follicles per
ovary or mean ovarian volume �10 mL in the
absence of corpora lutea, cysts, or dominant
follicles characterize the polycystic ovaries
(Teede et al. 2018).

8–46% in women with PCOS are affected by
metabolic syndrome (Kazemi et al. 2019a). In our
experience, compared to age-matched controls,
patients had the greatest elevation of triglycerides
(by 63%), followed by waist circumference
(21%), reduced high-density lipoproteins (19%),
elevated systolic blood pressure (5%) and glucose
(4%) (Kazemi et al. 2019a). Other risk factors for
diabetes or cardiovascular disease were also ele-
vated. Elevated low-density lipoproteins
(by 16%), total cholesterol to high-density lipo-
protein ratio (by 31%), fasting insulin (by 122%),
2-hour oral glucose tolerance test glucose level
(29%), and homeostatic model of insulin resis-
tance (HOMA-IR) (elevated by 200%) were also
documented, along with increased high-
sensitivity C-reactive protein (by 413%), total
testosterone (by 25%), whereas sex-hormone-
binding globulin (SHBG) was reduced by 37%
(Kazemi et al. 2019a). Pro-inflammatory status
and hyperandrogenism in women with PCOS
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promote atherosclerosis and endothelial dysfunc-
tion (Chiu et al. 2017).

Sarcopenic Obesity

Sarcopenic obesity signals low muscle mass
(sarcopenia) combined with high-fat mass (obe-
sity). Besides expected dyslipidemia, insulin
resistance, diabetes, osteoarthritis, and depres-
sion, also mortality, reduced physical function,
falls, and quality of life can be further impaired
(Koliaki et al. 2019).

Defining features are low appendicular muscle
mass relative to total body weight, two standard
deviations below the age- and sex-matched mean
of the population (McBreairty et al. 2019). In our
experience, 53% of the women with PCOS had
sarcopenic obesity (McBreairty et al. 2019). The
percent appendicular skeletal muscle mass was
negatively correlated with C-reactive protein
(r ¼ �0.61) and positively correlated to serum
vitamin D (r ¼ 0.40), suggesting that inflamma-
tion and low vitamin D could be relevant. Nega-
tive correlation with HOMA-IR (r ¼ �0.41) and
glycosylated hemoglobin (r ¼ �0.43) further
pointed toward the adverse effects of insulin
resistance and poor glucoregulatory status. In a
larger study, our observed incidence of
sarcopenic obesity was slightly higher (i.e.,
46/80 women or 58%) (Kazemi et al. 2019b),
and appendicular skeletal muscle mass was posi-
tively associated with protein, monounsaturated
fat, and omega-3 polyunsaturated fat intake, with
potential implications for unique dietary
recommendations in this setting.

Mechanisms for Sarcopenic Obesity

Women with PCOS have increased visceral adi-
posity (Kazemi et al. 2019b), a source of
“adipokines” (i.e., leptin, adiponectin) and
cytokines (Chilibeck et al. 2014). Elevated
cytokines such as interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-alpha) and leptin,
along with reduced adiponectin (which tends to
be anti-inflammatory) impact on muscle tissue.

For example, leptin, IL-6, and TNF-alpha
decrease the anabolic activity of insulin-like
growth factor-1 (IGF-1), which is important for
muscle growth and development (Koliaki et al.
2019). Inflammatory cytokines can directly
increase protein degradation, leading to the loss
of muscle mass (Reid and Li 2001). They also
increase insulin resistance at muscle (Chilibeck
et al. 2014), an anabolic and anti-catabolic hor-
mone (Lee et al. 2015). Adiponectin improves
insulin sensitivity (Chilibeck et al. 2014) poten-
tially magnifying the negative muscular
consequences. In women with PCOS, blood
adiponectin levels are reduced by 40%, and this
coincides with a 25% reduction in whole-body
insulin sensitivity (Hansen et al. 2019).

Lipid Metabolism

Increased intra-muscular lipids are typical of obe-
sity, associated with derivatives such as
diacylglycerols and ceramides, which are consid-
ered to possess “lipotoxicity,” increasing inflam-
mation, and inducing insulin resistance (Hansen
et al. 2019). Ceramides may cause mitochondrial
dysfunction, leading to defects in the electron
transport chain and increased oxidative stress.
The oxidative stress leads to the degradation of
muscular proteins (Kohara 2014). An increase in
diacylglycerols and ceramides is associated with
increased levels of myostatin (Consitt and Clark
2018) which diminishes satellite cell numbers and
activation (Thornell 2011).

Satellite cells are stem cells associated with
muscle that is important for repair of muscle
damage and are incorporated into muscle fibers
as new myonuclei when activated, leading to
enhanced capacity for protein synthesis. Muscle
tissue assessed from women with PCOS indicates
an elevation of intramuscular triglycerides,
diacylglycerol, and ceramide by 40%, 50%, and
300%, respectively. In addition, the regulation of
pyruvate dehydrogenase, an enzyme important in
mitochondrial metabolism of carbohydrates, was
negatively affected, implying mitochondrial dys-
function (Hansen et al. 2019).
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Myokines

The increased inflammation may result in the
release of pro-inflammatory “myokines” from
the muscle itself (Koliaki et al. 2019). These
myokines may then circulate to adipose tissue,
causing further inflammation in adipocytes, lead-
ing to a vicious cycle (Fig. 67.1).

Dietary Interventions: Vitamin D

In a previous review (Candow et al. 2012), we
highlighted the anti-sarcopenic interest of vitamin
D and omega-3 fatty acids, both of which reduce
inflammation. In older adults, low vitamin D
levels are associated with lower muscle mass,
impaired strength, and reduced functional
abilities (Visser et al. 2003; Snijder et al. 2006).
There are receptors for vitamin D on muscle
(Bischoff-Ferrari et al. 2004). Vitamin D has
anti-inflammatory properties and decreases
C-reactive protein, and several inflammatory

cytokines (Schleithoff et al. 2006). In our previ-
ously alluded to study, vitamin D deficiency was
frequent (41% in PCOS) and correlated with sev-
eral indexes of obesity (McBreairty et al. 2019).

High-dose vitamin D supplementation
(4000–8500 IU per day for 2–3 months) was
followed by decreased testosterone levels, free
androgen index, and androstenedione, and
increased SHBG in women with PCOS, most of
who presented with vitamin D deficiency
(Jamilian et al. 2017a; Pal et al. 2012); increased
menstrual cyclicity (Jafari-Sfidvajani et al. 2018)
and reduced hirsutism scores (Jamilian et al.
2017a) were also observed. Improvements in met-
abolic profiles included increased antioxidant
capacity and adiponectin levels, and reduced
inflammation (i.e., C-reactive protein), fasting
insulin, fasting glucose, HOMA-IR, glucose
response to an oral glucose tolerance test,
triglycerides, very low-density lipoproteins,
low-density lipoproteins, total cholesterol, blood
pressure, and alanine aminotransferase levels
(Asemi et al. 2015; Dastorani et al. 2018; Jamilian
et al. 2017a; Javed et al. 2019; Pal et al. 2012;

Fig. 67.1 Mechanisms and metabolic consequences of sarcopenic obesity
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Seyyed Abootorabi et al. 2018; Trummer et al.
2019).

The latter improved liver enzyme could indi-
cate reduced liver damage and possibly the alle-
viation of nonalcoholic fatty liver disease, which
is common with obesity and in conditions such as
PCOS (Javed et al. 2019).

We recommend that women with PCOS who
have deficient vitamin D levels should be consid-
ered for high-dose vitamin D supplementation
(i.e., 4000 to 8500 IU per day). Meta-analyses
show that even with doses less than 4000 IU per
day, it reduces inflammation, oxidative stress
(Akbari et al. 2018), HOMA-IR (Łagowska
et al. 2018), harmful lipids, testosterone levels,
and hirsutism and improves menstrual regularity
and follicular maturation (Shojaeian et al. 2019).

Omega-3 Fatty Acids

Omega-3 fatty acids (mostly from fish oils) com-
pete with some of the same enzymes that are
involved in the metabolism of omega-6 fatty
acids, to produce eicosanoids which are less
inflammatory (Calder and Grimble 2002). The
end effect is that improving omega-3 to omega-
6 ratio in the diet is likely to reduce inflammation.
Omega-3 fatty acid intake is associated with
enhanced strength and functional ability in older
adults (Rodacki et al. 2012) and, therefore, has
been promoted for preventing sarcopenia
(Candow et al. 2012). Supplementation with 1.2
to 2.4 g/d omega-3 fatty acids derived from fish
oil for 6–12 weeks in women with PCOS
decreased free testosterone, luteinizing hormone
to follicle-stimulating hormone ratio, hirsutism
score, oxidative stress, C-reactive protein, fasting
glucose, fasting insulin, and HOMA-IR, and
increased adiponectin levels (Amini et al. 2018;
Nadjarzadeh et al. 2015; Phelan et al. 2011;
Rafraf et al. 2012). A longer supplementation
intervention (i.e., 2 g/d for 6 months) was effec-
tive for reducing waist circumference,
low-density lipoproteins, total cholesterol, and
triglycerides, and increasing high-density
lipoproteins and menstrual regularity (Khani
et al. 2017).

Higher-dose supplementation (i.e., 4 g/d for
8 weeks) reduced liver fat, triglycerides, and sys-
tolic and diastolic blood pressure (Cussons et al.
2009). A less bioactive form of omega-3 fatty
acid from flaxseed is also effective: Supplemen-
tation with 2 g/d for 12 weeks reduced fasting
insulin, HOMA-IR, triglycerides, very
low-density lipoprotein, and C-reactive protein,
and increased peroxisome proliferator-activated
receptor-gamma (PPAR-gamma) gene expression
(i.e., mRNA) from blood mononuclear cells in
women with PCOS (Mirmasoumi et al. 2018;
Nasri et al. 2017). Peroxisome proliferator-
activated receptor-gamma activation is important
for improving glucose metabolism and reducing
muscle insulin resistance (Janani and Ranjitha
Kumari 2015). The most recent meta-analysis
indicated that omega-3 supplementation in
women with PCOS reduces HOMA-IR and harm-
ful lipids and increases adiponectin levels (Yang
et al. 2018). The only meta-analysis to assess
hormone levels indicated a small effect for reduc-
ing testosterone levels, and that only longer-term
studies (i.e., longer than 6 weeks) were effective
for reducing DHEAS levels (Hajishafiee et al.
2016).

Antioxidant Supplementation

Sarcopenia may be linked to defects in the elec-
tron transport chain of mitochondria, which
produces free radicals and oxidative damage to
tissues (Johnston et al. 2008). Supplementation
with antioxidants could alleviate inflammation
associated with oxidative damage and its meta-
bolic consequences. In a rodent model of PCOS,
co-enzyme Q-10 supplementation reversed
impaired mitochondrial function, reduced insulin
resistance, decreased proteins related to apopto-
sis, and increased those with anti-apoptosis
properties (Ding et al. 2019). In a clinical
randomized series (Izadi et al. 2019), the combi-
nation of Coenzyme Q-10 and vitamin E reduced
visceral adiposity, total cholesterol, low-density
lipoproteins, and diastolic blood pressure, and
increased high-density lipoproteins and SHBG.
Fasting glucose and HOMA-IR were ameliorated
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in patients managed with Coenzyme Q-10,
whereas triglycerides diminished in all treatment
groups.

Increased gene expression of PPAR-gamma,
ovulation frequency, and pregnancy, along with
attenuated gene expression for inflammatory
cytokines, was documented in Coenzyme
Q-10-treated cases (El Refaeey et al. 2014;
Rahmani et al. 2018).

Selenium Supplementation

Selenium given in small amounts (200 μg/d for
eight weeks) decreased dehydroepiandrosterone,
and high-sensitivity C-reactive protein, and was
beneficial for hirsutism, acne, and fertility rate
(19% pregnancy vs. 3% in controls) (Razavi
et al. 2016).

Chromium Picolinate

Chromium has long been associated with benefits
in diabetes, and supplements in the form of chro-
mium picolinate. Nevertheless, meta-analyses
failed to confirm significant impact on insulin
and other metabolic variables. Paradoxically,
total and free testosterone became more elevated
(Heshmati et al. 2018; Tang et al. 2018). Within
such circumstances, there is doubt whether it
could be recommended for PCOS.

Carnitine

Carnitine is an amino acid derivative that helps to
shuttle fatty acids across the mitochondrial mem-
brane so they can be oxidized. Supplementation
of 200 mg/d carnitine for 12 weeks in women
with PCOS was effective for reducing body
weight, waist circumference, fasting glucose,
fasting insulin, HOMA-IR, DHEAS, oxidative
stress, and carotid intima-media thickness
(Jamilian et al. 2017b; Samimi et al. 2016; Talari
et al. 2019). Meta-analyses are not available yet.

Combinations of Nutritional
Supplements

A combination of chromium picolinate (200 μg/
d) and carnitine (1000 mg/d) for 12 weeks in
women with PCOS reduced body weight, testos-
terone, C-reactive protein, markers of oxidative
stress, hirsutism, fasting glucose, fasting insulin,
triglycerides, low-density lipoproteins, and
increased PPAR-gamma gene expression
(Jamilian et al. 2019, 2020). Combining chro-
mium picolinate, antioxidants (i.e., lycopene,
n-acetylcysteine), and vitamins (i.e., vitamin D)
for 12 weeks decreased body weight, improved
menstrual cyclicity, and reduced acne and hirsut-
ism in obese women with PCOS (Advani et al.
2020). Vitamin D in conjunction with omega-3
fatty acids for 12 weeks reduced total cholesterol,
C-reactive protein, and enhanced antioxidant
capacity (Jamilian et al. 2018). Also omega-3
fatty acids with vitamin E for 8–12 weeks
improved antioxidant capacity, reduced
C-reactive and carotid intima-media thickness
(Sadeghi et al. 2019; Talari et al. 2018). Further
studies on the impact on metabolic and reproduc-
tive phenotypes of PCOS would be advisable.

Dietary Approaches

Several diets such as the “dietary approaches to
stop hypertension” (DASH), low glycemic index
diets, low carbohydrate diets, Mediterranean Diet,
and Portfolio Diet look effective for reducing risk
factors for cardiovascular disease, occasionally
encompassing women with PCOS.

DASH Diet

It emphasizes reduced sodium, saturated fat,
refined grains and sweets, with more generous
ingestion of potassium, calcium, and magnesium.
Fruits, vegetables, low-fat dairy products, and
moderate amounts of fish, poultry, whole grains,
and nuts are recommended. Two to three months
of the DASH diet for women with PCOS reduced
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body weight, fat mass, waist circumference, and
androstenedione levels while increasing SHBG
(Asemi et al. 2014; Asemi and Esmaillzadeh
2015; Azadi-Yazdi et al. 2017; Foroozanfard
et al. 2017). This alleviated oxidative stress and
inflammation (i.e., C-reactive protein) and
improved metabolic profile, as indicated by
decreased fasting insulin, HOMA-IR,
triglycerides, and very low lipoproteins (Asemi
et al. 2014; Asemi and Esmaillzadeh 2015;
Azadi-Yazdi et al. 2017; Foroozanfard et al.
2017).

Low-Glycemic Index Diets

The glycemic index (GI) of foods is determined
by the 2-hour blood glucose response to 50 g
available carbohydrate from a test food (Jenkins
et al. 1981). Twelve weeks of a low GI diet in
women with PCOS was effective for increasing
insulin sensitivity and reducing HOMA-IR and
C-reactive protein (Barr et al. 2013; Mehrabani
et al. 2012), and after 12 months, menstrual
cycles turned more regular (Marsh et al. 2010).
We showed that 16 weeks of a pulse-based diet
(composed of high-protein, high-fiber, low
glycemic index legumes such as lentils,
chickpeas, beans, and peas) reduced insulin
response to an oral glucose tolerance test,
low-density lipoproteins, total cholesterol/high-
density lipoprotein ratio, and diastolic blood pres-
sure, and increased high-density lipoprotein
levels compared to a healthy diet designed for
reducing lipids (the Therapeutic Lifestyle
Changes diet) (Kazemi et al. 2018). A problem
with many diets is long-term adherence. Indeed,
in a 12-month follow-up after completion of our
intervention, only HDL and total cholesterol/
HDL improvements remained evident.

Low Carbohydrate Diets

They have reduced total fat, intra-abdominal fat,
body weight, BMI, waist circumference, fasting
glucose and insulin, HOMA-IR, total and free
testosterone, and hirsutism, and preserved lean

tissue mass loss in women with PCOS (Goss
et al. 2014; Phy et al. 2015; Pohlmeier et al.
2014). The most recent meta-analysis on the
topic indicated that low carbohydrate diets in
women with PCOS are effective for reducing
BMI, HOMA-IR, total cholesterol, and
low-density lipoproteins (Zhang et al. 2019).
More than four months were necessary for reduc-
ing testosterone and increasing SHBG. Diets
lower in fat were best for improving hormone
profiles and should be preferred.

The Mediterranean Diet
and the Portfolio Diet

The lipid-lowering effect of these diets is compa-
rable to that of certain pharmaceuticals (i.e., first-
generation statins), without the side effects
(Jenkins et al. 2003). A recent cross-sectional
study indicated that women with PCOS consume
smaller amounts of olive oil, legumes, fish, and
nuts (Barrea et al. 2019). Fiber and magnesium
are similarly scarce (Cutler et al. 2019). A
randomized controlled study emphasizing
increased intake of legumes (i.e., beans, lentils,
chickpeas, peas) showed this diet was effective
for reducing insulin levels during an oral glucose
tolerance test, triglycerides, low-density
lipoproteins, total cholesterol to high-density
lipoprotein levels, and diastolic blood pressure,
and increased high-density lipoproteins (Kazemi
et al. 2018). Also walnuts decreased low-density
lipoproteins, and glycosylated hemoglobin, and
increased SHBG levels, whereas both walnuts
and almonds increased adiponectin levels, and
almonds reduced androgens in women with
PCOS (Kalgaonkar et al. 2011).

The Portfolio diet includes viscous fibers,
plant sterols, soy protein, and nuts, which could
be useful for PCOS (Cutler et al. 2019;
Kalgaonkar et al. 2011; Kazemi et al. 2018). An
eight-week randomized controlled trial of a diet
high in soy (i.e., 35% animal protein, 35% soy,
30% vegetable protein versus a diet of 70% ani-
mal protein and 30% vegetable protein) was
effective for reducing BMI, glucose, total testos-
terone, insulin, insulin resistance, and
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triglycerides in women with PCOS (Karamali
et al. 2018). Yet at present, there are no
interventions that have actually assessed the
effectiveness of the Mediterranean or the Portfo-
lio diet in women with PCOS.

Exercise

Exercise can target muscle and/or adipose tissue.
Resistance (strength) training is best for increas-
ing muscle mass, whereas aerobic training could
reduce adipose tissue and change the adipokines
released by adipose tissue (Chilibeck et al. 2014).
Regarding aerobic exercise, there are traditional
aerobic prescriptions (i.e., low- to moderate-
intensity, long duration) and high-intensity inter-
val training (high-intensity, shorter duration).
There is interest in the latter form of exercise
because it seems to be highly effective for induc-
ing mitochondrial adaptations (Chilibeck et al.
1998).

Aerobic Training

This is the most common intervention for women
with PCOS because of alleviation of metabolic
and cardiovascular consequences of obesity. Sim-
ply encouraging women with PCOS to increase
their step count by 1000 steps/day, or about
0.8 km/day walking over six months, signifi-
cantly reduced inflammation by 13% as indicated
by reduced interleukin-6 (IL-6) and C-reactive
protein (Webb et al. 2018). Moderate-intensity
aerobic training (i.e., 40–75% of peak heart rate,
60–70% of peak aerobic capacity) at three times
per week for 30–60 min per session that involved
walking, jogging, stationary cycling, or exercise
on an elliptical trainer for 8–26 weeks reduced
waist circumference, BMI, fat mass, ectopic fat in
the lower leg, harmful lipids (i.e., triglycerides,
cholesterol, low-density lipoproteins, very
low-density lipoproteins), insulin resistance,
fasting insulin, area under the insulin curve dur-
ing oral glucose tolerance tests, systolic and dia-
stolic blood pressure, intima-media thickness,
testosterone, and number of ovarian follicles,

and increased high-density lipoproteins, insulin
sensitivity, flow-mediated dilation (indicating
improved endothelial function), SHBG, and men-
strual regularity (Costa et al. 2018; Orio et al.
2016; Sprung et al. 2013). Meta-analyses con-
clude that moderate-intensity aerobic exercise
with a frequency of three times per week for a
duration of at least 30 min/session and greater
than or equal to three-month duration had favor-
able effects on waist circumference, body fat per-
centage, testosterone, SHBG, fasting glucose and
insulin, HOMA-IR, blood lipids, systolic blood
pressure, and C-reactive protein (Kite et al. 2019;
Woodward et al. 2019), even though changes
could be modest (Kite et al. 2019). Aerobic train-
ing interventions may, therefore, be best com-
bined with other lifestyle interventions such as
changes in diet (Kazemi et al. 2018).

High-Intensity Interval Training (HIIT)

HIIT is more effective than standard continuous
moderate-intensity aerobic training for improving
mitochondrial function, despite the fact that it is
done for shorter durations and lower volume
(Chilibeck et al. 1998). This is important consid-
ering that time commitment is often a major bar-
rier to performing physical activity. Samadi et al.
(2019) used a protocol where twelve weeks of
aquatic HIIT involved 20 min of exercise three
times per week. High-intensity interval training
sessions involved 4� 4 min bouts with 1-min rest
between bouts; each bout involved 8 � 20 s “all
out” intervals with 10 s rest between intervals.
This form of HIIT reduced BMI, fat mass,
HOMA-IR, hirsutism, and increased SHBG and
menstrual cycle regularity.

Aktaş et al. (2019) compared HIIT to standard
moderate-intensity aerobic training. Both
programs involved 30 min of exercise done
three times per week for 12 weeks. The HIIT
sessions simply involved 2-min intervals of run-
ning alternated with 2 min of walking, whereas
the standard aerobic program involved 30 min of
moderate tempo running for 30 min. Body mass
index decreased in both groups; however, only
the HIIT increased adiponectin and high-density
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lipoproteins and reduced insulin, triglycerides,
total cholesterol, and low-density lipoproteins.
Almenning et al. (2015) compared thrice-weekly
HIIT to resistance training over 10 weeks. The
HIIT involved twice a week training with
4 � 4 min exercise bouts at 90–95% maximal
heart rate with each bout separated by 3 min
moderate-intensity exercise at 70% maximal
heart rate, and one session per week with
10 intervals of maximal exercise, with each inter-
val separated by 1-min rest or low-intensity exer-
cise. The mode of HIIT was on a treadmill,
outdoor walking/running, or on a stationary bike
depending on participants’ preferences. The resis-
tance training involved eight exercises done for
3 sets � 10 repetitions with 1-min rest between
sets and resistance at 75% of 1RM, where 1RM is
defined as the maximal strength or the maximal
amount of weight that can be lifted once.

The resistance training was superior for
increasing muscle mass and SHBG, and decreas-
ing free androgen index, whereas the HIIT was
superior for decreasing insulin, HOMA-IR, and
DHEAS, and increasing high-density lipoproteins
and flow-mediated dilation and therefore endo-
thelial function. Both programs were effective
for reducing percent body fat. Ideal results may
be derived where HIIT training is combined with
a resistance training program.

Resistance Training

It has the greatest potential for increasing muscle
mass and, therefore, may be most effective for
alleviating sarcopenia. One study indicated that
4 months of resistance training, done 3 times per
week with 10 exercises induced favorable
changes in body composition and strength, and
reduced testosterone and fasting glucose levels,
but had no effect on fasting insulin or HOMA-IR
(Kogure et al. 2016, 2018). A small study
randomized protocol of resistance training
(n ¼ 7) and controls (n ¼ 6) revealed similar
results (Vizza et al. 2016). While resistance train-
ing is effective for increasing muscle mass and
physical function in women with PCOS, aerobic
training may need to be added to achieve more

marked improvements in metabolic measures.
Turan et al. (2015) submitted women with
PCOS to combined aerobic and resistance train-
ing. The duration of training was 8 weeks, 3 times
per week. Compared to controls, the exercise
group reduced waist circumference, diastolic
blood pressure, low-density lipoproteins, total
cholesterol, fasting insulin and glucose, HOMA-
IR, and increased high-density lipoproteins and
menstrual cycle regularity. A limitation of this
study is that resistance training only or aerobic
training only groups were not included; therefore,
it is difficult to discern whether metabolic benefits
were due to resistance training or aerobic
programs.

A restricted diet, aerobic training, or the asso-
ciation of both were investigated in a cohort of
PCOS. Exercise was superior for inducing
changes in body composition. All groups showed
metabolic and hormonal benefits, decreased waist
circumference, and abdominal fat mass. The aer-
obic training group increased the number of ovu-
latory cycles compared to the diet-only group
(Thomson et al. 2008, 2012). It appears diet
and/or exercise are effective for inducing meta-
bolic benefits; however, exercise interventions are
best for improving body composition in women
with PCOS.

Summary/Overall Recommendations

Dietary and exercise intervention studies in
women with PCOS are characterized by low
adherence rates; therefore, it would be practical
to offer a variety of diet and exercise options so
women can choose options they consider most
enjoyable and feasible.
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Abstract

Obesity contributes more to the mortality rates
than malnourishment in countries with the
majority of the world’s population. First-line

methods with lifestyle modifications may not
be enough for the complete treatment of obe-
sity, especially in genetic disorders. In the last
two decades, several new therapies have
emerged and many are still in development,
to provide potential alternatives to currently
available anti-obesity drugs. They belong to
the class of centrally acting drugs, gut
hormones, and incretin targets. Additionally,
we have listed and described the status of
novel anti-obesity agents targeting methionine
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aminopeptidase 2 (MetAP2), lipase, triple
monoamine reuptake, fibroblast growth factor
21, and anti-obesity vaccines. With an
advancement in the development of these
new drugs, anti-obesity drugs have the poten-
tial to provide better treatment opportunities
and personalized care.

Keywords

Anti-obesity · Pharmacotherapy · Ghrelin ·
Vaccines · Neuropeptide Y · Mimetics · Leptin

Introduction

In 2010, obesity caused more than 3.4 million
deaths, along with heavy loss of years of life
and disability-adjusted life years/DALYs world-
wide (Ng et al. 2014).

It is characterized by an increase in body fat
content, when energy intake exceeds energy
expenditure. Obesity has pernicious effects on
nearly all the organ systems, which exacerbates
the disease state and also increases the cost of care
(Srivastava and Apovian 2018). Body mass index
is widely used for diagnosis; however, this mea-
surement does not differentiate between lean
mass and fat mass and can thus be misleading
(Table 68.1).

When WHO estimated a threefold increase in
the worldwide prevalence of obesity between 1975
and 2016, it drew attention to lifestyle. Most of the
world’s population lives in countries where over-
weight and obesity kill more than underweight.
Monitoring of diet and exercise are considered to
be the first-line methods over drugs (WHO). How-
ever, these methods may not be enough. Prader-

Willi syndrome (PWS) is an example of genetic
obesity, with upper body fat accumulation,
hypogonadism, and mental retardation. It is due
to the loss of expression of genes from paternal
inheritance on chromosome 15, deletion of chro-
mosome 15q11-q13. Type II diabetes and throm-
boembolism are related concerns. Drugs that act on
the actual body mechanisms (ghrelin) or on genes
(melanocortin-4 receptor) are recommended (Duis
et al. 2019).

Even alterations in the circadian cycle and
nocturnal behavior (late awakening and late
breakfast) can have an effect on the plasma glu-
cose levels. Moreover, cardiovascular diseases,
type II diabetes, and obesity are partially interde-
pendent. Insulin is involved in promotion of lipol-
ysis; therefore, decrease in insulin levels causes
reduction in lipolysis. Thus, some of the target
molecules in the pharmacological interventions
are hormones and gut peptides, involved in
long-term energy balance for, e.g., leptin and
insulin, along with acute modulators like ghrelin,
peptide YY (PYY), glucagon-like peptide
1 (GLP-1), and cholecystokinin (CCK) (Zhang
et al. 2014).

Given that different types of obesity based on
BMIs do not subject to the same risk of
comorbidities (Table 68.1), there is a need for
improved strategies for the identification of pre-
dictive biomarkers for these comorbidities (e.g.,
diabetes, hypertension, dyslipidemia, and cardio-
vascular disease). Likewise, effective preventive
interventions with improved outcomes, by
identifying what intervention is best suited for
each individual (Zhang et al. 2014).

In this chapter, we will mainly focus on drugs
in different stages of the research pipeline, which
can be potential alternatives to currently available

Table 68.1 Classification of body weight in adults according to BMI (WHO)

Classification BMI (kg/m3) Risk of obesity comorbidities

Underweight <18.50 Low (however risk of other clinical problems is increased)
Normal range 18.50–24.99 Average
Overweight 25.00–29.99 Mild
Obese class I 30.00–34.99 Moderate
Obese class II 35.00–39.99 Severe
Obese class III �40.00 Very severe
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anti-obesity drugs (Fig. 68.1). The centrally act-
ing drugs can be of potential use in the treatment
of genetically acquired obesity. These drugs are
known to mainly target receptors which influence
the food intake and energy expenditure centrally.
Novel anti-obesity targets mainly acting as
inhibitors for methionine aminopeptidase
2 (MetAP2), lipase, and triple monoamine reup-
take along with fibroblast growth factor 21 and
anti-obesity vaccines which include ghrelin,
somatostatin, and adenovirus 36 will also be
addressed.

Current Drugs

There are currently five FDA-approved drugs
used as prescription medications for weight loss
namely Orlistat (Alli and Xenical), Lorcaserin
(Belviq), Phentermine-topiramate (Qsymia),
Naltrexone-bupropion (Contrave), and

Liraglutide (Victoza) (Fig. 68.2). Given the mag-
nitude of the obesity epidemic, they are consid-
ered as underutilized, in the USA and other
countries. Table 68.2 compiles their information
target sites, mechanism of action, dosage forms,
and adverse effects.

Orlistat and liraglutide theoretically have high
safety margin, as they have no central activity.
Yet, there are indications that liver and kidney
damage due to Orlistat along with faster multipli-
cation of cancer cells and liraglutide 3.0 mg has
been associated with gallstone disease and pan-
creatitis (Patel and Stanford 2018). Lorcaserin
can induce depression and suicidal tendencies
and can worsen preexisting depression. The ratio-
nale for a combination medication is that appetite
regulation involves multiple pathways, so
targeting different mechanisms simultaneously
can have an additive effect on body weight.
Another benefit is that the smaller dose of each
medication reduces the risk of adverse effects.

Fig. 68.1 Anti-obesity drugs, their targets, and locations
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Still naltrexone, an opioid receptor antagonist,
can lead to drug abuse and dependency.
Phentermine-topiramate can be used in combina-
tion therapy with other drugs as it is not likely to
cause any clinically significant drug interactions.

Drugs in Pipeline

Centrally Acting Drugs

It has been found that food intake is controlled by
receptors like melanocortin-4-receptor (MC4R),
neuropeptide Y (NPY), and cannabinoid type-1
receptor (CB1R) which are present centrally,
mainly in the hypothalamus. Drugs targeting
these receptors are being researched. Some of
these drugs have also shown positive results in

clinical trials for the treatment of obesity that
results from genetic disorders. However, since
these drugs act centrally, their side effects can
be more adverse compared to other anorectic
drugs.

Melanocortin Receptor Agonist
The melanocortin-4-receptor (MC4R), which
serves as a key regulator in the appetite
controlling pathway within the hypothalamus, is
a 332 amino acid GPCR (Garfield et al. 2015).
When hunger signals are produced, they bind to
their respective receptors and act on orexigenic
neurons. This process leads to the release of
melanocortin inverse agonist, agouti-related pro-
tein (AgRP). AgRP lowers the MC4R activation,
thus inhibiting satiety signals and inducing the
perception of hunger. The endogenous agonist

Fig. 68.2 Currently available FDA-approved prescription medications
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Table 68.2 Currently available FDA-approved anti-obesity medications

Drug, Class,
Reference

Mechanism of
action Dosage form Pharmacokinetics Interactions

Most common
adverse effects

Orlistat (Alli
and Xenical)
Lipase
inhibitor
Heck et al.
(2000)

Inactivation of
gastric and
pancreatic lipase;
different from
other drugs as it
does not target the
feeding center but
reduces fat
absorption from
food

Capsules
(Alli—60 mg
and Xenical—
120 mg)

Half-life is 14–
19 h. Two
metabolites mainly
M1 and M3 are
excreted in bile
having half-life of
2 h and 3 h,
respectively; the
drug undergoes
extensive first pass
metabolism.

Cyclosporine,
warfarin,
amiodarone,
antiepileptic
agents, and
antiretroviral
drugs.
Malabsorption of
fat-soluble
vitamins (A, D, E,
and K)

Abdominal
discomfort, fecal
incontinence,
liquid stools, soft
stools, and fecal
urgency.

Lorcaserin
(Belviq)
Selective
serotonin
(5-HT2C)
agonist
Brashier et al.
(2014)

Stimulates the
release of POMC
from the arcuate
nucleus which
further causes the
release of α-MSH
which suppress the
appetite

Tablet (10 mg
or 20 mg)

Rapidly absorbed,
delayed with fatty
meals, peak
concentration:
1.5–2 h; half-life:
11 h, distributed in
the CNS, 70%
plasma protein
bound;
metabolized in
liver, major
metabolite
lorcaserin
sulfamate,
excretion mainly
through urine
(92%)

Risk of serotonin
syndrome or
neuroleptic
malignant
syndrome-like
reactions with
SSRIs, SNRIs, and
MAOIs along with
CYP450 2D6
inhibition;
increase blood
levels of drugs
metabolized by
this enzyme

Nausea,
vomiting,
constipation,
diarrhea, fatigue,
upper respiratory
tract infection,
urinary tract
infections, back
pain, headache,
dizziness,
and rash.
Attention and
memory deficit
rare

Phentermine-
topiramate
(Qsymia)
Adrenergic
agonist/
neurostabilizer
Shyh and
Cheng-Lai
(2014)

Phentermine is an
agonist at TAAR1
receptor site that
stimulates the
release of
norepinephrine
and epinephrine.
Topiramate
modulates through
GABA receptors,
inhibiting carbonic
anhydrase,
antagonism of
glutamate.

Capsule (3.75/
23 mg, 7.5/
46 mg, 11.25/
69 mg, and
15.0/92 mg)

Phentermine
undergoes
p-hydroxylation
on the aromatic
ring and
N-oxidation on the
aliphatic side
chain.
70–80% excreted
in urine, half-life
20 hours.
Topiramate does
not undergo
extensive
metabolism, 70%
excreted in urine;
half-life: about
65 hrs

Topiramate may
induce metabolism
of ethinyl
estradiol, thus
decreasing
contraceptive
efficacy.
Contraindications
include
pregnancy,
glaucoma,
hyperthyroidism,
and MAOIs

Paresthesia,
dizziness,
dysgeusia,
insomnia,
constipation, and
dry mouth.
.

Naltrexone-
bupropion
(Contrave)
Opioid
receptor
antagonist/
NDRI
Saunders et al.
(2018)

Acts on the arcuate
nucleus of the
hypothalamus
where the firing
rate of POMC
neurons is
increased and the
mesolimbic
dopamine reward

Tablet (8 mg
or 90 mg)

It is metabolized in
the liver and has a
bioavailability of
5–40%, half-life:
4 hrs

It shows
interactions with
MAOIs opioids,
disulfiram, and
thioridazine

Nausea,
constipation,
headache,
dizziness,
insomnia, dry
mouth,
hallucinations,
blurred vision,
angioedema

(continued)
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of MC4R is α-melanocortin-stimulating hormone
(α-MSH) and is released when satiety signals
bind to their respective receptors on anorexigenic
neurons (Kim et al. 2011).

About 6–8% cases of obesity have been found
to be a result of dysregulation or mutation of
MC4R. Mutations can result in decreased affinity
of endogenous agonist toward this receptor and
decreased surface expression of the receptor or
impaired signal transduction (Santini et al. 2009).
Ser127Leu, Ser58Leu, Ile102Thr, and Gly252Ser

are the four-point mutations that occur in MC4R
and are known to affect the potency of this recep-
tor (Roubert et al. 2010).

Setmelanotide
Setmelanotide, also known as RM-493 or
BIM-22493, is a melanocortin-4-receptor
(MC4R) agonist. It is a synthetic 8-amino acid
cyclic peptide and has a molecular formula of
C49H68N18O9S2, with a molecular weight of
1117.3 Da (Fig. 68.3). Setmelanotide has a high

Table 68.2 (continued)

Drug, Class,
Reference

Mechanism of
action Dosage form Pharmacokinetics Interactions

Most common
adverse effects

circuit is
modulated.

Liraglutide
(Victoza)
GLP-1 analog
Bode (2012),
Saunders et al.
(2018)

It increases
secretion of insulin
from beta-cells,
reduces
postprandial
glucagon
secretion, delays
gastric emptying,
and improves the
function of beta-
cells.

Subcutaneous
(dose
increased
0.6 mg daily
until 3 mg

Slowed absorption
from the subcutis
and decreased rate
of elimination due
to chemical
difference from the
endogenous
peptide GLP-1 and
protein binding
leads to a longer
half-life of approx.
13 h

Contraindicated in
pregnancy or those
with personal or
family history of
medullary thyroid
carcinoma or
multiple endocrine
neoplasia
syndrome type
2, with insulin or
insulin
secretagogues;
risk of
hypoglycemia.

Diarrhea,
dyspepsia,
abdominal pain,
nausea, vomiting,
constipation

Fig. 68.3 Setmelanotide,
an MC4R agonist
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affinity toward human MC4R receptors (inhibi-
tory constant Ki¼ 2.1 nmol/l) (Kievit et al. 2013).

Setmelanotide was studied for its action on
normal MC4R (wild-type model) as well as on
mutated MC4R. In the binding assays,
setmelanotide showed 37-fold higher affinity
than α-MSH (endogenous agonist). In the activa-
tion assays, it showed 20-fold more potency
(Falls and Zhang 2018). In vivo studies were
conducted on normal and diet-induced obese
(DIO) mice. In normal mice, it reduced food intake
and weight gain. In DIO mice, it reduced fatty liver
disease and hyperinsulinemia (Roubert et al. 2010;
Kumar et al. 2009). When setmelanotide was
introduced in the wild-type model, it exhibited
interactions with several residues that were
known to be critical for α-MSH.

According to NMR and modeling studies, the
endogenous agonist α-MSH binds to the receptor
in a hairpin loop. The tetra peptide messaging
sequence binds to the active site, and the rest of
the peptide points out in the extracellular space. In
contrast to α-MSH, setmelanotide is fully
accommodated in the binding site, which is
attributed to its better affinity and potency in the
wild-type protein. The additional interactions of
the amino acids present in setmelanotide are
responsible for its accommodation in the binding
site (Falls and Zhang 2018). When setmelanotide
was introduced in the mutated model, it was
observed that the mutated residues were not
directly involved in the binding process. The
mutated residues were found to be located in the
proximity to those residues which are important
in the MC4R activation by setmelanotide. How-
ever, in case of α-MSH, Ile102Thr and
Ser127Leu are located in such a way that they
can cause a shift of Glu100, Asp122, and Asp126,
which are considered to be necessary for receptor
activation.

Ser58Cys and Gly252Ser are located away
from the binding site but are known to induce
conformational changes, important for MC4R
activation (Falls and Zhang 2018). Hence,
setmelanotide due to its cyclic structure and
extensive interactions has the ability to stabilize
and activate the receptor even in the presence of
polymorphisms. It can act as a positive allosteric

modulator. Such properties of setmelanotide
make it a non-traditional bitopic ligand. It has
been termed as non-traditional because it can
interact with two sites without requiring tradi-
tional linker and allosteric building blocks (Falls
and Zhang 2018).

Setmelanotide has entered two phase III clini-
cal trials in 2017. Indications were
pro-opiomelanocortin (POMC) deficiency obe-
sity and leptin receptor (LEPR) deficiency obe-
sity. According to the manufacturer (Rhythm),
both one-year-long trials met primary and sec-
ondary end points, with effects on weight loss,
insatiable hunger, or hyperphagia
(Globenewswire.com 2019).

Gut Hormones and Incretin Targets

Glucagon-Like Peptide-1 (GLP-1)
Analogs: Semaglutide (Ozempic)

Glucagon-like peptide-1 (GLP-1), an incretin hor-
mone, is secreted from L cells in the small intes-
tine. Semaglutide is a GLP-1 receptor agonist,
and it has more than two amino acids
substitutions at position 8 (alanine to α amino
butyric acid) and 34 (lysine to arginine)
(Fig. 68.4). The substitution at eighth position
provides resistance to DPP-4 (dipeptidyl-pepti-
dase) degradation. The modification in the struc-
ture prolongs its half-life which in turn increases
the efficacy of the drug (Christou et al. 2019).

It acts by releasing insulin from β pancreatic
cells and reducing the production of glucagon
from the α-pancreatic cells. It decreases both
fasting and postprandial plasma glucose levels;
therefore, it was approved in Dec 2017 for the
treatment of Type-2 Diabetes Mellitus (T2DM). It
also acts by promoting weight loss. Upon admin-
istration, it decreases the total energy intake
followed by suppression of appetite and less
food cravings for high-fat foods, along with better
control of eating and meal portion size (Christou
et al. 2019).

In the presence of GLP-1 agonist, the glucose
activity is regulated by inhibiting the K+ ATP
channels. Further opening of voltage-dependant
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calcium channels (VDCC) inhibits the K+ chan-
nel repolarization. GLP-1 stimulates IP3 and
ryanodine receptors (RYR) facilitating the influx
of Ca++ ions, which further promote insulin
secretion (Meloni et al. 2013). Semaglutide-
induced weight loss was associated with a three-
fold greater loss of mean fat over lean body mass
(Blundell et al. 2017).

The half-life of the drug is 7 days (183 h), in
case of normal kidney function, 201 h in moder-
ate kidney dysfunction and 221 h in severe kidney
failure. Catabolism mainly occurred through neu-
tral endopeptidase (NEP), a membrane-bound
enzyme located in the kidneys (Christou et al.
2019). Cholelithiasis is a side effect of
semaglutide (Chamberlin and Dabbs 2019)
(Fig. 68.4).

GLP-1 agonists are not advised as first-line
treatment due to potential risk of thyroid carci-
noma or multiple endocrine neoplasia nor in
patients with a history of pancreatitis. Gastroin-
testinal adverse effects limit use in some patients.
Patients having a history of diabetic retinopathy
should be constantly monitored for disease
progression.

Dual Action GLP-1/Glucagon Receptor
Agonists

Oxyntomodulin
Oxyntomodulin (OXM) is a 37-amino acids pep-
tide (Fig. 68.4) and influences energy intake. On
central administration of oxyntomodulin, its

Fig. 68.4 Structure of Semaglutide and oxyntomodulin
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effects are canceled by exendin which is an antag-
onist of GLP-1 receptors (Baggio et al. 2004).
The effects of oxyntomodulin also include
decreased heart rate and energy expenditure. Sim-
ilar effects were observed on activation of gluca-
gon receptor (Sowden et al. 2007). These
observations hence indicated that oxyntomodulin
shows a dual action by acting as an agonist for
both GLP-1 as well as glucagon receptor.

A phase 2b trial with an analog (OPK 88003)
was finished in 2019 with obese diabetic patients.
Weight loss, lipid profile, and HbA1c were more
improved than with metformin. Further studies
are expected (www.opko.com, 2019).

Peptide YY
Peptide YY (PYY) is a 36 amino acid peptide and
is synthesized and discharged from specific endo-
crine cells called L cells, which are found essen-
tially in the ileum. GLP-1, GLP-2, and
oxyntomodulin are the co-secretions with PYY.
PYY 1–36 and PYY3–36 are the two forms of PYY,
and PYY3–36 is the most common form, which
binds to Y2 receptor (Murphy and Bloom 2006).
It acts through NPY receptors and reduces the
secretion of gastric acid and GIT motility when
the level increases during fasting and after feed-
ing. One of the pathogenesis of obesity is known
to be a decrease in PYY levels (Batterham et al.
2003). PYY3–36 does not show any effect in
Y2-deficient mouse, which is indicative of the
fact that it shows its action through Y2 receptors
(Batterham et al. 2003). A silent single nucleotide
polymorphism (SNP), 585 T > C, is present on
the Y2 receptors and was found to be associated
with obesity. The frequency of 585 T > C was
lower in obese men compared to the lean group
(Lavebratt et al. 2006).

PYY Analogs
Native PYY has a short life; thus, several long-
acting analogs are being developed. One of these,
Y242, has demonstrated encouraging results in
animal studies, with at least 72 hours action in
rodents, after subcutaneous injection. Given the
inhibition in food intake and significant weight
loss associated with the product, toxicologic stud-
ies are going on, in anticipation of a human phase
I trial (www.ukri.org 2019).

Novel Targets

Methionine Aminopeptidase 2 (MetAP2)
Inhibitors: ZGN-1061

Methionine aminopeptidase 2 (MetAP2) is an
enzyme responsible for the co-translational cleav-
age of N-terminal methionine, from a subset of
newly made proteins important for a broad range
of cellular functions, including metabolism,
growth, and proliferation (Warder et al. 2008). It
also binds to other important regulatory proteins
such as extracellular signal-regulated kinase 1/2
(Erk 1/2) and elongation initiation factor 2 α
(EIF2α) (Datta et al. 2004). Originally intended
to be used in the treatment of cancer due to their
anti-angiogenic property (Yeh et al. 2006),
MetAP2 inhibitors were found to have marked
anti-obesity effects in animal models and humans
(Siddik et al. 2019).

This is a potent, selective, and covalent inhibi-
tor of the MetAP2 enzyme that was developed to
minimize endothelial cell exposure and exhibit an
improved safety profile regarding platelet aggre-
gation, neutrophil adhesion or NETs formation,
clotting factor levels or function or blood clotting
or clot lysis. After a 12-week treatment (Fig. 68.5)
with 1.8 mg of ZGN-1061, subcutaneously
injected every three days, part of a phase II clini-
cal trial, body weight, and HbA1c favorably

Fig. 68.5 Structures of the natural (Fumagillin) and syn-
thetic (Beloranib and ZGN-1061) methionine aminopepti-
dase 2 (MetAP2) inhibitors
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responded in obese diabetic patients. Safety and
tolerability were also encouraging, with no
treatment-related serious adverse events and no
cardiovascular (CV) safety signals observed.
Additional studies are expected in the near future
(Globenewswire 2019).

Lipase Inhibitor: Cetilistat

Cetilistat is a lipase inhibitor having the same
pharmacological activity as orlistat and it inhibits
the absorption of fat (Fig. 68.6). In phase II trial,
there was an increase in fecal fat comparable to
orlistat, and also, 11% of the subjects had oilier
stools. It has less gastrointestinal complications
than orlistat and is therefore more reliable
(Hossain et al. 2019).

Triple Monoamine Reuptake Inhibitor:
Tesofensine

Tesofensine (TE) inhibits appetite and stimulates
thermogenesis. Devised for neurological
diseases, weight loss was incidentally observed
(Astrup et al. 2008b). Experimentally, it is
associated with dopaminergic pathways in the
brain (Hansen et al. 2013). A clinical trial con-
firmed weight loss (Astrup et al. 2008a); how-
ever, depending on the dose, major adverse
effects were documented (Doggrell 2009; Astrup
et al. 2008a). After a publication retraction
(Retractionwatch 2013), further trials followed.
Yet, long-term effects were not entirely satisfac-
tory (Gilbert et al. 2012).

A new more successful trial was recently
conducted, and the manufacturer intends to mar-
ket the product in Mexico by 2020 (https://

saniona.com 2019). Tesomet, which includes
tesofensine and metoprolol, looks promising for
Prader-Willi syndrome and other forms of obe-
sity. Trials by the same manufacturer are going on
(https://saniona.com 2019) (Fig. 68.7).

Fibroblast Growth: Factor 21

Fibroblast growth factor 21 (FGF21), analo-
gously to other FGFs, stimulates cell growth and
other functions in liver, adipose tissue, skeletal
muscle, and pancreas (Giralt et al. 2015). Among
other effects, glucose uptake, increased thermo-
genesis, and modulation of lipid metabolism
experimentally occur (Cuevas-Ramos and
Aguilar-Salinas 2016; Fisher and Maratos-Flier
2016; Domouzoglou and Maratos-Flier 2011;
Badman et al. 2009).

Peroxisome-proliferator-activated receptor-α
(PPARα) is involved in hepatic expression of
FGF21 p (Inagaki et al. 2007; Lundåsen et al.
2007). Anti-inflammatory and anti-oxidative
stress properties of FGF21 have been reported
(Gómez-Sámano et al. 2017).

Preliminary observations in obese diabetics
did not confirm clear benefits for either disease;
however, lipid metabolism improved, along with
markers of liver fibrosis. Steatohepatitis could
therefore be a future target (Charles et al. 2019).

Anti-obesity Vaccines

Ghrelin

Under this section we will discuss the normal
function of the target molecule and the results of

Fig. 68.7 Tesofensine, a triple monoamine reuptake
inhibitor

Fig. 68.6 Cetilistat, a lipase inhibitor
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various studies on vaccines against these targets
that have been carried out. Ghrelin is converted
from the precursor proghrelin. As a major regula-
tor of appetite, it is relevant for obesity and meta-
bolic diseases. The x/A cells of the oxyntic glands
in the gastric fundus are the main source, with
minor contributions from pancreas, hypothala-
mus, and kidney glomeruli (Sakata et al. 2009;
Kojima et al. 1999).

Ghrelin undergoes subsequent acylation to
form acyl ghrelin (AG), with the help of ghrelin
O-acyltransferase (GOAT), which occurs at the
same gastrointestinal sites as ghrelin (stomach,
pancreas, and gut) (Sakata et al. 2009; Yang
et al. 2008; Gutierrez et al. 2008). In rodents,
after ghrelin vaccines were applied, weight gain
was inhibited along with less feed efficiency,
whereas lean body mass was mostly conserved,
a response consistent with diminished leptin. The
ratio of brain/serum ghrelin signaled the anti-
ghrelin effect (Zorrilla et al. 2006). Also in pigs,
conjugated ghrelin combined with an adjuvant
provided a successful vaccine, which induced
mild anorexia and weight loss, with elevated
growth hormone levels (Vizcarra et al. 2007).

Virus-like proteins (VLPs) are highly immu-
nogenic viral proteins devoid of genetic material
therefore safe and effective for vaccination stud-
ies (Lechner et al. 2002). Experimental combina-
tion with ghrelin confirmed weight loss; however,
human trials were not successful (Vizcarra et al.
2007).

Somatostatin

Growth hormone (GH) and its effector insulin-
like growth factor-I (IGF-I) stimulate positive
nitrogen balance and tissue growth in most
organs, whereas lipids tend to undergo catabo-
lism. Deficiency has been deemed a cause of fat
accumulation (Berryman and List 2017; Lewitt
2017). The aim of vaccination is to enhance GH
and IGF-1. In rodents, weight loss was achieved;
however, no human trials are available (Haffer
2012).

Adenovirus 36

Human adenovirus 36 (Ad36) is not uncommon,
differentially affecting the obese (30%) and
non-obese population (11%) in the USA
(Atkinson et al. 2005), however, not in all
countries (Abdel-Moniem et al. 2018). Experi-
mentally, it induces fat accumulation; however,
insulin sensitivity increases. In mice, vaccination
followed by virus inoculation prevented weight
gain and elevation of pro-inflammatory cytokines
(Na and Nam 2014). Human experience is not
available.

Conclusion

Currently, unaffordable drugs continue to be a
challenge, and available pharmacotherapies are
not efficient enough to overcome obesity. People
with obesity and failing lifestyle therapies need to
be escalated to the required pharmacological
treatment, as bariatric surgery has strict criteria
and is not appropriate for mass therapy.

The most promising of these are co-agonists
for multiple gut hormones including glucagon,
GLP-1, and GIP. They mainly affect food intake;
hence, their analogs could prove to be a better line
of therapy for obesity. Unlike other centrally act-
ing agents, setmelanotide has shown compara-
tively less severe side effects, and therefore, it
could have a future in the therapy of genetically
acquired obesity.
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Abstract

The melanocortin family of G-protein-coupled
receptors is the main group of receptors to
control appetite, energy homeostasis, and adi-
pose tissue accumulation. In particular, the
melanocortin-4 receptor (MC4R) is believed
to have a central role in the management of
food intake and energy expenditure. Mutations
in this gene often lead to an increase in weight,
therefore being considered the monogenic tar-
get for the treatment of obesity. Obesity is also
often the cause of other onerous conditions,
such as type 2 diabetes. Efforts to develop a
novel pharmacotherapy for this condition have
disclosed the complexity of physiological
roles and activation mechanisms of this recep-
tor. A promising drug is currently on clinical
trials, but efforts to develop a more selective
and potent compound have not ceased.

Keywords

Melanocortin receptor · Appetite hormones ·
Melanocortin pathways · Metanocortin
agonists · Melanocortin diabetes

Incidence and Societal Burden
of Obesity

The World Health Organization (WHO) data
report that the state of being overweight and
obese constitutes the fifth leading risk for global
deaths. At least 2.8 million adults die each year as
a result of being overweight or obese. In addition,
44% of the diabetes mellitus (DM) burden is
attributed to excess weight. This increase in obe-
sity rates is a great concern for governments
worldwide, and it is also a huge economic burden
for the society (De Carvalho et al. 2017; Leitner
et al. 2017).

Obesity is defined by the WHO as abnormal or
excessive fat accumulation that presents a risk to
health. A person with a body mass index (BMI) of
30 or more is generally considered obese. Over-
weight and obese individuals are at greater risk
for a number of chronic diseases, including

cardiovascular diseases, type 2 diabetes mellitus,
osteoarthritis, nonalcoholic fatty liver (NAFL)
disease, respiratory complications, and certain
forms of cancer. Cytokines, such as interleukin-
6, resistin, and plasminogen activation inhibitor
1, derived from adipose tissue, have been
implicated in the pathogenesis of several of the
diseases mentioned (Ellacott et al. 2007; Makki
et al. 2013). Therefore, when researching
pharmacotherapies for this epidemic, the focus
needs to expand beyond just weight loss and
keep in mind all the other associated diseases
(hyperglycemia, hyperlipidemia, and cardiovas-
cular diseases). The healthcare system, the
physicians, and the patients need to envisage
obesity as being a chronic disease that will require
a long-term treatment and follow-up. A reduction
in bodyweight as low as 5–10% has a major
impact in the levels of inflammation and
pro-thrombotic markers, as well as chronic dis-
ease incidence (Guh et al. 2009).

Challenges in Pharmacological
Management of Obesity

Currently, there are three main treatments for the
management of obesity: behavioral modification,
pharmacological therapy, and bariatric surgery.
Despite being the most effective option, bariatric
surgery is the least recommended due to the inva-
sive nature of the procedure and the relative high
costs associated with the surgery (Velazquez and
Apovian 2018). Rather, behavioral modification
is preferred as the first choice for therapeutic
intervention. Even though different approaches
are available, the success of the commonly
applied medicinal or behavioral modifications
methodologies is often transient, with most
patients having regained the lost weight only
two years after the treatment. To reduce the
increasing incidence of obesity worldwide, new
and more effective ways of controlling appetite
and adipose tissue accumulation are, therefore, a
pressing need.

Mammalian metabolism provides several pro-
tective mechanisms against weight loss (e.g., reg-
ulation of neuroendocrine hormones, leptin and
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ghrelin) (Wren et al. 2001; Batterham et al. 2002;
Cowley et al. 2001). In addition, energy expendi-
ture is associated with increased sympathetic ner-
vous system activity and increase of body
temperature. Both responses present major
challenges for the success and safety of pharma-
cological treatments, along with drug side effects.

Causes for obesity encompass primary causes
derived from monogenic diseases and syndromes,
and secondary ones that result from psychologi-
cal, neurological, and drug-induced stress (Butler
et al. 2000). Lifestyle adjustments are usually
insufficient for the first category, whereas
unhealthy habits and other environmental
mechanisms are in principle amenable to behav-
ior change (see Table 69.1).

Different pharmacological approaches for
weight loss are available (Van Gaal and Dirinck
2016); however, undesired side effects have to be
accounted for, besides the need for long-term
safety and efficacy monitoring.

Melanocortin Receptors (MCRs)

These are a part of the G-protein-coupled mem-
brane receptors (GPCRs), the largest protein
superfamily in mammalian genomes. The MCRs
cognate, physiological ligands are variants of
melanocyte-stimulating hormone (MSH) and
processed products of the proopiomelanocortin
(POMC) gene. Following the discovery of these
peptide hormones, denominated melanocortins,
and identification of a cognate receptor (later
determined to be the melanocortin-1 receptor,
MC1R), Hruby and co-workers conducted com-
prehensive work in determining the physiological
roles of this receptor (Sawyer et al. 1982;
Castrucci et al. 1984; Haskell-Luevano et al.
1997). Subsequently, functional and structural
diversity of the MCR family of receptors was
revealed, including the four additional
melanocortin receptors MC2R, MC3R, MC4R,
and MC5R, as well as their distinct tissue

Table 69.1 Causes of obesity

Causes of obesity

Primary Causes Secondary Causes

Genetic causes
Monogenic disorders
• Melanocortin-4 receptor mutation
• Leptin deficiency
• POMC deficiency
Syndromes
• Prader-Willi
• Bardet-Biedl
• Cohen
• Alström
• Froehlich

Neurological
• Endocrine
• Hypothyroidisma

• Cushing syndrome
• GH deficiency
• Pseudohypoparathyroidism
Psychological
• Depressionb

• Eating disorders
Drug-Induced
• Tricyclic antidepressants
• Oral contraceptives
• Antipsychotics
• Anticonvulsants
• Glucocorticoids
• Sulfonylureas
• Glitazones
• β-blockers

aControversial whether hypothyroidism causes or exacerbates obesity
bDepression associated with overeating or binging
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distributions and physiologic roles (Halem et al.
2008; Pantel et al. 2011). With respect to MC4R,
this receptor was identified by northern blot anal-
ysis and its tissue distribution was characterized
via in situ hybridization by Gantz et al. (1993).
While several melanocortin agonists were devel-
oped initially, with some of them even complet-
ing clinical trials (as tanning agents), it was not
until after the identification of the different
melanocortin receptors that further testing for
receptor selectivity took place (Sawyer et al.
1982; Castrucci et al. 1984; Hruby et al. 1995).
This stimulated the development of specific
agonists and investigations into possible
applications for the previously developed MCR
agonists.

Melanocortins and Feeding Behavior

In 1986, it was already suggested that
melanocortin peptides inhibit food intake
(Poggioli et al. 1986). Obesity was subsequently
linked to disruption of the MC4R (Huszar et al.
1997). Mice with MC4R deficiency display ele-
vated body fat tissue, hyperphagia, and
hyperinsulinemia, and ectopic natural antagonists
of the MC4R ligand are relevant in this context
(Yeo et al. 2003). These findings were simulta-
neously corroborated in studies where MC4R
mutations in mice resulted in a non-syndromic
form of obesity (Vaisse et al. 1998). When
increased the content of fat in a diet, wild-type
mice tend to increase diet-induced thermogenesis
and their physical activity and at the same time

decrease the food intake in a few days, opposed to
knockout mice that increase the food intake
(Butler et al. 2000; Litt et al. 2017; Panaro and
Cone 2013).

Heritability of fat mass ranges between
70–90% in monozygotic and 35–45% in dizygotic
twins (Berrettini 2004; Maes et al. 1997). Not
to exclude environmental factors, but when
analyzed different humans with different ethnic
backgrounds, the most prevalent single gene muta-
tion that induces obesity is in MC4R (Yeo et al.
2003; Nogueiras et al. 2007; O’Rahilly et al.
2003). Over 1000 mutations are linked with adi-
pose tissue and energy balance, encompassing
different phenotypes (e.g. complete loss of recep-
tor function to polymorphism, obesity, and
even difficulty in gaining weight) (Santini et al.
2009); anMC4Rwebsite with this information has
been compiled (Melanocortin 4 Receptor 2018).

Research on the other members of the
melanocortin family describes the involvement
of MC2 and MC3 receptors in the management
of caloric intake and food consumption. MC2R,
which is mainly located in the adrenal cortex
(Table 69.2), is believed to be involved in the
control of the glucocorticoids—so-called “stress
hormones” that are responsible for helping the
immune system, regulating the blood sugar level
and help triggering nerve cell signaling in the
brain (Webb and Clark 2010). Of the
melanocortin receptors involved in weight regu-
lation, MC3R remains the least characterized in
terms of its physiological role(s).

Reports on knockout MC3R mice showed an
increase in adiposity, which is believed to be

Table 69.2 Melanocortin Receptor Expression: The affinity of natural melanocortin ligands for their receptors,
measured by radioligand binding, plus the distribution of melanocortin receptors in rodent tissues (inspired by
(Millington 2006; Abdel-Malek 2001))

Ligand
Melanocortin receptor
affinities Melanocortin receptor expression

MC1R αMSH >> ACTH, βMSH,
γMSH

Melanocytes, macrophages, adipocytes, keratinocytes, fibroblasts

MC2R ACTH Adrenal gland, adipocytes
MC3R γMSH > αMSH and βMSH Brain, placenta, duodenum, pancreas, stomach
MC4R βMSH > αMSH

>>> γMSH
Brain, spinal cord, muscle

MC5R as for MC1R, with lower
affinity

Brain, sebaceous glands, adrenal, spleen, thymus, testis, ovary, muscle,
adipocytes, mast cells
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unrelated to the obesity phenotype of MC4R
since investigations on the deletions of both
MC3R and MC4R revealed an accumulative
effect of adipose tissue. Contrary to what was
observed for MC4R, MC3R knockout mice
showed a susceptibility to weight loss, indicated
by a decrease in lean mass (Huszar et al. 1997;
Wang et al. 2000; Marks et al. 2006). Separate
studies on MC3R suggest that this receptor has a
meaningful role in energy homeostasis, immune
response, and circadian rhythm (Leoni et al.
2008; Getting et al. 2008). Loss of MC3R has
also been suggested to decrease the non-resting
energy expenditure. Knockout MC3R mice
exhibited a higher respiratory exchange ratio.
On another report, it was shown that MC3R�/�
mice become glucose intolerant, hyperglycemic,
and hyper-insulinemic, despite normal response
of the liver to an elevated insulin, indicating a
unique diabetic phenotype (further reports on

MC3R (Renquist et al. 2011; Begriche et al.
2009)). No obvious role for MC3R haploinsuf-
ficiency in human obesity has been elucidated so
far (Girardet and Butler 2014).

Hormones and Biomolecules

The melanocortin pathway is highly relevant for
CNS management of food intake. Two neuronal
populations in the arcuate nucleus of the hypo-
thalamus (ARH) are involved: those producing
neuropeptides and those expressing the
melanocortin-4 receptor. The anorexigenic
POMC neurons release α-melanocyte-stimulating
hormone (α-MSH) to stimulate MC4Rs, while
the orexigenic agouti-related (AgRP) neurons
release AgRP, with opposite properties. AgRP
co-localizes with neuropeptide Y (NPY) (NPY/
AgRP neurons) (Fig. 69.1) (Xiang et al. 2010;

Fig. 69.1 Central regulation of appetite control and
energy expenditure. Numerous peripheral signals, such
as leptin, ghrelin, NPY, and glucagon-like peptide
1 (GLP-1), activate neurons in the ARH. Leptin is secreted
by adipose tissue and stimulates leptin receptors (LEPR) in
the arcuate nucleus. Thereby, POMC-expressing neurons
are stimulated, promoting secretion of MSH. MSH triggers

MC4R expressed in the paraventricular nucleus,
regulating satiety, energy expenditure, blood pressure,
and growth. In parallel, LEPR inhibits AgRP-expressing
neurons, which are also localized in the ARH. AgRP has
been suggested as an inverse agonist or antagonist at the
MC4R (Kühnen et al. 2019)
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Millington 2007; Anderson et al. 2016; Williams
and Elmquist 2012).

The most frequent genetic causes of severe
human obesity are heterozygous mutations in
the coding sequence of the serpentine
melanocortin-4 receptor, which often causes
total or partial loss of receptor function and
ambiguous receptor activity (Farooqi et al.
2003); therefore, the MC4R system is often
targeted for pharmacotherapy (Panaro and Cone
2013; Gonçalves et al. 2018). The natural
regulating hormones (Table 69.2), such as the
melanocyte-stimulating hormones, were the first
studied. However, imbalance in MSH can result
in hyperpigmentation and Addison’s disease
(Gonçalves et al. 2018; Tao 2010).

Signaling Pathways

Among the signaling pathways of melanocortins,
the G-protein cascade deserves emphasis
(Fig. 69.2) (Eves and Haycock 2010; Tao 2014).
The bound receptor activates the alpha subunit of
the G-protein complex, whereby effector enzymes
release second messengers sequentially mobilizing
effector proteins, including kinases, ion channels,
and additional enzymes (Calebiro et al. 2009).

Despite the varied nature and function of
GPCRs, only four G-protein paths have been
assigned a nomenclature based on the subset of
Gβγ subunits activating the pathway: with the
subsets being Gs (stimulatory), Gi/o (inhibitory),
Gq/11, and G12/13. Of particular relevance to

Fig. 69.2 Schematic representation of the GPCR
Gs-mediated signaling cascade: Schematics for canonical
cAMP signaling cascade as a mechanism for
melanocortin-mediated regulation of gene expression.
α-MSH stimulation of melanocortin receptors leads to
activation of the α-subunit of the stimulatory
heterotrimeric G-protein, Gαs, and the subsequent activa-
tion of adenylyl cyclase (AC) enzymes, which convert
ATP in cAMP. cAMP-mediated activation of protein
kinase A (PKA) leads to the dissociation of the catalytic
subunit of the PKA complex. Upon translocation of the

active PKA catalytic subunit into the nucleus, PKA can
phosphorylate the transcription factor CREB (cAMP
Response Element-Binding Protein; CREB-P denoting
the phosphorylated variant). When bound to an upstream
consensus, DNA sequence called cAMP Response
Elements (CREs) CREB-P can facilitate transcription of
a gene by interaction with the core transcriptional machin-
ery (adapted with permission from Gonçalves JPL,
Palmer D, Meldal M, MC4R Agonists: Structural Over-
view on Antiobesity Therapeutics, https://doi.org/10.
1016/j.tips.2018.01.004)
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MC4R is the Gs family, which is based on cAMP
synthesis, conducts to both short- and long-term
effectors (Hepler and Gilman 1992; Lalli and
Sassone-Corsi 1994).

Protein kinases (PKA) are effectors relevant
for ion channels, kinases, enzymes, and scaffold-
ing/structural proteins, influencing transcription
and other cell functions. cAMP response
element-binding protein (CREB) and related
proteins are involved in the transcription pathway
(Imamura et al. 2017).

In addition to PKA isoforms, cyclic
nucleotide-gated ion channels, such as Kv11.1,
can modulate membrane polarity. Within such
circumstances, cAMP electrically modulates sen-
sitive cells. cAMP also binds strongly to guanine
nucleotide exchange factors that facilitate the
conversion of other small G-proteins, a class dis-
tinct from the receptor-coupled heterotrimeric
G-proteins, to an activated GTP-bound state.
Mesuring receptor activation through cAMP or
some of its downstream signaling events is the
most usual monotoring approach (Gonçalves
et al. 2018).

Over the last 5 years, there have been an
increasing number of reports confirming exis-
tence of different signaling cascades for MC4R
activation (Tao 2014; Lotta et al. 2019; Yang and
Tao 2017).

Interpretation of pharmacological studies can
be biased when cell-specific effects on differential
propagation of signaling responses are not taken
into consideration. Some mutations causing gain
of function are associated with protection from
obesity (Lotta et al. 2019). Enhanced β-arrestin-
mediated signaling rather than Gsα signaling was
detected with some of such mutations. Natural
variants of MC4R affecting signaling and the
degree of β-arrestin recruitment to MC4R account
for a large proportion of the variation in genetic
association of these variants with obesity and
diabetes risk.

In another study, seven human obesity
phenotypes were associated as class V variants
of the MC4R (Gillyard et al. 2019) providing
evidence of other G-protein-dependent and G-
protein-independent signaling cascades. The
authors also underlined the impact of loss of

β-MSH for the normal regulation of energy
homeostasis, and advance a model where the
recruitment of β-arrestin is a marker of normal
MC4R function, in contrast to the results of Lotta
et al. These results suggest a broader range of
signaling responses than what it is known or
assumed today.

MC4R exhibits a significant degree of consti-
tutive activation of the Gsα signaling pathway, by
the receptor’s amino terminal domain, potentially
inhibited by the melanocortin-2 receptor acces-
sory protein (MRAP2), which also enhances
response to α-MSH action (Anderson et al.
2016; Tao 2014; Srinivasan et al. 2004).

Like many other GPCRs, MCRs likely exist as
a higher ordered multimers and particularly as
dimers (Mondal et al. 2013; Piechowski et al.
2013). This has inspired the development of biva-
lent ligands that presumably can activate dimeric
receptors and may yield improved agonists and
antagonists (Fernandes et al. 2014; Lensing et al.
2016).

It is speculated that MC3R, MC4R, and
MRAP2, all highly expressed in the hypothala-
mus, coordinate to regulate the energy homeosta-
sis, yet further studies are necessary to develop
successful pharmacologic interventions
(Ghamari-Langroudi and Cone 2011).

Agonists with Potential Therapeutic
Interest and Clinical Trials

As previously mentioned, MC4R is activated by
POMC-derived peptides (Anderson et al. 2016).
These peptide ligands derive from the proteolytic
processing of POMC, including adenotropic hor-
mone (ACTH) and the melanocortin-stimulating
hormones beta (β-MSH) and gamma (γ-MSH).
ACTH can be further processed to α-MSH which
has a prominent role in the regulation of MC4R.

α-MSH is predicted to bind in a β-turn confor-
mation, which presents the His-Phe-Arg-Trp
motif for optimal binding with the receptor bind-
ing pocket, specifically with the transmembrane
domains between TM2 and TM3 (Haskell-
Luevano et al. 2001; Igel et al. 2017). This
motif appears in several synthetic agonists. Cyclic
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peptidomimetic structures have also been devel-
oped yielding a higher degree of potency, resem-
bling the β-turn conformation of the natural
agonist (α-MSH), providing a good fit in the
receptor pocket. Despite having less potency,
non-peptide agonists showed better selectivity,
paving the way for additional molecular
structures (Gonçalves et al. 2018).

Prior to 2012, few drugs had been approved by
the Federal Drug Administration for obesity man-
agement. Often obesity was associated with an
unhealthy lifestyle choice and not fully accepted
as a disease. As the endogenous pathways
governing these processes have been elucidated,
obesity has been better established as a serious
disorder and as such, pharmacotherapeutics have
been accepted as a treatment approach with sev-
eral more potential pharmacophores under evalu-
ation in clinical trials. Currently, clinical trials
evaluating Setmelanotide (RM-493 developed
by Rhythm Pharma) are underway for the treat-
ment of Leptin Receptor Deficiency Obesity,
Pro-opiomelanocortin (POMC) Deficiency Obe-
sity, Bardet-Biedl Syndrome, Alström Syndrome,
and Smith-Magenis Syndrome. Unlike other
drugs based on Melanotan-II, Setmelanotide
does not increase blood pressure.

Some of the most promising structures for
activation of MC4R developed over the last
decade are summarized in Table 69.3.

Upon closer look at the most potent and selec-
tive candidates, it is possible to see the repetition
of the motif, -His-D-phe-Arg-Trp-. Generally, the
use of positively charged groups and three

aromatic moieties, including the -His-D-phe-
Arg-Trp- motif, are typical of synthetic MC4R
agonists, in order to retain the core from the
natural pharmacophore. In recent structures, how-
ever, more charged residues have been employed
and have yielded enhanced selectivity, potency,
and conformational preference.

Taking into account that MC4R also governs
other body activities, namely sexual desire and
neuropeptide regulation, any therapeutic targeted
toward MC4Rwill need to find a way to minimize
the activation of these additional pathways while
maintaining robust activation of pathways shap-
ing metabolism (Tao 2010).

Despite several efforts, there is still not a drug
in the market targeting MC4R for the treatment of
obesity. Nonetheless, advances in identifying
optimal structural properties for ligands, paired
with a deeper understanding of the signaling
mechanisms that best shape desired physiological
responses, promise to offer better MC4R-targeted
therapeutics.

Diabetes as a Consequence of Obesity

Roughly 30% of overweight people have diabe-
tes, whereas 85% of diabetics are overweight. In
the USA, diabetes affects nearly 1 in 10 adults,
with a majority (90%–95%) of the cases being
type 2 diabetes (T2D). Diabetes induced by
excess weight often requires lifelong chemical
treatment, besides the possibility of cardiovascu-
lar complications, microvascular vision

Table 69.3 Potent (EC50 < 5 nM) and selective (> 50-fold EC50) MC4R agonists

Structure/Reference
EC50

(nM)

(S)-2-Acetamido-N-((R)-1-((2R,4S)-2-(3-guanidinopropyl)-4-(naphthalen-2-ylmethoxy)pyrrolidin-1-yl)-
1-oxo-3-phenylpropan-2-yl)-3-(1H-imidazol-4-yl)propanamide (Hong et al. 2011)

4.9

c[Hydantoin(C(O)-(Asp-D-Ala))-His-D-Phe-Arg-Trp-Dap]-NH2 (Halem et al. 2008) 0.177
Hydantoin(C(O)-(D-Ala-Gly))-c(Cys-D-Ala-His-D-Phe-Arg-Trp-Cys)-NH2 (Halem et al. 2008) 0.16
Hydantoin(C(O)-(D-Arg-Gly))-c(Cys-Glu-His-D-Phe-Arg-Trp-Cys)-NH2 (Halem et al. 2008) 0.125
Hydantoin(C(O)-(Gly-D-Arg))-c(Cys-Glu-His-D-Phe-Arg-Trp-Cys)-NH2 (Halem et al. 2008) 0.0979
c-Lys-DapN3�His-D-Phe-Arg-Trp-Pra-Met-NH2 (Palmer et al. 2017) 1.8
c-Lys-DapN3�His-D-Phe-Arg-Trp-Pra-Ala-NH2 (Palmer et al. 2017) 2.3
c-Lys-DapN3�Ala-D-Phe-Arg-Trp-Pra-Met-NH2 (Palmer et al. 2017) 2.8
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impairments (glaucoma, retinopathia, cataracts),
and kidney dysfunction, among others, justifying
the investigation of MC4R and insulin resistance
(De Carvalho et al. 2017; Chen et al. 2019).

Nucleotide polymorphisms near the MC4R
gene have been strongly associated with T2D.
There is robust epidemiological evidence that
rs17782313 polymorphism is significantly
associated with increasing risk of T2D (Xi et al.
2012). In mice with a homozygous Gsα defi-
ciency in MC4R-expressing cells, impaired glu-
cose tolerance and elevated insulin response were
unearthed, suggesting that Gsα signaling in
MC4R-expressing cells directly disturbs glucose
tolerance and insulin sensitivity (Podyma et al.
2018; Al-Goblan et al. 2014).

Mice with POMC and MC4R deficiency
released epinephrine and glucagon as response
to hypoglycemia and glucopenia. In addition, dia-
betic mice showed decreased POMC and MC4R
expression and a deficient counter regulatory
response (Tooke et al. 2019) and this phenotype
was not normalized with insulin treatment. On the
other hand, when injected in the paraventricular
hypothalamic nucleus with a MC4R agonist, the
counter regulatory response was restored.

Perspectives

The melanocortin-4 receptor has a pivotal role in
energy homeostasis and adipose tissue regulation.
Nevertheless, this is a complex receptor class
with diverse signaling cascades. There is not
enough consensus about the role of certain
proteins, such as β-arrestin, in the signaling mech-
anism. Understanding about GPCRs signaling
pathways and specifically, how melanocortin
receptors can be controlled are clear priorities,
along with elucidation of the effects of mutations
on MC2R and MC3R in the feeding behavior.

Melanotan-II and Bremelanotide did not sur-
vive clinical trials. Melanotan-II promoted intra-
cellular synthesis of eumelanin in favor of
pheomelanin which gave a darker skin pigmenta-
tion and also caused penile erection, while
Bremelanotide is now being tested for the treat-
ment of female sexual dysfunction. Currently,

Setmelanotide is undergoing phase-III clinical
trials.

New agonists with charged residues and aro-
matic moieties provided the most promising
agonists, while non-peptide-derived candidates
allowed for more selective ligands. Additionally,
cyclic structures should be further considered
because of the conformational preference for the
receptor’s binding site. Activation of the most
appropriate signaling pathway for the physiologic
effect should be highlighted, as biased agonists
may offer the means for avoiding unwanted
effects.

Supplementary evidence on the existence of
multiple binding sites or receptor multimers is
also needed, alongside with the receptor crystal
structures.
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Abstract

Research in nanotechnology has been slowly
expanding. It allows for expansion of work
on a molecular scale. There has been success
in targeting adipocytes, macrophages,

fibroblasts, and vascular cells, which are
related to diabetes and obesity pathophysiol-
ogy. Development in nanosensors for usage in
diabetic monitoring could provide better real-
time monitoring and early detection of pro-
gression for patients, and this technology
could help in earlier, life-saving intervention.
In conclusion, nanotechnology could lead to
the development of new treatments or novel
prevention of diabesity in the near future.

A. M. Speer · M. Choudhury (*)
Department of Pharmaceutical Sciences, School of
Pharmacy, Texas A & M University, College Station, TX,
USA
e-mail: mchoudhury@tamu.edu

# Springer Nature Switzerland AG 2020
J. Faintuch and S. Faintuch (eds.), Obesity and Diabetes, https://doi.org/10.1007/978-3-030-53370-0_70

947

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53370-0_70&domain=pdf
mailto:mchoudhury@tamu.edu
https://doi.org/10.1007/978-3-030-53370-0_70#DOI


Keywords

Diabetes · Obesity · Nanoscale · Nanosensors ·
Smart tattoos · Artificial pancreas · Lipid
nanoparticles

Introduction

Current treatments for obesity and diabetes
(diabesity) rely on lifestyle changes, surgery,
and pharmacotherapy. There is an emphasis on
diet modifications and increased exercise; yet,
few American citizens have healthy nutrition or
activity levels, with only 28% women and 20%
men eating at least five servings of fruit and
vegetables per day. Additionally, approximately
60% of adults are believed to not be engaged in
sufficient levels of physical activity to provide
health benefits. Due to low adherence to healthy
living, there is a need to search for alternative
therapy approaches to treat or prevent obesity,
diabetes, and metabolic syndrome (Carbone
et al. 2019).

Limitations of Current
Pharmacological Therapies

Pharmaceuticals on the market for obesity
treatments target weight management and pro-
gression prevention of its related diseases. These
drugs work on the central nervous system (CNS)
and gastrointestinal system (GI) to either suppress
appetite, inhibit fat absorption, or increase energy
expenditure and consist of both short-term and
long-term therapies (Sibuyi et al. 2019). How-
ever, the effectiveness of obesity pharmaceutical
treatments is questionable due to the side effects
seen in these therapies. This has resulted in
withdrawing patients from certain drugs and
removal of others from the market due to their
poor efficacy and nonspecificity. An example of
this was the use of amphetamine analogs,
sympathomimetics, and cannabinoid agents as
anti-obesity therapies, where their side effects of
cardiac valve defects, pulmonary hypertension,
stroke, addiction liability, abuse potential, and

psychotic behaviors resulted in withdrawal from
the market (Sibuyi et al. 2019; Smith et al. 2020).
Some agents used for anti-obesity purposes that
remain on the market are Orlistat, a lipase inhibi-
tor, and Liraglutide, a GLP-1 receptor agonist, as
long-term treatment options [40]. Phentermine,
diethylpropion, and benzphetamine are some
examples of obesity short-term treatments [40].
Undesirable side effects of these medications that
can lead to reduced efficacy and adherence
include oily spotting, fecal urgency, pancreatitis,
increased heart rate, fecal incontinence, insomnia,
and restlessness. The side effects of Orlistat have
caused a recommended limited use of not more
than 2 years. Another shortcoming of current anti-
obesity drugs is the failure to maintain a weight
loss of over 10% in a year, with most
FDA-approved drugs being discontinued due to
the failure for patients to lose at least 5% of their
body weight within 12 weeks of initiation of
therapy (Smith et al. 2020; Dehdari and Dehdari
2019).

Diabetes Overview

Type 2 diabetes (T2D) has a variety of oral
antidiabetic medication treatment options such
as Metformin, Glinides, α-Glucosidase inhibitors,
Thiazolidinediones, and Sulfonylureas, which
carry a risk of side effects including hypoglyce-
mia, β-cell death, pancreatitis, GI reactions, car-
diovascular effects, and central nervous system
effects (Smith et al. 2020; Vasan et al. 2018; Shi
et al. 2010). T2D treatments usually begin as a
monotherapy if nonpharmacological measures
alone fail, followed by combination therapy if
monotherapy proved to be insufficient (Veiseh
et al. 2015).

Diabetes management can be complex and
challenging. The goal of therapy is to prevent or
delay further complications because of uncon-
trolled blood sugar levels, but the medication
burden, monitoring schedules, and lifestyle
change requirements make treatment plans stren-
uous. Adherence to oral antidiabetic medications
ranges from 36% to 93% and to insulin approxi-
mately 60% (Dehdari and Dehdari 2019;
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American Diabetes Association (ADA) 2019).
Poor adherence could be contributed to many
factors such as medication cost, medication regi-
men complexity, and side effects, as seen in stud-
ies linking low treatment adherence to oral
antidiabetic medications and to the fear of side
effects and to insulin, due to the injection itself
and its storage being very difficult (Ash et al.
2019; Capoccia et al. 2016). Therefore, alterna-
tive therapies are warranted to prevent the
diabesity epidemic.

Nanotechnology Promise

Scientists and engineers of varying backgrounds
have discovered ways to manipulate materials
down to the atomic level. Since these newer
methods and technology involve working on
such a minute scale, the terms ‘nanotechnology,’
‘nanoscale,’ and ‘nanoscience’ have come into
creation. Emerging fields involving nanotechnol-
ogy hold promise of a wide range of biomedical
applications including enhancing current treat-
ment methods or creating new, more efficient
therapies for many chronic disease states includ-
ing diabetes and obesity (Sibuyi et al. 2019; Shi
et al. 2010; Veiseh et al. 2015; Ash et al. 2019;
Devadasu et al. 2013, 2017).

Pharmacological Applications

Potential nanotechnological impacts in treatments
could be to improve drug encapsulation, protect
the payload from degradation, improve solubility,
and target specific disease areas (Ash et al. 2019;
Devadasu et al. 2013, 2017). Nanodrugs and
nanotechnology developments have been used
in successful treatment and detection of chronic
diseases and conditions (Sibuyi et al. 2019; Shi
et al. 2010; Veiseh et al. 2015; Ash et al. 2019;
Devadasu et al. 2013, 2017). Fields of interest
encompass emesis, infectious diseases, autoim-
mune diseases, lipid regulation, immunosuppres-
sion, and especially cancer (Marta et al. 2016).

Nanostructured contrast agents have been used in
cases of cancer for targeted specificity and opti-
mal sensitivity for diagnosis, using imaging
techniques like optical imaging, radionuclide-
based imaging, and computer tomography or
magnetic resonance imaging (Shi et al. 2010;
Devadasu et al. 2013; Marta et al. 2016).

Cancer, diabetes, and obesity can share a few
characteristics such as hyperinsulinemia, hyper-
glycemia, inflammation, and compromised vas-
cular system angiogenesis, suggesting the
potential for nanomedicine to also work in cases
of obesity and diabetes (Cui et al. 2015). Obesity
and diabetes treatments have benefited thus far
from strategies used in cancer treatment, and so
there is promise that obesity treatments could
benefit from nano-based antiangiogenic, antineo-
plastic, and transdermal therapies that have been
originally used in cancer treatments (Sibuyi et al.
2019; Shi et al. 2010; Veiseh et al. 2015;
Devadasu et al. 2013, 2017; Cui et al. 2015;
Giovannucci et al. 2010; Lee et al. 2017; Sheng
et al. 2014).

Defining ‘Nanoscale’

The prefix ‘micro-’ originates from the Greek
word mikros meaning “small” and is valued at
10�6 m. Here, on this scale, things begin to fall
out of focus of the human eye. The diameter of a
typical bacterium can range from 10�5 m to
10�6 m, the mean width of human hair is
8 � 10�6 m, and a nucleus of a typical eukaryotic
cell is 7 � 10�6 m (Deza and Deza 2006).

The prefix ‘nano-’, from the Greek word
nannos, means “dwarf”. A nanometer is 10�9 m
and can be used to refer to the size of molecules.
The diameter of the DNA helix is 2� 10�9 m, the
diameter of known viruses range from
2 � 10�8 m and 8 � 10�7 m, and the limit of
resolution of the light microscope is 2 � 10�7 m
(Deza and Deza 2006). ‘Nano’ is used to indicate
a scale at one-billionth of the SI base units, or the
size in which nanotechnology functions, and
operates (Allhoff et al. 2010).
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Origins of Nanotechnology

One of the first traces of the concepts of nano-
technology is found in 1959 in a speech given by
American physicist Richard Feynman. He
discusses “a field, in which little has been done,
but in which an enormous amount can be done in
principle.” His talk, called “There’s Plenty of
Room at the Bottom,” introduces how it could
be possible to manipulate and control things on a
small scale or more specifically on a nanoscale.
Though not all concepts and ideas Feynman
introduced in his speech were how the nanotech-
nological field expanded, he is still considered
one of the many founders of nanotechnology
(Allhoff et al. 2010).

The actual term ‘nanotechnology’ was not first
coined, though, until 1974 by a professor of the
Tokyo University of Science named Norio
Taniguchi. Taniguchi’ s paper “On the Basic
Concept of ‘Nano-Technology’” discusses the
use of nanotechnology in semiconductor pro-
cesses such as thin film deposition and ion beam
milling (Taniguchi 1974).

Then, in 1987, American engineer K. Eric
Drexler released his book “The Engines of Crea-
tion: The Coming Era of Nanotechnology,”
where he offers an introduction to the field of
nanotechnology and where he sees the
opportunities for the field to expand (Drexler
2000) (Fig. 70.1).

Fig. 70.1 A short preview timeline of the usage and development of nanotechnology
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Nanotechnology Advances
for the Treatment of Diabetes

Polymer therapeutics, micelles, liposomes, solid
lipid nanoparticles, and nanoparticles of biode-
gradable polymers are examples of current
nanotechnology-based insulin delivery methods
that have caught many researcher’s attention as
a potential way to deliver noninvasively. There is
also promise of prolonging insulin’s duration of
effect through nano-technological methods.
Liposomal insulin has been tested in animals,
and it has been tested orally. Compared to its
free form, liposomal insulin has shown to be
more bioavailable due to protecting insulin
molecules from gastrointestinal degradation
(Devadasu et al. 2013, 2017; Cui et al. 2015;
Disanto et al. 2015; Liu et al. 2007).

Artificial Pancreas

The artificial pancreas is a closed loop delivery of
insulin intended to provide constant measures of
insulin throughout the day, triggering the release
of insulin when sensors detect high glucose
levels. This could offer a permanent solution for
T1D patients or some cases of T2D. Setbacks of
this development include the reliance on a sensor
electrode that is capable of repeatedly measuring
blood glucose along with the need to feed the
information to a computer database that can acti-
vate the insulin release at a calculated amount
based on the body’s need (Cash and Clark
2010). An alternative to an artificial pancreas
would involve prolonging the insulin delivery to
the body’s changing levels of glucose through the
development of nanodrug delivery systems.

One such system is theorized to be composed
of glucose-sensitive nanoparticles, which holds
the possibility of releasing insulin in response to
undesired high glucose levels (Rodbard 2016).
Through this controlled release provided by
nanoparticles, insulin’s action could be extended,
replacing the need for multiple injections (Cash
and Clark 2010; Rodbard 2016; Wang and Lee
2015; Chen et al. 2017; Scognamiglio 2013;
Rahiman 2012).

Biological Nanosensors and Diabetes
Monitoring

Glucose monitoring devices have been developed
through the usage of nanotechnology, which con-
sist of a detector, a transducer, and a reporter that
operate through the use of canulae or sensors
placed under the skin, which monitor glucose
multiple times throughout the day, with only
needing a single insertion (Cash and Clark 2010;
Rodbard 2016; Wang and Lee 2015; Chen et al.
2017). These devices hold the potential to provide
real-time measurements of glucose levels in the
blood or interstitial fluid, which can be more
beneficial and accurate for diabetic patients, but
there is room for improvement in the accuracy
and specificity to properly achieve real-time
detection, which can be offered through
developments with nanotechnology (Cash and
Clark 2010; Rodbard 2016; Wang and Lee
2015; Chen et al. 2017; Scognamiglio 2013;
Rahiman 2012) (Fig. 70.2).

Current sensor devices used for diabetic moni-
toring also have limitations of surface area, cata-
lytic activity, and size that can be addressed
through the usage of nanotechnology, which
could be a means to increase the surface area for
the sensors and increase the catalytic activity of

Fig. 70.2 Sensors are placed on areas of the back of the
upper arms and the abdomen. These sensors measure
interstitial glucose levels every few minutes throughout
the day, providing continuous readings

70 Nanotechnology: Can It Be a Crusader in Diabesity? 951



the electrodes. Minimally invasive real-time glu-
cose sensing electrochemical devices, intended to
be a nanoscale implant under the skin, are being
investigated [36]. Nanoparticle-based glucose
sensors use enzymes such as glucose oxidase, or
glucose binding proteins, and glucose binding
small molecules as transducers. This enables a
more convenient, precise, and rapid sensor
method desired for the real-time measurements
of glucose monitoring, by achieving larger signal
enhancements and lower detection limits
(Devadasu et al. 2017; Cao et al. 2016).

Smart Tattoos

There has also been development in using
nanofibers as a means to provide noninvasive

glucose readings in the form of smart tattoos,
which are designed as skin implants that can
provide continuous and reliable glucose monitor-
ing for diabetic patients (Meetoo et al. 2019).
Smart tattoos consist of biosensors made of
nanofibers created primarily from electrospinning
technology and alternating layer-by-layer depo-
sition technique (Sibuyi et al. 2019; Shi et al.
2010; Veiseh et al. 2015; Devadasu et al. 2013;
Cui et al. 2015; Giovannucci et al. 2010; Lee
et al. 2017; Sheng et al. 2014). Usage of the
layer-by-layer technique requires deposition of
alternating layers of positively and negatively
charged polymers, which results in a thin film
with high activity. Six biolayers often achieve a
thickness of 10 nm, implanted into the subcuta-
neous layer as seen in Fig. 70.3 (Meetoo et al.
2019).

Fig. 70.3 Smart tattoos are inserted into the subcutaneous layer for glucose monitoring
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Pancreatic Beta Cell Mass

Currently, the only way to measure β cell mass is
by excising tissue samples from patients. A new
development proposes a noninvasive method of
quantifying β cell mass loss. This could be done
by targeting β cells with superparamagnetic iron
oxide nanoparticles, developed by the attachment
of targeting moieties that can detect β cell mass
noninvasively through magnetic resonance
(Laurent et al. 2016). Using this method would
allow for better monitoring of disease progression
and can better prepare physicians for future treat-
ment plans. For example, some medications have
been known to exacerbate the death of β cells.
Having the knowledge of the extent of death as a
patient’s disease state progresses could help sig-
nal to physicians when to change or avoid certain
therapies.

Nanotechnology Targeted Treatment
for Obesity

Interventions would target the various disordered
molecules secreted or expressed by the cells that
make up white adipose tissue (WAT), namely,
adipocytes, macrophages, fibroblasts, and vascu-
lar cells. This could also potentially lead to further
insight into the pathophysiology, prevention, and
management of obesity and its comorbidities and
provide improvement of the efficacy of existing
therapies on and off the market (Sibuyi et al.
2019; Shi et al. 2010; Veiseh et al. 2015; Ash
et al. 2019; Devadasu et al. 2013, 2017).

Inorganic nanoparticles could serve as a vector
for delivery or as a treatment for obesity due to
their physicochemical properties. Examples of
inorganic nanoparticles include gold GNPs, iron
oxide, mesoporous silica (MSNs), and calcium
phosphate (Lee et al. 2017). Cerium oxide
nanoparticles have been investigated, as they are
linked to inhibiting adipogenesis through the
reduction of mRNA transcription of obesogen
genes and triglyceride accumulation. This process
is expanding on the idea that oxidative stress

contributes to the development of obesity, and
so through the approach of inhibition, weight
loss and a decrease in levels of insulin, leptin,
glucose, and triglycerides in plasma have been
demonstrated (Rocca et al. 2015).

Lipid Nanoparticles

Therapeutic characteristics are also present in
lipid nanoparticles, which are biocompatible,
form bilayers for encapsulation, and offer a
method of fusion with the cell membrane for
delivery (Zu et al. 2018). Lipid nanoparticles
also allow for improved solubility due to their
amphiphilic components. For instance, there
have been investigations in using trans-
resveratrol (R), an anti-obesity drug in develop-
ment that induces browning in WAT. Figure 70.4
shows the theoretical process of how these
nanocarriers assist in WAT browning.

Prohibitin (PHB)-targeted therapy (Veiseh
et al. 2015) employing nanoparticles is also
investigated. It is a 30-kDa protein that plays
roles in cell proliferation, endothelial reticulum
(ER) stress, transcription, apoptosis, and tumor
suppression and is expressed in various
compartments of the cell such as the
mitochondria, nucleus, ER, the Golgi complex,
and plasma membrane. PHB has been found in
several reports to be overexpressed in obesity,
cancer, and even in diabetes, suggesting a pleio-
tropic effector role in immunometabolism for
these conditions (Cao et al. 2016).

Conclusion

In conclusion, nanotechnology provides
healthcare professionals with the opportunity to
provide a higher level of patient care by providing
a wider range of treatment options that would
resolve issues such as compliance. There is also
a significant chance to halt progression of
comorbidities seen with obesity and diabetes, as
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many researchers are looking to develop early
detection techniques for these double epidemics .
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Abstract

The advent of surgical interventions in the
1950s to mechanically (and nonmechanically)
prevent and treat obesity was received by cer-
tain health care professionals with shock,
looking risky and disproportionate for an
imbalance between calorie intake and expen-

diture. Newer anti-obesity devices run the
gamut from merely curious to relative aggres-
sive, sometimes reenacting a similar degree of
surprise and disbelief. Nevertheless, they are
not mere curiosities or experimental musings,
but actual therapies are available for selected
candidates. This chapter reviews a current
sample of oral, intragastric, intrajejunal, and
swallowable products, with the corresponding
usage and contraindications.
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Introduction

Anti-obesity devices seem to be as novel as the
obesity epidemic itself, with a history of
commercialized products spanning a couple of
decades at most. Indeed, those in current use are
mostly recent, given the shortcomings of histori-
cal models. Nevertheless, mechanical attempts to
reverse overweight and obesity, or more precisely
the ideas leading to the mental framework about
how to accomplish it, have a long past.

Dental Wiring and Oral Intake
Restriction

Few treatments seem as outlandish, or even cruel,
as mechanical closing the mouth, in order to
diminish food intake. No appliance ever became
popular. In turn, the procedure was never entirely
abominated. As officially approved devices or
techniques are lacking, application is customized
on a case-by-case basis. Yet, since the 1970s,
reports keep appearing in the literature, even if
in small numbers (Rodgers et al. 1977;
Al-Dhubhani and Al-Tarawneh 2015).

Over 2400 years ago, Hippocrates already
recommended jaw immobilization with gold
wire (Ebooks 2019), although the indication was
trauma, not adiposity. Only with the advent of
modern orthodontics in the 1970s, based on
brackets glued to the dental surface, easily and
painlessly manipulated with elastic bands and
other materials, were dentists attracted to the
new possibility.

Candidates are morbidly obese subjects refrac-
tory to medical therapy, with concomitant surgi-
cal contraindications, or who abhor invasive
operative or endoscopic interventions, yet are
still willing to undergo much annoyance in order
to improve body composition. Inconvenient the
treatment unquestionably is, as it interferes not
only with mastication but also with speech, jaw
mobility, dental cleaning, and social life. More-
over eventual vomiting becomes risky and could
lead to potentially fatal lung aspiration, even

though no such cases have been registered so far
(Al-Dhubhani and Al-Tarawneh 2015).

Regular visits to the dentist are mandatory, not
only to prevent tooth and gum complications but
also to unwire the brackets every 30 days and
exercise the temporomandibular joints for a cou-
ple of days. And yes, the treatment cannot be
indefinitely extended, with typical duration
being around 6 months. Still, weight loss has
been described as comparable to standard bariat-
ric procedures, something potentially able to
jumpstart more durable dieting and lifestyle
changes (Rodgers et al. 1977; Al-Dhubhani and
Al-Tarawneh 2015).

SMARTByte Palate Prosthesis Device

SMARTByte system (Sensor Monitored Alimen-
tary Restriction Therapy) does not lock the teeth
or close the mouth; however, its flattened palate
cushion diminishes the volume of the oral cavity,
so that smaller bites occur. The trick is accom-
plished by means of an intraoral tool, custom
made to precisely fit the palate anatomy of the
patient, so that it snuggly stays in place. It does
not move nor is it swallowed, something that
could otherwise precipitate choking. It is
introduced and positioned by the patient himself
or herself during mealtime, three times a day,
being removed afterward. An embedded sensor
documents compliance.

A pilot study with 76 adults, suffering from
overweight or Class I obesity, was conducted
during 16 weeks. Video lifestyle instruction was
simultaneously provided. The protocol required
at least 7 times/week use of the SmartByte, which
would represent an average of one meal/day or
more. At the end of the study, those who followed
the protocol achieved 2.9% weight loss,
contrasting with 1.5% reduction in noncompliers.
One palate abrasion and two tongue lacerations
were registered; however, they spontaneously
resolved. The authors highlight that more fre-
quent use than the minimum recommendation
could be associated with 4% and even 5% weight
reduction within a relatively short period, involv-
ing little risk (Ryan et al. 2017).

960 J. Faintuch and S. Faintuch



Intragastric Balloon

A well-established option for kick-starting weight
loss, combined with lifestyle reeducation, or as
preparation for future bariatric procedures in the
high-risk super-super-obese, and its rationale are
not as recent as usually believed. In the 1930s,
gastrointestinal surgery was still infrequent and
dangerous, as anesthesia, fluid and blood replace-
ment as well as antimicrobials was rather primi-
tive. Yet, emergencies such as gastrointestinal
obstructions were already dealt with. Some
surgeons were particularly impressed by gastric
bezoars, rare and unexpected concretions formed
by large amounts of swallowed hair or other
nondigestible materials, often in compulsive
patients with behavior disorders.

Such partially floating balls could become big
enough, to intermittently impair food passage
through the antrum and pylorus. Even if gastric
obstruction was incomplete, vomiting, appetite
reduction, and weight loss were prominent, as
emphasized in surgical reports (DeBakey and
Ochsner 1938). It was no coincidence that in the
early 1980s, an “artificial bezoar” was nominally
proposed for the handling of obesity (Nieben and
Harboe 1982).

Of course, more than three decades later,
materials, models, indications, and endoscopic
introduction techniques are conspicuously more
advanced. Currently available products are usu-
ally represented by a silicone 500 ml bag, which
is endoscopically filled with saline after position-
ing, by means of a valve. A swallowable type also
exists (Mion et al. 2013).

The swallowable device is smaller (250 ml),
and covered with gelatin, for easier ingestion. It
includes a thin catheter connecting the gelatin
capsule to the exterior, for subsequent injection
of gas. After gastric positioning is fluoroscopi-
cally confirmed, the balloon is insufflated with a
special nitrogen gas mixture and the catheter is
detached and removed, leaving the free-floating
device in the stomach. Additional balloons (up to
a total of three, amounting to 750 ml) can be
swallowed in subsequent weeks, if weight loss
is insufficient.

Another modality is the transpyloric shuttle
device (Baronova 2019). Also much smaller
than conventional gastric balloons, its main dif-
ference is a transpyloric extension till the first part
of the duodenum. The purpose of this “tail” is to
keep the balloon anchored in the prepyloric
region, where it works as an intermittent embolus,
blocking chyme passage into the intestine.

A controlled trial with 302 participants
indicated substantially higher weight loss than in
the sham control group, with good tolerance of
the device. Of those who carried the shuttle, 66%
achieved loss of 5% body weight or more (total
reduction 9.3%), contrasting with just 30%
exhibiting over 5% reduction among controls
(total weight shift 2.8%). The product has an
FDA initial approval.

Gastric balloons are temporary aids, as many
other devices. After 6 or 12 months, depending on
the model, they are removed. Their purpose is not
to be a standalone therapy. Lifestyle interventions
are mandatory, so that after loss of weight is
jumpstarted, the patient will presumably comply
with recommendations, adhering to a healthy diet
and exercise.

Gastric Aspiration

Gastrointestinal fluid losses, as nowadays
induced by gastric aspiration devices for weight-
loss purposes, have a remote indirect early his-
tory. Sushruta, the author of a treatise on general
and plastic surgery, lived in India around
600 BCE or 150 years before Hippocrates. He
already reported some features of external gastro-
intestinal fistulas, indicating how important it was
to repair the wound, with the help of suture
materials such as tendon, hair, and silk (Saraf
and Parihar 2006).

Of course, unplanned, spontaneous fistulas
carry heavy morbidity and mortality, on account
of unbridled dehydration, electrolyte imbalance,
sepsis, tissue destruction, and malnutrition. Spe-
cifically, gastric fistulas are burdened by hypoka-
lemic metabolic alkalosis, a condition that can
lead to reduced muscle strength and nonperiodic
paralysis, not unlike severe bulimia (Sung et al.
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2015). The modern anti-obesity device bypasses
those pitfalls by means of clean, aseptic, and
titrated drainage of gastric juice, through an endo-
scopically introduced tube, connected to the
abdominal wall.

Tube positioning is reminiscent of percutane-
ous endoscopic gastrostomy (PEG) placement.
Indeed, a PEG tube could be used as well,
although the purpose-built device is more effi-
cient. Comparison of tube opening with bulimic
episodes, during which certain patients forcefully

eject their recent dietary intake by vomiting, is
inevitable. However, these maneuvers are not
associated with shame and guilt, analogous to
other disordered eating behaviors, as they are
medically directed and supervised.

The tube is conventionally opened three times
a day, 20–30 min after meals, allowing food and
fluid loss for about 10–15 min. The target is to
remove 30% of ingested calories, thus inducing
up to 20% BMI reduction in 12 months
(Figs. 71.1, 71.2).

Fig. 71.1 Anatomic outline of the gastric drainage device. The tube can be accessed through an abdominal button, not
unlike a percutaneous endoscopic gastrostomy (PEG). Reproduced by permission from Aspire Bariatrics.com

Fig. 71.2 The drainage reservoir is periodically connected to the intragastric tube, for postcibal partial evacuation of
ingested foodstuffs. Reproduced by permission from Aspire Bariatrics.com
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A 4-year trial has indicated safe and sustained
weight loss for class II and III obesity patients
(above 35.0 and 40.0 kg/m2, respectively). There
was no mortality, serious metabolic and electro-
lyte disorders did not occur, and tube removals as
well as other complications were similarly
uncommon (Thompson et al., 2019).

Nonsurgical Bypass of the Upper Gut

Operative jejunoileal bypass for obesity manage-
ment was introduced by Payne and DeWind, in
1969. The roots of the malabsorptive procedure
are more ancient, partly stemming from inadver-
tent gastroileal anastomosis in the management of
peptic ulcers. As originally reported by Martin
and Carroll in 1915 (Anonymous 1951), in the
trying times of abdominal surgery in the early
twentieth century, occasional surgeons catastro-
phically reconstructed the gastrointestinal conti-
nuity after Billroth II gastrectomy, using the
terminal ileum instead of the first loop of jejunum.
As both extremities of the small bowel are fixed,
one to the colon, and the other by the ligament of
Treitz, in a haste, an inexperienced surgeon can
pull one instead of the other.

Such accident was followed by severe fecal
loss of undigested food directly from the stomach,
resulting in extreme undernutrition, requiring sur-
gical correction. The Payne procedure was less
radical, leaving 12 inches of functional ileum for
a more reasonable degree of absorption. Still, the
operation was virtually abandoned in the 1980s,
in favor of similarly effective and better tolerated
stomach-reducing alternatives.

An even more attenuated and safer alternative
has now been devised, namely, the endoscopic
temporary liner. The duodenojejunal bypass liner,
as it is usually designated, is an impermeable,
light and flexible plastic sleeve, endoscopically
introduced via the stomach, so as to isolate food
content from the surrounding mucosa. Digestion
and absorption are consequently halted, until
resumption some time later. Anchored at the
pylorus by tiny hooks, and with a total length of
60 cm, it excludes the entire duodenum (roughly
30 cm), plus a couple of loops of upper jejunum.

This provides a noninvasive gastrojejunal
bypass, less aggressive than the alluded to inad-
vertent gastroileostomy. Standard implant dura-
tion is 12 months. Multicenter trials have pointed
out not uncommon adverse effects, including
hepatic abscess, eventually leading to early
removal. Yet, results are encouraging, with sig-
nificant weight loss and reduction of insulin con-
sumption (Betzel et al. 2019). Weight loss is
partially maintained 2 years after barrier explana-
tion, however, not after 4 years (Betzel et al.
2019; van Rijn et al. 2019).

Plenity Capsule

A magic pill, which instantly fills the stomach
with gases or liquids at mealtime and inhibits
food ingestion, was probably one of the wildest
dreams of early anti-obesity pioneers. Indeed,
when one drinks highly carbonated sodas, and
these have been in the market for a long time,
the abdomen sometimes fills up to the point of
discomfort. It is attributed to Joseph Priestley
(1733–1804), the discoverer of oxygen, also the
infusion of carbon dioxide from a beer vat into a
bowl of water, thus generating a bubbly water
drink. However, even in modern, highly
carbonated soda, the impact on consumers is typ-
ically short lived, as it all vanishes with eructation
and elimination of the fizz.

Plenity (Gelesis 2019) survives longer than an
instant and represents more than hot air. This
hydrophilic matrix of cross-linked cellulose and
citric acid absorbs water in the stomach,
converting into multiple tiny fragments of space-
occupying gel, which generates satiety and
inhibits food ingestion. After intestinal migration,
it is partially digested and the remainder is
eliminated, with virtually no systemic impact on
the host, except for the intended one of appetite
restriction and weight loss. In a randomized
24-week trial (GLOW protocol), 59% of the
patients achieved weight loss of �5%, with toler-
ance comparable to placebo (Greenway et al.
2019). Prediabetics and drug-naive type
2 diabetics were even more benefited, with a six
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times higher chance of responding with �10%
weight loss.

Within such circumstances, Plenity is consid-
ered a device, not a drug, being theoretically
exempt from the safety constrains of a pharmaco-
logic agent. The FDA (USA) has approved it for
overweight and obese adults with a BMI of
25–40 kg/m2, in conjunction with diet and exer-
cise. This is a first for the overweight population,
as most devices are recommended for the higher
strata of adiposity.

Final Considerations

Ingenuity has always been considered a virtue in
medicine and even more so in surgical specialties.
Especially at times of epidemics, wars, and other
calamities, inventiveness has been a major route
to make do in face of shortages and lack of
resources. Nevertheless, it comes handy on a
daily basis to every professional, even with the
risk of being considered insane on account of his
or her bold steps. Endoscopy provides stark
examples. An important advance toward modern
techniques occurred in 1868, when Adolph
Kussmaul (1822–1902) used the abilities of a
sword swallower to test and improve the appara-
tus he had developed, for in vivo viewing of the
esophagus and stomach.

His highly successful career was enhanced,
different from the earlier pioneer Philipp Bozzini
(1773–1809), who created the Lichtleiter (light
conductor), a smaller device that could be used
for not so deep, however, still useful and effective
endoscopic exploration, of such diverse sites as
the upper and lower digestive system, nose, and
ears, as well as urinary and genital tracts. He
dedicated his life to the improvement of the
instrument, aiming at its recognition and adoption
by Austrian military hospitals. Due to intrigues,
this never occurred. He died in poverty, and his
three children were given over to friends.

Obesity and diabetes are not the only
challenges in a world dilacerated by medical and
social conflicts and inequalities. Yet, a dose of
therapeutic ingenuity would be welcome, given
the estimate that as little as 2% of obese patients

are currently being managed by officially man-
dated lifestyle, pharmacologic or surgical
interventions, and not more than 0.1% by avail-
able endoscopic alternatives (Kahan 2018).

References

Al-Dhubhani MK, Al-Tarawneh AM (2015) The role of
dentistry in treatment of obesity – review. Saudi J
Dental Res 6(2):152–156

Anonymous (1951) Surgical error of gastroileostomy. US
Navy Medical News Lett 18(4):8–10

Baronova. https://baronova.com. Accessed on November
3, 2019

Betzel B, Cooiman MI, Aarts EO, Janssen IMC, Wahab
PJ, Groenen MJM, Drenth JPH, Berends FJ. Clinical
follow-up on weight loss, glycemic control, and safety
aspects of 24 months of duodenal-jejunal bypass liner
implantation. Surg Endosc 2019 Mar 14

DeBakey M, Ochsner A (1938) Bezoars and concretions.
A comprehensive review of the literature with an anal-
ysis of 303 collected cases and a presentation of 8 addi-
tional cases. Surgery 4:934–963

Ebooks. http://ebooks.adelaide.edu.au/h/hippocrates/artic
ulation/complete.html. Accessed on November 3, 2019

Gelesis. www.gelesis.com. Accessed on November
3, 2019

Greenway FL, Aronne LJ, Raben A, Astrup A, Apovian
CM, Hill JO, Kaplan LM, Fujioka K, Matejkova E,
Svacina S, Luzi L, Gnessi L, Navas-Carretero S,
Alfredo Martinez J, Still CD, Sannino A, Saponaro C,
Demitri C, Urban LE, Leider H, Chiquette E, Ron ES,
Zohar Y, Heshmati HM (2019) A randomized, double-
blind, placebo-controlled study of gelesis100: a novel
nonsystemic oral hydrogel for weight loss. Obesity
(Silver Spring) 27(2):205–216

Kahan S (2018) Practical strategies for engaging
individuals with obesity in primary care. Mayo Clin
Proc 93:351–359

Mion F, Ibrahim M, Marjoux S, Ponchon T, Dugardeyn S,
Roman S, Deviere J (2013) Swallowable Obalon®
gastric balloons as an aid for weight loss: a pilot
feasibility study. Obes Surg 23(5):730–733

Nieben OG, Harboe H (1982) Intragastric balloon as an
artificial bezoar for treatment of obesity. Lancet 319
(8265):198–199

Rodgers S, Burnet R, Goss A, Phillips P, Goldney R,
Kimber C, Thomas D, Harding P, Wise P (1977) Jaw
wiring in treatment of obesity. Lancet 1
(8024):1221–1222

Ryan DH, Parkin CG, Longley W, Dixon J, Apovian C,
Bode B (2017) Efficacy and safety of an oral device to
reduce food intake and promote weight loss. Obes Sci
Pract 4(1):52–61

Saraf S, Parihar R (2006) Sushruta: The first Plastic Sur-
geon in 600 B.C. Internet J Plastic Surg 4(2):8232

964 J. Faintuch and S. Faintuch

https://baronova.com
http://ebooks.adelaide.edu.au/h/hippocrates/articulation/complete.html
http://ebooks.adelaide.edu.au/h/hippocrates/articulation/complete.html
http://www.gelesis.com


Sung CC, Cheng CJ, Chiang WF, Chau T, Hsu YJ, Yang
SS, Lin SH (2015) Etiologic and therapeutic analysis in
patients with hypokalemic nonperiodic paralysis. Am J
Med 128(3):289–296

Thompson CC, Abu Dayyeh BK, Kushnir V, Kushner RF,
Jirapinyo P, Schorr AB, Aronne LJ, Amaro A, Jaffe
DL, Schulman AR, Early D, Stein AC, Sharaiha R,
Edmundowicz SA, Bohning JM, Jensen MD, Shukla
AP, Apovian C, Kim DW, Tran D, Zarrinpar A, Ryan

MB, Young M, Lowe A, Haas M, Goldsmith H,
McCrea J, Sullivan S (2019 Aug) Aspiration therapy
for the treatment of obesity: 4-year results of a multi-
center randomized controlled trial. Surg Obes Relat
Dis 15(8):1348–1354

van Rijn S, Roebroek YGM, de Jonge C, Greve JWM,
Bouvy ND (2019) Effect of the EndoBarrier device: a
4-year follow-up of a multicenter randomized clinical
trial. Obes Surg 29(4):1117–1121

71 Old and New Anti-obesity Devices for Medical, Surgical, and Endoscopical Use 965



Electroceutical Approaches
for Gastroparesis 72
Niranchan Paskaranandavadivel, Recep Avci,
Nipuni Nagahawatte, Aydin Farajidavar, and Leo K. Cheng

Contents

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 968

Electrophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 968
ICC Regulation of Slow Waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 968
Measurement of Slow Waves In Vivo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 969

Gastroparesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 970
Diagnostic Scintigraphy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 970
Pathophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 972
Differential Diagnosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 972

Low-frequency Pacing and High-Frequency Stimulation . . . . . . . . . . . . . . . . . . . . . . . . . . 973
Pacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 973
Gastric Pacing for Obesity Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 975
High Frequency Stimulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 976
Human Trials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 976
Clinical Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 977

Future Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 978

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 978

N. Paskaranandavadivel (*) · R. Avci · N. Nagahawatte
Auckland Bioengineering Institute, University of
Auckland, Auckland, New Zealand
e-mail: nira.pask@auckland.ac.nz

A. Farajidavar
Department of Electrical and Computer Engineering,
New York Institute of Technology, New York, USA

L. K. Cheng
Auckland Bioengineering Institute, University of
Auckland, Auckland, New Zealand

Department of Surgery, Vanderbilt University, Nashville,
TN, USA

# Springer Nature Switzerland AG 2020
J. Faintuch and S. Faintuch (eds.), Obesity and Diabetes, https://doi.org/10.1007/978-3-030-53370-0_72

967

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53370-0_72&domain=pdf
mailto:nira.pask@auckland.ac.nz
https://doi.org/10.1007/978-3-030-53370-0_72#DOI


Abstract

Gastroparesis is a symptomatic chronic clini-
cal syndrome where there is delayed emptying
of the stomach in the absence of mechanical
obstruction. Typical symptoms of
gastroparesis include early satiety, nausea and
vomiting and it severely affects nutritional
intake. For patients with diabetes, glycaemic
control will be negatively impacted, with pos-
sible secondary effects on other organs that
affect mortality rate. Conventional drug treat-
ment and nutritional support fail some patients
and new therapy options are required. High-
frequency electrical stimulation is a treatment
strategy that is employed in severe cases of
gastroparesis. In this chapter, an overview of
the electrophysiological slow waves is given,
followed by emerging trends in novel electri-
cal stimulation therapies in the stomach, with
an emphasis on gastroparesis.

Keywords

Diabetic gastroparesis · Obesity control ·
Gastric pacing · Gastric slow waves · Low
frequency stimulation · High frequency
stimulation

Introduction

Electroceuticals are an all-encompassing term
coined for bio-electrical medicine to influence
and modify biological and physiological function.
The use of exogenous electrical impulses is a type
of electroceutical and has been extensively used
in clinical electrocardiology, neurology and pain
management to offer significant therapeutic
benefit to patients with disordered electrical
rhythms, such as atrial fibrillation and epilepsy
(Cingolani et al. 2018; Frequin et al. 2020; Merin
et al. 2009; Moreno-Duarte et al. 2014). Cardiac
pacing has been used to treat arrhythmias in the
heart, where the rhythm of the heart is fast, slow
or irregular (Abrich et al. 2020; Dallaglio et al.
2020). Also, cardiac defibrillators are common in
public places, which use high-energy impulses to

restore the natural rhythm of the heart. More
recently, electroceuticals have been used to alle-
viate or minimise chronic ailments (such as failed
back surgery syndrome (Reverberi et al. 2013)),
where previously pharmaceuticals were the pri-
mary treatment strategy. Furthermore, technolog-
ical advances in real-time monitoring and
miniaturisation of electrodes for brain surgery
have advanced deep brain stimulation to be a
viable treatment option for Parkinson’s disease,
epilepsy and tremors (Frequin et al. 2020). Stud-
ies have shown that implantable electroceutical
devices both extend people lives and improve
their quality of life (Marini et al. 2019; Merin
et al. 2009).

The concept of applying electroceuticals to the
stomach has been investigated by many
researchers (Familoni et al. 1997b; Kelly and La
Force 1972; O’Grady et al. 2010b). However, to
date, its clinical use has been limited to a number
of specialised centres (Abell et al. 2003, 2011;
McCallum et al. 2011). For other regions of the
gut, there is increasing use, such as stimulation of
sacral nerves to control urinary and faecal incon-
tinence (Rosen et al. 2001; Yamanishi et al.
2008), and stimulation of the lower oesophageal
sphincter to increase resting lower oesophageal
sphincter pressure to treat reflux disease (Soffer
and Kim 2016). In this chapter, we will focus on
the use of electrical stimulation targeted for func-
tional gastric motility disorders such as
gastroparesis, where there is an increasing level
of research and clinical evidence to suggest that
electroceuticals could provide therapeutic benefit.
We will first introduce the gastric slow wave
electrophysiological mechanisms and two types
of gastric electroceutical approaches that have
been used to alleviate symptoms and/or treat a
gastric motility and emptying disorder known as
gastroparesis.

Electrophysiology

ICC Regulation of Slow Waves

Gastric contractions are coordinated in part by
bio-electrical slow waves (Huizinga and
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Lammers 2009). Slow waves are generated and
propagated through a network of interstitial cells
of Cajal (ICC) present in the gastric musculature
(Huizinga et al. 1995). A schematic architecture
of the ICC networks and smooth muscles is
shown in Fig. 72.1a. The ICC in the myenteric
plexus (ICC-MY) is responsible for generating
the slow wave action potential, which then pas-
sively conducts to the smooth muscle to induce
slow wave tissue depolarisation (Farrugia 1999;
Hirst and Edwards 2006). Intra-muscular ICC
(ICC-IM), another class of ICC, lies within the
circular muscle and is responsible for augmenting
the action potential generated by ICC-MY to
cause the L-type calcium channels in smooth
muscles to open for induction of muscular con-
traction (Hirst 2001; Hirst and Edwards 2006).
Figure 72.1b shows the time course of represen-
tative slow wave action potentials generated in
the ICC-MY, which are then transduced to the
neighbouring circular smooth muscles. However,

as there is a decreasing intrinsic frequency across
the stomach, the ICC with the highest frequency
entrains the whole network (Hinder and Kelly
1977; Hirst and Edwards 2006).

Measurement of Slow Waves In Vivo

In vitro studies are attractive to investigate the
cellular and ionic mechanisms and dynamics of
slow wave action potential. However, findings
from studies using excised tissue blocks are
inherently different from in vivo whole organ
studies due to the loss of communication in the
enteric neural system and loss of intrinsic entrain-
ment mechanism from neighbouring ICC, which
are critical for normal function (Diamant and
Bortoff 1969; Hinder and Kelly 1977; O’Grady
et al. 2012b; Xue et al. 1995). Therefore, to get a
physiologically realistic understanding of
bio-electrical slow wave activity during normal

Fig. 72.1 Slow wave initiation in ICC and conduction
pathway to smooth muscles. (a) Schematic of ICC and
gastrointestinal smooth muscle architecture. ICC generates
and propagates slow wave activity, which depolarises to
the smooth muscles and initiates muscular contraction

through Ca2+ channels in smooth muscles. (b) Shows a
representative intracellular trace from ICC-MY and circu-
lar smooth muscle illustrating the action potential dynam-
ics. Adapted from Hirst (2001) and Hirst and Edwards
(2006)
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and abnormal function of the gut, organ level
in vivo studies are required.

Traditionally, sparse recording sites were
utilised in vivo to understand electrophysiological
gastric slow wave activity, but they lacked spatio-
temporal detail (O’Grady et al. 2018). Lammers
et al. translated high-resolution (HR) mapping
from the cardiac field to the gastrointestinal field
(Lammers et al. 1993, 1996) and similar
techniques were later adapted for use in human
studies (Berry et al. 2016; O’Grady et al. 2010a).
The application of HR mapping techniques in
diseased cases, such as gastroparesis and chronic
unexplained nausea and vomiting, has offered
new insight into the dynamics of dysrhythmic
slow wave propagation (See ‘Gastroparesis’ sec-
tion for more details) (Angeli et al. 2015;
O’Grady et al. 2012a).

With sparse recordings, typically 4 to 8 elec-
trode sites are placed 1–3 cm apart either longitu-
dinally or circumferentially (Alvarez and
Mahoney 1922; Kelly et al. 1969), while with
HR mapping, electrodes are densely spaced in a
2D configuration with inter-electrode distances of
1 to 7 mm. HR mapping allows for detailed track-
ing of spatial dynamics and these studies have
provided a detailed understanding of the critical
role that spatio-temporal slow wave dynamics
play in health and disease (Lammers et al. 1993;
O’Grady et al. 2018).

In the normal human stomach, the normal slow
wave frequency is around 3 cycles per minute
(cpm) and there are 3 or more concurrent
wavefronts present at any one time (O’Grady
et al. 2010a). The slow waves initiate in the
mid- to upper-corpus region of the stomach on
the greater curvature and propagates rapidly
towards the lesser curvature and distally towards
the antrum, in a ring formation (Kelly and Code
1971; Lammers et al. 2009; O’Grady et al.
2010a). Figure 72.2a shows an experimental
recording of a slow wave propagation profile
from a human stomach. The slow waves originate
in the mid-upper corpus region of the stomach,
where the signals are of a higher amplitude with
faster propagation primarily in the circumferential
direction (~0.6 mV, 8 mm/s). When the slow
wave activity traverses the corpus-antrum border,

there is an increase in slow wave amplitude and
velocity as the propagation terminates at the pylo-
rus (Berry et al. 2016) (Fig. 72.2b). This increase
in slow wave activity is hypothesised to correlate
with terminal antral contractions that aid in
retropulsion of the food and allow recirculation
and trituration (Berry et al. 2016).

Gastroparesis

Gastroparesis is defined as delayed gastric emp-
tying in the absence of mechanical obstruction
(Camilleri et al. 2013). Gastroparesis has a preva-
lence of 24.2 per 100,000 inhabitants and an
incidence of 6.3 per 100,000 persons per year
(Bharucha 2015; Rey et al. 2012). However, not
everyone in the population undergoes a gastric
emptying test, and regression models estimate
the prevalence of gastroparesis at 1.8% of the
population (Rey et al. 2012). The aetiology of
gastroparesis is varied with around 36% of
patients having an unidentified cause or idio-
pathic gastroparesis (Camilleri et al. 2013). Dia-
betes is the main cause and accounts for 29% of
patients, followed by post-surgical causes, which
account for 13% of patients (Camilleri et al.
2013). Other disorders such as Parkinson’s, con-
nective tissue disease and enteroviruses have also
been identified as causes for gastroparesis
(Camilleri 2007).

Diagnostic Scintigraphy

The conventional test for gastroparesis diagnosis
is gastric emptying scintigraphy of a solid-phase
meal (Camilleri et al. 2013). Diagnosis is con-
firmed if more than 10% of the meal remains in
the stomach after 4 h, along with presentation of
typical gastroparesis symptoms (Abell et al. 2008;
Guo et al. 2001). The symptoms are multifactorial
and include early satiety, post-prandial fullness,
vomiting, nausea and epigastric and/or abdominal
pain (Rey et al. 2012). It has a deleterious effect
on acquiring adequate nutrition and impacts
glycaemic control. It can induce secondary effects
on other organs that reduce the quality of life and
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Fig. 72.2 Normal human gastric slow wave activity. (a)
Shows an experimental recording of the slow wave con-
duction from the corpus to the antrum. The activation map
is illustrated as an isochronal map, where the pacemaker
initiates in the greater curvature of the mid-upper corpus
and propagates towards the antrum. As the slow waves

travel through the corpus and antrum border, the slow
wave travels rapidly with increased amplitude. (b) Shows
the recorded slow wave signals from the antrum, where the
amplitude of slow waves is increasing from e1 to e7. The
blue cross denotes the activation of the slow wave event
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increase mortality in severe cases (Camilleri et al.
2013). The symptoms of gastroparesis overlap
with other disorders such as functional dyspepsia
and gastro-oesophageal reflux disease, making
treatment stratification difficult for these patient
groups.

Pathophysiology

The common denominator for gastroparesis is the
loss and degradation of ICC (Farrugia 2008;
Grover et al. 2011). Compared to control subjects,
a study found significantly reduced levels of ICC
in gastroparetic patients (Fig. 72.3a). Further-
more, HR mapping studies performed in patients
with gastroparesis have revealed that these
patients have abnormal patterns of slow wave
propagation (O’Grady et al. 2012a). An example
is shown in Fig. 72.3b, where in a gastroparetic
patient, the slow wave ectopically activated in the
distal corpus, propagating towards the proximal
corpus, thus generating competing pacemakers.
An important observation, however, was that
despite the presence of abnormal patterns of acti-
vation, the frequency of slow wave was in the
normal range of 3 cpm. Therefore, the use of

spatio-temporal mapping and development of
efficient analytical frameworks are pertinent to
developing a better understanding of functional
gastric disorders (Lammers et al. 1993;
Paskaranandavadivel et al. 2017).

Differential Diagnosis

Similar patterns of dysrhythmic slow wave activ-
ity were also present in patients diagnosed with
chronic unexplained nausea and vomiting
(CUNV). CUNV patients suffer from the same
symptoms as gastroparesis patients, but they have
adequate gastric emptying, with less than 10% of
food retained after 4 h. In these patients, a moder-
ate ICC loss was observed (i.e. they had less ICC
numbers than control subjects, but more than
gastroparesis patients) (Angeli et al. 2015).

The ability to accurately quantify the structure
of ICC networks has the potential to provide
improved pathophysiological understanding
(Krohn et al. 2017). Currently, histopathological
classification and analysis of gastrointestinal tis-
sue biopsies involve manual visual assessment of
small tissues samples. This process is subjective
and prone to bias (Grover et al. 2012; Knowles

Fig. 72.3 (a) ICC count for gastroparetic patients and
control subjects. (b) HR slow wave mapping in a
gastroparetic patient. The placement of the HR electrode
array on the distal stomach is shown in (b—i). A typical

pattern of normal propagation is shown in (b—ii), and two
examples of ectopic slow wave conduction were also
recorded (b—iii). Reproduced from O’Grady et al.
(2012a)
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et al. 2011). For example, as shown in Fig. 72.3a,
in some control and gastroparesis subjects, 3–4
ICC bodies/field were observed, leading to
uncertainties in classification when an intermedi-
ate level of ICC numbers was observed. More
sophisticated techniques have been proposed
where the spatial properties of the ICC networks
are quantified by analysing the structure of the
ICC network (Gao et al. 2013). Numerical metrics
(e.g. ICC density, process thickness, whole size,
etc.) were able to effectively differentiate between
wild-type and 5-HT2B serotonin receptor knock-
out jejunal tissue samples that had compromised
ICC networks. In addition, the functional
properties of the ICC networks can also be
quantified using biophysical simulations, to help
distinguish between normal and ICC depleted
tissue samples (Krohn et al. 2017; Sathar et al.
2015).

Management of gastroparesis begins by restor-
ing hydration and nutrition, followed by
prokinetics pain relief (Camilleri et al. 2013). It
has been reported that around 30% of patients
with gastroparesis will fail conservative pharma-
ceutical therapy. High-frequency gastric electrical
stimulation, marketed as Enterra Therapy by
Medtronic (Minneapolis, MN, USA), is another
option which could be undertaken if patients have
failed conservative treatment (Abell et al. 2002).
Enterra Therapy was approved by the Food and
Drug Administration (FDA) in 2000 as a human-
itarian device exemption (HDE).

Low-frequency Pacing
and High-Frequency Stimulation

There are two main classifications of
electroceuticals in the stomach: (i) low-frequency
(LF) pacing and (ii) high-frequency
(HF) stimulation. With LF pacing, the frequency
of the delivered impulses is typically within the
physiological ranges of slow wave activity (gen-
erally on the order of 2–12 cpm), while with HF
stimulation, the delivered impulses are signifi-
cantly higher than the native slow wave fre-
quency range. It is thought that HF stimulation
affects the neural afferents in the vagus nerve,

while LF pacing modulates the slow wave
activity.

The impulse properties that could be applied
are generally in three types of waveforms
(i) monophasic, (ii) biphasic and (iii) modulated
(Fig. 72.4). Monophasic and biphasic waveforms
are typically used for pacing, while modulated
monophasic impulses are used for HF stimula-
tion. LF pacing can be classified as high-energy
stimulation and HF stimulation as low-energy
stimulation based primarily on the amplitude
and width of the applied impulse.

Pacing

An overview of gastric pacing is given followed
by recent advancements in HR mapping and
closed loop systems, which are allowing renewed
interest in the field.

In the early 1970s, gastric electrical stimula-
tion studies were conducted in animals, where
Kelly et al. were able to pace slow waves from
4.2 to 8 cpm and reverse spontaneous
dysrhythmias (Kelly and La Force 1972;
Kuramoto et al. 1979; Yamashita 1980). Canine
trials may have shown increased emptying rates
with pacing (Bellahsène et al. 1992), but when
pacing was applied in human trials, it entrained
slow waves but did not affect gastric emptying
rates (Hocking et al. 1992). Early animal studies
also showed that the antrum could be paced at
higher frequencies than proximal regions of the
stomach (Kelly 1974) and is likely due to a con-
sequence of the intrinsic slow wave frequency
gradient across the stomach. Gastric pacing is
also likely to affect other gastrointestinal control
mechanisms, rather than just myogenic. A canine
study showed that long pulses reduced the fundic
tone and increased the gastric volume with pacing
protocols (Xing and Chen 2006).

A variety of pacing parameters have been
applied to control gastric slow wave in animals
and humans, as shown in Table 72.1. The seminal
study by Kelly et al. applied a range of pulse
widths and impulse frequencies from 2 to
12 cpm. They suggested that a pulse width of
500 ms at 4 mA was able to entrain slow wave
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from a range of 4–8 cpm (Kelly and La Force
1972). Furthermore, they reported that a period of
pacing interval shorter than 7.5 s (8 cpm) was
unstable as it would initiate during the refractory
period of slow waves. Consequent studies also
varied the parameters but have found that slow
waves cannot entrain beyond its physiological
slow wave range (Alighaleh et al. 2019; Wang
et al. 2018).

A significant long-term human pacing study
was performed where pacing and the effects of
slow waves were monitored over a 1-month
period in gastroparetic subjects (McCallum et al.
1998). Slow wave entrainment was achieved in
all subjects, where gastric retention reduced from
77% to 57% and induced symptom relief by 50%.
The optimal pacing parameters were also

investigated in human trials to apply appropriate
impulses to modulate slow waves (Lin et al.
1998). The study showed that optimal pacing
can be performed at 3.3 cpm at a current of
4 mA and pulse width of 300 ms, while decreas-
ing the current to 1 mA reduces efficacy of suc-
cessful entrainment by 50 � 11% and decreasing
the pulse width to 30 ms results in loss of slow
wave entrainment (Lin et al. 1998).

Combining HR slow wave mapping with pac-
ing allows a better understanding of spatio-
temporal characteristics of the slow wave
responses. The first HR pacing study was
performed by Lammers et al. in an in vitro rabbit
duodenum, illustrating that the site of slow wave
initiation was likely 2 mm away from the
electrodes (Lammers et al. 1993). These methods

Table 72.1 Impulse properties applied to control gastric slow waves

Article Subject Amplitude Pulse width Entrained frequency

Kelly and La Force (1972) Dog 1–8 mA 100–200 ms 4–8 cpm
Lin et al. (1998)
McCallum et al. (1998)

Human 1–4 mA 3–300 ms 4–12 cpm

O’Grady et al. (2010b) Pig 2–4 mA 400 ms 3.2–3.52 cpm
Wang et al. (2018) Pig 5–8 mA 500–900 ms 2.72–6 cpm
Alighaleh et al. (2019) Pig 4 mA 400 ms 2–4.3 cpm

Fig. 72.4 Types of impulses for pacing and stimulation.
(a) Shows a monophasic impulse, while (b) shows a
biphasic impulse. Both (a) and (b) are typical waveforms

used for slow wave pacing. (c) Shows a modulated
impulse during the ‘ON’ phase, which is typically used
for HF stimulation
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were also applied in an in vivo gastric pig model to
reveal that pacing induces a new site of slow wave
initiation around 8 mm away from the stimulus site
(Alighaleh et al. 2019; O’Grady et al. 2010b).
Figure 72.5 shows that the baseline slow wave
propagation profile and the induction of a slow
wave pacemaker activity near the pacing leads
with the application of impulses. Future detailed
analyses are required to characterise the regional
variation of initiated slow wave activity to improve
physiological understanding and clinical trials.

Despite successful trials, pacing has not yet
been translated into clinical trials, in part due to
high energy requirements, energy consumption in
implants and electrode stability over time. None-
theless, recent advances have shown that devices
can be miniaturised and pacing long term is
becoming a viable option. In particular, the use
of application specific integrated circuits (ASICs)
and wireless technologies for data communica-
tion and power transfer are being adopted for
pacing applications and are improving the form
factor and power utilisation (Ibrahim et al. 2015;
Javan-Khoshkholgh et al. 2019a, b; Javan-
Khoshkholgh and Farajidavar 2019;
Paskaranandavadivel et al. 2015; Wang et al.
2018). The dimensions of one of the first reported
portable gastric pacemakers were around
13 � 9 � 3 cm (Chen et al. 1995). This form
factor has significantly shrunk in size to
3 � 2 � 0.5 cm (Javan-Khoshkholgh et al.
2019a, b). The combination of power efficient
electronics and wireless power transfer has

resulted in electroceutical devices that do not
rely on batteries, circumventing a bottleneck in
medical implants.

Gastric Pacing for Obesity Treatment

The concept of closed-loop pacing could further
improve power consumption and enable further
clinical interest in gastric slow wave pacing. The
first reported use of closed-loop stimulation in the
gut was in 1973, where stimulation was applied
only if the upstroke of recorded bio-signals did
not surpass a defined threshold (Sobakin and
Shepelev 1973). In recent years, this concept has
also been used for gastric stimulation to treat
obesity. For obesity treatment, higher energy
implantable stimulation devices are required
where leads are placed in the fundus to detect
food intake, after which stimulation is applied
distally (Bohdjalian et al. 2006; Horbach et al.
2015). Meal intake is detected via a transient
reduction in slow wave activity and rise in fundus
impedance (Bohdjalian et al. 2006). The intrinsic
slow wave frequency can also be directly used as
an input to control the pacing stimulus. Recent
hardware developments have allowed for record-
ing and stimulation on a single module (Wang
et al. 2018), while software developments have
utilised hybrid automata methods to enable veri-
fiable systems for real-time applications (Wang
et al. 2019, 2020).

Fig. 72.5 Paced slow wave propagation. (a) Shows the
area of the serosal region over which slow wave activity
was mapped. (b) Shows the normal conduction profile,
while (c) shows two slow wave propagation patterns due

to the application of an impulse. The black plus and minus
represent the positive and negative leads of the pacing
leads
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High Frequency Stimulation

The excessive energy requirements for long-term
pacing motivated the use of HF stimulation,
where lower energy impulses were applied at
higher frequencies. The evolution of the HF stim-
ulation is discussed along with emerging practice.
Electrical stimulation in the gastrointestinal tract
was initially trialled by Bilguaty et al. in 1963 to
stimulate the stomach and intestine for the treat-
ment of ileus (Bilgutay et al. 1963) (see
Table 72.2 for stimulation setting used). How-
ever, following studies reported conflicting
results and thus were not translated for further
clinical use (Berger et al. 1966; Quast et al.
1965). About three decades later, Familoni et al.
utilised HF stimulation, with shorter pulse widths
of 0.3 ms applied at 0.6–6 times the intrinsic slow
wave frequency in animals (Familoni et al.
1997a). They showed that a stimulation at
30 cpm, as compared to 3 cpm, elicited more
mechanical activity, which was measured using
a strain gauge on the serosal surface (Familoni
et al. 1997a). A human case report was published
by the same group where they performed HF
stimulation on a gastroparetic patient at 12 cpm
(pulse width: 300 μs; amplitude: 2 mA), and
illustrated symptom relief and improvements in
gastric emptying rates (Familoni et al. 1997b).
For this subject, it was observed that the distal
corpus and proximal antrum achieved the most
effective stimulation response.

Consequent studies focussed closely in this
range and utilised pulse width parameters from
0.1–0.6 μs at a modulated frequency of 14 Hz
(Chen et al. 2003; Song et al. 2006). The mecha-
nism of action for HF stimulation is not well
understood but is likely to involve indirect
neuromodulation of the parasympathetic nerves
and/or ganglion, which is known to regulate

gastric function. Early studies demonstrated that
the HF stimulation did not affect gastric slow
waves but caused a potent anti-emetic to the
effects of vasopressin, which indicated that
vagal pathways were being modulated (Chen
et al. 2003; Song et al. 2006). HF stimulation
has also been shown to modulate the thoracic
spinal neurons, which are responsible for gastric
distention (Qin et al. 2007). Results from position
emission tomography of gastroparetic patients
with HF stimulation indicated that there was an
increase in the thalamus region of the brain
(McCallum et al. 2010). Further studies in rats
pinpointed that the increased neuronal activity
from HF stimulation was from the paraventricular
nucleus in the hypothalamus, which regulates
food intake (Tang et al. 2006).

Human Trials

Two multi-centre human trials using HF stimula-
tion (12 cpm, 5 mA and pulse width 0.3 ms,
14 Hz modulated impulse) were performed on
refractory-diabetic or idiopathic gastroparetic
subjects; GEMS (Gastric Electrical Mechanical
Study) (Abell et al. 2002) and WAVESS (World-
wide Anti-Vomiting Electrical Stimulation
Study) (Abell et al. 2003). Over 70% of subjects
reported improvements in symptoms with
reduced nausea and vomiting scores at 12 month
follow-up and 73% of subjects experienced an
improvement in the quality of life (Abell et al.
2003). Based on the WAVESS study, Enterra
Therapy system was approved for use under the
HDE by the FDA.

The Enterra Therapy system consists of an
implantable pulse generator, a pair of leads and
a programming system. A radio-telemetry link
from the programming system to the pulse

Table 72.2 High-frequency stimulation settings

Article Subject Amplitude Pulse width Modulated ON phase Applied frequency

Bilgutay et al. (1963) Human 1–10 mA 5 s 50 Hz 0.2–1 cpm
Familoni et al. (1997a) Human 2 mA 300 μs Nil 12 cpm
Song et al. (2006) Dogs 5 mA 0.1, 0.3,

0.6 ms
14, 40 Hz 12 cpm

Angeli et al. (2016) Human 5–19.2 mA 330, 450 μs 14–130 Hz 3.5–60 cpm
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generator controls the applied stimulation
protocols. The pair of leads is surgically placed
in the serosa-muscular layer of the gastric wall,
around 10 cm proximal from the pylorus
(Fig. 72.6a), and connected to the implantable
pulse generator. The placement of leads is visu-
ally assessed endoscopically to ensure that it has
not penetrated the lumen wall and is at the right
position in the stomach (Fig. 72.6b). A subcuta-
neous pocket is made for the pulse generator to be
implanted in the body. The pulse generator has
been estimated to have a battery life of 5 to
10 years, dependent on the stimulation parameters
(Medtronic 2020).

There have been a number of studies with
varying study design and quality to assess the
efficacy of HF stimulation for gastroparesis. One
meta-analysis, which included open-labelled
studies, reported that the total symptom severity
score (TSS) significantly decreased by a mean
difference of 6.52 (O’Grady et al. 2009). How-
ever, a recent meta-analysis revealed that the TSS
score did not differ in randomly allocated design
groups (TSS difference of 0.17, P ¼ 0.15), but
there was a significant decrease in TSS in open-
label studies (TSS difference of 2.68, P < 0.001)

(Levinthal and Bielefeldt 2017). Therefore, there
is a significant need for randomised double blind,
cross-over, placebo-controlled studies to ascer-
tain efficacy of HF stimulation. According to the
American Gastroenterological Association, HF
stimulation has moderate level of evidence for
use (Camilleri et al. 2013; Levinthal and
Bielefeldt 2017). A recent randomised cross-
over trial reported that although HF stimulation
did not increase the quality of life or rate of gastric
emptying, it reduced the frequency of refractory
vomiting in both patients with and without diabe-
tes (Ducrotte et al. 2020).

Clinical Protocols

Typically for Enterra system, HF stimulators are
implanted permanently, after which the clinician
might optimise stimulation parameters. Another
approach that is adopted by some centres is to
perform temporary stimulation, which can allow
for better patient selection and optimisation of
stimulation location (mid-corpus vs antrum) and
parameters (Abell et al. 2011; Ayinala et al. 2005;
Corvinus et al. 2018). This is a similar approach

Fig. 72.6 Placement of
Enterra system and
verification of stimulation
leads via the lumen wall. (a)
Shows the position of
where the leads are placed
in the stomach guided via
four laparoscopic ports. (b)
Shows the use of
endoscopy to assess that the
leads are at the right
position in the stomach as
visualised from the lumen
wall. Reproduced with
permission from Timratana
et al. (2013)
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to what is undertaken for sacral nerve stimulator
implantation for faecal incontinence where a test-
ing phase is standard (Dudding et al. 2011).
Corvinus et al. used a standard gastroparesis
symptom index, before and after temporary stim-
ulation to assess proceeding to permanent implan-
tation (Corvinus et al. 2018). A 50% decrease in
symptom index was considered as the threshold
to continue to permanent implantation and
illustrated economic benefit from a case series.
The temporary stimulation leads were inserted
laparoscopically and subsequent surgery was
required for permanent lead and device implanta-
tion (Corvinus et al. 2018). This approach may
lead to extended hospital stays and increases like-
lihood of infection.

Another approach for temporary stimulation is
to place the stimulation leads mucosally via
endoscopy (Abell et al. 2011). Here, the stimula-
tion leads, which are extending from the nasal
cavity, are connected to the pulse generator
secured in an external pouch. Abell et al.
illustrated that temporary stimulation can predict
the outcomes of permanent HF stimulation, and
reported that baseline symptom status and muco-
sal slow waves should be taken into account prior
to permanent implantation (Abell et al. 2011).
Recent advances in recording methods have
allowed mucosal slow wave recordings to be
obtained simultaneously along-side the tempo-
rary stimulation process (typically 5 days) and
could be integrated alongside patient symptoms
for future optimisation of stimulation settings
(Paskaranandavadivel et al. 2019).

Future Outlook

Detailed comparative HF stimulation and LF pac-
ing studies are required to illustrate efficacies of
each method. To date, the only trial was
conducted by Sobocki et al. where they showed
that both LF and HF stimulation provided
improvements to subjects with symptom score
and gastric retention rates (Sobocki et al. 2003).
Applying pacing and HF stimulation in tandem
has been hypothesised to yield superior perfor-
mance (Song et al. 2008). It is thought that using

this approach, HF stimulation could provide relief
from symptoms, while pacing could improve
emptying rates; but to date, this has only been
performed in an animal study (Song et al. 2008).
The use of multi-channel stimulation should also
be further explored, as it has been indicated that
about 1% of energy of the single channel protocol
is required to modulate slow waves for gastric
emptying (Chen et al. 2005).

There are possible neuromodulation
applications to obesity and gastrointestinal
disorders such as ileus, irritable bowel syndrome
and abdominal pain (Kovacic et al. 2017; Lin and
McCallum 2015; Liu et al. 2006; Zhang et al.
2014). In particular, efforts are underway to trans-
late HF stimulation to treat obesity by using a
modified set of stimulation parameters (Cigaina
2002), but a recent clinical trial did not show
significant improvements (Shikora et al. 2009).
The use of stimulation has been highly successful
in the treatment of gastroesophageal reflux dis-
ease (GERD) (Soffer and Kim 2016). The use of
percutaneous electrical nerve field stimulation
(PENFS) in the external ear can modulate pain
pathways and a recent randomised double-blind,
sham-controlled study has shown sustained effi-
cacy in pain reduction (Kovacic et al. 2017).
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Abstract

The internet has become such an omnipresent
service, which, in the view of many, has
already upgraded from slave to master and
quite a tyrannical one. Whatever the feelings,
scientific information would not flow world-
wide without the tool, in such unlimited
amounts. Just as an example, gene sequencing
and metabolomics as well as the related preci-
sion medicine approach as now envisaged
would be inconceivable. Each omics analysis
and clinical correlation would be labor inten-
sive and take weeks to be conducted, instead
of minutes or seconds and rather negligible
expenditures, without internet-available search
engines and reference libraries. The same

applies for large biobank screening and biosta-
tistical interventions, for both clinical and
research purposes. This chapter has listed a
large choice of useful obesity, bariatric, type
1 and 2 diabetes sites, as well as general inter-
net sources, most of them costless, geared at
the needs of office or bedside assistance, labo-
ratory investigation, and educational or public
health initiatives.
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Table 73.1 General diabetes sites

cdc.gov/diabetes/ A large and authoritative USA government
site

who.int/health-topics/diabetes The official diabetes homepage of the
World Health Organization

joslin.org Up to date information for healthcare
providers and patients

diabetesresearch.org Ongoing research for diabetes therapy
niddk.nih.gov/health-information/diabetes Official website of the USA National

Institutes of Health for diabetes
care.diabetesjournals.org/content/42/Supplement_1/S81 Obesity management for the treatment of

type 2 diabetes
annals.org/aim/fullarticle/2653838/treatment-type-1-diabetes-synopsis-
2017-american-diabetes-association-standards

American Diabetes Association standards
for type 1 diabetes care

aace.com/pdfs/diabetes/AACE_2019_Diabetes_Algorithm_FINAL_ES.
pdf

A practical algorithm for type 2 diabetes
management

aace.com General site of the American Association
of Clinical Endocrinologists

ndep.nih.gov An educational site by the USA
Department of Health

Diabetesincontrol.com Information for professionals
diabetes.org Official site of the American Diabetes

Organization
Idf.org Official site of the International Diabetes

federation
oecd-ilibrary.org/social-issues-migration-health/health-at-a-glance-
2017/diabetes-prevalence_health_glance-2017-15-en

Detailed information about diabetes
prevalence in OECD countries

IDF-T2D-CPR-2017-print.pdf Type 2 diabetes guidelines by the
International Diabetes Federation

pathways.nice.org.uk/pathways/preventing-type-2-diabetes NICE guidelines- Preventing type
2 diabetes

pathways.nice.org.uk/pathways/type-2-diabetes-in-adults NICE guidelines for type 2 diabetes in
adults

pathways.nice.org.uk/pathways/type-1-diabetes-in-adults NICE guidelines for type 1 diabetes in
adults

eatright.org Tips from the American Academy of
Nutrition/Dietetics

diabetes educator.org Self-care recommendations for diabetics

OECD Organization for Economic Cooperation and Development
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http://www.eatright.org/
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Table 73.2 Diabetes information sites in various languages

Language/Url Sponsor/Features

English and Spanish learningaboutdiabetes.org General information
diabetes.org American Diabetes Association
Spanish feaed.org Spanish Educators in Diabetes
alad.org Latin American Association of Diabetes
fdc.org.co Colombian Federation of Diabetes
French diabetenet.com French Diabetes Association
sante.ujf-grenoble.fr/SANTE/alfediam/mellitis.html Endorsed by the French Diabetes Association
diabete.qc.ca Diabetes Association of Quebec (CA)
German uni-duesseldorf.de/diabetes/index.htm German Ministry of Health
diabetes-austria.com Austrian Diabetes Association
Norwegian dianet.no Norwegian Diabetes Association
Dutch dvn.nl Dutch Diabetes Association
Hebrew sukeret.co.il Israel Diabetes Association
Arabic aasdonline.com Arabic Assn. for the Study of Diabetes and Metabolism
Multilingual—Type 1 diabetes jdrf.org/international Juvenile Diabetes Research Foundation (International

sites)
Multilingual—General diabetes guidelines diabetes-
forum.com

General information

diabetesaustralia.com.au/multilingualdiabetes National Diabetes Service Scheme
diabtrends.com Diabetes FIT Foundation

Table 73.3 Diabetes trial databases

clinicaltrials.gov/ct2/results?cond¼Type+2+Diabetes&recrs¼a&age_v¼&
gndr¼&type¼Intr&rslt¼&fund¼0&fund¼1&Search¼Apply

Registered clinical trials on type
2 diabetes

clinicaltrials.gov/ct2/results?cond¼Gestational+diabetes&term¼&
cntry¼US&state¼&city¼&dist¼&Search¼Search&recrs¼a&type¼Intr&
fund¼0&fund¼1&fund¼3

Registered clinical trials on gestational
diabetes

clinicaltrials.ucsf.edu/diabetes Diabetes trials of the University of
California San Francisco

centerwatch.com/clinical-trials/listings/condition/947/diabetes-mellitus-
type-2/

A vast list of clinical trials on type
2 diabetes, in the USA

clinicaltrialsregister.eu/ctr-search/search?query¼Diabetes Diabetes trials registered in Europe
clinicaltrials.gov/ct2/results?cond¼Type+1+Diabetes&term¼&cntry¼&
state¼&city¼&dist¼&Search¼Search&recrs¼a&type¼Intr&fund¼0&
fund¼1

Registered clinical trials on type
1 diabetes
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Table 73.4 General obesity sites

surgeongeneral.gov/library/calls/obesity/fact_
consequences.html

Surgeon General (USA) recommendations for obesity and
weight loss

ec.europa.eu/health/nutrition_physical_activity/
platform_en

European Union platform for diet, physical activity, and health

Obesityaction.org A nonprofit organization for obesity
heart.org/en/healthy-living/healthy-eating/losing-
weight?uid¼1956

American Heart Association advice on obesity and weight loss

easo.org/education/guidelines European guidelines for obesity management in adults
karger.com/Article/FullText/496183 European guidelines for adult obesity management in primary

care
pathways.nice.org.uk/pathways/obesity Obesity management adults- NICE pathways
care.diabetesjournals.org/content/42/Supplement_
1/S81

Obesity management for the treatment of type 2 diabetes

healthdirect.gov.au/obesity A well-organized official Australian site
Obesitycanada.ca A well-organized official Canadian site
nutrition.gov/diet-an-health-conditions A US Department of Agriculture guide for obesity, diabetes,

and other conditions
gov.uk/government/publications/the-eatwell-guide An official British guide for healthy eating
nationaleatingdisorders.org A large nonprofit for eating disorders
who.int/news-room/fact-sheets/detail/obesity-and-
overweight

Information about obesity from the World Health Organization

who.int/nutrition/topics/new-release-guideline-
obesity-children/en/

Guidelines for overweight and obesity management in children

oecd.org/els/health-systems/Obesity-Update-2017.
pdf

A detailed profile of the obesity burden in OECD countries

eatright.org Tips from the American Academy of Nutrition and Dietetics

OECD Organization for Economic Cooperation and Development, BMI Body mass index

Table 73.5 Useful obesity pages from the National Institutes of Health (NIH)

win.niddk.nih.gov/index.htm Weight control information network

nhlbi.nih.gov/health/health-topics/topics/obe/risks.html Health risks of overweight
win.niddk.nih.gov/publications/understanding.htm Understanding adult obesity
win.niddk.nih.gov/publications/tools.htm Weight and waist measurement—adults
win.niddk.nih.gov/statistics/ Statistics about obesity
nhlbi.nih.gov/health/educational/lose_wt/BMI/bmicalc.htm BMI calculator for adults

Table 73.6 Obesity pages from the Communicable Diseases Center—CDC

cdc.gov/obesity General site
cdc.gov/obesity/adult/causes/index.html Causes and consequences of obesity
cdc.gov/obesity/data/trends.html Obesity trends in USA
cdc.gov/healthyweight/bmi/calculator.html BMI percentile calculator for children

Table 73.7 Obesity material from the Obesity Society

worldobesity.org Official site of the World Obesity Federation
obesity.org/resources-for/your-weight-and-diabetes.htm Obesity and diabetes
obesity.org/resources-for/cancer-and-obesity.htm Obesity and cancer
obesity.org/resources-for/childhood-overweight.htm Childhood overweight
obesity.org/resources-for/obesity-bias-and-stigmatization.htm Bias and stigmatization
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http://win.niddk.nih.gov/publications/understanding.htm
http://win.niddk.nih.gov/publications/tools.htm
http://win.niddk.nih.gov/statistics
http://nhlbi.nih.gov/health/educational/lose_wt/BMI/bmicalc.htm
http://cdc.gov/obesity
http://cdc.gov/obesity/adult/causes/index.html
http://cdc.gov/obesity/data/trends.html
http://cdc.gov/healthyweight/bmi/calculator.html
http://worldobesity.org
http://obesity.org/resources-for/your-weight-and-diabetes.htm
http://obesity.org/resources-for/cancer-and-obesity.htm
http://obesity.org/resources-for/childhood-overweight.htm
http://obesity.org/resources-for/obesity-bias-and-stigmatization.htm


Table 73.8 Obesity trial databases

clinicaltrials.gov/ct2/results?recrs¼ab&cond¼Obesity&term¼&
cntry¼US&state¼&city¼&dist¼

Registered obesity trials in the USA

clinicaltrials.gov/ct2/results?cond¼Obesity%2C+Childhood&
term¼&cntry¼US&state¼&city¼&dist¼

Registered childhood obesity trials – USA

centerwatch.com/clinical-trials/listings/condition/107/obesity/ A vast list of clinical trials on all modalities of
obesity, in the USA

pmg-research.com/indications/weight-loss-obesity-clinical-trials.
aspx

Overweight and obesity trials in the USA

clinicaltrials.ucsf.edu/obesity Obesity trials conducted by the University of
California – San Francisco

clinicaltrialsregister.eu/ctr-search/search?query¼Overweight+and
+Obese+by+BMI

Obesity trials registered in Europe

Table 73.9 Bariatric, metabolic, and endoscopic intervention sites

soard.org Site of the American Society for Metabolic and Bariatric
Surgery/ASMBS

facs.org/search/bariatric-surgery-centers?allresults¼ Bariatric centers accredited by the American College of
Surgeons

.facs.org/quality-programs/mbsaqip Site of the accreditation program of the American Society
for Metabolic and Bariatric Surgery

ohsu.edu/bariatric-services A well-organized site by the Oregon Health and Science
University

muhc.ca/chirurgie-gen-bariatrique/profile A useful site by the Bariatric Surgery Department, McGill
University, Montreal, Canada

asmbs.org/resources/bariatric-surgery-guidelines-and-
recommendations

Bariatric surgery guidelines by the American Society for
Metabolic and Bariatric Surgery

ifso.com/pdf/easo-guidelines-practical-
recommendations-of-the-obesity.pdf

Guidelines for post bariatric surgery medical management

asge.org/home/about-asge/newsroom/media-
backgrounders-detail/endoscopic-bariatric-therapies

Recommendations about endoscopic bariatric therapies by
the American Society of Gastrointestinal Endoscopy

researchgate.net/publication/327975893_Training_in_
Bariatric_and_Metabolic_Endoscopic_Therapies

Training in bariatric and metabolic endoscopic therapies
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http://clinicaltrials.gov/ct2/results?recrs=ab&cond=Obesity&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?recrs=ab&cond=Obesity&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?recrs=ab&cond=Obesity&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?recrs=ab&cond=Obesity&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?recrs=ab&cond=Obesity&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?recrs=ab&cond=Obesity&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?recrs=ab&cond=Obesity&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?recrs=ab&cond=Obesity&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?cond=Obesity%2C+Childhood&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?cond=Obesity%2C+Childhood&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?cond=Obesity%2C+Childhood&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?cond=Obesity%2C+Childhood&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?cond=Obesity%2C+Childhood&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?cond=Obesity%2C+Childhood&term=&cntry=US&state=&city=&dist=
http://clinicaltrials.gov/ct2/results?cond=Obesity%2C+Childhood&term=&cntry=US&state=&city=&dist=
http://centerwatch.com/clinical-trials/listings/condition/107/obesity
http://pmg-research.com/indications/weight-loss-obesity-clinical-trials.aspx
http://pmg-research.com/indications/weight-loss-obesity-clinical-trials.aspx
http://clinicaltrials.ucsf.edu/obesity
http://clinicaltrialsregister.eu/ctr-search/search?query=Overweight+and+Obese+by+BMI
http://clinicaltrialsregister.eu/ctr-search/search?query=Overweight+and+Obese+by+BMI
http://clinicaltrialsregister.eu/ctr-search/search?query=Overweight+and+Obese+by+BMI
http://soard.org
http://facs.org/search/bariatric-surgery-centers?allresults
http://facs.org/quality-programs/mbsaqip
http://ohsu.edu/bariatric-services
https://muhc.ca/chirurgie-gen-bariatrique/profile/bariatric-surgery-department
http://asmbs.org/resources/bariatric-surgery-guidelines-and-recommendations
http://asmbs.org/resources/bariatric-surgery-guidelines-and-recommendations
http://ifso.com/pdf/easo-guidelines-practical-recommendations-of-the-obesity.pdf
http://ifso.com/pdf/easo-guidelines-practical-recommendations-of-the-obesity.pdf
http://asge.org/home/about-asge/newsroom/media-backgrounders-detail/endoscopic-bariatric-therapies
http://asge.org/home/about-asge/newsroom/media-backgrounders-detail/endoscopic-bariatric-therapies
http://researchgate.net/publication/327975893_Training_in_Bariatric_and_Metabolic_Endoscopic_Therapies
http://researchgate.net/publication/327975893_Training_in_Bariatric_and_Metabolic_Endoscopic_Therapies
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Diabetes Glossary
A1C (HbA1C) Glycosylated hemoglobin con-

centration reflects blood glucose over the past
2 to 3 months. There are cut-off points for
prediabetes and diabetes.

Acanthosis nigricans Dark skin patches in
armpits, groin and neck. Not uncommon in
diabetics, can be associated with insulin
resistance.

Acarbose See Alpha glucosidase inhibitors.
Alpha glucosidade inhibitors Oral antidiabetic

drugs which inhibit an intestinal enzyme
responsible for carbohydrate digestion. Less
glucose is produced and absorbed, benefiting
the disease. Clinical efficacy is nor remark-
able, and gastrointestinal side effects can
occur. Acarbose and miglitol are best known
examples.

Artificial pancreas Any system or device that
simultaneously monitors blood glucose, and
pumps into the organism appropriate amounts
of insulin. The aim is to mimick pancreatic
function and improve quality of life, mostly
in type 1 diabetes, however also in severe
forms of type 2 diabetes.

Beta cells One type of cells present in pancreatic
islets of Langerhans. They are responsible for
the synthesis of insulin.

Biguanides Oral antidiabetic drugs with actions
on liver and muscle glucose metabolism, as
well as possible indirect incretin properties,
via modulation of bile acid resorption. The
principal representative is Metformin.

Body mass index (BMI) The ratio between
body weight (in kilograms), and the square of
the height (in meters). Used for both adults and
children to diagnose obesity, Normal range is
18.5–24.9 kg/m2, whereas values up to 29.9
signal overweight, and above that, obesity.

Canaglifozin See Glifozins
DPP4 Inhibitors These antidiabetic drugs

inhibit the enzyme dipeptidyl peptidase 4
(DPP 4), responsible for degradation of GLP-
1 (Glucagon like peptide 1), a major endoge-
nous incretin. As a consequence, endogenous
insulin production is enhanced. See also
Gliptins.

Dapaglifozin See Glifozins.
Diabetic ketoacidosis See Ketoacidosis.
Diabetic Retinopathy See Retinopathy.
Dulaglutide See Glucagon-like peptide 1 recep-

tor agonists.
Empaglifozin See Glifozins.
Exenatide See Glucagon-like peptide 1 receptor

agonists.
Fasting blood glucose The most widely used

test for diabetes screening and monitoring.
Can be performed in the laboratory, or at
home, with paper strips or electronic devices.

Gastroparesis A gastric neuromuscular compli-
cation mostly seen after many years of type
2 diabetes. The stomach and small bowel
nerves become dysfunctional, resulting in dis-
ordered peristalsis, poor gastric and/or intesti-
nal emptying, nausea, vomiting, and weight
loss.

Gestational diabetes Diabetes that is
precipitated by pregnancy. Both early and
late modalities are recognized. Spontaneous
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cure after delivery is common, however type
2 diabetes may subsequently ensue.

Ghrelin A major appetite hormone, produced
mostly at the gastric fundus. Diminishes after
bariatric operations which remove the fundus,
such as gastric bypass and vertical
gastroplasty, thus contributing to the favorable
weight loss curve. Long term recovery after
bariatric intervention is reported.

GLP1-RA See Glucagon-like peptide 1 receptor
agonists.

Glifozins Oral antidiabetic drugs, inhibiting glu-
cose reabsorption in the kidney tubuli.
Canagliflozin, dapagliflozin, and
empagliflozin belong to this family.

Glimepiride See Sulfonylureas.
Glipizide See Sulfonylureas.
Gliptins Oral antidiabetic drugs (See DPP 4

inhibitors). Alogliptin, linagliptin, saxagliptin,
and sitagliptin are available in the market.

Glitazones See Tiazolidinediones.
Glucagon A glucose-elevating hormone

secreted by alpha cells of the islets of
Langerhans. Together with insulin, it is a key
regulator of glucose homeostasis. Intranasal
glucagon can be used for emergency therapy
of hypoglycemia.

Glucagon-like peptide 1 receptor agonists A
recent family of antidiabetic, and antiobesity
injectable drugs, with strong incretin
properties (incretin mimetics). Principal agents
are Exenatide, Semaglutide, Dulaglutide and
Liraglutide.

Glucose homeostasis The association of bio-
chemical reactions, metabolic pathways, regu-
latory molecules and feed-back mechanisms,
responsible for assuring stable glucose
concentrations along the 24 h. It is conjectured
that the aim is to provide a steady flux of
glucose to the brain, despite fluctuations
resulting from such potentially disruptive
phenomenons as meal ingestion, physical
exercise, fasting periods, and night sleep. Dia-
betes does impact glucose homeostasis.

Glyburide See Sulfonylureas.
Glycemic index (GI) Ameasure of the ability of

ingested foods to raise blood glucose levels.

Foods with high GI, such as white bread or
ordinary rice, tend to be associated with obe-
sity and diabetes. The opposite should occur
with whole grain, fiber rich products, consid-
ered more desirable in these contexts.

Hypoglycemia Blood glucose concentration
below 80 mg/dl. It is typically associated
with excessive insulin or insulin secretagogue
administration, or insufficient food intake. It
becomes a life-threatening condition below
50 mg/dl, requiring immediate glucose replen-
ishment, via sugar rich food (if the patient is
conscious), intravenous glucose, or nasal glu-
cagon powder.

Incretins Hormones (endogenous or exoge-
nous) as well as synthetic pharmacological
agents, with the ability of enhancing beta-cell
mass and function, or inhibiting their apopto-
sis, thus improving glucose homeostasis. Prin-
cipal physiological incretins are GLP-1
(glucagons like peptide 1), and GIP (glucose
dependent insulinotropic polypeptide).

Induced pluripotent stem cells Adult cells from
skin and other sources. After laboratory
processing, they can become pluripotent, mim-
icking embryonic stem cells. See also Stem
cells.

Insulin The most important hormone produced
by the endocrine pancreas, and also the crucial
molecule of glucose homeostasis, along with
glucagon. It is lacking or inefficient in all types
of diabetes. See also Beta cells, and Glucose
homeostasis.

Insulin resistance Any condition that hampers
response to insulin, resulting in impaired cell
entrance and metabolization of glucose. One
of the first derangements in severe obesity and
type 2 diabetes. During many years it was a
synonym for prediabetes. See also Prediabetes.

Ketones/Ketone bodies See ketoacidosis.
Ketoacidosis A condition that signals serious

decompensation of diabetes, either type 1 or
2. Lack of sufficient insulin, be it endogenous
(synthesized by the pancreas) or exogenous
(pharmacologically administered), leads to
high glucose concentration in the blood,
along with accumulation of endogenous
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acids, and small molecules called ketone bod-
ies. It can result in coma and death, and
requires emergency treatment.

LADA See Latent Autoimmune Diabetes in
Adults.

Latent Autoimmune Diabetes in Adults A
modality of autoimmune diabetes, exhibiting
islet autoantibodies. Beta-cell destruction
tends to be slower than in typical autoimmune
disease. Despite the name, it is not uncommon
in children and adolescents, as well as in adults
with type 2 diabetes.

Liraglutide See Glucagon-like peptide 1 recep-
tor agonists.

Maturity Onset Diabetes of the Young An
uncommon familial form of diabetes, with
features of both type 1 and 2 of the disease.
The most common involved gene is HNF1-
alpha, and onset is usually in adolescence. It
may be insulin-dependent or not, and associa-
tion with obesity is not obligatory. See also
Type 2 diabetes of children and adolescents.

Mediterranean-type diet A popular diet for
metabolic diseases, and prevention of cardio-
vascular troubles. It is rich in fruits,
vegetables, nuts, grains and omega-9 fatty
acid (olive oil).

Meglitinides Short-action oral insulin
secretagogues, used in type 2 diabetes therapy.
Examples are Nateglinide and Repaglinide.

Mesenchymal stem cells Mostly collected from
adipose tissue. Analogously to other stem
cells, they can differentiate into several types
of cells. See also Stem cells.

Metabolic syndrome The association of
abdominal obesity, arterial hypertension,
dyslipidemia, and glucose intolerance. Other
derangements are sometimes included in the
cluster, and diagnostic criteria vary. Typically
linked to fatty liver disease, diabetes, and car-
diovascular complications.

Metformin See Biguanides.
Miglitol See Alpha glucosidase inhibitors.
MODY See Maturity Onset Diabetes of the

Young.
Nateglinide See Meglitinides.

Pioglitazone See Thiazolidinediones.
Prediabetes Impaired fasting blood glucose, or

glucose tolerance test. Increases risk for type
2 diabetes, as well as for cardiovascular
complications. Formerly known as insulin
resistance.

Repaglinide See Meglitinides.
Retinopathy A serious ophtalmological compli-

cation of diabetes, especially in the elderly,
however also affecting children and young
adults. It can progress from blorred vision to
total blindness. Requires periodic
ophtalmological evaluations for early diagno-
sis and treatment.

Rosiglitazone See Thiazolidinediones.
Semaglutide See Glucagon-like peptide 1 recep-

tor agonists.
SGLT2 inhibitors See Glifozins.
Sodium glucose co-transporter

2 inhibitors See Glifozins.
Stem cell A pluripotent cell able to differentiate

into different tissues, given the right stimula-
tion. This includes cells of pancreatic islets of
Langerhans, or more specifically, insulin-
secreting beta cells, rendering them attractive
for cell therapy of type 1 diabetes. Embryonic
stem cells can be collected from cord blood,
whereas adult stem cells are often harvested in
blood, bone marrow, or muscle tissue.

Sulfonylureas Oral antidiabetic drugs which
stimulate insulin secretion. Hypoglycemia
can be a side effect. Glimepiride, glipizide,
and glyburide are better tolerated, second gen-
eration products.

Thiazolidinediones Oral antidiabetic drugs
which are not insulin secretagogues, however
improve insulin sensitivity. Examples are
troglitazone, pioglitazone and rosiglitazone.

Trans fats An ubiquitous type of fatty acids,
found in nature only in small concentrations,
in meats and dairy products. Significant
amounts in dozens of industrialized or
processed foods, such as cakes, cookies,
margarines, ice cream, fried potatoes, snacks,
and fast food. Formed by hydrogenation of
preexistent unsaturated fatty acids. They raise
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LDL cholesterol and diminish HDL choles-
terol, a double jeopardy for lipid blood profile,
and should be strictly avoided.

Troglitazone See Thiazolidinediones.
Type 1 Diabetes Previously known as juvenile

diabetes, onset is more common at early age,
however it affects adults and elderly as well.
Beta cell destruction is the rule, and insulin
therapy is almost always required.

Type 2 diabetes By far the most common form
of the disease. Previously known as maturity
onset diabetes, it progressively affects young
people as well, on account of obesity and
metabolic syndrome prevalence at young age.
Confusion should be avoided with Maturity
onset diabetes of the young, a hereditary
modality.

TZD See Thiazolidinediones.

Obesity and Bariatric Surgery Glossary
(See also Diabetes Glossary)
Anthropometric evaluation Measurement of

external variables such as weight, height, and
waist circumference, in order to gain insight
about nutritional and metabolic status. Rou-
tinely conducted in both adult and pediatric
patients, even though variables are not always
the same.

Body mass index (BMI) The ratio between
body weight (in kilograms), and the square of
the height (in meters). Used for both adults and
children to diagnose obesity, Normal range is
18.5–24.9 kg/m2, whereas values up to 29.9
signal overweight, and above that, obesity.

Calorie dense foods Foods, snacks and drinks
rich in simple carbohydrates and fats. They
can be highly processed, with elimination of
useful nutrients, or just overcaloric. They tend
to precipitate obesity.

DALY See Disability adjusted life year.
Disability adjusted life years A modern con-

cept to estimate the burden of chronic diseases,
like obesity and diabetes. It basically
multiplies the number of years the individual
is expected to suffer from disability, by a coef-
ficient related to its severity.

Duodenal switch See Biliopancreatic diversion.
Duodeno-jejunal bypass barrier An endo-

scopic modality of bariatric/metabolic treat-
ment for obesity and diabetes. A long flexible
implant (sleeve or liner) is anchored at the
pylorus, and positioned inside the duodenum
and part of the jejunum. The aim is to produce
limited malabsorption, preventing contact of
the food bolus with the lined mucosa. Usually
limited for 6 months utilization only.

Duodeno-jejunal bypass liner See Duodeno-
jejunal bypass barrier.

Endoluminal bariatric techniques See
Duodeno-jejunal bypass barrier, see Endo-
scopic sleeve gastrectomy.

Endoscopic sleeve gastroplasty An endoscopic
procedure that mimicks classic sleeve gastrec-
tomy. A suturing device applied to the gastric
mucosa, without puncturing the gastric wall,
creates a series of internal folds or plications,
which substantially reduce stomach capacity.

Epigenome Assembly or set of chemical
changes of DNA which regulate gene expres-
sion and consequently phenotype (disease).
Even though they are environmental, not pri-
marily inherited, they can eventually be passed
down to future generations by epigenetic
inheritance.

Fish oil A popular designation for omega-three-
fatty-acids rich seafood. Best sources are
salmon, menhaden, mackerel, herring,
sardines, cod liver oil, and krill. Consumption
is not associated with elevated cardiovascular
risk, however purported protective actions in
adults are still debated. Supplementation is
recommended for infants (central nervous sys-
tem development).

Gastric balloon A soft, fluid-filled balloon that
is positioned in the stomach. By occupying
space, it prevents overeating and promotes
early satiety. It is usually introduced via endo-
scope, however a model than can be
swallowed is aleady available.
Recommendations are for use up to 6 months.

Gastric Banding A bariatric operation which
reduces food intake (restrictive procedure),
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by means of a silicone band placed around the
stomach, a few centimeters below the
esophagogastric junction. Very popular during
decades in some parts of the world, it is being
progressively abandoned, due to unreliable
long term results.

Gastric Bypass One of the most popular bariat-
ric interventions. It markedly reduces gastric
volume to just a small pouch (restrictive fea-
ture), at the same time shunting food down to
the small bowel (malabsorptive characteristic).
Also known as Roux-en-Y gastric bypass.

Genome The entire complement of genetic
material, in a human or animal sample.

Genotype The entire set of genes and their
characteristics, which determine the structure
and function of an organism.

High-density lipoprotein/High density choles-
terol (HDL) A fraction of plasma cholesterol
that is associated with improved cardiovascu-
lar prognosis. Also known as “good
cholesterol”.

Highly processed foods Those that undergo
multiple industrialization steps, typically
removing useful nutrients such as fibre,
vitamins and minerals. Sugar, fat and salt are
often added as well. They tend to precipitate
obesity. See also Calorie dense foods.

Intragastric balloon See Gastric balloon.
Leptin A central hormone for appetite and obe-

sity. Manufactures by adipose cells as well as
other sources, it inhibits appetite at high
concentrations, thus preventive excessive fat
accumulation. In obese humans, leptin admin-
istration doesn’t lead to weight loss,
suggesting decreased sensitivity.

Low-density lipoprotein/Low density choles-
terol (LDL) The main fraction of plasma
cholesterol that is associated with elevated
cardiovascular risk. Also known as “bad
cholesterol”.

Metabolic syndrome The association of
abdominal obesity, arterial hypertension,
dyslipidemia, and glucose intolerance. Other
derangements are sometimes included in the
cluster, and diagnostic criteria vary. Typically

linked to fatty liver disease, diabetes, and car-
diovascular complications.

Monogenetic A disease or trait that is triggered
by a single, well-known gene. A few uncom-
mon modalities of obesity and diabetes are
monogenetic.

Monounsaturated fatty acid Mainly consumed
as olive oil, it is one of the pillars of the
Mediterranean diet. Also present in canola
oil, avocados and other sources.

Morbid Obesity A Body Mass Index of 40 kg/
m2 or greater. Also known as Class III obesity.
The concept is intimately associated with indi-
cation for bariatric surgery, even though a
BMI of 35 kg/m2 with comorbidities, or in
certain countries <35 kg/m2, can be a legiti-
mate indication as well.

Nutrient dense foods and drinks Usually
designates natural foods, with a useful compo-
sition. Contrasts with Highly processed foods
or Calorie dense foods.

Obstructive sleep apnea See Sleep apnea.
Omega-nine fatty acids See Monounsaturated

fatty acids.
Omega-six fatty acids See Vegetable oils, See

Polyunsaturated fatty acids.
Omega-three fatty acids See Fish oil, See Poly-

unsaturated fatty acids.
Phenotype Physical and metabolic makeup of

an organism, which is controlled by genes.
Can be divided in conventional (external
appearance) and deep phenotype (proteins,
enzymes, metabolites), as identified by bio-
chemical and metabolomics studies. See also
Genotype.

Polygenetic Disease or trait related to the inter-
action of many genes. Most types of obesity
and diabetes undergo polygenetic influences.

Polyunsaturated fatty acids Type of fat which
is chemically unsaturated, with multiple dou-
ble or triple bonds. Typically liquid at room
temperature, they comprise omega-6 fatty
acids (soybean oil, corn oil, safflower oil and
some other vegetable oils) as well as omega3
fatty acids (basically fish oil, however also
flaxseed oil, canola oil and soybean oil).
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Roux-en-Y gastric bypass See Gastric bypass.
Satiety The sensation of a fed state. It is

mediated by hormones like ghrelin, leptin,
PYY and other appetite regulating
biomolecules. Derangements in obese subjects
have been reported.

Saturated fatty acids Type of fat that is chemi-
cally saturated, or that has been saturated by
industrial hydrogenation. Typically solid at
room temperature. Representative examples
are milk fats, other animal fats (lard, chicken
fat), coconut and palm oil, any hydrogenated
vegetable fat (margarine, mayonnaise,
cookies).

Sedentarism A lifestyle modality featuring little
or no physical activity or exercise. It is
associated with watching television and other
screens. A serious predisposing factor for obe-
sity, in both children and adults.

Scopinaro’s operation See Biliopancreatic
diversion.

Sleep apnea A respiratory complication of
severe obesity. It can be associated with car-
diovascular complications, including hyper-
tension, coronary heart disease, arrhythmia,
and heart failure. Response to bariatric weight
loss is usually favorable.

Sleeve gastrectomy One of the most popular
bariatric interventions. Originally part of the
biliopancreatic diversion, it is performed as a

standalone procedure. The stomach is divided
along the smaller curvature, creating a long
and narrow channel, which inhibits large
meals (restrictive modality).

Subcutaneous fat The most important fat depot,
with over 95% of total body fat. Has much less
implications regarding cardiovascular risk
than visceral fat. Increased thigh fat in post-
menopausal women is indeed associated with
less myocardial infarction and stroke.

Vertical gastroplasty The vertical banded
gastroplasty was a purely restrictive operation,
which partially divided the stomach, creating a
small vertical pouch. This intervention has
been nearly completely abandoned. See also
Sleeve gastrectomy.

Visceral fat Body fat that accumulates inside the
abdominal cavity, mostly on the greater
omentum, and around viscera. A metabolically
active fat compartment associated with inflam-
mation, hormone and coagulation factor pro-
duction, and cardiovascular complications.
See also Waist circumference.

Waist circumference A surrogate (anthropo-
metric) measurement of visceral fat.
Associated with metabolic syndrome and car-
diovascular complications.

Wild type The genotype or phenotype of an
experimental animal that is found in nature.
Non genetically manipulated.
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