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In broad terms, ‘metabolic syndrome’ refers to a cluster
of atherogenic risk factors that increase the risk of
cardiovascular disease. This cluster of factors
includes obesity, hypertension, hypertriglyceridemia,
low high-density lipoprotein cholesterol concen-
trations, and hyperglycemia. Despite agreement on
the broad definition of metabolic syndrome, the
clinical criteria that specifically define the syndrome
differ between organizations. These different criteria
for definition are discussed in this issue of Heart and
Metabolism, in articles by Boehm and Scheikofer and
by van Zwieten and Visser. Because of the major
impact of metabolic syndrome on the risk of
developing heart disease and stroke, considerable
interest has focused on its treatment. For the most
part, recommendations for treatment have focused
on modifying the individual components of the syn-
drome. Specifically, this involves the treatment of
hyperglycemia, obesity, hypertension, and dyslipid-
emia. The article by van Zwieten and Visser
provides a concise overview of the drug therapies
currently available to treat this syndrome. These
pharmacotherapies should be used in conjunction
with therapeutic lifestyle modification and preven-
tative measures, to lessen the impact of metabolic
syndrome on cardiovascular disease.

Given the major impact that metabolic syndrome
has on the risk of cardiovascular disease, a significant
research effort is focusing on the effects of the syn-
drome on organ physiology, and on a better under-
standing of how patients with the syndrome might be
effectively treated clinically. One particularly impor-
tant area that has received recent research attention
has focused on the alterations in fatty acid metabolism
that occur in metabolic syndrome. The accumulation
of fatty acids within non adipose tissue, such as
muscle, can have a number of deleterious con-
sequences on the function of the tissue concerned.
Excessive supply of fatty acids to heart and skeletal
Heart Metab. 2006; 30:3
muscle can lead to the accumulation of fatty acids
within these muscles – a condition termed ‘lipotoxi-
city’. The basic science paper by Peura and Schaffer
describes how these lipotoxic changes can have an
impact on muscle function, including the develop-
ment of insulin resistance and the development of
skeletal and cardiac muscle myopathies. Because
abnormalities in lipid metabolism can have a signifi-
cant impact on heart function, a better understanding
of cardiac energy metabolism in metabolic syndrome
is desirable. In this issue of Heart and Metabolism, the
use of positron emission tomography to characterize
myocardial metabolism in diabetes, hypertension,
and hyperlipidemia is described. This noninvasive
approach to imaging cardiac metabolism should not
only provide a better understanding of the metabolic
changes that occur in the metabolic syndrome, but
also be a useful tool to help define novel therapeutic
approaches to treatment of the syndrome. One such
therapeutic approach may involve the use of trime-
tazidine, an inhibitor of fatty acid oxidation. A paper in
this issue by Fragasso and colleagues provides intri-
guing evidence, not only that trimetazidine may
improve glucose metabolism in diabetic patients, but
also that it may improve endothelial cell function.
These combined actions suggest a possible use of
trimetazidine in the treatment of the hyperglycemic
and hypertensive components of metabolic syndrome,
although further studies are needed to confirm this.

Metabolic syndrome is a major risk factor for the
development of cardiovascular disease. Optimal treat-
ment of the syndrome is therefore essential. Emerging
evidence has identified abnormalities in fatty acid
metabolism as important contributors to abnormalities
of cardiac and skeletal muscle function in metabolic
syndrome. Therapeutic management of these abnor-
malities in fatty acid meta-bolism may present clini-
cians with one further weapon with which to fight the
problem of metabolic syndrome.
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Abstract

Lipotoxicity is defined as the untoward consequences of the accumulation of excess lipid in non-adipose
tissue. Fatty acids are an important substrate for myocyte metabolism, yet mismatch of cellular uptake
and utilization results in lipid accumulation that is clearly detrimental. Within the myocyte, lipotoxicity
can lead to cellular dysfunction, resulting in defective contraction or relaxation or both, alterations in
key signaling pathways, and apoptotic cell death. In this review we discuss the significance of myocyte
lipotoxicity in human disease and present insights into the pathophysiology gained from transgenic
animal models of toxic lipid overload in skeletal and cardiac muscle.
Heart Metab. 2006;30:4–6.
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Skeletal and cardiac muscle have limited capacity for provide increased substrate to muscle tissues.

de novo fatty acid synthesis and thus rely on uptake of
fatty acids from the circulation, given their high meta-
bolic utilization of this substrate. Free fatty acids
(FFAs) can be released from adipose stores and are
transported to the heart through the circulation, bound
to albumin. Fatty acids are also supplied to the heart
and skeletal muscle as chylomicron and very-low-
density lipoprotein particles. Local hydrolysis of tri-
glyceride from these particles by lipoprotein lipase�

tethered to the endothelium provides FFAs in close
proximity to the target tissues that use this metabolic
substrate. The findings of recent studies suggest that
the latter mechanism accounts for the majority of fatty
acids transported to the heart for metabolism [1].
Several proteins have been shown to facilitate the
subsequent import of FFA substrates across the
plasma membrane of myocytes, and these proteins
may serve as molecular targets for regulation of the
use of substrate in response to hormonal and meta-
bolic cues [2].

Lipotoxicity in the myocyte occurs in the setting of
increased substrate availability or decreased substrate
utilization, or both. In humans, disease states associ-
ated with pathologic concentrations of serum lipids
4

Increased fasting and postprandial concentrations of
FFAs and triglyceride are observed in obesity and
metabolic syndrome – highly prevalent disorders
characterized by excess adiposity. Dyslipidemia is
also a central feature of lipodystrophies in which
affected individuals have congenital absence or
acquired loss of adipose tissue. High serum concen-
trations of FFA and triglyceride result from dysregu-
lated adipose tissue function in the case of obesity and
the metabolic syndrome, and from lack of appropriate
storage depot for these lipids in the case of lipody-
strophies. In these disorders, excess FFA is taken up
into non-adipose tissues such as the heart and skeletal
muscle, resulting in the accumulation of triglyceride.
In contrast, congenital defects in fatty acid oxidation
are characterized by the inability of target tissues to
utilize FFAs. This sets the stage for massive accumu-
lation of unmetabolized substrate in the heart and
skeletal muscle – tissues that normally take up this
substrate for the generation of ATP.

The accumulation of lipid in skeletal and cardiac
muscle may lead to clinical manifestations of muscle
dysfunction. First, epidemiological studies have
shown that the incidence of heart failure is increased
Heart Metab. 2006; 30:4–6
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in obese individuals and in patients with diabetes
mellitus [3]. Impaired diastolic function and structural
abnormalities are early evidence for cardiomyopathy
that can be detected noninvasively in obese and
diabetic individuals, using transthoracic echocardio-
graphy [4,5]. These may progress over time to result in
both diastolic and systolic dysfunction [6]. There have
been no systematic studies to examine the contri-
butions of specific metabolic abnormalities in cardiac
dysfunction in these disorders, but observations of
cardiac accumulation of triglyceride [7] and cardio-
myocyte apoptosis in pathological specimens [8]
suggest a causal link. Secondly, individuals with
inborn errors in fatty acid oxidation have intracellular
accumulation of lipids in cardiac and skeletal muscle,
and are known to develop skeletal myopathy, heart
failure, and arrhythmic sudden cardiac death [9,10].
Thirdly, obese diabetic and prediabetic individuals, in
addition to those with lipodystrophy, have intramyo-
cellular triglyceride accumulation that is associated
with insulin resistance [11].

Animal models of obesity and diabetes provide
insights into mechanisms of the toxic consequences
of lipid overload. Perhaps the best characterized with
respect to lipotoxicity in muscle, are Zucker Diabetic
Fatty rats, which have genetic unresponsiveness to
leptin�, leading to increased serum lipid concen-
trations, morbid obesity, and diabetes [12]. On a
standard diet, these rodents have increased cardiac
uptake and esterification of FFA, decreased fatty acid
oxidation, and evidence of cardiomyocyte apoptosis
and fibrosis [13]. These biochemical and histological
changes are associated with impaired contractility
and relaxation, consistent with endstage cardiomyo-
pathy. Another leptin-resistant model that has been
extensively characterized is the obese diabetic db/db
mouse�, in which an early phase of increased fatty
acid oxidation precedes the development of contrac-
tile dysfunction [14,15]. In a third leptin-unresponsive
model, the ob/ob mouse�, the accumulation of lipid
is accompanied by diastolic dysfunction [16].
Together, these models provide experimental systems
in which a number of groups have effectively
examined changes in cardiac metabolism, structure,
and function that accompany extreme obesity, insulin
resistance and diabetes.

Transgenic models with tissue-restricted increases
in lipid uptake, in the absence of systemic metabolic
disturbances, have provided independent evidence
for a central role of altered lipid homeostasis in the
genesis of myopathy. In mice with skeletal muscle
overexpression of lipoprotein lipase, increased tissue
uptake of FFAs leads to myofibrillar degeneration,
mitochondrial and peroxisome proliferation, and
insulin resistance [17,18]. The findings of a number
of animal studies suggest that accumulation of fatty
acid metabolites (eg, triglycerides, diacylglycerols,
Heart Metab. 2006; 30:4–6
acyl coenzyme As [CoA]) activates a serine/threonine
kinase� cascade that phosphorylates insulin receptor
substrates in such a way that they fail to activate
glucose transport in response to insulin [19]. Mice
with cardiac overexpression of long-chain acyl CoA
synthetase (MHC-ACS)�, peroxisome proliferator acti-
vated receptor alpha (MHC-PPARa)� or a glycopho-
sphatidylinositol-linked lipoprotein lipase� (hLpLGPI)
also demonstrate increased cardiac uptake of FFA
substrates. Each of these models develops dilated
cardiomyopathy characterized by systolic dysfunc-
tion with accompanying diastolic dysfunction [20–
22]. Different lipid species accumulate in the different
models (triglyceride in the cases of MHC-ACS and
MHC-PPARa, compared with cholesterol in hLpLGPI),
but several show evidence of oxidative stress [23,26],
suggesting a common lipid stress response pathway.
Apoptosis is observed in MHC-ACS and hLpLGPI

hearts, consistent with the inexorable progression of
heart failure in these models. A fourth transgenic
model with cardiac restricted overexpression of the
fatty acid transport protein 1 (MHC-FATP1) demon-
strates a contrasting phenotype. In this model,
increased uptake and metabolism of FFAs lead
to diastolic dysfunction and electrophysiological
disturbances [24]. These models represent the spec-
trum of cardiac dysfunction in obesity and diabetes,
and they serve as powerful tools with which to study
the lipotoxic events that contribute to early (primarily
diastolic) and late (both diastolic and systolic)
lipotoxic cardiomyopathy.

These transgenic models have also been used to
evaluate novel therapeutic approaches to cardiac
lipotoxicity. Treatment of the obese Zucker Diabetic
Fatty rats with troglitazone was found to reduce car-
diac triglyceride, and to prevent apoptosis and loss of
function [12]. In the MHC-PPARa model, myocyte
lipotoxicity was observed when mice were fed a
normal diet, was exacerbated by a diet enriched in
long-chain triglycerides, and was improved by a diet
enriched in medium-chain triglycerides. Reversibility
of the phenotype in these mice is consistent with the
lack of evidence for cardiomyocyte cell death [23].
Treatment of MHC-ACS mice with an adenovirus
encoding the hormone leptin effected a marked
improvement in cardiac triglyceride accumulation
and function [25]. These three examples suggest that
measures which divert lipid to adipose stores,
decrease overall serum lipid concentrations, or
increase myocyte b-oxidation will be beneficial in
lipotoxic myopathies in humans.
Summary

Human patients with disease states associated with
pathologic concentrations of serum lipids suffer from
5
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myocyte dysfunction, cardiomyopathy, and early car-
diovascular death. The findings from studies in trans-
genic and genetic animal models suggest that changes
in cardiac lipid metabolism underlie the changes in
heart structure and function that accompany extreme
obesity, insulin resistance, and diabetes. Evidence of
oxidative stress and apoptotic cell death suggests a
common metabolic stress pathway. Continued inves-
tigation may lead to novel therapeutic targets that
could significantly reduce the morbidity and mortality
associated with obesity and diabetes.
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Abstract

The metabolic syndrome is characterized by the cooccurrence of central obesity, dyslipidemia,
altered glucose concentrations, and hypertension. Very recently, the International Diabetes
Federation has published a consensus worldwide definition of the metabolic syndrome. However,
as yet, no consensus exists for specific thresholds for establishing the diagnosis. The individual traits of
the syndrome cluster together to a notably greater degree than expected by chance alone – a fact that
lends substantial support to the idea of a common set of mechanisms with pleiotropic effects leading
to the metabolic syndrome. Lifestyle modification is currently the preferred universal treatment option
of the metabolic syndrome. In addition, treatment of modifiable risk factors of the syndrome should be
addressed specifically.
Heart Metab. 2006;30:7–10.

Keywords: Diabetes, hyperglycemia, dyslipidemia, pleiotropic effects, lifestyle modification,
metabolic syndrome
Introduction

The metabolic syndrome is characterized by the co-
occurrence of central obesity, dyslipidemia (which is
typically defined by high concentrations of triglycer-
ides and low concentrations of high-density lipopro-
tein cholesterol, dysglycemia or hyperglycemia or
both according to standard diabetes criteria), and
hypertension [1–4].

The syndrome is a highly prevalent multifaceted
clinical entity. Various prospective epidemiological
studies across several populations have shown that the
metabolic syndrome is a dynamic phenotype featur-
ing a continuum of metabolic derangements. As yet,
no consensus exists for specific thresholds for estab-
lishing the diagnosis of each of these traits as com-
ponents of the syndrome.

The individual traits of the metabolic syndrome
cluster together to a notably greater degree than
expected by chance alone – a fact that also lends
substantial support to the existence of a discrete
disorder [5–9].
Heart Metab. 2006; 30:7–10
Current definition of the metabolic syndrome

Current definitions of the metabolic syndrome take
into account two major outcomes, cardiovascular
disease and type 2 diabetes, thereby perceiving the
metabolic syndrome as ‘prediabetes’. Tables I–III
summarize the current definitions, including a very
recent consensus statement provided by the Inter-
national Diabetes Federation (IDF) [1–4].

Prevalence of the metabolic syndrome

Because of the lack of standardized criteria for recog-
nizing the metabolic syndrome, a comparison of
published prevalences for different populations is
rather difficult. Nevertheless, despite differences in
the criteria used, certain inferences can be made:
prevalence of the metabolic syndrome is highly
age-dependent (USA National Health and Nutrition
Examination Survey [NHANES III]) [10]. The Framing-
ham Offspring Study also revealed that the metabolic
risk factors worsen continuously across the spectrum
7
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Table I. NationalCholesterol Education Program–ThirdAdult Treatment Panel III 2001definition of the metabolic syndrome. (Adapted from[1]).

3 or more of the following 5 risk factors:

Central obesity Waist circumference:
Men > 102 cm (> 40 inches)
Women > 88 cm (> 35 inches)

Hypertriglyceridemia Triglycerides: � 1.7 mmol/L (� 150 mg/dL)
Low HDL cholesterol concentration Men < 1.0 mmol/L (< 40 mg/dL)

Women < 1.3 mmol/L (< 50 mg/dL)
Hypertension Blood pressure: � 130/85 mm Hg, or medication, or both
Fasting plasma glucose � 6.1 mmol/L (> 110 mg/dL)

LDL, low-density lipoprotein.
of nondiabetic glucose tolerance, suggesting a con-
tinuous risk [11,12]. Using the Adult Treatment Panel
III criteria, prevalence of the metabolic syndrome in
Germany was also found to be age-dependent, and
dependent on social status [13].

Treatment

Once a diagnosis of the metabolic syndrome is made,
the management of the condition should be ‘aggres-
sive’ in its aim to reduce the risk of both cardiovascular
disease (CVD) and type 2 diabetes. Patients should
undergo a full cardiovascular risk assessment that
includes smoking status [3–5]. Lifestyle intervention
includes a healthy diet – which means eating plenty of
fruit and vegetables, lean cuts of white meat or fish
rather than red meat, and avoidance of processed or
deep-fried dinners. Items rich in dietary fiber, such as
whole grains, beans, fruit and vegetables, which can
decrease (pro)insulin concentrations, should also be
used. Physical activity should be implemented with at
least 30 min of moderately strenuous activity most days
of the week. This intervention should be accompanied
by regular checks of modifiable risks such as blood
pressure, cholesterol and blood sugar concentrations.
For primary intervention, the IDF recommends pro-
motion of a healthy lifestyle, including moderate
Table II. World Health Organization clinical criteria for the metabolic

In order to make a diagnosis of the metabolic syndrome, a
glucose tolerance or diabetes, or insulin resistance, or both,

Obesity BMI: > 30
Men > 0.9
Women > 0.85

Dyslipidemia Triglycerid
Men < 1.0 mmo
Women < 1.3 mmo

Hypertension Blood pres
Microalbuminuria Albumin e

BMI, body mass index; HDL, high-density lipoprotein.

8

calorie restriction (to achieve a 5–10% loss of body
weight in the first year), an increase in physical activity
(5 � 30 min of moderate activity per week), and a
change in dietary composition. Both a Finnish and
an American (Diabetes Prevention Program) diabetes
prevention study revealed that lifestyle modification
will at least prevent the conversion to type 2 diabetes
among high-risk individuals with glucose intolerance
who were, generally, obese [14–16]. In addition, in
people for whom lifestyle change is not enough and
who are considered to be at high risk for CVD, sec-
ondary intervention with drug therapy may be
suggested. However, pharmacotherapy that can modu-
late the underlying mechanisms of the metabolic syn-
drome as a whole and thereby reduce the impact of all
the risk factors and the long-term metabolic and car-
diovascular consequences is currently not available.
Therefore, it is necessary to treat the individual com-
ponents of the metabolic syndrome, in order that a
reduction in the individual risk associated with each
one will reduce the overall impact on CVD and dia-
betes risk [4].

Current controversies

The existing guidelines from the World Health Organ-
ization (WHO) and National Cholesterol Education
syndrome, 1999. (Adapted from [3]).

patient must present with glucose intolerance, impaired
together with two or more of the following components:

kg/m2 or Waist to hip ratio:

es: � 1.7 mmol/L (� 150 mg/dL) or HDL cholesterol:
l/L(< 40 mg/dL)
l/L (< 50 mg/dL)

sure: > 140/90 mm Hg, or medication, or both
xcretion: � 20 mg/min, or Albumin : creatinine ratio: � 30 mg/g

Heart Metab. 2006; 30:7–10
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Table III. The new International Diabetes Federation (IDF) definition, 2005. (Adapted from [4]).

According to the new IDF definition, for a person to be defined as having the metabolic syndrome they must have:

Central obesity (defined as waist circumference � 94 cm for Europid men and � 80 cm for Europid women, with ethnicity-specific
values� for other groups)

Plus any two of the following four factors:
Increased triglyceride concentration � 150 mg/dL (1.7 mmol/L), or Specific treatment for this lipid abnormality
Reduced HDL cholesterol Men < 40 mg/dL (1.03 mmol/Ly)

Women < 50 mg/dL (1.29 mmol/Ly), or Specific treatment for this lipid abnormality
Increased blood pressure SBP � 130 mm Hg or DBP � 85 mm Hg, or Treatment of previously

diagnosed hypertension
Increased FPG � 100 mg/dL (5.6 mmol/L), or Previously diagnosed type 2 diabetes. If

FPG is > 5.6 mmol/L or > 100 mg/dL, an OGTT is strongly
recommended, but is not necessary to define presence of the syndrome

�Central obesity is most easily measured by waist circumference; values that are specific for sex and ethnic group (not country of
residence) should be used. The IDF consensus group acknowledged that the following are pragmatic cutoff points taken from various
different data sources and that better data will be needed to link them to risk:
Europids: � 94 cm (men); � 80 cm (women).
USA: The Adult Treatment Panel (ATP) III values are likely to continue to be used for clinical purposes: 102 cm (men); 88 cm (women).
South Asians, based on a Chinese, Malay and Asian-Indian population: � 90 cm (men); � 80 cm (women).
Chinese: � 90 cm (men), � 80 cm (women).
Japanese: � 85 cm (men), � 90 cm (women).
Ethnic South and Central Americans: Use South Asian recommendations until more specific data are available.
Sub-Saharan Africans: Use European data until more specific data are available.
Eastern Mediterranean and Middle East (Arab) populations: Use European data until more specific data are available.

yThese values have been updated from those originally presented, to ensure consistency with ATP III cutoff points.
DBP, diastolic blood pressure; FPG, fasting plasma glucose; HDL, high-density lipoprotein; OGTT, oral glucose tolerance test; SBP,
systolic blood pressure.
Program–Third Adult Treatment Panel (NCEP–ATP
III) did not provide exact diagnostic criteria for iden-
tifying individuals with metabolic syndrome [1–3].
However, there is a strong need for a single, univer-
sally accepted diagnostic tool that may allow direct
comparisons of the prevalences of the metabolic
syndrome and may also make it possible to monitor
the efficacy of any therapeutic intervention [4]. An
additional difficulty is that no consensus exists for
specific thresholds for establishing the diagnosis of
each of these traits as components of the syndrome.

A unifying pathophysiological concept of the syn-
drome is also lacking. It has long been believed that
insulin resistance may provide the unifying hypoth-
esis, but current evidence has been questioned in a
joint statement by the American Diabetes Association
and the European Diabetes Association [17,18]. Even
though most people who have the metabolic syn-
drome are insulin resistant, this is most probably
attributable to the fact that almost all people with
an increased blood glucose value are insulin resistant.
Conversely, many studies have shown that only a
minority of nondiabetic individuals with insulin resist-
ance will suffer from the metabolic syndrome.

The value of including diabetes in the definition of
the metabolic syndrome has been questioned in view
of the lack of a clear rationale for including/excluding
various CVD risk factors. Most importantly, the overall
CVD risk value is variable and dependent on the
specific individual risk factors present.
Heart Metab. 2006; 30:7–10
The syndrome is managed by treating each of its
components. Provided that classical risk profiling has
been performed, the medical value of diagnosing the
syndrome is unclear.

Further points have been raised. (i) It remains
unclear how the syndrome is best defined. (ii) Are
all risk factors equally important, if combinations of
risk factors portend greater CVD risk than others? (iii)
A definition of the metabolic syndrome in which
variables have defined lower and upper cutoff points
or that uses continuous variables in a multivariate
score system (eg, Framingham/UK Prospective Dia-
betes Study risk engine) requires more detailed study
[17,19–21].

Perspective – the search for a
unifying concept

The idea that a common set of factors with several
diverse effects might influence obesity, type 2 dia-
betes, and related traits such as sensitivity to the
effects of insulin, is not novel [5,7]. New data may
provide further evidence of a common molecular link
between insulin resistance, obesity, and type 2 dia-
betes. Very recently, the gene ENPP1 (which encodes
ectonucleotide pyrophosphatase/phosphodiesterase
1�, also known as plasma cell membrane glycoprotein
PC-1) was shown to mediate some of the effects of the
hormone insulin on glucose metabolism while sim-
ultaneously being associated with obesity and type 2
9



Main clinical article
Bernhard O. Boehm and Stephan Schiekofer
diabetes. This observation supports the idea that a
common molecular mechanism underlies features of
the body’s response to the effects of the hormone
insulin, in addition to the predisposition to develop
obesity and type 2 diabetes [22]. These findings also
suggest that several variants of ENPP1 may have a
primary role in mediating insulin resistance and in the
development of both obesity and type 2 diabetes,
implying that an underlying molecular mechanism
is common to both conditions.

The AMP-activated protein kinase (AMPK) path-
way� is an evolutionarily conserved sensor of cellular
energy status that plays a critical role in systemic energy
balance. Complex signaling networks suggested that
AMPK may prevent insulin resistance, in part by inhi-
biting pathways that antagonize insulin signaling.
Through signaling, metabolic, and gene expression
effects, AMPK enhances insulin sensitivity and fosters
a metabolic milieu that may reduce the risk for obesity
and type 2 diabetes [23]. It was recently shown that
metformin, one of the drugs most widely prescribed for
type 2 diabetes therapy, requires leukotriene B1

� and
subsequent AMPK activation in the liver in order to
decrease blood glucose concentrations [24].
Conclusion

The metabolic syndrome is a multifaceted clinical
entity resulting from the interaction of genetic, hor-
monal, and lifestyle factors. Over the past two dec-
ades, the number of people diagnosed with the
syndrome has steadily increased. A better understand-
ing of the underlying molecular pathophysiology
should lead to novel preventive strategies. A research
agenda to identify the underlying cause(s) is recom-
mended [4,13,19,25].

Universally speaking, the metabolic syndrome is a
huge clinical problem and is one that is growing at an
alarming rate. The new IDF criteria provide a robust
framework for making the diagnosis of the syndrome
and for implementing lifestyle changes, at least, in the
individuals diagnosed. The opportunity should not be
missed, in view of this worldwide epidemic.

� See glossary for definition of these terms.
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Abstract

The metabolic syndrome is associated with a well known increased risk of coronary disease, but the
syndrome or its components are also associated with adverse cardiac remodeling and decreased
function [1,2]. Changes in myocardial substrate preference, efficiency, and energetics probably
contribute to cardiac remodeling and dysfunction [3–5]. The focus of this review is on noninvasive
imaging techniques and the insights they have provided on myocardial metabolism and the
pathogenesis of noncoronary heart disease associated with the metabolic syndrome.
Heart Metab. 2006;30:11–14.

Keywords: Metabolic syndrome, metabolism, positron emission tomography, heart, magnetic
resonance spectroscopy
Introduction

The healthy myocardium is an omnivore, able to
use several different substrates for the production of
ATP. Animal studies of obesity and insulin resistance,
hallmarks of the metabolic syndrome, suggest that
excessive myocardial fatty acid metabolism, whether
oxidation, storage, or both, is directly detrimental
to cardiac function [1,2]. There is little information
evaluating the effect of the metabolic syndrome as a
whole on human myocardial metabolism, but insights
may come from evaluating how the different com-
ponents of the metabolic syndrome affect myocardial
metabolism.

The components of the metabolic syndrome
are: abdominal obesity, triglyceride concentrations
� 150 mg/dL, high-density lipoprotein (HDL) concen-
tration < 40 mg/dL (men) or < 50 mg/dL (women),
blood pressure � 130/85 mm Hg, or a fasting glucose
concentration� 110 mg/dL[3]. Ifapatienthasanythree
of these, they have the metabolic syndrome, according
to Adult Treatment Panel III guidelines. The metabolic
syndrome is also associated with insulin resistance.
Heart Metab. 2006; 30:11–14
Imaging techniques for quantification of
myocardial metabolism

Positron emission tomography

Positron emission tomography (PET) imaging in
humans enables quantification of rates of myocardial
substrate uptake and metabolism using radiolabeled
tracers. Myocardial oxygen consumption (MVO2) is
quantified using carbon-11-labeled acetate; glucose
uptake and utilization are quantified using fluorine-
18-labeled fluorodeoxyglucose (FDG) or 11C-glucose;
fatty acid uptake, utilization, and oxidation are quan-
tified either using compounds labeled with [11F]-6-
thia-heptadecanoic acid or using [11C]palmitate; and
lactate is quantified using [11C]lactate. A PET scanner
collects the gamma rays released after the collision of
a positron (from a radiopharmaceutical) with an elec-
tron in tissue. Figure 1 shows sample images from two
[11C]palmitate PET studies and the time–activity
curves that are used in conjunction with compart-
mental modeling to quantify the myocardial uptake
and utilization of fatty acid.
11
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Figure 1. Top: Composite positron emission tomography (PET) myocardial images obtained from a young lean male (left)
and a young obese female (right), 3–30 min after injection of [11C]1-palmitate tracer. Images are displayed on the horizontal
long axis with the base of the heart on top, septal wall on the left and lateral wall on the right. Compared with the lean
control, the obese heart shows greater accumulation of tracer, indicative of greater uptake of free fatty acid (FFA). Bottom:
Blood ( ) and myocardial ( ) time–activity curves obtained from the corresponding dynamic PET images of the same
individual were used in conjunction with kinetic modeling to measure FFA uptake and oxidation (both in nmol/g per min).
The obese individual had greater myocardial uptake, utilization, and oxidation of FFA than the lean control (eg, myocardial
fatty acid utilization ¼ 433 nmol/g per min compared with 87.6 nmol/g per min).
Limitations of PET include its high cost, and the
need for a cyclotron to manufacture certain tracers.
(Myocardial scintigraphy, another nuclear cardiology
technique, is able to evaluate myocardial metabolism
in a semiquantitative manner.)

Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) is similar to
magnetic resonance imaging, in that both use the
same type of scanner equipped with a large magnet
to generate images. However, in addition to measur-
ing the total signal emitted by the nuclei within the
body and displaying an image, MRS allows for differ-
ent chemicals or metabolites within a given volume of
tissue to be tracked and displayed on a spectrum. For
example, phosphorus-31 MRS is used to determine
the relative amount of high-energy phosphates, eg,
phosphocreatine (PCr) and adenosine triphosphate
(ATP), within the heart. A low PCr : ATP ratio is
generally believed to be deleterious, and is a predictor
of cardiovascular mortality in patients with dilated
cardiomyopathy [4]. Measurement of absolute con-
centrations of human cardiac high-energy phosphate
is possible using 3-dimensionally resolved spectra [5].
12
Hydrogen-1 MRS may be used to quantify tri-
glycerides deposited within the myocardium [6].
MRS-quantified triglyceride content correlates well
with histochemical triglyceride quantification. Chal-
lenges in applying this approach to study of the
metabolism of the human heart include accounting for
the motion of the myocardium and contamination of
the myocardial spectrum by pericardial fat. Because
of the latter, the volume of interest is often placed in
the interventricular septum.
Applying these imaging approaches to the
metabolic syndrome

Myocardial metabolism in abdominal obesity
and insulin resistance

In a study of young women, PET imaging demon-
strated that body mass index (BMI) was linearly and
positively correlated with MVO2 and with the myo-
cardial uptake, utilization, and oxidation of fatty acid
[7]. Insulin resistance was even more closely related
to fatty acid uptake and metabolism than was BMI [7].
Increased BMI also predicted decreased cardiac
Heart Metab. 2006; 30:11–14
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efficiency [7]. Glucose utilization was not different
between obese and nonobese individuals, although it
was low in all (fasting) individuals. These data are
consistent with studies in animal models of insulin
resistance, which have demonstrated that increased
myocardial fatty acid uptake and metabolism precede
and contribute to decreased cardiac function [1,2,8].
The failure of other studies to demonstrate differences
in myocardial fatty acid uptake and oxidation
between those who were glucose intolerant and nor-
mal controls may relate to differences in tracers,
numbers of individuals studied, sex, age, or baseline
endogenous myocardial fat stores [9,10].

Accumulation of excess lipid in the myocardium
may also be detrimental to the heart in obese indi-
viduals, via a process known as ‘lipotoxicity’ [1].
Supporting this, an [1H]-MRS study showed that
increased BMI was related to increased accumulation
of triglyceride in human myocardium, and that this
was related to impaired cardiac contractility [6,7].

Myocardial metabolism in diabetes mellitus

Fasting hyperglycemia, a component of the metabolic
syndrome, is common to both type 1 and 2 diabetes
mellitus. In a recent study, PET was used to demon-
strate that individuals with type 1 diabetes mellitus
had greater plasma free fatty acid concentrations,
MVO2, myocardial fatty acid utilization and oxi-
dation, and lower glucose utilization, compared with
nondiabetic controls [11]. A hyperinsulinemic/eugly-
cemic clamp may increase glucose utilization in
diabetic patients such that it is not different from
controls [12,13]. This increased reliance on fatty acid
metabolism at the expense of glucose metabolism by
the myocardium is concordant with findings from
animal studies and results in a loss of metabolic
flexibility [14].

In type 2 diabetes mellitus, the data are more mixed.
Some PET studies have demonstrated decreased myo-
cardial glucose uptake, but others did not [15–17].
Nevertheless, rosiglitazone, an antidiabetic drug, has
been shown to improve myocardial glucose uptake
in patients with type 2 diabetes, with or without
coronary artery disease [18,19].

A myocardial [31P]-MRS study of patients with type
2 diabetes mellitus, however, clearly demonstrated
that myocardial energy metabolism is abnormal, as
diabetic patients (without overt cardiac disease) had
impaired myocardial energy metabolism, manifested
by a lower PCr : ATP ratio compared with controls.
Moreover, myocardial PCr : ATP ratios correlated
negatively with fasting plasma free fatty acid concen-
trations, suggesting a pathophysiologic link between
excessive fatty acid availability to the heart and
impaired energy metabolism [20].
Heart Metab. 2006; 30:11–14
Myocardial substrate metabolism
in hypertension

In contrast to obesity and diabetes mellitus, humans
with hypertension-induced cardiac hypertrophy have
decreased myocardial uptake, utilization, and oxi-
dation of fatty acid compared with controls, as
demonstrated by PET [21]. This is similar to obser-
vations in animal models [22]. Whether there is an
increase in myocardial glucose utilization in humans
with hypertension is not known.

Myocardial substrate metabolism
in hyperlipidemia

Animal models and coronary arterial–venous balance
studies in humans have shown that triglycerides are a
fuel for the myocardium and that, if their delivery to
the heart is increased, so is their myocardial metab-
olism [23]. There is little information evaluating this in
humans by means of noninvasive imaging, however,
and there are no studies on the effect of low concen-
trations of HDL cholesterol on myocardial metab-
olism. The net effect of the metabolic syndrome on
myocardial metabolism in persons with insulin resist-
ance, hypertension, and other components is prob-
ably determined by the degree and interaction of
all components.
Conclusion

Many components of the metabolic syndrome are
associated with abnormalities in myocardial energy
metabolism that may contribute to decreased cardiac
function. Noninvasive imaging modalities are being
used to quantify myocardial substrate preferences,
and the oxidation, storage and energetics of the sub-
strates that are particular to the metabolic syndrome.
The sum of the data from human studies of the effects
of most of the components of the metabolic syndrome
(except hypertension) suggest that there is an over-
dependence on and an increase in myocardial uptake,
metabolism, and storage of fatty acid. Further devel-
opment and application of cardiac metabolic imaging
techniques to the metabolic syndrome will help
to define novel therapeutic targets and assess their
efficacy.
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Abstract

Patients with the metabolic syndrome have a clustering of the following risk factors: detrimental changes
in glucose tolerance and insulin resistance, abdominal (visceral) obesity, atherogenic dyslipidemia,
hypertension. In addition to appropriate changes in lifestyle, the majority of patients with the syndrome
will require pharmacological treatment, usually for the remainder of their lives. We present here an
exhaustive and critical review of the drug treatment of the risk factors associated with the metabolic
syndrome. Emphasis will be upon antihypertensive treatment and on the influence of various drugs on
insulin resistance, an important background to the metabolic syndrome.
Heart Metab. 2006;30:15–20.

Keywords: Metabolic syndrome, insulin resistance, antihypertensive drugs, diabetes mellitus
(type 2), obesity, hyperlipidemia
Introduction

The most relevant components of the metabolic syn-
drome [1,2] can be listed as follows:

� unfavorable changes in glucose tolerance ( # ) and
insulin resistance ( " );

� abdominal (visceral) obesity;
� atherogenic dyslipidemia;
� hypertension.

Taking into account the complex character of the
metabolic syndrome, it is not surprising that its defi-
nition and nomenclature have been subject to con-
siderable and even polemic discussions and debate.
Secondary to the initial term ‘syndrome X’, other
names for metabolic syndrome have been proposed,
such as ‘insulin resistance syndrome’, ‘Reaven’s
syndrome’ and ‘metabolic cardiovascular syndrome’
[3].

Both the National Cholesterol Education Programme
(NCEP) and the World Health Organization (WHO)
Heart Metab. 2006; 30:15–20
have established definitions of the metabolic syndrome
that are fairly similar. Both definitions comprise mar-
kers for abdominal obesity, glucose and lipid metab-
olism, and blood pressure. The WHO definition
contains, in addition, criteria for urinary albumin
excretion as a marker for renal damage, and in more
general terms as a sensitive predictor for cardiovascular
disease in an early stage [4].

The pathophysiological backgrounds of metabolic
syndrome, a very heterogenous syndrome, are com-
plex. Two major issues are discussed as possible
common backgrounds of the metabolic syndrome:
(a) insulin resistance/glucose intolerance (see Figure 1)
and (b) hyperactivity of the sympathetic nervous sys-
tem. Both phenomena and their relationship with the
metabolic syndrome have been discussed exhaus-
tively in recent reviews [5,6].

Metabolic syndrome is associated with important
cardio/cerebrovascular and metabolic risks. Preven-
tion and treatment are therefore of great importance.
Preventive measures involving lifestyle are mandatory.
In addition, patients with the metabolic syndrome will
15
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Intra-abdominal (visceral)
Obesity
Physical inactivity

Genetic backgrounds
Advancing age

(CRP   )
Endothelial dysfunction

Glucose tolerance
Diabetes mellitus type 2
Hypercoagulability
Vascular inflammation

Hypertension
Microalbuminuria
Sympathetic activity
Atherogenic dyslipidemia

Prothrombotic condition

Cardio/cerebrovascular disease

INSULIN RESISTANCE

Figure 1. Pathological processes that have roles in the metabolic syndrome and can hence lead to cardio/cerebrovascular
diseases. Insulin resistance appears to be of pivotal importance as a background to several pathological mechanisms.
require pharmacological treatment, usually for the
remainder of their lives.

Taking into account the heterogenous character of
the metabolic syndrome and its various components,
the pharmacological interventions are bound to be
complex. Consequently, the evaluation of pharmaco-
logical interventions will require appropriately
designed, rather complicated clinical trials.

The present survey will deal with the various
aspects of pharmacological treatment of the meta-
bolic syndrome, including some newer therapeutic
approaches.
Prevention and general aspects
of intervention

It goes without saying that prevention is a crucial
approach for reducing the various risks brought about
by the metabolic syndrome. The preventive approach
holds for virtually all important components of meta-
bolic syndrome, such as glucose intolerance/insulin
resistance, diabetes mellitus type 2, obesity, hyperli-
pidemia, and hypertension. Generally speaking, the
recommended changes in lifestyle run parallel to
reduction of risk for these pathophysiological pro-
cesses. Accordingly, the following recommendations
for intervention should be taken into account as pre-
ventive measures [7]:

� Obesity, glucose intolerance, insulin resistance,
diabetes mellitus type 2: correction of overweight
by adequate changes in diet (Mediterranean diet,
less saturated fat, fewer calories, reduction of
16
alcohol consumption), and by more and regular
physical activity.

� Hyperlipidemia: as discussed above for obesity
etc.

� Hypertension: as discussed above for obesity etc.;
in addition, moderation of salt (Naþ) and alcohol
consumption.

From a more general perspective, all patients are
urgently advised to stop smoking. On the basis of the
concept that the metabolic syndrome is associated
with sympathetic hyperactivity, preventive measures
aiming at reducing this hyperactivity could be con-
sidered. Correction of overweight and enhanced
physical activity may be expected to reduce sympath-
etic hyperactivity somewhat. Prevention of the pro-
thrombotic condition can be achieved only by
drug treatment.
Drug therapy and the metabolic syndrome

General aspects

Although the preventive measures described above
should always be the primary approach to interven-
tion in patients with the metabolic syndrome, this
approach is not always successful, in particular in
the long term. Accordingly, the vast majority of
patients with the metabolic syndrome require
pharmacological treatment, in spite of all the good
intentions with respect to prevention and lifestyle
improvements. Once established, drug treatment
has to be followed daily, and usually for the remainder
Heart Metab. 2006; 30:15–20
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Figure 2. Chemical structure of rimonabant, an inhibitor of
the cannabinoid (CB1) receptor in the endocannabinoid
system.
of the patient’s life. Guidelines on prevention of
cardiovascular disease do not usually make extensive
reference to the metabolic syndrome [8]. When they
do, they usually advise that this condition is predo-
minantly approached by improvements in lifestyle. It
is likely that this conservative approach will change in
the future towards a more interventional one, with a
more important role of pharmacological treatment
[8].

Obesity

Pharmacological treatment of obesity had been
attempted for several decades, but so far this approach
has been disappointing. In most European countries,
two drugs are registered for the treatment of obesity:
sibutramine and orlistat.

Sibutramine, an anorexant chemically derived
from amphetamine, inhibits the reuptake of both
norepinephrine and serotonin by their respective
nerve endings, in both the periphery and the central
nervous system. Consequently, appetite is reduced
and energy expenditure is increased. Adverse
responses to sibutramine can be problematic as a
result of activation of the sympathetic nervous system.
Long-term beneficial effects of the drug are the subject
of debate.

Orlistat reduces the intestinal absorption of nutri-
tional fat by inhibition of the enzyme lipase in the
pancreas and the stomach. Orlistat, indeed, appears
to be able to reduce body weight in the long term, but
its adverse reactions (mainly gastrointestinal) are most
unpleasant, leading to poor patient compliance.

Metformin, a biguanide-type antidiabetic agent, is
not classified as an anti-obesity drug, but in diabetic
patients treated with this agent, body weight is usually
decreased [9].

Rimonabant, an antagonist of cannabinoid (CB1-
type) receptors in the endocannabinoid system of
the brain, offers a new approach in the management
of obesity. Stimulation of CB1 receptors is involved in
an increase in appetite, increased accumulation of fat
in adipocytes, and increased motivation to smoke.
Conversely, blockade of the CB1 receptor by an
antagonist will counteract both hyperphagia/obesity
and the increased motivation to smoke. Rimonabant
(Figure 2), the first clinically applicable CB1 receptor
antagonist, exhibits these beneficial effects, to date in
studies lasting 1 year [10]. Further and large-scale
studies will be required to establish the position of
rimonabant, which appears to offer a new approach in
the management of obesity, including in patients with
the metabolic syndrome.

Overall, the pharmacological treatment of obesity
has to date been largely disappointing. Appropriate
improvements are highly desirable. In this respect, the
Heart Metab. 2006; 30:15–20
endocannabinoid system and its receptors can be
thought of as an interesting target for new drugs.

In recent years, several hormones involved in the
regulation of appetite and saturation have been dis-
covered, such as leptin�, ghrelin, resistin and peptide
PYY. It is conceivable that derivatives, analogs, ago-
nists, or antagonists of these hormones may provide
the basis for the development of new drugs that can be
used to counteract obesity.

Glucose intolerance, insulin resistance, and
type 2 diabetes mellitus

In addition to the classical oral antidiabetic drugs
(tolbutamide and related sulfonylurea derivatives, gli-
nides, and acarbose), the biguanide, metformin, has
experienced a renaissance of interest since it was
discovered that it exhibits insulin-sensitizing activity.
For this and other reasons, metformin is considered
the oral antidiabetic drug of choice in patients with
metabolic syndrome [9].

Glitazones, such as pioglitazone and rosiglitazone,
are the newer type of insulin sensitizer. They reduce
insulin resistance via the activation of the peroxisome-
proliferator-activated receptor subtype g (PPAR-g). On
theoretical grounds, they would be beneficial oral
antidiabetic agents in patients with metabolic syn-
drome. Their position will be established by means of
current clinical trials [11].

Insulin resistance

As insulin resistance is now widely recognized as an
important background to the various components of
the metabolic syndrome, it appears useful to review
the differential influences of the various cardiovascu-
lar and antidiabetic drugs used in the management of
the metabolic syndrome [12]. As summarized in
Table I, insulin resistance can be modulated in a
differential manner by various types of drugs. In
particular, various types of antihypertensive agent
display a clearly differential activity. As will be dis-
cussed in the next paragraph, this issue is of vital
importance, in particular with respect to the long-term
17
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Table I. Overview of the effects of cardiovascular and antidiabetic drugs that influence insulin resistance.

Drug Effects on insulin
resistance (IR)

Details

Thiazolidinediones (glitazones) IR # (favorable) PPAR-g receptor agonism
Metformin IR # (favorable) Hepatic glucose production #
a1-Adrenoreceptor antagonists (eg, doxazosin) IR # (favorable) Weak effect
Calcium antagonists No direct effect (neutral)
ACE inhibitors IR # (favorable) Possibly via angiotensin II/endothelium
Angiotensin II receptor antagonists (AT1-blockers;

ARBs; sartans) Exception: telmisartan
No effect
IR # (favorable)

PPAR-g receptor agonism

Thiazide diuretics IR " (unfavorable) Pancreatic insulin release #
b-Blockers IR " (unfavorable)
Centrally acting antihypertensives (clonidine;
a-methyl-DOPA; moxonidine; rilmenidine)

IR # (probably) Weak effects Via depression of sympathetic nervous
system activity

ACE, angiotensin-converting enzyme; ARB, angiotensin II type 1 receptor blocking agent; AT1, angiotensin II type 1; DOPA,
dihydroxyphenylalanine; PPAR, peroxisome proliferator activated receptor.
treatment of essential hypertension, which is usually
continued for several decades.

Hypertension

Taking into account that patients with the metabolic
syndrome are clearly at increased cardio/cerebro-
vascular risk, strict control of blood pressure is man-
datory, aiming at values of 130/85 mm Hg or even
less. Although it has not been studied in a specific
trial, it seems very likely that patients with the meta-
bolic syndrome including hypertension would also
benefit from decreasing their blood pressure by
pharmacological treatment, probably almost irrespec-
tive of the type of drug used. However, in this con-
nection it should be borne in mind that the
development of diabetes and other metabolic pro-
blems are associated with the long-term use of certain
antihypertensive agents.

The European Society of Hypertension/European
Society of Cardiology 2003 guidelines proposed
five groups of antihypertensive drugs as first-line treat-
ment of hypertension: thiazide diuretics, b-blockers,
calcium antagonists, angiotensin-converting enzyme
(ACE) inhibitors, and angiotensin II receptor anta-
gonists (angiotensin II type 1 [AT1] blockers; angio-
tensin II type 1 receptor blocking agents; sartans).

Other drugs that can be considered are the a-block-
ers and the older centrally acting antihypertensives
such as clonidine and a-methyl-dihydroxyphenylala-
nine. If used correctly, these various agents have
largely comparable blood pressure decreasing activi-
ties. However, recent investigations indicate that the
metabolic changes associated with the various
categories of antihypertensive agent are differential,
and therefore highly relevant within the framework of
the metabolic syndrome.
18
A recent review paper by Opie and Schall [13] dealt
in detail with the metabolic, and in particular the
diabetogenic, actions of various groups of antihyper-
tensive agents. In this connection, ‘older’ and ‘mod-
ern’ antihypertensive drugs were distinguished.
Thiazide diuretics and b-blockers were classified as
the ‘older’ antihypertensive agents, whereas calcium
antagonists, ACE inhibitors and AT1 receptor blockers
were considered to be the ‘modern’ antihypertensive
drugs. These two categories of drug were compared
by means of a meta-analysis, including seven large-
scale intervention trials, involving 58 010 patients. In
a follow-up period of 4 years, particular attention was
paid to newly developed diabetes. ACE inhibitors and
AT1 blockers reduced the number of new cases of
diabetes by 20%, whereas for the calcium antagonists
this reduction amounted to 16%. In contrast, the
‘older’ antihypertensives significantly increased the
incidence of new cases of diabetes, probably by a
factor of 4.

Furthermore the Antihypertensive Treatment and
Lipid Profile in the North of Sweden Efficacy Evaluation
(ALPINE) trial [14], performed in patients with hyper-
tensive metabolic syndrome, has demonstrated import-
ant metabolic differences between two different
treatment regimens: hydrochlorothiazide þ atenolol,
and candesartan þ felodipine. Both treatment sche-
dules caused a satisfactory and similar control of blood
pressure. Interestingly, treatment with the diuretic þ
b-blocker combination appeared to be associated with
a significantly larger number of new cases of diabetes
mellitus type 2, and was accompanied by higher
plasma triglyceride concentrations. In contrast, treat-
ment with combination candesartan þ felodipine,
leading to the same degree of decrease in blood
pressure, was not accompanied by any significant
metabolic/endocrine changes. The former treatment
also enhanced the occurrence of new cases of the
Heart Metab. 2006; 30:15–20
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metabolic syndrome, whereas the latter treatment did
not [14].

Taking together the findings of Opie and Schall and
ALPINE, the potential diabetogenic action of thiazide
diuretics and b-blockers would speak against their use
in patients with the metabolic syndrome, for whom
the more modern antihypertensive agents (ACE inhibi-
tors, AT1 receptor blockers, calcium antagonists)
appear to be preferable [15].

Irrespective of the occurrence of the metabolic
syndrome, it should be assumed that young hyperten-
sive patients will be treated for several decades.
Accordingly, these modern antihypertensive agents
appear to be preferable over the metabolically unfa-
vorable thiazide diuretics or b-blockers.

Finally, it may be of interest to note the dual activity
of the AT1 blocker, telmisartan, which is also an
insulin sensitizer, thanks to its PPAR-g-stimulating
activity [16]. The clinical relevance of these dual
activities remains to be established.

Atherogenic dyslipidemia

Improvement in the diet, already mentioned with
respect to prevention and general measures, remains
the cornerstone of the treatment of atherogenic dysli-
pidemia; this is true also for patients with the meta-
bolic syndrome. A significant percentage of the latter
patients additionally require treatment with lipid-
decreasing drugs (antilipemics, hypolipemics). In this
context, antilipemic drug treatment will be mandatory
more and more often in patients with hypertension or
type 2 diabetes mellitus, or both.

The management of hyperlipidemia in patients with
the metabolic syndrome is performed according to the
same principles as in patients without this syndrome,
and is based upon aberrations in the plasma lipids.
The hydroxymethyl glutaryl coenzyme A reductase
inhibitors (statins) have acquired and maintained a
very important position. In most countries, several
statins are registered. To date, it is not possible to
express a preference for one particular preparation to
be used in patients with the metabolic syndrome. The
widest experience in various categories of patients has
been acquired with simvastatin, now available as a
generic preparation.

The importance of the high triglyceride concen-
trations in patients with the metabolic syndrome
may require the additional use of fibrates, nicotinic
acid or its derivatives, or both. (For reviews of lipid
decreasing treatment, see references [17] and [18].)

Enhanced coagulability (prothrombotic state)

If necessary, enhanced coagulability can be corrected
by means of an antithrombotic drug; in practice,
acetylsalicylic acid (ASA, aspirin), a classic antiplate-
Heart Metab. 2006; 30:15–20
let drug, has always been used. According to the
general advice of the American Heart Association,
aspirin prophylaxis should be applied in patients with
a � 10% risk of developing a coronary event within a
period of 10 years, based upon the criteria of the
Framingham risk schedule [19]. Some, but not all,
patients with the metabolic syndrome will meet
these criteria.
Conclusions and perspectives

The awareness of the metabolic syndrome as a well-
defined and relevant pathological entity has stimu-
lated interest in pharmacological intervention. The
heterogenous backgrounds of the syndrome mean
that clinical trials concerning drug treatment of the
syndrome are bound to be complex and difficult
to design. Furthermore, drug treatment targeting the
various components of the metabolic syndrome
has been demonstrated to be largely differential
for the categories of the drugs required for this pur-
pose.

The recognition that insulin resistance is an import-
ant background to the metabolic syndrome has led to
a new classification of antihypertensive drugs, to be
differentiated into ‘old’ and ‘new’ categories. Newer
drugs, such as ACE inhibitors, AT1 blockers (ARBs),
and probably also the calcium antagonists, appear to
offer a better metabolic profile than the older thiazide
diuretics and b-blockers, in particular for the long-
term treatment of young patients who have hyperten-
sion and the metabolic syndrome. The same holds
for the treatment of type 2 diabetes mellitus, for which
the newer insulin sensitizers, the thiazolidinediones
(glitazones), offer a potentially more favorable meta-
bolic profile than the classical oral antidiabetic
agents.

The pharmacological treatment of atherogenic dys-
lipidemia has made substantial progress, in particular
owing to the development of the statins. Although
little studied in specific trials targeting the metabolic
syndrome, the use of statins in patients with the
metabolic syndrome who have hyperlipidemia
appears to be mandatory, although to date none of
the statins can be put forward as preferable over the
others. Furthermore, the relevance of decreasing
increased triglyceride concentrations and increasing
high-density lipoprotein concentrations by means of
fibrates or derivatives of nicotinic acid is now
accepted widely, including in patients with the
metabolic syndrome.

Finally, the pharmacological treatment of obesity
remains a difficult and disappointing issue. The two
drugs registered for this purpose (sibutramine and
orlistat) are far from optimal and are difficult to use
in the long term. New approaches based on modulating
19
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the endocannabinoid system by means of the CB1

receptor antagonist, rimonabant, do at least offer a
potentially new route of intervention. In addition,
improved knowledge of the several hormones
involved in the control of body weight regulation
(such as ghrelin, leptin, PYY) may offer new
approaches to the pharmacological treatment of
obesity.

Generally speaking, it can be concluded that the
drug treatment of hypertension and atherogenic dys-
lipidemia, including that in patients with metabolic
syndrome, can be considered to be satisfactory. The
management of type 2 diabetes remains a more diffi-
cult and less successful issue, although the introduc-
tion of the newer insulin sensitizers may offer better
perspectives. The drug treatment of obesity, a very
major component in the metabolic syndrome, also
continues to be disappointing. A few newer perspect-
ives for this purpose are emerging, and improvements
in this field are highly desirable.

� See glossary for definition of these terms.
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Abstract

It has recently been shown that trimetazidine, a 3-ketoacyl coenzyme A thiolase inhibitor, improves
overall glucose metabolism in diabetic patients with left ventricular dysfunction. Forearm glucose and
lipid metabolism and forearm release of endothelial vasodilator and vasoconstrictor factors during
prolonged partial inhibition of fatty acid oxidation by trimetazidine have recently been evaluated in
patients with postischemic left ventricular dysfunction. Trimetazidine significantly improved both
insulin-induced forearm oxidation of glucose and release of cyclic guanosine monophosphate,
whereas forearm release of endothelin-1 was decreased. Although these findings need further
confirmation, the combined beneficial effects of trimetazidine on left ventricular function and
glucose metabolism make the use of this drug particularly attractive, especially in those cardiac
patients in whom abnormalities of both myocardial and glucose metabolism coexist.
Heart Metab. 2006;30:21–24.

Keywords: Trimetazidine, diabetes, glucose metabolism, left ventricular function, endothelial
function, 3-ketoacyl coenzyme A thiolase inhibition
Introduction

Regulation of glucose metabolism is an important
target in the control of cardiovascular risk factors.
Abnormalities of glucose homeostasis range from
frank diabetes to a state of insulin resistance, a defi-
nition used to indicate a need to increase insulin
concentrations in order to maintain normal glycemic
conditions. Recent studies have identified a direct
relationship between endothelial dysfunction and
insulin resistance [1]. Endothelin-1 (ET-1)� concen-
trations have been shown to correlate significantly
with fasting insulin concentrations, systolic and
diastolic blood pressure, visceral obesity, and trigly-
ceride concentrations, confirming a close relationship
between insulin resistance and endothelial function
Heart Metab. 2006; 30:21–24
[2]. When present, insulin resistance has been found
to be operative in both cardiac and skeletal muscles
[3]. Different degrees of endothelial dysfunction
associated with a state of insulin resistance have been
reported in most cardiovascular diseases, such as
hypertension [4], coronary artery disease [5,6], micro-
vascular angina [7], and heart failure [8]. In contrast,
insulin resistance is a pathological condition that is
rarely diagnosed as a distinct entity. In a recent study,
our group showed that more than 50% of patients
submitted to coronary stenting for ischemic heart
disease and with normal baseline blood glucose con-
centrations exhibit abnormal hyperglycemia after an
oral glucose tolerance test [9]. This abnormality is
associated with a higher probability of restenosis [9].
Our results are supported by previous studies showing
21
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that individuals with impaired glucose tolerance not
only run the risk of developing overt diabetes and its
associated microvascular complications, but also
have an increased risk of cardiovascular morbidity
and mortality compared with healthy glucose-tolerant
patients [10]. Therefore, early detection of impaired
glucose tolerance would permit initiation of second-
ary preventive treatment measures in such patients.

Uptake of glucose in heart and arm skeletal muscle
is inversely related to serum free fatty acid (FFA)
concentrations [11], and increased FFA flux from
adipose tissue to non adipose tissue amplifies meta-
bolic derangements that are characteristic of the insu-
lin resistance syndrome [12]. In addition, new findings
suggest that increased FFA concentrations not only
impair glucose uptake in heart and skeletal muscle,
but also cause alterations in the metabolism of vas-
cular endothelium, leading to premature cardiovas-
cular disease [13].
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Figure 1. Long-term effects of trimetazidine and placebo on
(mean � SD) blood glucose concentrations in diabetic
patients with postischemic cardiomyopathy. (From Fragasso
et al [21], with permission.)
Effects of selective 3-ketoacyl coenzyme A
thiolase inhibition on glucose metabolism

Decreasing increased plasma triglyceride and FFA
concentrations could be the first therapeutic option
for decreasing the reliance of the heart on fatty acids
and overcoming the fatty acid inhibition of myo-
cardial glucose utilization. Indeed b-blockers, by
reducing peripheral lipolysis, should reduce FFA
availability. Interestingly enough, a recent study has
shown that one of the main effects of the b-blocker,
carvedilol, is the reduction of FFA utilization in favor
of greater utilization of glucose in patients with stable
New York Heart Association functional class III heart
failure [14]. This change in myocardial energetics
could provide a potential mechanism for the
decreased myocardial oxygen consumption and
improved energy efficiency that is seen with b-adre-
noreceptor blockade in the treatment of heart failure.

Another approach is to induce muscles directly to
reduce FFA utilization in favor of glucose oxidation. In
this context, the use of a partial fatty acid inhibitor
could have a very specific role. Trimetazidine [1-
(2,3,4 trimethoxybenzyl-piperazine dihydrochloride)]
has been reported to exert several beneficial effects in
cardiac patients, without affecting myocardial oxygen
consumption and blood supply [15]. This agent has
been shown to preserve intracellular concentrations
of phophocreatine and ATP [16] and to reverse the
harmful effects of increased triglyceride concen-
trations, normalizing the impaired myocardial recov-
ery from low-flow ischemia by decreasing myocardial
oxidation of lipid and release of citrate [17]. These
effects could be a consequence of the main mechan-
ism of action of trimetazidine – ie, inhibition of
oxidative phosphorylation by shifting energy pro-
22
duction from FFA to glucose oxidation [3]. This
beneficial metabolic adaptation is predominantly
caused by a selective block of long-chain 3-ketoacyl
coenzyme A thiolase activity, the final enzyme
involved in b-oxidation [18]. Partial inhibition of fatty
acid oxidation may therefore explain the beneficial
effects of trimetazidine in cardiac patients.
Therapeutic approach to abnormal glucose
metabolism in cardiac patients

As previously outlined, most cardiac diseases are
associated with combined insulin resistance and
endothelial dysfunction. In these contexts, improving
the cardiac metabolic milieu by partially inhibiting
FFA utilization could be particularly effective. In
patients with ischemic left ventricular dysfunction,
trimetazidine has been shown to exert significant
beneficial effects [19,20]. These beneficial effects of
the molecule have been incidentally observed to be
mainly operative in patients who, in addition to
ischemic cardiomyopathy, also have diabetes
[21,22] (Figures 1–3). After trimetazidine, there was
a clear trend towards a decrease in blood glucose,
although the difference compared with placebo was
not statistically significant. Conversely, both glycosy-
lated hemoglobin and endothelin were significantly
reduced after treatment with trimetazidine. Together,
these data indicate a significant trimetazidine-
induced improvement in glucose metabolism in car-
diac patients.The mechanism of action is related to the
property of trimetazidine to facilitate myocardial util-
ization of glucose instead of FFAs which, in the
context of malfunctioning myocardial cells, appear
to be deleterious. Interestingly, compounds such as
dichloroacetate, which stimulate pyruvate dehydro-
genase activity, thereby facilitating glucose oxidation
Heart Metab. 2006; 30:21–24
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Figure 2. Long-term effects of trimetazidine and placebo on
(mean � SD) glycosylated hemoglobin concentrations in
diabetic patients with postischemic cardiomyopathy. (From
Fragasso et al [21], with permission.)
and inhibiting FFA oxidation, have also been shown to
improve left ventricular function in patients with heart
failure [23].

Bearing in mind the concept that trimetazidine
should, therefore, be able to promote the utilization
of glucose and nonfatty substrates by the mitochon-
dria, attention has been focused on this specific issue.
Effects of trimetazidine on
endothelial function

It has recently been observed that trimetazidine was
able to reduce the release of endothelin in cardiac
patients (Figure 3) [21,24]. Growth factors, vasoactive
substances, and mechanical stress are involved in the
increase in ET-1 concentrations in patients with heart
failure. Despite the known adaptive aspect of support-
ing contractility of the failing heart, persistent
increases in cardiac expression of ET-1 in the failing
heart have a pathophysiological maladaptive aspect
and are associated with the severity of myocardial
dysfunction [25].
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Figure 3. Long-term effects of trimetazidine and placebo
on (mean � SD) endothelin-1 concentrations in diabetic
patients with postischemic cardiomyopathy. (From Fragasso
et al [21], with permission.)
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Trimetazidine-induced reduction in intracellular
acidosis in ischemic myocardium [26] could influ-
ence, not only myocardial, but also endothelial, mem-
branes. By decreasing endothelial damage,
trimetazidine could inhibit ET-1 release – which, in
turn, will ultimately decrease myocardial damage. A
second hypothesis is that, simply by decreasing the
effects of chronic myocardial ischemia, trimetazidine
could inhibit the release of ET-1. The observed
decrease in ET-1 release that is associated with tri-
metazidine may therefore be linked to the trimetazi-
dine-induced reduction in myocardial ischemia.
Finally, keeping in mind the close relationship
between endothelium and insulin sensitivity, the
observed effects of trimetazidine on endothelial func-
tion could also explain the beneficial action of trime-
tazidine on glucose metabolism.
Effects of trimetazidine on
glucose metabolism

It has recently been shown that, apart from improving
left ventricular function in cardiac patients, trimeta-
zidine also improved overall glucose metabolism in
the same patients (Figure 1), indicating an attractive
ancillary pharmacological property of this class of
drug [21]. The known insulin-resistant state in most
cardiac patients is certainly aggravated in those
patients with overt diabetes. This is particularly
relevant in patients with both diabetes and left ven-
tricular dysfunction. In this context, the availability of
glucose and the ability of cardiomyocytes and skeletal
muscle to metabolize glucose are grossly reduced.
Indeed, as a major factor in the development and
progression of heart failure is an already reduced
availability of ATP, alterations in glucose metabolism
could further impair the efficiency of cardiomyocytes
in producing energy. By inhibiting fatty acid oxi-
dation, trimetazidine stimulates total glucose utiliz-
ation, including both glycolysis and glucose
oxidation. The effects of trimetazidine on glucose
metabolism could therefore be dependent on
improved cardiac efficiency, and on improved per-
ipheral extraction and utilization of glucose. Finally,
in view of the known relationship between ET-1
concentration and abnormalities of glucose metab-
olism [1], the observed beneficial effects of trimeta-
zidine on glucose metabolism could also be partly
ascribed to the positive effect of the drug on the
reduction in ET-1 concentrations.

Animal studies have also suggested that trimetazi-
dine improves blood glucose utilization in rats with
fasting hyperglycemia [27]. In this respect, we have
recently evaluated both forearm metabolism of glu-
cose and lipid and forearm release of endothelial vas-
odilator and vasoconstrictor factors during prolonged
23
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inhibition of b-oxidation by trimetazidine in patients
with postischemic left ventricular dysfunction. Trime-
tazidine increased both insulin-induced forearm glu-
cose oxidation and release of cyclic guanosine
monophosphate, whereas forearm release of ET-1
was decreased [28]. Although these findings need
further confirmation, the effects of trimetazidine at
the skeletal muscle level add a new therapeutic win-
dow in the treatment of patients with ischemic heart
disease and type 2 diabetes.
Conclusions

Most cardiac diseases are associated with abnormal-
ities of glucose homeostasis, which undoubtedly con-
tribute to the progression of the primary disease. If not
adequately treated, in most cardiac patients glucose
metabolism abnormalities will contribute heavily to the
occurrence of complications, among which severe left
ventricular dysfunction is at present one of the most
frequent and insidious. In addition to meticulous meta-
bolic control of frank diabetes, special attention should
be also paid to insulin resistance, a condition that is
generally underdiagnosed as a distinct clinical entity.
The combined beneficial effects of trimetazidine on left
ventricular function and glucose metabolism make the
use of this drug particularly attractive, especially in
those cardiac patients in whom myocardial and glu-
cose metabolism abnormalities coexist.

� See glossary for definition of these terms.
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Abstract

Hypercalcemia, acute and chronic, irrespective of the cause, is known to have effects on the heart and
the vascular system that are potentially life-threatening. Some of these effects include accelerated
atherosclerosis, uncontrolled hypertension, structural effects, and progressive cardiac dysfunction. This
case report demonstrates the effects of hyperparathyroidism-induced hypercalcemia on the
cardiovascular system and clinical management in a patient with hypertension that was difficult to
control.
Heart Metab. 2006;30:25–29.
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Case report

A 45-year-old woman was referred to the hyperten-
sion clinic by her general practitioner, for assessment
of a persistently increased blood pressure (> 160/
110 mm Hg) over a 2-month period. On routine blood
tests, she was noted to have an increased calcium
concentration (corrected calcium 3.52 mmol/L), and
was then admitted to hospital for further evaluation
and treatment. Further blood tests revealed increased
parathyroid hormone concentrations (266 pg/ml). Her
alkaline phosphatase and vitamin D concentrations
were normal. She was previously fit and well, with no
significant past medical history, and was commenced
on atenolol 50 mg a few days before her admission to
hospital for control of her high blood pressure. Further
questioning revealed that she had been feeling tired
and low in the recent past. The patient had never
smoked, and consumed alcohol only occasionally.
Her father and brother were known to have high
blood pressure.

On assessment, her pulse was 60 beats/min and her
blood pressure was 145/85 mm Hg. There were no
cardiac murmurs, and her lung fields were clear. The
initial management was aimed at achieving normo-
calcemia and the patient was treated with intravenous
Heart Metab. 2006; 30:25–29
fluids and pamidronate. Further investigations were
carried out, and a parathyroid iodine/methoxyl
isobutyl isonitrile (I/MIBI) scan (Figure 1) revealed a
parathyroid adenoma at the lower pole of the right
thyroid gland. Her calcium concentrations were mon-
itored throughout her treatment. Echocardiography
revealed normal left ventricular function, with no left
ventricular hypertrophy. The heart valves were nor-
mal, with no significant aortic valve or left ventricular
outflow tract gradient. Blood pressure was monitored
during her hospital stay and found to have decreased
with treatment of her hypercalcemia (Table I,
Figure 2).

The patient was subsequently referred to the sur-
geons and underwent a partial parathyroidectomy and
resection of the adenoma. Her serum calcium con-
centration decreased during the postoperative period
(2.69 mmol/L) and her blood pressure decreased to
110/60 mm Hg.

Four months later, the patient was reviewed in the
hypertension clinic and found to be well and asymp-
tomatic, with a blood pressure of 125/71 mm Hg,
although her calcium concentrations (2.85 mmol/L)
were increased again.

The calcium concentrations gradually increased
over the next few months (Table I, Figure 3), with a
25
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Figure 1. Parathyroid I/MIBI Scans at initial workup.

Table I. The patient’s serum calcium and parathyroid hormone concentrations and blood pressure profile, from October 2004 to August
2005.

Month and year

Oct 04 Oct 04 Nov 04 Dec 04 Feb 05 Mar 05 Apr 05 Jun 05 Aug 05

Serum calciuma

(mmol/l)
3.52 2.69 2.81 3.25 3.02 2.92 2.84 3.03 2.85

Serum PTH
(pg/ml)

266 126 156 124 117 116 76

Blood pressure
(mm Hg)

147/87 110/70 110/66 153/92 142/95 125/71

aCorrected value. PTH, parathyroid hormone.

26 Heart Metab. 2006; 30:25–29
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Figure 5. Sonography of the neck. Parathyroid Adenoma.
corresponding increase in parathyroid hormone con-
centrations (Table I, Figure 4). The patient also devel-
oped symptoms of polyuria and polydipsia. Repeat
imaging of the neck was performed. A sonography of
the neck (Figure 5) showed a single benign nodule in
the lower pole of right lobe of the thyroid gland.
However, an MRI scan (Figure 6) revealed a
10 � 10-mm focal area of high signal, seen in the
inferior aspect of the right thyroid lobe, and a sub-
sequent parathyroid I/MIBI scan (Figure 7) confirmed
increased uptake in the inferior aspect of the right lobe
of the thyroid, suggesting a recurrence of the ade-
noma. Her blood pressure increased to 142/
95 mm Hg. She currently awaits a parathyroidectomy.
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Figure 7. Repeat parathyroid I/MIBI Scan a few months later.
Discussion

Hyperparathyroidism is characterized by hypercalce-
mia resulting from excessive release of parathyroid
hormone (PTH), most cases being discovered acci-
dentally when hypercalcemia is noted during a
routine serum chemistry profile. In most patients,
symptoms are mild at the time of presentation and
resolve with surgical correction of the disorder. In
85% of affected persons, primary hyperparathyroid-
ism (PHPT) results from an adenoma in a single
parathyroid gland. Hypertrophy of all parathyroid
glands causes hyperparathyroidism in 15% of
patients. Parathyroid malignancies account for a
28
small number of cases of hyperparathyroidism. The
parathyroid glands regulate calcium and phosphorus
concentrations by releasing variable amounts of
parathyroid hormone, which increases serum calcium
concentrations while decreasing serum phosphorus.
Under usual conditions, the rate of secretion of
parathyroid hormone is inversely proportional to
the serum calcium concentration.

Hyperparathyroidism, particularly PHPT, with
changes in the serum calcium and PTH, is known
to affect cardiovascular function. The cardiovascular
effects of hypercalcemia include hypertension,
left ventricular hypertrophy, arrhythmias, vascular
calcification, and a shortened QT interval on the
Heart Metab. 2006; 30:25–29
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electrocardiogram. Once a symptomatic disorder
characterized by significant hypercalcemia, PHPT
today is most commonly seen in asymptomatic indi-
viduals with serum calcium concentrations that are
within 1 mg/dL of the upper limits of normal, with a
consequent change in the cardiovascular manifes-
tations [1]. It is hypothesized that calcium is related
to the development of hypertension by its effect on
smooth muscle vasoconstriction.

Of note, both acute and chronic hypercalcemia can
cause hypertension. Acute hypercalcemic hyperten-
sion is postulated to be related to the effects of calcium
on the vascular smooth muscle cells, with increased
calcium ion influx through calcium channels and a
direct effect on vascular smooth muscle cells and
increased vascular resistance. In addition, increased
catecholamines have been demonstrated in hypercal-
cemia-induced hypertension. Indeed, the release of
catecholamine is dependent upon calcium ion
activity, with calcium ions facilitating the release of
epinephrine from the adrenal medulla and norepi-
nephrine from sympathetic nerve ending. Catechol-
amines, via binding with a2-adrenergic receptors,
could induce vasoconstriction [2]. However, Mahes-
waran and Beevers [3] did not find a significant
correlation between calcium concentrations and pre-
operative blood pressure in 115 patients with PHPT
who subsequently underwent parathyroidectomy.

Increased PTH, with its direct positive chronotropic
and mediated inotropic effects on the heart, has been
associated with the development of left ventricular
hypertrophy [1]. Although there have been sugges-
tions of a role of increased PTH concentrations in the
pathogenesis of hypertension, infusion of synthetic
PTH has been reported to cause a decrease in the
blood pressure [4].

Patients with PHPT were considered to be at high
risk of death from cardiovascular disease [5–8]. A
Swedish study that followed patients with hyperpar-
athyroidism for more than 10 years showed that
mortality from cardiovascular disease was greater in
the study individuals with hyperparathyroidism than
in the control population. Patients with hyperpar-
athyroidism are also more likely than control individ-
Heart Metab. 2006; 30:25–29
uals to have hypertension and congestive heart
failure, and are more likely to exhibit changes on
the electrocardiogram [9]. Hypertrophic cardiomyo-
pathy and a decrease in function of the muscles of
ventilation may account for some of this effect [10].
Summary

Hypercalcemia and PHPT are associated with the
development of hypertension that may be difficult
to control, with resulting end-organ effects such as
left ventricular hypertrophy, heart failure, and renal
damage. The evaluation and work-up of patients with
hypertension that is uncontrolled or difficult to control
should include a check of the patient’s serum calcium
concentrations to rule out hypercalcemia and PHPT,
as treatment of the high serum calcium concentrations
may improve blood pressure control and prevent end-
organ damage.
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Abstract

Reduced insulin responses and subsequent compensatory elevated plasma insulin concentrations result
in abnormal function in all body tissues and present clinically as serious cardiovascular, renal, and
diabetic related diseases. Insulin resistance most frequently results from changes in post-insulin receptor
signalling pathways although insulin receptor changes may occur, (eg, production of receptor
antibodies). Insulin resistance is genetically linked but obesity and lack of exercise are causes.
Insulin resistance precedes type 2 diabetes and is strongly associated with hypertension, the
cardiometabolic syndrome and polycystic ovary disease. There are a number of markers of insulin
resistance and its treatment includes lifestyle changes and drug therapy for components of the syndrome.
Heart Metab. 2006;30:30–34.
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Definition of insulin resistance

Insulin resistance is a state in which there are impaired
biological and physiological responses to insulin in
tissue. In its early stages, there is a compensatory
increase in insulin concentrations. Although hyper-
insulinemia may compensate for resistance to some
biological actions of insulin, it may result in over-
expression of actions in tissues that retain normal or
minimally impaired sensitivity to insulin. This meta-
bolic dysfunction leads to a cluster of abnormalities
with serious clinical consequences – most impor-
tantly, cardiovascular disease (CVD), chronic kidney
disease and type 2 diabetes.
Mechanism of insulin resistance

Insulin resistance can be caused by prereceptor,
receptor, or postreceptor abnormalities [1]. Prerecep-
tor causes include the presence of anti-insulin anti-
body and abnormal insulin (mutation). The receptor
causes for insulin resistance include decreased num-
ber of receptors, structural modification of the insulin
receptor, and the presence of insulin receptor-
30
blocking antibody. Both prereceptor and receptor
causes of insulin resistance occur infrequently; the
most usual cause is postreceptor in nature and
involves the postreceptor signaling pathway.

Insulin has many physiological effects, which can
be divided into acute and chronic: the acute effects
include those that regulate intermediary metabolism,
and chronic effects include the growth and prolifera-
tive effects of insulin. These two different actions are
possible because of activation of two different cas-
cades of actions by insulin. One pathway transmits the
insulin signal through insulin receptor substrate (IRS)
proteins and phosphatidyl inositol 3-kinases (PI3-K) to
a series of intracellular proteins (Figure 1). Activation
of this pathway is crucial for transducing the actions of
insulin/insulin like growth factor-1 (IGF-1) in cardio-
vascular tissue, in addition to conventional insulin-
sensitive tissues [1]. PI3-K mediates the increases in
nitric oxide, Naþ pump, Kþ channel, and calcium
(Ca2þ) myofilament sensitivity by increasing the traf-
ficking and translocation of nitric oxide synthase and
cation pump units, in addition to glucose transporters.
The second pathway involves activation of the
mitogen-activation protein kinase (MAPK) pathway�,
which increases growth and mitogenic processes
Heart Metab. 2006; 30:30–34
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Figure 1. Insulin mediates its intracellular action through
two different pathways. One, the phosphatidyl inositol 3-
kinase/insulin receptor substrate (PI3-K/IRS) pathway
through protein kinase B (Akt), regulates intermediary
metabolism involved with glucose transport. The other
pathway, through the adaptor protein (Shc), the guanine
nucteotide binding protein (RAS) and serine-threonine
kinase (Raf), and the mitogen-activated protein kinase
(MAPK) cascade, regulates the growth and mitogenic
pathway. In clinical insulin resistance, the resistance occurs
in the PI3-K/IRS pathway.

Table II. Prevalence of insulin resistance (IR) in certain clinical
states. (From the Bruneck Study [5], with permission.)

Clinical state Prevalance
of IR (%)

Type 2 diabetes mellitus 84
Impaired glucose tolerance 66
Hypercholesterolemia 54
Low HDL and high triglyceridemia 85
Hypertension 58

HDL, high-density lipoprotein.
[2,3]. In the vast majority of patients, the insulin
resistance observed clinically is one that involves
glucose metabolism through the PI3-K pathway
(Figure 2). For this reason, the term ‘insulin resistance’,
as used in clinical and experimental settings, is a state
in which there is impaired glucose metabolism.
Therefore, resistance to the actions of insulin and
IGF-1 in these tissues occurs whenever there is
reduced activation of PI3-K. In biological and phys-
iological terms, however, it could apply to impaired
response of the tissue to either of the two pathways.
Etiology of insulin resistance

Insulin resistance is postulated to have a genetic
etiology, as it is observed to run in families. Other
notable causes for insulin resistance include obesity
Table I. Major causes of insulin resistance.

� Genetic abnormalities.
� Obesity and inactivity (leptins, cytokines, and excess free

fatty acids may be involved).
� Counter-regulatory hormones.
� Immune-mediated (anti-insulin antibodies, anti-insulin

receptor antibodies).
� Medications.
� Fetal malnutrition.
� Miscellaneous clinical conditions (eg, stress, chronic

infections, pregnancy, starvation, cirrhosis,
ketoacidosis, and uremia).

Heart Metab. 2006; 30:30–34
and lack of exercise. Indeed, weight loss and exercise
tend to reduce insulin resistance. Other causes of
insulin resistance are listed in Table I.
Prevalence of insulin resistance

The prevalence of insulin resistance in the general
population varies with the criteria used for its defi-
nition. In certain studies it has been estimated that
insulin resistance is prevalent in 30% of the adult
population [4]. The prevalence of the condition is
even greater in metabolic disease such as diabetes and
the cardiometabolic syndrome [5]. Table II. lists the
prevalence of insulin resistance in various disease
entities. The increased prevalence of insulin resist-
ance and the consequent cardiometabolic syndrome
is being increasingly recognized in the USA, as
obesity is becoming a major epidemic [6].
Insulin resistance and type 2 diabetes mellitus

Insulin resistance predates the onset of clinical type 2
diabetes mellitus by years. Most people have b-cell
function that is adequate to fulfill normal tissue insulin
requirements; the majority of these people also have
considerable reserve, and could increase their insulin
secretion considerably if necessary. However, a sig-
nificant segment of the population exists that has
limited reserve function. In this population, insulin
resistance increases the insulin requirement of the
tissue beyond the secretory capacity of the b cells.
The recent surge in the incidence of diabetes mellitus
worldwide can be attributed to an increased preva-
lence of insulin resistance in the general population as
a result of the epidemic of obesity.
Insulin resistance and hypertension

It is estimated that about 25–47% of individuals with
hypertension have insulin resistance [7]. Similarly,
there is considerable evidence for an increased preva-
lence of hypertension in disease processes associated
31
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Table III. Mechanisms of insulin resistance in hypertension.

Decreased nonoxidative glucose metabolism by
skeletal muscle.

Post-insulin receptor defects:
� Decreased signaling through the PI3-K–Akt pathway.
� Decreased mobilization of GLUT-4 to the plasma

membrane.
� Decreased insulin-mediated glucose transport.
� Decreased glycogen synthase activity.

Increased reactive oxygen species.
Altered skeletal muscle fiber type:

� Increased adipose tissue.
� Decreased insulin-sensitive slow twitch skeletal

muscle fibers.
Decreased skeletal muscle blood flow with reduced

delivery of insulin and glucose:
� Reduced generation of nitric oxide.
� Vascular rarefaction.

Vascular hypertrophy.
Increased vasoconstriction.

Akt, protein kinase B; GLUT-4, glucose transporter-4; PI3-K,
phosphatidyl inositol 3-kinase. (from Reference [10], with
permission).
with insulin resistance, such as type 2 diabetes melli-
tus [8]. Several mechanisms have been postulated for
the high prevalence of insulin resistance in patients
with essential hypertension (Table III) [9,10]. Some
of the mechanisms suggested to underlie the coexis-
tence of insulin resistance and hypertension include
[11–17]:

� upregulation of the renin–angiotensin–aldoster-
one system;

� activation of the sympathetic nervous system;

� increased renal tubular sodium retention;

� increased intracellular calcium concentration;

� vascular smooth muscle cell proliferation and
atherosclerosis;

� impaired nitric oxide metabolism in skeletal mus-
cle.

Therapies targeted at insulin resistance, such as
aerobic exercise or thiazolidinedione drugs, also
result in a decrease in blood pressure [18,19].
Table IV. The manifestations of metabolic syndrome that are associate

� Impaired glucose tolerance
� Visceral obesity
� Microalbuminuria
� Chronic kidney disease
� Dyslipidemia
� Increased PAI/PA ratio
� Increased serum fibrinogen concentration
� Increased serum C-reactive proteins
� Increased uric acid concentration

PAI/PA, plasminogen activator inhibitor/plasminogen activator; RAA

32
Insulin resistance and the
cardiometabolic syndrome

Metabolic dysfunction associated with insulin resist-
ance leads to a cluster of abnormalities with serious
clinical consequences – most importantly, CVD, type
2 diabetes mellitus, or both. This cluster of CVD and
diabetic risk factors (which include central obesity,
hypertension, dyslipidemia, microalbuminuria, and
hypercoagulability) is known as the cardiometabolic
syndrome. It was identified in 1988 by Reaven, who
named the cluster ‘syndrome X’ [20]. Since Reaven, it
has been given many other names; the more popular
ones that are still applied to it include: the insulin
resistance syndrome, the deadly quartet, obesity dys-
lipidemic syndrome, and the metabolic syndrome.
This collection of risk factors increases the risk of
CVD endpoints, such as stroke, congestive heart fail-
ure, chronic kidney disease, and overall mortality
[6,10,21–23] (Table IV). The presence of even one
or two of the risk factors multiplies the risk for both
CHD and CVD [24]. The World Health Organization
(Table V) [25] and the National Cholesterol Education
Program (Table VI) [26] have produced diagnostic
criteria for the identification of this syndrome among
the general population (Figure 2).

Polycystic ovarian disease

Polycystic ovary syndrome (PCOS) is an exceptionally
common disorder of premenopausal women, charac-
terized by hyperandrogenism and chronic anovula-
tion. The condition affects about 5–10% of women in
the reproductive age group. Insulin resistance has
proved to be a key factor in the pathogenesis of PCOS.
The treatment of PCOS has, so far, been focused on
treatment of the clinical signs and symptoms. Oral
contraceptives have been the standard treatment.
There is now a greater focus on the management of
the metabolic consequences of PCOS, primarily
through lifestyle intervention to achieve weight loss
and increase physical activity. Insulin-sensitizing
drugs such as metformin and thiazolidinediones have
proved to be effective in the management of the
d with increased risk of cardiovascular disease.

� Increased production of interleukin-6
� Increased blood viscosity
� Increased systolic and pulse pressures
� Left ventricular hypertrophy
� Premature atherosclerosis
� Enhanced tissue RAAS
� Salt sensitivity
� Endothelial dysfunction

S, renin–angiotensin–aldosterone system.

Heart Metab. 2006; 30:30–34
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Table V. World Health Organization (WHO) clinical criteria for
metabolic syndrome. (Data from Alberti et al. [26].)

Insulin resistance, identified by 1 of the following:
� Type 2 diabetes
� Impaired fasting glucose
� Impaired glucose tolerance or. . .
� For those with normal fasting glucose concentrations

(< 110 mg/dL), glucose uptake below the lowest
quartile for the background population under
investigation under hyperinsulinemic, euglycemic
conditions.

Plus any 2 of the following:
� Antihypertensive medication or high blood pressure

(� 140 mm Hg systolic or � 90 mm Hg diastolic) or
both

� Plasma triglycerides � 150 mg/dL (� 1.7 mmol/L)
� Low HDL cholesterol: < 35 mg/dL (< 0.9 mmol/L) in men
< 39 mg/dL (< 1.0 mmol/L) in women

� BMI > 30 kg/m2 or waist : hip ratio > 0.9 in men,
> 0.85 in women or both

� Urinary albumin excretion rate � 20 mg/min or
albumin : creatinine ratio � 30 mg/g

BMI, body mass index; HDL, high-density lipoprotein.
Similar to National Cholesterol Education Program–Adult
Treatment Panel (ATP) III, the WHO consultation group also
recognized cardiovascular disease as the primary outcome of
this syndrome. However, demonstration of insulin resistance
was required for diagnosis, which differs from the recent ATP
III guidelines. In addition to insulin resistance, the presence of
two other risk factors are sufficient for the diagnosis of cardi-
ometabolic syndrome.

Clinical insulin
resistance

Inhibition of PI3-K 
pathway 

1.  Type 2 DM
2.  Hypertension
3.  Dyslipidemia
4.  Atherosclerosis 

and consequent
CVD 

5.  PCOS
6.  Metabolic 

syndrome
7.  Impaired 

glucose 
tolerance 

Figure 2. Clinical disease resulting from insulin resistance
Insulin resistance seen clinically is the result of impaired
glucose metabolism arising out of inhibition of the
phosphatidyl inositol 3-kinase/insulin receptor substrate
(PI3-K/IRS) pathway. The consequences of insulin resis
tance depend partly on the background genetic makeup o
the individual. CVD, cardiovascular disease; DM, diabetes
mellitus; PCOS, polycystic ovary syndrome.
metabolic disturbances, anovulation, and hirsutism,
and are now widely accepted therapies.
Laboratory studies to identify
insulin resistance

The gold standard for the assessment of insulin resist-
ance is the euglycemic hyperinsulinemic clamp test
Table VI. National Cholesterol Education Program–Adult
Treatment Panel III clinical identification of the metabolic syndrome.
(Adapted from McFarlane et al. [6], with permission.)

Risk factor Cutoff value

Abdominal obesity, given
as waist circumference

� 102 cm (� 40 inches)

Men � 88 cm (� 35 inches)
Women

Triglycerides � 150 mg/dL
High-density lipoprotein

Men < 40 mg/dL
Women < 50 mg/dL

Blood pressure � 130/85 mm Hg
Fasting glucose � 110 mg/dL

These risk factors include a combination of categorical and
borderline risk factors that can be readily measured in clinical
practice. When three of the five listed characteristics are
present, a diagnosis of metabolic syndrome can be made.

Table VII. HOMA index for insulin resistance (HOMA-IR).

Group Mean
HOMA-IR

Normal individuals 2.1–2.7
Individuals with impaired glucose tolerance 4.3–5.2
Individuals with type 2 diabetes 8.3–9.5
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[27]. This technique involves the continuous intrave-
nous administration of insulin and glucose over
3 hours, and the calculation of insulin sensitivity
(the inverse of insulin resistance) by measuring the
amount of glucose required to maintain normal
glucose concentrations (euglycemia). However, the
technique is impractical for routine clinical use, and
therefore a number of surrogate indexes for insulin
sensitivity or insulin resistance have been developed.
The simplest and most commonly used marker in
clinical practice is the homeostasis assessment
(HOMA) model, which requires measurement only
of the fasting plasma insulin and plasma glucose [28].
Using a patient’s fasting blood values, the HOMA
index for insulin resistance (HOMA-IR) can be calcu-
lated (Table VII):

HOMA-IR ¼ ðfasting plasma insulin ðmU=mlÞ
� fasting plasma glucose

ðmmol=LÞ=22:5

Similar to the HOMA index, there are other surro-
gate markers for insulin resistance such as log(HOMA)
and the quantitative insulin-sensitivity check index
(QUICKI). Chen et al [29] showed that log(HOMA)
and QUICKI have an excellent linear correlation with
the euglycemic hyperinsulinemic clamp test and are
superior to many other surrogate indexes currently
used.
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Treatment of insulin resistance

Therapeutic lifestyle changes and drug treatment for
individual components of insulin resistance are the
current norm of clinical practice. Lifestyle changes –
including a healthy diet and regular exercise – con-
tribute to weight loss, improved blood glucose
control, and reduced hypertension and other cardio-
vascular risk factors, and can even prevent the devel-
opment of type 2 diabetes mellitus in persons with
insulin resistance. When the therapeutic lifestyle
changes are not sufficient, pharmacotherapy with
an insulin sensitizer should be added. The thiazolidi-
nediones are the only drugs approved specifically for
the treatment of insulin resistance. Thiazolidinediones
are novel drugs that specifically target insulin resist-
ance. They are agonists for the nuclear transcription
factor, peroxisome proliferator-activated receptor-g,
and reduce insulin resistance and increase the uptake
of glucose into peripheral tissues, which results in
decreased insulin concentrations; they are also
involved in lipid metabolism.
Conclusion

In summary, the development of insulin resistance
can have a profound impact upon a number of disease
states and has led to the widespread prevalence of
the cardiometabolic syndrome. As researchers are
becoming able to identify the mechanism of insulin
resistance, health care professionals will be able to
counsel and treat their patients in a more effective
manner. This will be of the utmost importance in the
years to come, as the epidemic of diabetes continues
to grow and afflict people all around the world.

� See glossary for definition of these terms.
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Obesity, insulin resistance, and the
metabolic syndrome: determinants of
endothelial dysfunction in Whites and
Blacks

Lteif AA, Han K, Mather KJ. Circulation.
2005;112:32–38.

Insulin resistance is strongly associated with obesity
and other components of the metabolic syndrome
(MS). The relative importance of these components
in the determination of endothelial function is
unknown. Furthermore, there is conflicting evidence
about whether ethnic differences exist in the relative
importance of these components in regard to other
cardiovascular outcomes. We evaluated the contribu-
tions of insulin resistance, obesity, and the other
components of the MS to impaired endothelial func-
tion. The relationships of the MS components (as
defined according the National Cholesterol Education
Program) and insulin resistance (estimated using the
homeostasis model) with endothelium-dependent
vasodilatation were examined in 42 white and 55
black individuals. Endothelium-dependent vasodila-
tation was assessed as the increment in leg blood
flow (measured by thermodilution) after exposure
to methacholine chloride. Waist circumference,
glucose, blood pressure, and insulin resistance dis-
tributions did not differ between ethnic groups; in
our sample the black individuals had greater high-
density lipoprotein cholesterol (1.31 compared with
1.09 mmol/L; P < 0.001) and lower triglyceride
concentrations (1.01 compared with 1.37 mmol/L;
P < 0.005) than white individuals. In the absence of
the MS, black individuals exhibited reduced endo-
thelium-dependent vasodilatation compared with
white individuals (P < 0.005), and both groups
demonstrated significantly worse endothelial function
when the MS was present (maximal increase in leg
blood flow: black individuals 107 � 9% MS absent,
53 � 16% MS present; white individuals 163 � 16%
MS present, 54 � 18% MS absent; P < 0.007, MS
absent compared with present; P ¼ NS for interaction
of ethnicity and MS). Multivariable regression analysis
Heart Metab. 2006; 30:35–38
examining relationships of endothelial function with
the five MS components (analyzed as continuous
variables) revealed independent relationships only
with waist circumference (P < 0.01) and systolic
blood pressure (SBP, P < 0.02). Waist circumference
was no longer independently associated after insulin
resistance had been added to the modeling (P < 0.02
for log of homeostasis model index of insulin resis-
tance; P < 0.02 for SBP). Ethnicity still exerted an
independent effect on endothelial function after the
above components had been accounted for (P < 0.04
for an additional effect of ethnic status on endothelial
function), with an ethnic difference in the effect of
insulin resistance on endothelial function (P < 0.046
for interaction of ethnicity and log of homeostasis
model index of insulin resistance). These findings
suggest that insulin resistance and SBP are the princi-
pal determinants of endothelial dysfunction in the MS
and that there are ethnic differences in the relative
importance of these factors. These differences may
imply different benefits from treatments targeting
blood pressure or insulin resistance in different ethnic
groups.
Commentary

Obesity and metabolic syndrome are associated with
impaired endothelium-dependent vasodilatation.
Insulin has a specific and physiological action to
vasodilate skeletal muscle vasculature in humans; this
action appears to be important both for the mainte-
nance of vascular tone and the modulation of uptake
of substrates. Insulin resistance has been reported to
be associated with both defective insulin-mediated
and endothelium-dependent vasodilatation; these
findings suggest the possibility that the endothelium
may also exhibit resistance to the action of insulin in
modulating the endothelium-derived nitric oxide
system. Obesity and the metabolic syndrome are
associated with impaired endothelium-dependent
vasodilatation. Insulin resistance is considered to be
the pathogenic link between the components of
35
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metabolic syndrome and endothelial dysfunction.
This suggests that, in clinical practice, it would be
important to measure insulin resistance in the meta-
bolic syndrome state. Little information is available
about ethnic differences between the presence of
insulin resistance and cardiovascular outcomes. This
study investigated the contribution of clinical vari-
ables associated with metabolic syndrome to the
development of endothelial dysfunction. The study
population included 42 white and 55 black indivi-
duals. At baseline, high-density lipoprotein choles-
terol concentrations were higher and triglyceride
concentrations were lower among black individuals;
there were no statistical differences in insulin,
glucose, or insulin resistance between the two groups.
The endothelium-dependent vasodilatation was
impaired in black individuals compared with their
white counterparts, and both demonstrated a worse
endothelial function in the presence of metabolic
syndrome. The addition of the homeostasis model
index (to calculate insulin resistance) removed the
independent contribution of waist circumference in
the determination of endothelial dysfunction, suggest-
ing that, in obesity, the effects are mediated by insulin
resistance.

Mario Marzilli

Impaired coronary blood flow in patients
with metabolic syndrome: documented by
Thrombolysis in Myocardial Infarction
(TIMI) frame count method

Turhan H, Erbay AR, Yasar AS, Bicer A, Sasmaz
H, Yetkin E. Am Heart J. 2004;148:789–794.

Endothelium plays an important part in regulating
coronary vascular tone. In addition, several of the
cardiovascular risk factors that are associated with
the metabolic syndrome have been reported to be
associated with endothelial dysfunction. In the pre-
sent study we aimed to evaluate the coronary blood
flow in patients with metabolic syndrome by means of
the Thrombolysis in Myocardial Infarction (TIMI)
frame count. Forty-two patients with metabolic
syndrome (group I) and 42 control individuals without
the syndrome (group II) were included in the study.
All had angiographically proven normal coronary
arteries. Diagnosis of metabolic syndrome was based
on the National Cholesterol Education Program Adult
Treatment Panel III (NCEP ATP III) guidelines pub-
lished in 2001. Coronary flow rates of all participants
were documented by TIMI frame count. TIMI frame
counts for each of the major epicardial coronary
arteries were found to be significantly greater in
patients with metabolic syndrome than in controls
36
(corrected TIMI frame count for left anterior descend-
ing coronary artery: 35 � 7 compared with 25 � 7,
respectively; left circumflex coronary artery: 32 � 9
compared with 25 � 7, respectively; right coronary
artery: 31 � 9 compared with 24 � 5, respectively;
P < 0.001 for all). Statistically significant independent
relationships were found between TIMI frame count
and body mass index (R2 ¼ 0.480, P < 0.009), waist
circumference (R2 ¼ 0.551, P < 0.001), and triglycer-
ide concentration (R2 ¼ 0.434, P < 0.036). We have
shown for the first time that patients with metabolic
syndrome and angiographically normal coronary
arteries have greater TIMI frame counts for all three
coronary vessels, indicating impaired coronary blood
flow, compared with control individuals without
metabolic syndrome.
Commentary

Patients with metabolic syndrome and typical angina
pectoris (group I) have been compared with control
individuals without metabolic syndrome and atypical
chest pain (group II). The study shows for the first time
that patients with metabolic syndrome and angiogra-
phically normal coronary arteries have greater TIMI
frame counts for all three coronary vessels, indicating
impaired coronary blood flow, compared with control
individuals without metabolic syndrome. Given the
absence of epicardial obstructions, greater TIMI frame
counts are likely to reflect a microvascular dysfunc-
tion. Because of the important role of endothelium in
the control of coronary blood flow (by regulating
coronary vascular resistance) and because of the
association of the insulin resistance with endothelial
dysfunction, metabolic syndrome and impaired cor-
onary blood flow could be ascribed, at least in part, to
an absolute or relative deficiency in the action of
insulin on the vessel wall. Furthermore, the significant
positive correlations between mean TIMI frame count
and body mass index, waist circumference, triglycer-
ide concentration (the most frequent components of
metabolic syndrome in group I), and fasting plasma
glucose is intriguing. Body mass index and central fat
distribution are inversely related to the endothelium-
dependent vasodilatation. The increased concentra-
tions of free fatty acid, resulting from increased lipo-
lysis, indirectly increase the release of vasoconstrictor
substances (such as endothelin-1), have a direct effect
on the endothelial nitric oxide system, and may also
induce the formation of reactive oxygen species that
could quench nitric oxide and thus result in decreased
nitric oxidation at the level of vascular smooth
muscle.

Mario Mazilli
Heart Metab. 2006; 30:35–38
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Postconditioning the human heart

Patrick Staat, Gilles Rioufol, Christophe Piot,
et al. Circulation. 2005;112:2143–2148

In animal models, brief periods of ischemia performed
just at the time of reperfusion can reduce infarct size, a
phenomenon called postconditioning. In this pro-
spective, randomized, controlled, multicenter study,
we investigated whether postconditioning may pro-
tect the human heart during coronary angioplasty for
acute myocardial infarction.

Thirty patients, submitted to coronary angioplasty
for ongoing acute myocardial infarction, contributed
to the study. Patients were randomly assigned to either
a control or a postconditioning group. After reperfu-
sion by direct stenting, control individuals underwent
no further intervention, whereas postconditioning was
performed within 1 min of reflow by four episodes of
1 min of inflation and 1 min of deflation of the angio-
plasty balloon. Infarct size was assessed by measuring
total creatine kinase release over 72 h. Area at risk and
collateral blood flow were estimated on left ventri-
cular and coronary angiograms. No adverse events
occurred in the postconditioning group. Determinants
of infarct size, including ischemia time, size of the
area at risk, and collateral flow, were comparable
between the two groups. Area under the curve of
creatine kinase release was significantly reduced in
the postconditioning group, averaging 208 984 �
26 576 arbitrary units, compared with 326 095 �
48 779 in control individuals – a 36% reduction in
infarct size. Blush grade, a marker of myocardial
reperfusion, was significantly increased in post-
conditioned compared with control individuals:
2.44 � 0.17 and 1.95 � 0.27, respectively (P < 0.05).

These findings suggest that postconditioning by
coronary angioplasty protects the human heart during
acute myocardial infarction.
Commentary

Many have heard of ischemic preconditioning but, I
suspect, fewer of ischemic postconditioning. Ischemic
preconditioning was described, about two decades
ago, as a way of protecting the heart against infarction
by subjecting it to prior, repeated, short episodes of
ischemia. In contrast, ischemic postconditioning was
described only as recently as 2003 [1]. As the name
suggests, it describes a method of reducing infarction
by subjecting the heart to repeated short episodes of
ischemia after the event. In other words, interrupting
the reperfusion that follows the prolonged period of
ischemia that causes infarction. Those with long
memories will realize that this is really a modified
form of reperfusion. Studies many years ago showed
an attenuation of injury by curtailing reperfusion,
Heart Metab. 2006; 30:35–38
especially the reactive hyperemic phase that occurs
immediately after ischemia. This has caused some to
question whether postconditioning really is a new
phenomenon, or merely ‘old wine in new bottle’
[2]; I would tend to agree with the wine analogy.
Nonetheless, the new bottle is attractive and has done
an excellent job at promoting the old wine. Conse-
quently, the field of reperfusion injury has become
revitalised. One manifestation of its vitality is the
above manuscript.

Staat and his fellow collaborators with Ovize have
been quick off the mark in performing a small ‘proof of
principle’ study in the setting of primary percutaneous
coronary intervention for ST-segment elevation myo-
cardial infarction (STEMI). The attraction of postcon-
ditioning, in contrast to preconditioning, is that it can
be applied after occlusion of the infarct-related artery.
There is therefore no longer the need to predict this
arbitrary event. Furthermore, primary percutaneous
coronary intervention is an increasingly common
mode of reperfusion that allows postconditioning with
relative ease.

Patients with STEMI resulting from occlusion of
either the left anterior descending or right coronary
artery, and in whom direct stenting restored at least
Thrombolysis In Myocardial Infarction grade 2 flow,
were allocated randomly to groups to undergo either
unhampered reperfusion (control) or 60 s of reperfu-
sion followed by four 60-s episodes of intracoronary
balloon inflation to prevent antegrade flow (postcon-
ditioned). Each of these inflations was separated by
four periods of 60 s of balloon deflation, or inter-
spersed reperfusion. Compared with the 14 controls,
the 16 postconditioned patients had significant reduc-
tions in creatine kinase-derived infarction size and
improved myocardial blush grade measured at minute
8 of reperfusion in both groups.

There are several minor criticisms that can be
levelled at this study. The main concern is that this
is a chance finding attributable to small group size and
possible differences between the groups. However,
Staat et al went to appreciable lengths to ensure that
the main determinants of infarct size – duration of
ischemia, myocardial risk volume, and depth of ische-
mia, or collateral flow – were adequately matched.
However, the techniques used to measure these deter-
minants were not contemporary. Other possible criti-
cisms are that the principal endpoints of injury,
creatine kinase release and blush grade, can be influ-
enced by the postconditioning process, independent
of a true reduction in infarct size. For example,
blush grade was determined at minute 8 after balloon
deflation; this equated to 8 min of reperfusion in the
control group and only 4 min in the postconditioned
group. Thus the postconditioned risk zone could
have been inadequately reperfused and relatively
hyperemic. Similarly, the postconditioning process
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could conceivably alter the dynamics of creatine
kinase release or reduce infarction at the expense of
increased apoptosis.

Despite a number of possible minor criticisms, this
is an important study that, if verified in a larger cohort,
could alter the practice of primary percutaneous
coronary intervention for STEMI, to the benefit of very
many patients. The authors should be congratulated
for their foresight and efficiency.
38
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Lipoprotein lipase

Lipoprotein lipase is an enzyme that cleaves fatty acids
from triacylglycerol contained within lipoproteins. It is
an important enzyme involved in the delivery of fatty
acids to tissues such as muscle and heart.
Leptin

Leptin is a peptide hormone synthesized by adipo-
cytes that plays a key role in the regulation of appetite
and energy expenditure. This can occur through direct
actions of leptin on the hypothalamus or via direct
actions on peripheral lipid and glucose metabolism.
Diabetic db/db mouse

The genetic leptin-resistant (db/db) mouse possesses a
mutation in the leptin-receptor, resulting in a defec-
tive leptin-receptor. This leptin-receptor deficiency
induces a hyperglycemic-hyperinsulinemic endome-
tabolic environment that results in the development of
type 2 diabetes.
Ob/ob mouse

The leptin-deficient (ob/ob) mouse is a genetically
mutated mouse in which a leptin deficiency occurs.
This leptin deficiency results in the development of a
marked obesity, glucose intolerance and insulin-
resistance. It is a very common experimental model
in which to examine the consequences of leptin
deficiency on obesity and insulin-resistance.
Serine/threonine kinase

Kinases are proteins that phosphorylate other proteins,
usually resulting in a modification of that protein’s
function. Serine/threonine kinases are protein kinases
that phosphorylate proteins on serine or threonine
amino acids.
Acyl-CoA synthetase (MHC-ACS)

Long chain acyl-CoA synthetase is one of the first
enzymes in the fatty acid metabolic pathway. It con-
Heart Metab. 2006; 30:39–40
verts long chain fatty acids to long chain acyl-CoA
within the cell. Long chain acyl-CoA is then either
metabolized by the mitochondria to produce energy,
or is used to produce membrane and cellular lipids.
MHC-ACS refers to an experimental approach to
selectively express acyl-CoA synthetase (ACS) in
muscle. This is achieved by linking the ACS gene to
the myosin heavy chain (MHC) promoter. The pro-
duction of transgenic mice from embryonic stem cells
that contain the MHC-ACS gene will result in mice
that overexpress ACS targeted to muscle.
Peroxisome proliferator-activated receptor
alpha (MHC-PPARa)

Peroxisome proliferator-activated receptor (PPARa) is
a nuclear receptor involved in transcriptional regula-
tion of proteins. PPA0052a has many functions,
including regulating enzymes involved in the control
of fatty acid oxidation in the heart. MHC-PPARa refers
to an experimental approach that is used to selectively
express Peroxisome proliferator-activated receptor
alpha in muscle. This is achieved by linking the
Peroxisome proliferator-activated receptor a gene
to the myosin heavy chain (MHC) promoter. The
production of transgenic mice from embryonic stem
cells that contain the MHC- PPARa gene will result in
mice that overexpress PPARa targeted to muscle.
Glycophosphatidylinositol-linked
lipoprotein lipase

One type of post-translational modification of protein
involves the addition of a glycophosphatidylinositol
(GPI) anchor that facilitates anchoring of proteins to
cell membrane. A glycophosphatidylinositol-linkage
on lipoprotein lipase is one way of linking lipoprotein
lipase to the cell membrane.
Ectonucleotide pyrophosphatase/
phosphodiesterase 1

Ectonucleotide pyrophosphatase/phosphodiesterase
is a plasma cell membrane glycoprotein that func-
tions to release nucleoside 50-monophosphates from
39
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various nucleotides (such as ATP). There has been
interest in the ectonucleotide pyrophosphatase/
phosphodiesterase since a K121Q polymorphism in
the enzyme has been shown to be associated with
obesity, glucose intolerance and insulin resistance.

A number of variants of ectonucleotide pyropho-
sphatase/phosphodiesterase have now been iden-
tified to have a primary role in mediating insulin
resistance and the development of obesity and type
2 diabetes.
Protein kinase (AMPK) pathway

AMP-activated protein kinase (AMPK) is a widely
distributed cellular kinase that is activated during
times of metabolic stress. It has been termed a cellular
‘‘fuel gauge’’, and primarily functions to turn off
40
energy-consuming pathways and turn on energy-
producing pathways during metabolic stress.
Leukotriene B

Leukotriene B is an eicosanoid that is synthesized
from arachidonic acid by the 5-lipoxygenase path-
way. Leukotrines are involved in the inflammatory
process, as well as in vasoconstriction and vascular
permeability.
Endothelin-1 (ET-1)

Endothelin-1 is a vasoactive peptide produced by
endothelial cells. Endothelin-1 is a potent vasocon-
strictor that acts by binding to endothelin-1 receptors
on vascular smooth muscle cells.
Heart Metab. 2006; 30:39–40
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