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Abstract: Background: Type 2 diabetes is a multifactorial disorder influenced by both genetic and 
environmental factors and is rising dramatically throughout the world. Recently, consideration to 
dietary acid-base load has been raised as a nutritional indicator that could have metabolic effects. 

Objective: The aim of this study was to systematically investigate the associations of dietary acid 
load indices with glucose/insulin homeostasis and type 2 diabetes in a patent based review.  

Methods: Systematic literature review was conducted using PubMed, Scopus and Google Scholar, 
from inception up to 10 January 2018. All human studies publications investigated the association 
of dietary acid load indices (PRAL or NEAP or Pro:K) and incidence of diabetes or glucose/insulin 
metabolism were included. 

Results: In all, 174 studies were included for the title and abstract screening. A total of 164 articles 
were excluded because they did not meet the inclusion criteria. Finally, 10 articles (five cross-
sectional studies and five cohort studies) in accordance with our inclusion criteria were chosen for 
further evaluations that were published between 2008 and 2017. 

Conclusion: Although there are some evidence of an association between dietary acid load and 
type 2 diabetes, definitive declarations in this regard will be needed to intervention human studies 
modifying acid-base dietary intake. 

Keywords: Diabetes, insulin resistance, dietary acid load, PRAL, NEAP, Pro:K, systematic review. 

1. INTRODUCTION 

 Type 2 diabetes is a multifactorial disorder influenced by 
both genetic and environmental factors [1]. The prevalence 
of type 2 diabetes is rising dramatically throughout the world 
[2]. Globally, it has been predicted that the prevalence of 
diabetes for all age-groups will increase from 2.8% in 2000 
up to 4.4% by 2030 and type 2 diabetes accounts for 90 to 
95% of diabetes occurrence [2, 3]. It has been reported that 
insulin resistance, oxidative stress and inflammation are the 
main underlying factors leading to type 2 diabetes [4, 5]. 
Diet plays a major role in the development of obesity that 
consequently develops insulin resistance and type 2 diabetes  
 

*Address correspondence to this author at the Nutrition and Endocrine 
Research Center, Research Institute for Endocrine Sciences, Shahid, Be-
heshti University of Medical Sciences, Tehran, I.R. P.O. Box: 19395-4741, 
Iran; Tel: +98 (21) 22357484; Fax: +98 (21) 22360660; E-mail: mir-
miran@endocrine.ac.ir 

[6]. However, there is also a great deal of evidence stated 
that diet by itself be an important factor for the development 
of type 2 diabetes [7]. Recently, consideration of dietary 
acid-base load has been raised as a nutritional indicator that 
could have metabolic effects [8]. Western diets contain too 
much animal proteins and low in fruit and vegetables then 
increase the body acid load, whereas vegetarian diets gener-
ate alkaline status in the body [9]. 
 Generally, three indices were used in literatures for die-
tary acid load measurement: 

1. Potential renal acid load (PRAL) (mEq/day) = 0.4888 
× protein [g/day] + 0.0366 × Phosphorus [mg/day] - 
0.0205 × Potassium [mg/day] - 0.0125 × calcium 
[mg/day] - 0.0263 × magnesium [mg/day]. 

2. Net endogenous acid production (NEAP) (mEq/day) 
= (54.5 × protein [g/day]/potassium [mEq/day]) - 
10.2. 
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3. Protein-to-potassium ratio (Pro:K) = protein 
(g/day)/potassium (g/day). 

 In previous studies, the associations of dietary acid load 
with several disease such as non-alcoholic fatty liver [10, 
11], hypertension [12, 13], cardiovascular disease [14, 15], 
chronic kidney disease [16, 17], bone disease [18] and risk of 
mortality [19] have been evaluated. In case of insulin sensi-
tivity, experimental studies have suggested that decreased 
extracellular pH conditions may contribute in the pathogene-
sis of insulin resistance [20]. On the other hand, western di-
ets rich in animal protein and poor in fruit and vegetables are 
associated with higher risk of type 2 diabetes [21, 22]. Given 
the net acidifying nature of such diets, this relationship, at 
least in part, may be mediated through diet-induced low 
grade metabolic acidosis [23]. Also, available evidence has 
illustrated that indicator of metabolic acidosis including high 
serum anion gap, low serum bicarbonate, and hypocitraturia, 
and low urine pH are related to insulin resistance [24-26].  
 However, the definitive association between dietary acid 
load, mild metabolic acidosis and insulin resistance in hu-
mans is controversial [27, 28]. Therefore, the objective of 
this study was to systematically investigate the associations 
of dietary acid load indices with glucose/insulin homeostasis 
and type 2 diabetes.  

2. MATERIALS AND METHODS 

2.1. Data Source and Search Strategy  

 Systematic literature review was conducted using Pub-
Med, Scopus and Google scholar, from inception up to 10 
January 2018, using the following relevant keywords: ("Dia-
betes Mellitus"[Mesh] OR "Diabetes Mellitus, Type 
2"[Mesh] OR Diabetes OR glucose OR insulin OR hyper-
glycemia OR glycohemoglobin OR “insulin resistance” OR 
“metabolic syndrome” OR “insulin sensitivity” OR IGT OR 
IFG OR HbA1C) AND (“acid load” OR “Dietary acid load” 
OR “acid-base” OR PRAL OR NEAP OR “Pro:K”). Refer-
ence list of all related articles and reviews also were manu-
ally checked to find any related articles. The language of 
publication search was not restricted. 

2.2. Study Selection 

 All human studies publications in English investigated 
the association of dietary acid load indices (PRAL or NEAP 
or Pro:K) and incidence of diabetes or glucose/insulin me-
tabolism (blood glucose, insulin, HbA1C and, etc.) in adults 
were included. In cases where the results of a study were 
reported in more than one publication, only the publication 
with the most complete results was preserved. 
 Articles with the following criteria were excluded: 1- Not 
original research (reviews, editorials, non-research letters); 
2- Case reports or case series; 3- Ecologic studies; 4- Cell-
culture or animal studies; 5- Its exposure variables does not 
include PRAL, NEAP or Pro:K as acid load indices 6- diabe-
tes occurrence or diabetes indicators of interest was not con-
sidered in outcome.  
 Two reviewers (H. E. and H. T.) independently screened 
the title and abstracts of searched papers to detect potentially 

eligible ones. A third reviewer (P. M.) made the final deci-
sion about any discrepancies raised between reviewers. 

2.3. Data Extraction and Quality Assessment 

 A data extraction form was used to obtain the following 
information: the first author’s name, publication year, study 
origin, study design, sample size, number of cases, age and 
gender of participants, the period of follow-up for cohort 
studies, exposure (PRAL or NEAP or Pro:K), outcome (dia-
betes occurrence or diabetes indicators eg. fasting serum 
insulin and glucose and  HbA1c And  HOMA), exposure and 
outcome assessment, adjusted risk estimate (risk ratios (RR), 
Odds Ratios (OR), or Hazard Ratios (HR) with their corre-
sponding 95% Confidence Intervals (CI) and adjusted con-
founding variables. The Newcastle-Ottawa scale was used to 
assess the quality of included cohort studies. Selection of the 
study group (maximum 4 stars), quality of the adjustment for 
confounding variables (maximum 2 stars) and assessment of 
outcome (maximum 3 stars) were evaluated [29]. 

3. RESULTS 

3.1. Search Results and Study Selection 

 The flowchart of the selection process in a systematic 
review is shown in Fig. (1). Of 345 articles founded, 171 
studies were duplicated records then they were excluded. In 
all, 174 studies were included for title and abstract screening. 
A total of 164 articles were excluded because they did not 
meet the inclusion criteria. Finally 10 articles (five cross-
sectional studies [15, 30-33] and five cohort studies [27, 28, 
34-36] in accordance with our inclusion criteria were chosen 
for further evaluations that were published between 2008 and 
2017. The characteristics of studies are presented in Table 1. 

3.2. Cohort Studies 

 Of the studies found, five were prospective cohort stud-
ies. Akter and et al. [28] showed that PRAL measure was 
positively associated with T2D incidence in men. For the 
lowest through the highest quartiles of PRAL, multivariable-
adjusted ORs (95%CIs) were 1.00 to 1.25 (1.01, 1.55) (Ptrend 
= 0.047) whereas the association of NEAP values and risk of 
T2D was not significant. In stratified analyses, the positive 
association between PRAL and T2D was limited to younger 
men (age <50 y; Ptrend = 0.046), while there was no relation-
ship between acid load and incident T2D in women. 
Fagherazzi et al. in the E3N-EPIC cohort study [35] found 
that the highest PRAL quartile, by more acid-forming poten-
tial, compared with the lowest quartile, was associated with a 
significant increase in type 2 diabetes risk (HR 1.56, 95% CI 
1.29, 1.90). The relationship was stronger among women 
with BMI <25 kg/m2 (HR 1.96, 95% CI 1.43, 2.69) than in 
overweight women (HR 1.28, 95% CI 1.00, 1.64). Similar 
findings were obtained for NEAP values. In Kiefte et al. 
paper [36], a pooled results from three prospective cohort 
studies, after adjustment for confounders, dietary NEAP, 
PRAL and Pro:K were positively associated with type 2 dia-
betes risk (pooled HR 1.29, 95% CI 1.22, 1.37;  1.29 , 95% 
CI 1.22, 1.36 and 1.32 95% CI 1.24, 1.40) for NEAP, PRAL 
and Pro:K, respectively). In TLGS cohort study, Moghadam 
et al. [34] reported that compared to the lowest quartile of 
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Fig. (1). Flowchart of identification of included trials. 
 
Table 1. Characteristics of the cohort studies in this systematic review. 

First Author Year Country 
Follow-up 
Duration 
(Years) 

Partici-
pants/Case (n) 

Gen-
der 

Mean 
Age 

(Years) 
Exposure Exposure 

Assessment 
Outcome 

OR 

HR 
Outcome 

Assessment 
Quality 
Score 

Xu (27) 2014 Sweden 18 911/115 M 70-71 
PRAL 

NEAP 

7 day dietary 
record 

Incident type 
2 

diabetes 

OR=0.84 (for 
PRAL)* 

OR=1.16 (for 
NEAP)* 

ADA 2000 
(FBS > 7.0 

mmol/l) or the 
use of glucose-

lowering 
medication 

8 

Fagherazzi 
(35) 

2014 France 14 66,485 /1372 W 52.6 ± 6.4 
PRAL 

NEAP 

Validated 208-
item diet-history 

questionnaire 

Incident type 
2 diabetes 

HR=1.56 (for 
PRAL) 

Validated self-
reported 
diabetes 

8 

Moghadam 
(34) 

2016 Iran 3 925 MW 22-80 
PRAL 

NEAP 

Validated semi-
quantitative 

food frequency 
questionnaire 

Fasting serum 
insulin and 

glucose 

(HOMA-IR) 

OR=2.81 (for 
PRAL) 

OR=2.18 (for 
NEAP) 

Optimal cut-
off values 

(HOMA-IR 
≥3.2) 

7 

Akter (28) 2016 Japan 5 64660/1191 MW 45–75 
PRAL 

NEAP 

Validated 147-
item food-
frequency 

questionnaire 

Incident type 
2 

diabetes 

OR=1.25 (for 
PRAL) 

Validated self-
reported, 

physician-
diagnosed T2D 

8 

Kiefte-de 
Jong (36) 

2017 USA 

25 

18 

22 

67,433/7655 

84,310/4109 

35,743/3541 

W 

W 

M 

30-55 

25-42 

40-75 

PRAL, NEAP, 
Pro:K 

PRAL, NEAP, 
Pro:K  PRAL, 
NEAP, Pro:K 

Validated FFQ 

Validated FFQ 

Validated FFQ 

Incident type 
2 

diabetes 

HR=1.29 (for 
NEAP and 

PRAL) 

HR=1.39 (for 
Pro:K) 

Validated self-
reported 

physician-
diagnosed 
diabetes 

8 

*P< 0.05 
Potential renal acid load (PRAL), Net endogenous acid production (NEAP), Protein-to-potassium ratio (Pro:K). 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Table 2. Characteristics of the cross-sectional studies in this systematic review. 

First Author. Year 
Coun-

try 

Partici-
pants/ 

Case (n) 

Gen-
der 

Mean Age 
(Years) 

Exposure 
Exposure  

Assessment 
Outcome 

Outcome 
Assessment 

Murakami (15) 2008 Japan 1136 W 18-22 
PRAL 

Pro:K 

Validated comprehen-
sive self-administered 
diet history question-

naire 

Fasting glucose, 
and glycated Hb 

Standard 
methods 

Bahadoran (32) 2015 
Iran 

 
5,620 MW 39.8±12.8 

PRAL 

Pro:K 

Validated, 147 food 
item, semi-

quantitative food 
frequency question-

naire 

Fasting blood 
glucose 

Standard 
methods 

Haghighatdoost 
(33) 

2015 Iran 547 MW 66.8 
PRAL 

Pro:K 
Validated food fre-

quency questionnaire 

Fasting blood 
glucose and hemo-

globin (Hb)A1c 

Standard 
methods 

Ikizler (31) 2016 USA 63 MW 60.8±13.6 
PRAL 

NEAP 
3-day prospective 

food diaries 
Insulin sensitivity 

Hyperinsu-
linemic eugly-
cemic clamp 

Akter (30) 2016 Japan 1732 MW 19-69 
PRAL 

NEAP 

Validated brief diet 
history questionnaire 

(BDHQ) 

Fasting serum 
insulin and glucose 

and HbA1c and 
HOMA-IR, 
HOMA-b 

Standard 
methods 

*P< 0.05. 
Potential renal acid load (PRAL), Net endogenous acid production (NEAP), Protein-to-potassium ratio (Pro:K). 
 

PRAL and NEAP, the highest quartile was along with in-
creased risk of insulin resistance (Homeostatic model as-
sessment-insulin resistance (HOMA-IR) ≥3.2) [OR=2.81, 
95% CI=1.32-5.97 and OR=2.18, 95% CI=1.03-4.61, respec-
tively]. Finally contrary to results of previous studies, Xu et 
al. [27] in community-dwelling older men suggested that 
neither PRAL (OR 0.84, 95% CI 0.49-1.44) nor NEAP (OR 
1.16, 95% CI 0.66-2.03) was associated with diabetes inci-
dence.  

3.3. Cross-Sectional Studies 

 Five cross-sectional studies are included in our system-
atic review. In the first study [30], PRAL was positively as-
sociated with HOMA-IR score (Ptrend = 0.045); the multivari-
able-adjusted means of HOMA-IR scores in the lowest vs 
highest quartiles of PRAL score were 0.88 (0.82-0.94) and 
0.94 (0.88-1.01). A similar association was observed be-
tween NEAP and HOMA-IR. In the stratified analyses, these 
positive associations were limited to persons with lower BMI 
(<23 kg/m2) (Ptrend = 0.03 and 0.01 for PRAL and NEAP, 
respectively). Dietary acid load indices were not meaning-
fully associated with fasting blood glucose or HbA1c levels. 
In a study by Bahadoran et al. [32], there was no significant 
association between PRAL or Pro:K Ratio with fasting blood 
glucose (Standardized β coefficient: 0.02 and 0.01 respec-
tively). In another study on patients with diabetic nephropa-
thy [33] after adjusting for potential confounders, subjects in 
the low PRAL group had lower hemoglobin A1c (5.7% ± 
0.5% versus 7.8% ± 0.5%; P = 0.01) and lower fasting blood 
glucose compared with the high PRAL group. Ikizler et al. 

[31] showed that NEAP and PRAL were not significantly 
associated with SIclamp (an insulin sensitivity indicator) in 
participants with and without chronic kidney disease (CKD). 
Finally, Murakami et al. [15] evaluated the association be-
tween dietary acid-base load and cardiometabolic risk factors 
in young Japanese women. They found no significant rela-
tionship between PRAL or Pro:K and fasting blood glucose 
or Hb A1c. 

4. DISCUSSION 

 The present study summarized existing human evidences 
on the association between indices of dietary acid load and 
risk of T2DM and glucose/insulin homeostasis. All available 
studies have an observational design. Although the majority 
of cohort studies indicated a positive association between 
dietary acid load and risk of incident T2DM, most of the 
cross-sectional studies failed to show a positive correlation 
between dietary acid load and blood glucose, Hb A1c or in-
sulin sensitivity. 
 Variables like age, gender and BMI in evaluated studies 
were the reason for differences in the relationship between 
dietary acid load and diabetes. Based on studies, the effect of 
dietary acid load on individuals with lower age and BMI is 
more evident. Akter et al. [28] illustrated that this associa-
tion limited to younger men (<50 years) was not observed in 
women. Along with the results of this study, Xu et al. [27] 
reported that this relationship was not significant in older 
Swedish adults (70-71 year). It is stated that the potential 
association among older subjects may be covered by the 
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presence of other underling risk factors of T2D, including 
impaired glucose tolerance and hyperlipidemia [37]. How-
ever, Fagherazzi et al. [35] reported that dietary acid load 
influences on diabetes risk in women, especially in normal 
weight (BMI<25 kg/m2).  Also, a cross-sectional study has 
suggested that positive associations between dietary acid 
load and insulin resistance were limited to persons with 
lower BMIs (<23 kg/m2) [30]. Then, this possible relation-
ship seems to be largely independent to adiposity [35]. 
 Recently, Jayedi et al. [38] in a systematic review and 
meta-analysis of 4 prospective studies assessed the dose-
response association of different measures of dietary acid 
load and risk of incident T2DM, concluded that adherence to 
a diet with high acid-forming potential might increase the 
risk of T2DM. In our study, we aimed to considering all hu-
man study related to the association of dietary acid load and 
diabetes indicators and incidence. We qualitatively evaluated 
5 cross-sectional and 5 cohort studies. 
 We have considered three commonly used scores as indi-
cators of dietary acid load. Those were not assessed objec-
tively but computed from self-reported dietary intake. How-
ever, these scores have utilized in epidemiologic studies and 
were strongly correlated with 24-h urinary acid load [39, 40]. 
 Potential mechanisms by which high dietary acid load 
could increase the risk of T2D may include: raising of corti-
sol secretion that consequently promotes visceral obesity and 
insulin resistance [41, 42], acid-base balance regulating the 
absorption of calcium and magnesium in the kidneys [43], 
and studies suggested that calcium and magnesium are im-
portant minerals for insulin sensitivity [44, 45], an acidotic 
state may disrupt insulin-like growth factor I (IGF-I) secre-
tion [46] and IGF-I–deficient mouse suffering from insulin 
resistance and hyperinsulinemia [47], metabolic acidosis 
inhibits the binding of insulin to its receptors in rats [48] and 
decreases insulin secretion [49]. Previous studies have 
shown that animal proteins but not vegetable proteins are 
positively related to type 2 diabetes [50]. Sulphur-containing 
amino acids are presented in animal proteins and are an acid 
producer after oxidation [51]. Potassium promotes insulin 
sensitivity and fruits and vegetable that are alkaline in nature 
have rich in potassium [52]. Studies have also suggested that 
low urinary excretion of citrate is related to IR [53] on the 
other hand, a high dietary acid load dropped urinary secre-
tion of citrate [27]. 
 The main strengths from the listed studies include the 
large sample size covering men and women, a population-
based prospective design, high rates of follow-up, assess 
regular dietary intakes using a validated FFQ, calculation of 
dietary acid load calculated using gold-standard measure-
ments, adjustment for confounding variables such as; several 
different lifestyle and dietary variables, and the homogeneity 
of subjects (same sex, age, ethnicity and geographical distri-
bution). These studies have several limitations. First, the 
listed studies relied on self-reported T2D (increasing the 
proportion of undiagnosed diabetes). Second, data collection 
on diet was not repeated during follow-up. Third, data on 
kidney function (as an important determinant of acid-base 
balance) was not available in the cohorts. Fourth, PRAL and 
NEAP scores were calculated from the self-reported dietary 

intake. Finally, an association derived from a cross-sectional 
study does not necessarily indicate causality.  
 The strength of our study is the inclusion of all human 
studies in this context. The insufficient consistent evidences 
made it difficult for us to make conclusive qualitative con-
clusions. According to previous studies low-grade metabolic 
acidosis characteristic by lower plasma bicarbonate, higher 
anion gap, lower urinary PH, high level of lactate and e.g. 
could be involved in the etiology of T2DM. However, it is 
not clear that the acidosis created by food intake in a subject 
with complete kidney and respiratory compensation can be 
sustained so as to cause harmful effects as the American In-
stitute of Cancer Research and the Canadian Cancer Society 
have reported that the body strongly regulates systemic pH 
and food items will only affect urine pH and not body acidity 
[54]. 

CONCLUSION 

 Although there are some evidence of an association be-
tween dietary acid load and type 2 diabetes, definitive decla-
rations in this regard will be needed to intervention human 
studies modifying acid-base dietary intake.  

CURRENT & FUTURE DEVELOPMENT  

 Considering the importance of renal and respiratory func-
tion status in compensating for metabolic acidosis in the 
body, we propose further prospective studies with this con-
sideration. In the next step, for the decisive declaration, it is 
necessary to carry out interventional studies modifying acid-
base forming potential of diet on different populations. 
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