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A B S T R A C T

Objective: Acid-base status, which can be affected by dietary acid load (DAL), has been associated with risk
factors for cardiovascular disease (CVD) and metabolic syndrome (MetS). Given the limited published litera-
ture on DAL, the aim of this study was to examine the association between DAL and risk factors for CVD and
prevalence of MetS in young women.
Methods: This was a cross-sectional study conducted with 371 women (20�50 y of age). Dietary intake was
assessed using a food frequency questionnaire. DAL was evaluated through potential renal acid load (PRAL) and
net endogenous acid production (NEAP). The associations between DAL (both PRAL and NEAP) with categories of
biochemical factors (fasting blood sugar, triacylglycerol, high-density lipoprotein cholesterol, low-density lipopro-
tein cholesterol, total cholesterol), anthropometric parameters (body mass index and waist circumference) and
the prevalence of MetS based on the National Cholesterol Education Program's Adult Treatment Panel III) were
assessed using binary logistic regression in crude and adjusted models.
Results: Themedian values of PRAL andNEAPwere 8.93 and 46.77mEq/d, respectively. After adjustment for several
covariates, a significant positive association was observed between PRAL and serum triglyceride levels (odds ratio
[OR], 4.28; 95% CI, 1.67�10.99; P = 0.002). Moreover, there were positive associations between NEAP with over-
weight and obesity (body mass index �25 kg/m2; OR, 3.07; 95% CI, 1.92�4.93; P =0.0001), waist circumference
(OR, 2.27; 95% CI, 1.37�3.75; P = 0.001), and serum triglyceride levels (OR, 4.92; 95% CI, 1.87�12.92; P = 0.001).
Conclusion: Compared with women with a low DAL score, women with a higher DAL score had higher weight,
waist circumference, and triglyceride concentrations.
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Introduction

There has been a global increase in the prevalence of cardiovas-
cular disease (CVD) and metabolic syndrome (MetS), which has
contributed to a significant increase in morbidity [1,2]. The global
prevalence of CVDs is estimated to affect 422.7 million people [2].
Moreover, the worldwide prevalence of MetS is reported to affect
25% of adults, according to the International Diabetes Federation
definition [1]. Both CVDs and MetS impose a substantial financial
burden on health care systems [3] and contribute to both disability
[2,4] and mortality [5]. Therefore, it is important to identify new
approaches to treat and prevent CVDs and MetS. Dyslipidemia,
insulin resistance (IR), hypertension, and central obesity are exam-
ples of risk factors for CVDs and MetS [6�9]. Unhealthy lifestyles
such as physical inactivity, excessive alcohol consumption, smok-
ing, and consumption of unhealthy diets increase the risk for CVDs
or MetS [10�13].

Adherence to healthy dietary patterns can play a key role in
preventing some chronic diseases including CVDs and MetS
[14,15]. However, the focus should be on the dietary pattern rather
than on specific foods as the dietary pattern can reflect the
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interactions between individual foods and food components
[16�18]. Measuring the dietary acid load (DAL) is one approach that
has been used for dietary acid�base evaluation [19]. Potential renal
acid load (PRAL) and net endogenous acid production (NEAP) are
two scores that provide an estimation of acid�base load from
dietary intake information [20]. The PRAL score is calculated using
dietary intakes of protein, potassium, calcium, magnesium, and
phosphorous [20,21]. NEAP includes total protein and potassium,
which are the important determinants of metabolic acidosis [22].
Both scores have been validated against objective measures of acid-
�base load determined from 24-h urine in healthy adults [21,22].
The median of NEAP value for a Western dietary pattern is esti-
mated to be »34 to 76 mEq/d [23], whereas the score for a vegan
pattern is 7.26 mEq/d (formula of Remer and Manz [21]) or
15.6 mEq/d (formula of Frassetto et al. [22]) [24]. Therefore, a high
DAL score may reflect a higher consumption of animal products and
processed foods, which are not sufficiently compensated by the
intake of fruits and vegetables. Animal products are typically high in
both protein and phosphorus, thereby acting as potential inorganic
acid precursors, which can affect endogenous acid production [19].
However, fruits and vegetables are categorized as alkaline foods due
to their higher magnesium and potassium content [19]. If the con-
sumption of higher acidic foods is not compensated by increased
intake of alkaline foods, then this may lead to chronic metabolic aci-
dosis [25]. The literature suggests that metabolic acidosis stimulates
cortisol production [26,27], which has an adverse effect on risk fac-
tors associated with MetS and CVD [28,29].

To our knowledge, the literature on the association between DAL
with risk factors of CVDs and MetS is limited. Moreover, the studies
that have assessed the relationship between DAL and cardiometa-
bolic risk factors are inconsistent [30�32]. In previous studies, DAL
was positively associated with IR [30], waist circumference (WC)
[31,32], triglycerides (TG) [31], low-density lipoprotein cholesterol
(LDL-C) [32], and total cholesterol (TC) levels [32], and inversely
associated with concentrations of high-density lipoprotein choles-
terol (HDL-C) [31]. However, some of the studies failed to find any
association between DAL and TG [32], HDL-C [32], or fasting blood
sugar (FBS) [30�32]. Therefore, the objective of this study was to
examine the association of DAL with cardiometabolic risk factors
and prevalence of MetS in Iranian women.

Materials and methods

Study population

We applied cluster random sampling to 371 women for inclusion in the pres-
ent cross-sectional study. Participants were between 20 and 50 y of age, and
attended the Southern Health Center of Tehran from 2017 to 2018. The women
had no previously diagnosed hypertension or inflammatory or metabolic diseases
and were not taking any medications (including those that would influence lipid
and glucose metabolism or blood pressure). Women were excluded from the study
if they had been following a specialized diet during the previous year or if they had
unexplained total energy intakes (<500 or >3500 kcal/day) [33]. Study sample
size was determined considering mean level of serum TG (mean § SD = 6.11 §
2.88) as the main dependent variable, employing the following formula:

N ¼ z 1�a=2ð Þ2 � s2
h i

=d2 32½ �:
Based on a = 0.05, 356 participants were required; “d” was calculated as 6% of

mean levels of TG; and a design effect of 1.5 was needed. In previous studies, »4%
of participants were excluded due to over- and underreporting of energy intake
[34]. Therefore, to account for exclusion owing to under- or overreporting of
energy, 371 participants were selected for inclusion in the present study. All par-
ticipants provided informed consent. The study ethical protocol was approved by
the National Institute for Medical Research and Development.

Dietary assessment and definition of DAL

Usual dietary intake during the previous year was determined by completing
a 168-item semiquantitative food frequency questionnaire (FFQ) for each
participant in a face-to-face interview. The FFQ comprised portion sizes and fre-
quency consumption of foods on a daily, weekly, or monthly basis. The portion
size of total foods was converted to grams by household measures. An adapted
version of NUTRITIONIST IV corrected for Iranian food, version 7.0 (N-Squared
Computing, Salem, OR, USA) was applied to calculate the average intake of energy
and nutrients. The validity and reliability of the FFQ were determined in a previ-
ously published study [35].

Urinary net acid excretion is an indicator of NEAP, which is affected by dietary
nutrient intake. Because it is difficult to directly measure NEAP, two indices
recently have been introduced to characterize DAL from the diet. First, PRAL was
estimated by applying the following formula, which was described by Remer et al.
[20,21,27]:

PRAL mEq=dð Þ ¼ 0:4888� protein intake g=dð Þ þ 0:0366� phosphorus mg=dð Þ�0:0205�
potassium mg=dð Þ�0:0125� calcium mg=dð Þ�0:0263�magnesium mg=dð Þ:

Moreover, NEAP was calculated based on the following algorithm, which was
developed by Frassetto et al. [22]:

NEAP mEq=dð Þ ¼ 54:5� protein intake g=dð Þ � potassium intake mEq=dð Þ½ ��10:2:

According to this concept (NEAP), the amount of sulfuric acid and bicarbonate
production owing to protein and potassium (Pro/K) metabolism are considered to
be the major determinants of DAL [22].

The validity of the foregoing scores recently have been examined in compari-
son with 24-h urinary acid load in healthy adults [21,22]. Both PRAL and NEAP
were established as reasonably valid measures for estimating DAL [21,22].

Biochemical assessment

The assessment of all biochemical factors (FBS, TG, TC, HDL-C, LDL-C) was per-
formed on collected fasting venous blood samples. FBS concentration was assessed
by the enzymatic colorimetric method and glucose oxidase (both inter- and intraas-
say coefficient of variation [CV]: 2.2%). For assessment of serum TG levels, an enzy-
matic calorimetric method with glycerol phosphate oxidase was used (interassay
CV: 0.6%; intraassay CV: 1.6%). Serum TC levels were determined with cholesterol
esterase and cholesterol oxidase applying the enzymatic colorimetric method
(interassay CV: 1.1%; intraassay CV: 1.4%). HDL-C was measured after precipitation
of other lipoproteins using phosphotungstic acid and magnesium chloride fluid
(interassay CV: 1.8%; intraassay CV: 1.5%). Serum LDL-C levels were measured after
precipitation of LDL-C by using heparin and sodium citrate (interassay CV: 0.95%;
intraassay CV: 1.4%). All the analyses were performed using commercial enzymatic
reagents (Pars Azmoon, Tehran, Iran) and by applying an auto-analyzer system
(Selectra E, Vitalab, Holliston, the Netherlands).

Anthropometric assessment

Anthropometric measurements were obtained by a trained assistant. Partici-
pant weight was measured to the nearest 100 g using a portable digital scale
(SECA 813; Seca, Hamburg, Germany), with participants wearing lightweight
clothing. Height was recorded using unstretched meter to the nearest 0.5 cm, with
participants standing against a wall with shoulders in a normal position. WC was
taken at the level of umbilicus over at most a single layer of lightweight clothing
to the nearest 0.5 cm. BMI was calculated as body weight in kilogram divided by
the square of individual’s height.

Assessment of other variables

Socioeconomic status (SES) was assessed using a valid and reliable question-
naire for the Iranian population, which was developed for measuring SES status
and its association with health outcomes [36]. The total standardized score for all
participants was computed (using factor analysis and summary index), then its
compliance with normal summary index was examined using the k test. This
questionnaire consisted of questions about educational level, occupation, car or
home ownership, having new-fashioned furniture, number of family members,
and trips in or outside the country during the previous year. The reported correla-
tion of these parameters with the total score was 0.87. In the present study, the
SES of participants were reported based on the calculated scores. To collect other
variables such as age, marital status (married, single, or divorced) and smoking
status (non-smoker or smoker), a demographic questionnaire was used. Blood
pressure (BP) was measured twice with a 30-s interval after participants were in a
relaxed and seated position for »10 min. Before measuring BP, participants were
asked to empty their bladder. They did not smoke, drink caffeinated beverages, or
exercise within 1 h before BP was measured.

Moreover, MetS was defined as the presence of at least three criteria based on
the National Cholesterol Education Program's Adult Treatment Panel III (ATP-III)
as follows: WC >88 cm for women; BP >130/85 mm Hg; fasting TG level
�150 mg/dL and HDL-C <50 mg/dL; and FBS level �100 mg/dL [8]. BMI was
defined according to cutoff values reported by the World Health Organization
(WHO; overweight and obesity: BMI �25 kg/m2) [37].
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Statistical analysis

The Kolmogorov�Smirnov test showed that all variables were normally dis-
tributed. We first categorized participants based on their median PRAL (<8.93 ver-
sus �8.93 mEq/d) and NEAP (<46.77 versus �46.77 mEq/d) values. Participant
characteristics were described for the total population and for categories of PRAL
(median: 8.93; interquartile range [IQR], 19.91 mEq/d [Q3 versus Q1: 19.68 versus
�0.23]) and NEAP (median: 46.77; IQR, 18.82 mEq/d [Q3 versus Q1: 55.83 versus
37.01]). To test differences in characteristics between categories, x2 and indepen-
dent-sample t tests were used for qualitative and quantitative variables, respec-
tively. Dietary variables (micro- and macronutrients) were described for
categories of PRAL and NEAP. Then, the categories of PRAL and NEAP were com-
pared using one-way analysis of covariance (ANCOVA) to adjust for energy intake.
Levels of anthropometric indices (weight and BMI) and biochemical parameters
(FBS, HDL-C, LDL-C, and TC) in the two categories of PRAL and NEAP were com-
pared using independent-sample t test in a crude model and ANCOVA in an
adjusted model (energy, age, marital status, SES, and BMI). Before performing
binary logistic regression, participants were categorized for cardiometabolic risk
factors based on the reported cutoffs by ATP-III as follows: WC >88 cm, BP >130/
85 mm Hg, FBS �100 mg/dL, TG �150 mg/dL, HDL-C <50 mg/dL, LDL-C
>130 mg/dL, and TC >200 mg/dL [38]. Moreover, participants were categorized
for BMI according to cutoff values defined by the WHO (overweight and obesity:
BMI �25 kg/m2) [37]. To find the association of DAL (PRAL, NEAP) with CVD risk
factors (BMI, WC, FBS, TG, HDL-C, LDL-C, and TC) and the prevalence of MetS,
binary logistic regression in both crude and adjusted models (model 1: energy,
age, marital status, and SES; model 2: all mentioned variables plus BMI) was used.
We chose binary regression analysis for a few reasons. First, the results may be
easier for non-statisticians to understand and interpret [39] (i.e., some clinicians
find obesity risks presented relative to a reference group easier to interpret than
linear regression or correlation coefficients). Furthermore, health care professio-
nals often prefer dichotomous outcomes (like normal/abnormal, risky/benign,
treat/do not treat) [40]. Second, this method allowed us to obtain reliable risk esti-
mates, not just to ensure statistically significant findings. Third, this approach let a
“never” or “zero” exposed category be easily incorporated into a categorical analy-
sis [39]. To conduct categorical analyses, we determined the cutoffs for the expo-
sure and outcome variables based on theoretic or clinical considerations and
avoided data-driven cut-points [40]. Although it would have been preferable to
have more categories, we made sure there were sufficient individuals in each cate-
gory when selecting category boundaries [40]. SPSS software version 13 (SPSS Inc.,
Chicago, IL, USA) was used for statistical analyses and P < 0.05 was considered sta-
tistically significant.

Results

General characteristic of participants (N = 371) for the total
population and for each category of PRAL and NEAP are described
in Table 1. Participants assigned to the highest PRAL category were
more likely to be married (P = 0.009). Moreover, participants in the
highest category of NEAP were younger (P = 0.0001), had lower
BMI (P = 0.005), were more likely to be married (P = 0.009), and
Table 1
General participant characteristics by median-split dietary acid load*

Variables Total
N = 371

PRAL
(mEq/d)

Low category High categ
<8.93 >8.93
n = 185 n = 186

Age, y 30.67 § 6.92 31.23 § 7.50 30.11 § 6.
BMI, kg/m2 24.26 § 4.03 24.32 § 3.95 24.19 § 4.
Socioeconomic status 32.01 § 6.19 32.11 § 6.69 31.91 § 5.
Marital status, n (%)
Married 230 (62) 107 (58) 123 (66)
Single/Divorced 141 (38) 78 (42) 63 (34)
Educational status, n (%)
Illiterate/Underdiploma 33 (9) 15 (8) 18 (10)
Diploma 68 (18) 40 (22) 28 (15)
Academic degree 270 (73) 130 (70) 140 (75)
Smoking n (%)
Yes 4 (1) 3 (2) 1 (1)
No 367 (99) 182 (98) 185 (99)

BMI, body mass index; NEAP, net endogenous acid production; PRAL, potential renal acid
*Mean § SD.
yCalculated by x2 and t test for qualitative and quantitative variables, respectively.
were more likely to be university-educated (P = 0.002). However,
for other characteristics, there was no difference between partici-
pants in the highest or lowest categories.

Dietary intake of participants for each category of PRAL and
NEAP are presented in Table 2. Participants included in the highest
category of PRAL were characterized by higher energy intakes
(P = 0.0001), protein (P = 0.0001), fat (P = 0.05), dietary cholesterol
(P = 0.0001), phosphorus (P = 0.0001), calcium (P = 0.001), sodium/
potassium (P = 0.0001), and meat (P = 0.0001). Furthermore, they
showed lower intake of carbohydrates (P = 0.0001), fiber
(P = 0.0001), potassium (P = 0.0001), magnesium (P = 0.003), fruit
(P = 0.0001), and vegetables (P = 0.0001).

Participants in the highest category of NEAP also were charac-
terized by higher intake of protein (P = 0.0001), phosphorus
(P = 0.0001), sodium/potassium (P = 0.0001), and meat (P = 0.0001).
However, they had lower intake of carbohydrates (P = 0.009), fiber
(P = 0.0001), potassium (P = 0.0001), calcium (P = 0.0001), magne-
sium (P = 0.0001), fruit (P = 0.0001), and vegetables (P = 0.0001).

Anthropometric measurements and biochemical markers for
each category of PRAL and NEAP are reported in Table 3. Partici-
pants in the highest category of NEAP had higher WC (P = 0.01).
The differences between other anthropometric measurements,
FBS, and lipid profiles in women included in the high compared
with the low category of PRAL and NEAP were not significant in
adjusted models 1 or 2.

Odds ratio (OR) and 95% confidence intervals (CI) for CVD risk
factors for each category of PRAL and NEAP are provided in Table 4.
After adjustment for a wide range of confounding variables, a sig-
nificant positive association was observed between high NEAP
with overweight and obesity (BMI �25 kg/m2; OR, 3.07; 95% CI,
1.92�4.93; P = 0.0001) and WC (OR, 2.27; 95% CI, 1.37�3.75;
P = 0.001). Moreover, there was a strong positive association
between the highest DAL score (both PRAL and NEAP) and serum
TG levels (PRAL: OR, 4.28; 95% CI, 1.67�10.99; P = 0.002; NEAP: OR,
4.92; 95% CI, 1.87�12.92; P = 0.001). No significant association
with any of the other CVD risk factors or the prevalence of MetS
was found.
Discussion

In the present cross-sectional study, a significant positive asso-
ciation was demonstrated between high DAL (both PRAL and NEAP
P-valuey NEAP
(mEq/d)

P-valuey

ory Low category High category
<46.77 >46.77
n = 185 n = 186

26 0.12 32.30 § 7.72 29.05 § 5.60 0.0001
13 0.74 24.99 § 4.43 23.52 § 3.45 0.005
66 0.75 32.42 § 6.88 31.61 § 5.40 0.20

0.009 0.009
107 (58) 123 (66)
78 (42) 63 (34)

0.08 0.002
20 (11) 13 (7)
32 (17) 36 (19)

133 (72) 137 (74)
0.56 0.25

3 (2) 1 (1)
182 (98) 185 (99)

load.



Table 2
Energy-adjusted dietary intakes by median-split dietary acid load in Iranian women*

Variables PRAL
(mEq/d)

P-valuey NEAP
(mEq/d)

P-valuey

Low category High category Low category High category
<8.93 >8.93 <46.77 >46.77
n = 185 n = 186 n = 185 n = 186

Energy, kcal/d 2163.77 § 653.08 2859.19 § 708.77 0.0001 2469.70 § 794.24 2554.91 § 733.47 0.28
Protein, g/d 82.87 § 15.64 98.14 § 15.64 0.0001 86.20 § 15.67 94.83 § 15.53 0.0001
Fat, g/d 75.99 § 15.50 79.03 § 15.50 0.05 78.02 § 14.72 77.30 § 14.72 0.63
Carbohydrate, g/d 390.65 § 39.71 362.60 § 39.57 0.0001 381.93 § 39.11 371.26 § 38.98 0.009
Fiber, g/d 7.68 § 2.17 5.71 § 2.17 0.0001 7.98 § 1.77 5.42 § 1.77 0.0001
Cholesterol, mg/d 209.17 § 129.33 270.03 § 128.92 0.0001 234.31 § 124.85 245.03 § 124.44 0.40
Phosphorus, mg/d 1249.42 § 296.75 1492.27 § 295.80 0.0001 1321.92 § 295.22 1420.70 § 296.04 0.0001
Potassium, mg/d 3811.08 § 869.04 3185.02 § 866.32 0.0001 4036.40 § 676.72 2960.92 § 674.95 0.0001
Calcium, mg/d 985.72 § 302.46 1098.20 § 301.51 0.001 1119.67 § 279.00 964.97 § 278.18 0.0001
Magnesium, mg/d 302.38 § 60.38 282.78 § 60.24 0.003 320.63 § 50.29 264.62 § 50.15 0.0001
Sodium, mg/d 4985.17 § 2384.76 5044.50 § 2377.55 0.82 5122.11 § 2246.49 4908.30 § 2240.36 0.35
Sodium/Potassium, g/mEq 1.38 § 0.68 1.67 § 0.68 0.0001 1.35 § 0.68 1.70 § 0.68 0.0001
Grains, g/d 515.47 § 181.01 537.61 § 180.47 0.26 488.83 § 166.83 564.10 § 166.42 0.0001
Fruits, g/d 400.21 § 228.48 181.24 § 227.80 0.0001 393.75 § 212.90 187.66 § 212.35 0.0001
Vegetables, g/d 436.89 § 227.12 312.45 § 226.44 0.0001 454.95 § 206.08 294.49 § 205.54 0.0001
Meat, g/d 102.20 § 74.52 141.32 § 74.25 0.0001 105.35 § 206.76 138.19 § 206.63 0.0001

PRAL, potential renal acid load; NEAP, net endogenous acid production.
*Mean § SD.
yCalculated by t test for energy intake and multivariate analysis of covariance for other variables (other variables adjusted for energy intake).

Table 3
Anthropometric indices, and biochemical markers by median-split dietary acid load in Iranian women*

Variables PRAL
(mEq/d)

P-valuey NEAP
(mEq/d)

P-valuey

Low category High category Low category High category
<8.93 >8.93 <46.77 >46.77
n = 185 n = 186 n = 185 n = 186

Weight (kg)
Crude 63.90 § 10.29 64.36 § 11.02 0.67 65.13 § 11.27 63.13 § 9.93 0.07
Model 1z 66.21 § 11.01 64.05 § 11.01 0.90 64.61 § 10.35 63.66 § 10.35 0.39

BMI (kg/m2)
Crude 24.32 § 3.95 24.19 § 4.13 0.74 24.99 § 4.43 23.52 § 3.45 0.005
Model 1z 24.38 § 3.94 24.13 § 3.95 0.58 24.71 § 3.80 23.80 § 3.68 0.05

WC (cm)
Crude 83.02 § 7.76 84.34 § 9.19 0.13 83.09 § 8.07 84.27 § 8.93 0.18
Model 1z 83.08 § 8.84 84.28 § 8.85 0.22 82.54 § 8.29 84.82 § 8.31 0.01

FBS (mg/dL)
Crude 91.37 § 33.37 88.42 § 11.64 0.25 93.18 § 33.96 86.62 § 18.90 0.01
Model 1z 91.93 § 24.20 87.87 § 24.20 0.13 91.71 § 22.98 88.09 § 22.84 0.13
Model 2x 91.93 § 24.34 87.87 § 24.20 0.13 91.71 § 23.12 88.09 § 22.98 0.14

TG (mg/dL)
Crude 104.43 § 22.60 100.68 § 24.80 0.11 103.82 § 26.24 101.09 § 21.02 0.26
Model 1* 103.80 § 25.29 101.11 § 25.35 0.33 103.19 § 24.07 101.73 § 23.98 0.56
Model 2x 103.75 § 25.29 101.17 § 25.35 0.35 102.99 § 24.07 101.92 § 24.12 0.67

HDL-C (mg/dL)
Crude 47.10 § 9.85 48.79 § 8.89 0.08 46.66 § 9.90 49.23 § 8.73 0.008
Model 1z 47.31 § 9.92 48.58 § 9.82 0.24 47.02 § 9.38 48.87 § 9.28 0.06
Model 2x 47.36 § 9.79 48.53 § 9.79 0.28 47.20 § 9.24 48.69 § 9.28 0.13

LDL-C (mg/dL)
Crude 78.69 § 18.56 81.13 § 20.30 0.22 80.19 § 20.83 79.65 § 18.05 0.78
Model 1z 80.71 § 19.85 79.13 § 19.92 0.47 79.45 § 18.90 80.38 § 18.83 0.64
Model 2x 80.68 § 19.85 79.16 § 19.85 0.49 79.32 § 18.94 80.51 § 18.94 0.55

TC (mg/dL)
Crude 175.88 § 36.60 172.36 § 32.23 0.32 179.68 § 34.64 168.58 § 33.50 0.002
Model 1z 177.00 § 34.27 171.24 § 34.26 0.13 177.04 § 32.36 171.21 § 32.48 0.09
Model 2x 177.00 § 34.27 171.24 § 34.27 0.13 177.06 § 32.57 171.18 § 32.57 0.09

BMI, body mass index; FBS, fasting blood sugar; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NEAP, net endogenous acid produc-
tion; PRAL, potential renal acid load; TC, total cholesterol; TG, triacylglycerol; WC, waist circumference.
*Mean § SD.
yCalculated by independent t test in crude model, and analysis of covariance in adjusted model.
zModel 1 sdjusted for energy intake, age, marital status, socioeconomic status.
xModel 2 adjusted for energy intake, age, marital status, socioeconomic status and BMI.
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scores) and serum TG levels. Moreover, a positive relationship was
observed between NEAP score with overweight and obesity (BMI
�25 kg/m2) and WC. No significant association with any of the
other CVD risk factors or the prevalence of MetS was found. Find-
ings of the present study provide further insight into the relation-
ship between DAL and CVD risk factors.



Table 4
Cardiovascular risk factors and the prevalence of metabolic syndrome based on median-split of dietary acid load in Iranian women*

Variables PRAL
(mEq/d)

P-valuey NEAP
(mEq/d)

P-valuey

Low category High category Low category High category
<8.93 >8.93 <46.77 >46.77
n = 185 n = 186 n = 185 n = 186

Overweight and obese
(BMI �25 kg/m2)
Crude 1 1.21 (0.79�1.84) 0.37 1 3.48 (2.23�5.42) 0.0001
Model 1z 1 1.35 (0.80�2.27) 0.24 1 3.07 (1.92�4.93) 0.0001

WC (>88 cm)
Crude 1 1.65 (1.06�2.57) 0.02 1 3.10 (1.95�4.90) 0.0001
Model 1z 1 1.67 (0.95�2.93) 0.07 1 2.27 (1.37�3.75) 0.001

FBS (�100 mg/dL)
Crude 1 1.85 (0.88�3.89) 0.10 1 2.14 (1.01�4.56) 0.04
Model 1z 1 0.91 (0.30�2.73) 0.86 1 0.49 (0.17�1.38) 0.18
Model 2x 1 0.86 (0.28�2.62) 0.79 1 0.39 (0.13�1.20) 0.10

TG (�150 mg/dL)
Crude 1 2.66 (1.37�5.17) 0.004 1 8.54 (3.52�20.68) 0.0001
Model 1z 1 4.07 (1.65�10.01) 0.002 1 5.79 (2.25�14.91) 0.0001
Model 2x 1 4.28 (1.67�10.99) 0.002 1 4.92 (1.87�12.92) 0.001

HDL-C (<50 mg/dL)
Crude 1 1.70 (1.04�2.78) 0.03 1 1.93 (1.17�3.17) 0.009
Model 1z 1 0.93 (0.51�1.69) 0.81 1 1.49 (0.85�2.58) 0.15
Model 2x 1 0.49 (0.08�2.71) 0.41 1 1.29 (0.73�2.29) 0.37

LDL-C (>130 mg/dL)
Crude 1 0.19 (0.04�0.89) 0.03 1 2.05 (0.60�6.95) 0.24
Model 1z 1 0.42 (0.08,2.30) 0.32 1 1.79 (0.49�6.55) 0.37
Model 2x 1 0.88 (0.48,1.62) 0.68 1 2.05 (0.55�7.63) 0.28

TC (>200 mg/dL)
Crude 1 1.27 (0.76�2.11) 0.35 1 1.79 (1.06�3.00) 0.02
Model 1z 1 1.31 (0.70�2.45) 0.39 1 1.32 (0.75�2.32) 0.32
Model 2x 1 1.32 (0.70�2.46) 0.38 1 1.35 (0.76�2.38) 0.29

MetS
Crude 1 3.43 (1.10�10.75) 0.03 1 8.11 (1.82�36.02) 0.006
Model 1z 1 4.06 (0.88�18.74) 0.07 1 3.77 (0.77�18.40) 0.10

BMI, body mass index; FBS, fasting blood sugar; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MetS, metabolic syndrome; NEAP,
net endogenous acid production; PRAL, potential renal acid load; TC, total cholesterol; TG, triacylglycerol; WC, waist circumference.
*Odds ratio (95% CI).
yCalculated by logistic regression.
zModel 1 adjusted for energy intake, age, marital status, and socioeconomic status.
xModel 2 adjusted for energy intake, age, marital status, socioeconomic status. and BMI.
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DAL is a relatively new dietary concept that reflects the effects
of diet on body acid�base status [19]. PRAL and NEAP are two indi-
ces that have been applied to estimate DAL from dietary intake
[19,32,41]. Higher values of either PRAL or NEAP indicate higher
diet acidity. In line with previously published studies, higher intake
of grains, meat, and dairy products were related to higher DAL,
whereas higher intake of fruits and vegetables was associated with
lower DAL levels [23,31]. In the present study, PRAL (mean, 9.61
mEq/d; median, 8.93; IQR, 19.91 mEq/d [Q3 versus Q1: 19.68 ver-
sus �0.23]) and NEAP (mean, 47.46 mEq/d; median, 46.77; IQR,
18.82 mEq/d [Q3 versus Q1: 55.83 versus 37.01]) values showed
higher acidity compared with other studies in healthy Iranian
adults (mean, PRAL �11.2 mEq/d; mean, NEAP 35.6 mEq/d) [31,
42] and patients with diabetic nephropathy (median, PRAL �0.32
mEq/d; median, NEAP �0.28 mEq/d) [43]; however, the values
were almost similar to that of young Japanese women (mean, PRAL
10.4 mEq/d) [32], adult Japanese (median, PRAL 8.95 mEq/d;
median, NEAP 52.35 mEq/d) [30], elderly Chinese (median, NEAP
47.3; IQR, 25.5 mEq/d [Q3 versus Q1: 61 versus 35.5]) [44], and
elderly Swedish men (median, NEAP 40.7 mEq/d) [45].

The present study showed a positive association between high
DAL (NEAP score) with overweight and obesity (BMI 25 kg/m2) and
WC. In line with the present findings, a cross-sectional study by
Bahadoran et al. (N = 5620 adults, 20�70 y of age) showed that
both PRAL (mean, �22 mEq/d) and Pro/K (mean, �0.02 mEq/d)
were associated with higher WC and body weight [31]. Moreover,
in a cross-sectional study with 1154 Japanese women 18 to 22 y of
age, a positive association was found between Pro/K (mean, 1.2
mEq/d) and WC and obesity, whereas PRAL score (mean, 10.4
mEq/d) showed no association [32]. One possible explanation for
the association between DAL and anthropometric measurements
might be the effects of metabolic acidosis on muscle metabolism or
IR. For example, metabolic acidosis can result in increased proteol-
ysis through increased mRNA encoding of the ubiquitin protea-
some pathway proteins (including ubiquinone, and the subunits of
proteasome) [46]. A cross-sectional study by Welch et al. showed
that women (18�79 y of age) with the lowest acidic diet (PRAL,
�24.44 mEq/d) had higher body fat-free mass [47]. Moreover,
another explanation could be related to the positive association
between serummarkers of metabolic acidosis (including low bicar-
bonate, increased lactate, and high anion gap) and IR [48�50]. Fol-
lowing IR, the risk for obesity can increase [51].

It is noteworthy that although studies differed in several impor-
tant factors such as age, sex, race, exposure and outcome assess-
ment tools, and adjustments, the findings regarding obesity were
consistent across the majority of studies [31,32,47]. The positive
association between DAL and obesity was reported in both sexes
and in different age groups such as young adults (18-22 years old)
[32], adults (19-70 years old), and the elderly (>55 years old)
[31,41]. Furthermore, this association was observed in a wide
range of PRAL scores, ranging from �22 mEg/d in the study by
Bahadoran et al. [31] to 9.61 mEq/d in the present study. However,
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to the best of our knowledge, most of the studies were performed
with Asian populations [31,32,42,44] and there are few studies
fromWestern countries.

The present study did not find an association between DAL and
FBS. In line with our findings, Bahadoran et al. found no significant
association between higher DAL diet (both PRAL and Pro/K) and FBS
in adults [31]. In the cross-sectional study by Murakami et al., no
association was revealed between a high DAL diet (PRAL, 18.7 versus
1.3 mEq/d; Pro/K, 1.51 versus 0.96 mEq/d) and both FBS and hemo-
globin A1c in young Japanese women [32]. In a study by Akter et al.,
no association between PRAL (17.1 versus �1.3 mEq/d) and NEAP
(66.4 versus 40 mEq/d) with FBS level was found [30]. These findings
are in contrast to a previously published prospective study by
Fagherazzi et al. that found a strong association between high DAL
and increased risk for type 2 diabetes [52]. Moreover, other studies
reported a positive association between DAL and IR [25,30].

Different findings across studies may be due to differences in
DAL. In the study by Fagherazzi et al. [52], there was a wider range
of DAL (PRAL, 14.3 versus �23.0 mEq/d; NEAP, 58.2 versus 31.5
mEq/d) compared with other studies that did not find an association
between DAL and FBS [31,32]. Metabolic acidosis that is induced by
higher DAL is associated with disturbed binding of insulin to its
receptor, inhibition of the insulin signaling pathway, and an increase
in hepatic gluconeogenesis [25]. Several plausible mechanisms that
reduce the rate of glucose absorption in the intestinal lumen [53],
increase secretion of bile acids (may induce the production of gluca-
gon-like peptide-1) [54], and conserve the composition of gut flora
may have improved IR among participants [55].

A significant positive association was observed between high
DAL (both PRAL and NEAP) and TG. In agreement with this finding,
Bahadoran et al. showed that both PRAL (mean, �22 mEq/d) and
Pro/K (mean, 0.02 mEq/d) scores were positively associated with
TG and inversely associated with HDL-C [31]. The underlying
mechanism that relates high DAL with elevated TG levels seems to
be high cortisol secretion in the presence of metabolic acidosis
[56]. High cortisol concentrations have been shown to induce
lipase activity (lipoprotein lipase and hormone-sensitive lipase),
which in turn results in increased efflux of free-fatty acids to the
bloodstream and augment production of very low-density lipopro-
teins (high in TG concentration) in the liver [57,58]. In contrast
with the present study, in the study by Murakami et al., PRAL (18.7
versus 1.3 mEq/d) was positively associated with LDL-C and TC in
young adult Japanese women, whereas no association regarding
TG was detected [32]. Although the DAL in the present study was
similar to that found by Murakami et al. [32], participants in the
present study had higher intake of fruits and vegetables. Consump-
tion of fermentable fiber from plant sources, which control meta-
bolic activity of the intestinal flora and also their metabolites [59],
could be an explanation for the differences between the present
findings and those of Murakami et al.

To our knowledge, this is the first study to investigate the rela-
tionship between DAL and a range of CVD risk factors and the preva-
lence of MetS among Iranian women. However, there were several
limitations to the present study. First, the cross-sectional study
design did not allow us to determine cause and effect. Second,
owing to the closed-ended response nature of FFQs, the possibility
of dietary misclassification was increased. Third, it is unknown
whether the underlying association between DAL and CVD risk fac-
tors was caused by acidity of the diet or if it was due to minerals
present in DAL formula. Fourth, although cortisol may be the factor
that links the association between DAL and CVD risk factors, it was
not measured in this study.
Conclusion

A significant positive association was found between DAL (both
PRAL and NEAP scores) with serum TG concentrations. Moreover, a
positive relationship was observed between NEAP score and over-
weight and obesity (BMI � 25 kg/m2) and WC. Further prospective
studies in different populations are required to elucidate the role
of DAL in the development of CVDs.
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