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Abstract: The objective of this study was to explore the effects of dietary acid load (DAL) and
IGF1 and IL6 gene polymorphisms and their potential diet-gene interactions on metabolic traits.
A total of 211 community-dwelling postmenopausal women were recruited. DAL was estimated
using potential renal acid load (PRAL). Blood was drawn for biochemical parameters and DNA was
extracted and Agena® MassARRAY was used for genotyping analysis to identify the signalling of
IGF1 (rs35767 and rs7136446) and IL6 (rs1800796) polymorphisms. Interactions between diet and
genetic polymorphisms were assessed using regression analysis. The result showed that DAL was
positively associated with fasting blood glucose (FBG) (§ = 0.147, p < 0.05) and there was significant
interaction effect between DAL and IL6 with systolic blood pressure (SBP) ( = 0.19, p = 0.041).
In conclusion, these findings did not support the interaction effects between DAL and IGF1 and IL6
single nucleotide polymorphisms (rs35767, rs7136446, and rs1800796) on metabolic traits, except for
SBP. Besides, higher DAL was associated with higher FBG, allowing us to postulate that high DAL is
a potential risk factor for diabetes.

Keywords: interleukin 6; insulin growth factor-1; gene polymorphism; acid-base homeostasis;
hypertension; diabetes

1. Introduction

Metabolic syndrome (MS) is a cluster of interrelated and heritable metabolic traits,
which collectively impart unsurpassed risk for type 2 diabetes mellitus (T2DM) and
atherosclerotic cardiovascular disease [1]. Prevalence of MS is higher in females than
in males in most countries in the Asia—Pacific region [2], attributed to various cultural
factors including stress and low socio-economic status [3]. Besides gender, the etiology
of MS is likely multifactorial and involves the interplay among lifestyle behavior, ageing,
obesogenic environments, and genetic susceptibility [4], with the latter having ignited
the interest for numerous genetic studies in Asia to gain insight into the genetic basis of
MS and its component traits [5-11]. Although lifestyle is a well-known determinant for
the development of MS, genetic variants, especially when they involve functional polymor-
phisms in the promoter regions of the genes, may alter the function and the expression of
genes that are associated with energy intake and energy expenditure [12].
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To the best of our knowledge, the genes involved with the pathophysiology of MS
have not been fully elucidated. On the other hand, genome-wide studies have identi-
fied that insulin growth factors 1 (IGF1) and interleukin 6 (IL6) gene polymorphisms are
responsible for metabolic traits. Pro-inflammatory cytokines play major roles in mod-
ulating lipid metabolism, adipocyte function, and insulin sensitivity [13] in addition to
their anti-inflammatory and regenerative features [7]. Previous studies showed that IL6
gene-587 G/A polymorphism increased the risk of T2DM in G-allele carriers close to
1.3-fold compared to those with the C allele [8]. The single nucleotide polymorphisms
(SNPs) rs1800797 (-597 G/ A), rs1800796 (-572 G/C), and rs1800795 (-174 G/C) that are
located in the promoter region of IL6, on the other hand, were associated with obesity and
metabolic traits in different ethnic groups [12]. Additionally, rs1800796 polymorphism was
associated with high insulinogenic index in Danes [14], hyperglycemia in Mexicans [15],
and hypertension and obesity in Asians [16,17].

IGF1 plays major roles in main pathways in the progression of metabolic traits, such as
progression of T2DM complications [18] and the development of cardiovascular disease [19].
It is an important growth factor linked with various biological systems, especially cell
proliferation, differentiation, survival, and maturation [20]. The SNP rs35767 is known
to contribute to the development of diabetes in various populations. A study showed
that the TT genotype of rs35767 increases 1.92-fold and 1.77-fold of risk for T2DM and
diabetic retinopathy in the Chinese Han population, respectively [21]. Besides, the CC
genotype of rs7136446 has a higher body mass index and body fat percentage than TT and
CT genotypes [22] but evidence is lacking on other metabolic traits [23]. Hence, the roles
of IGF1 gene polymorphisms and disease susceptibility are evident and deserve further
study. Table 1 summarizes the polymorphisms and their possible health consequences.

Table 1. Possible health consequences of different polymorphisms.

SNPs Possible Effects on
IL6 gene -587 G/ A polymorphism [8] Diabetes
IL6 gene rs1800797 (-597 G/ A), rs1800796 Obesit
(=572 G/C) and rs1800795 (-174 G/C) [12] y
High insulinogenic index, hyperglycemia,

IL6 gene rs1800796 [14-17] hypertension, and obesity
IGF1 gene rs35767 [21] Diabetes
IGF1 gene rs7136446 [22] Body mass index and body fat percentage

SNPs: single nucleotide polymorphisms.

Postmenopausal women are more likely to develop metabolic traits, such as obesity
and diabetes compared to men. Hormonal changes and age-related changes in body
composition especially the increase in total body fat and the decrease in lean body mass
may cause disturbances in glucose metabolism and insulin sensitivity [24]. However,
inconclusive findings have been reported whereby the age of menopause was not related
to the occurrence of diabetes among Chinese postmenopausal women [25] in China and
Italy [26], probably attributed to the methodological issue [25,27].

In general, dietary acid load (DAL) can be categorized into acid load diet and base
load diet. Acid load diet refers to a diet high in animal sources but low in vegetable and
fruit. It generates anions (acidic ions such as phosphate (PO4 ™), sulfate (SO4 ™), chloride
(CI7), and organic acids) in the body, causing metabolic acidosis and increased urinary
calcium excretion, which may have adverse effect on bone health [28]. Several studies
have demonstrated that imbalance in the intake of a high acid load diet and a low base
load diet might cause excess endogenous acid production which in turn leads to metabolic
acidosis [29] and increases the risk of metabolic traits including obesity [30], hyperten-
sion [31], and diabetes mellitus [32], with inconsistencies reported in others [33,34]. These
inconsistencies could be attributed to differences in the sample sizes, genetic heterogeneity,
and dietary assessments. To date, this was the first study that has attempted to examine
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the interaction between the DAL with the genetic polymorphism and the development of
metabolic traits among postmenopausal Chinese women. We aimed to explore the effects
of DAL, IGF1, and IL6 gene polymorphisms and their potential diet-gene interactions on
systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting blood glucose (FBG),
waist circumference, and lipid profile.

2. Materials and Methods
2.1. Study Design and Participants

This was an analytical, cross-sectional study conducted on community-dwelling
postmenopausal women in Kuala Lumpur and Selangor, Malaysia. The methodology of
the study has been published elsewhere [35,36]. Briefly, a total of 211 eligible Malaysians, at
least 5 years postmenopausal and with absence of severe disease were recruited based on
a two-stage sampling technique. Ethical approval was obtained from the Ethics Committee
for Research Involving Human Subjects (project reference number: FPSK (FR16) P019) with
all respondents provided written informed consent prior to study enrollment.

2.2. Sociodemographic and Physical Activity

Sociodemographic information was ascertained using a pre-tested structured ques-
tionnaire as discussed elsewhere [35,36]. The physical activity level of respondents was
evaluated using the Global Physical Activity Questionnaire (GPAQ) [37], with the level of
physical activity was classified according to Kyu et al. [38].

2.3. Physical Measurement

The height of respondents was measured using a portable SECA stadiometer while
the weight was measured at respondents’ fasting state using a TANITA digital weighing
scale. The body mass index of respondents was computed as the ratio of weight (kg) to
height in meter squared (m?), and the World Health Organization 2000 [39] classification
was used to classify body mass index (BMI). The waist circumference (WC) of respondents
was measured using Lufkin anthropometric measuring tape while blood pressure was
measured using a digital automatic BP monitor (OMRON HEM-907, Omron Healthcare,
Kyoto, Japan).

2.4. Blood Collection and Biochemical Measurement

Fasting blood samples were collected from antecubital veins in Ethylenediaminete-
traacetic acid (EDTA) (Becton Dickinson, NJ, USA) and plain tubes by certified phle-
botomists. The tubes were immediately placed in an icebox and transferred to an analytical
laboratory at which the blood samples were separated into plasma (glucose, vitamin D,
and DNA analysis) or serum (lipid profile analysis) and stored at —20 °C until subse-
quent analyses. Fasting plasma glucose was determined by the hexokinase method using
the Olympus AU analyzer (Beckman-Coulter, Inc., Fullerton, CA, USA) while fasting serum
lipid profiles (total cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C)) were determined using commercially
available kits on a Hitachi 704 Analyzer, which is serviced by Roche Diagnostics. Total
cholesterol and triglyceride were analyzed according to cholesterol oxidase/peroxidase
and the glycerol phosphate oxidase/peroxidase method, respectively. On the other hand,
HDL-C was measured by direct HDL method while LDL-C was estimated indirectly us-
ing the Friedewald formula. On the other hand, serum levels of 25(OH) vitamin D was
determined by using the Siemens ADVIA Centaur Vitamin D Total assay (Siemens, Tarry-
town, NY, USA), with the analytical measuring range between 4.2 and 150 ng/mL (10.5 to
375 nmol/L).

2.5. Estimation of Dietary Acid Load

The dietary intakes of respondents were assessed using a validated semi-quantitative
food frequency questionnaire (sFFQ) adapted from the Malaysian Adult Nutrition Survey
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2014 [40]. The sFFQ covers 165 food items frequently consumed among Malaysians, along
with their standard portion sizes. After receiving detailed instructions from researchers,
respondents indicated the typical frequency of consumption of foods and average amount
(in household measures, e.g., cup, bowl, spoons), to allow the estimation of food intake
over the past month [41]. Portion sizes were then converted to grams, based on the pub-
lished household measurement. The validity and reliability of this questionnaire among
Malaysian have been assessed previously [40]. Nutrient data (protein, phosphorus, potas-
sium, magnesium, and calcium) were then analyzed using Nutritionist Pro™ Diet Analysis
(Version 3.2, 2007, Axxya Systems, Stafford, TX, USA) software, with the Nutrient Composi-
tion of Malaysia Foods [42] and Singapore Food Composition Database [43] as the primary
databases. The dietary acid load of respondents was estimated according to potential renal
acid load (PRAL) equation as below [44]:

PRAL (mEq/d) = 0.49 protein (g/d) + 0.037 phosphorus (mg/d) — 0.021 potassium (mg/d)
— 0.026 magnesium (mg/d) — 0.013 calcium (mg/d)

2.6. SNP Selection, Genotyping, and Quality Control Analysis

Candidate genes and SNPs were chosen from previously published literature which
showed associations with metabolic traits [12,15,16,22,45-48]. IGF1 (rs35767 and rs7136446)
and IL6 gene (rs1800796) polymorphisms were selected in this study. SNP sequences
were referred from the website (https://www.ncbi.nlm.nih.gov/snp/). Genomic DNA
was extracted from the whole blood samples (EDTA tube) using a commercially available
DNA extraction kit (QIAamp DNA Blood Mini Kit Qiagen, Hilden, Germany) according
to the standard protocol. The extracted DNA concentration was quantified using a spec-
trophotometer (Nanodrop, Thermo Scientific, Roskilde, Denmark) and the qualities of
the extracted DNA were assessed using 0.8% agarose gel electrophoresis. Samples showing
good quantity and quality of DNA were further analyzed using Agena® MassARRAY.
After the SNP detection process, Typer Analyzer was used to analyze the output data from
Agena® Massaray.

2.7. Statistical Analyses

Statistical analyses were performed using IBM SPSS 22 (SPPS Inc., Chicago, IL, USA)
with the level of significance set at p < 0.05. The Hardy-Weinberg equilibrium (HWE) test
for genotypic distribution was examined using the Hardy-Weinberg equilibrium exact
test. Due to less than 5% of the respondents having TT (1rs35767), CC (rs7136446), or CC
(rs1800796) genotypes, they were combined with the heterozygous groups (rs35767: TT +
CT; rs7136446: CC + CT; and rs1800796: CC + CG) for further analysis. Prior to analysis,
data quality was analyzed via SPSS to remove outliers, handle missing values, and test
normality.

Descriptive data are presented as mean £ SD and range, or percentage. Metabolic trait
cut off points were followed by harmonized criteria [48] as this is the most up-to-date and
is recommended by the Joint Interim Statement (JIS) committees and suitable for the Asian
population [48-50]. Next, comparisons of respondents” characteristics between the two
groups’ genotypes of three SNPs were completed using independent Student’s t-test.

Furthermore, 18 models of three-step hierarchical multiple linear regression analysis
were employed to test the contribution of variables as well as to determine the direct and
interaction effects of DAL and genetic polymorphisms with each metabolic trait (SBP, DBP,
WC, FBG, TG, and HDL and cholesterol ratios). Step one was used to determine the associa-
tion between adjusted variables and metabolic traits while step two assessed the association
between the DAL and gene polymorphism (rs35767, rs7136446, and rs1800796) on the de-
pendent variable (SBP, DBP, WC, FBG, TG, and HDL and cholesterol ratios). These were
followed by step three which aimed to add interaction term (DAL*gene polymorphism)
and to determine the interaction effect of DAL with the gene polymorphism for each
metabolic trait.
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3. Results
3.1. General Characteristics

Table 2 presents the general characteristics of the respondents. The mean age of
the respondents was 66.7 + 6.6 years old while the average years of menopause were
more than 15 years. Majority of the respondents attained lower secondary education with
the average years of education of 8 £ 4.6 years. Approximately 99% were insufficiently
active or had low activity while less than 2% were moderately active. According to
the harmonized metabolic syndrome criteria [46,48], approximately half of the respondents
had abdominal obesity, more than two-third had elevated SBP, and near to one-fourth
had elevated DBP while more than half of the respondents had high blood glucose. Mean
PRAL score was 13.8 + 19.1 mEq/day. Among the respondents, the genotype distributions
for the two IGF1 polymorphisms were TT + CT: 52.1% and CC: 47.9% (rs35767); CT + CC:
32.7% and TT: 67.3% (rs7136446). IL6 gene rs1800796 polymorphism was CC + CG: 44.1%
and GG: 55.9%.

Table 2. Demographics, anthropometrics, lifestyles, metabolic traits, and genetic analyses of postmenopausal women

(n =211).

Mean =+ SD or % Range (Min-Max)

Social demographics
Age (years)
Postmenopausal (years)
Education level (years)
Lifestyles

66.7 £ 6.6 51-85
161+£78 5-43
8+46 0-18

Physical activity (MET min/week) 1006.3 & 875.3 0-4680
Insufficiently active (<600 MET min/week) 37.4
Low active (600-3999 MET min/week) 61.2
Moderately active (4000-7999 MET min/week) 1.4
Highly active (>8000 MET min/week) 0
Metabolic traits
BMI (kg/m?) 243+ 3.8 16.2-37.5
BMI/Obesity
No (BMI < 30 kg/m?) 92.9
Yes (BMI > 30 kg/m?) 7.1
WC (cm) 80.4+9.3 58.4-116.7
Normal (WC < 80 cm) 50.7
Abdominal obesity (WC > 80 cm) 49.3
SBP (mmHg) 140 + 20.2 92-214
Normal (SBP < 130 mmHg) 31.8
Hypertension (SBP > 130 mmHg) 68.2
DBP (mmHg) 77 £10.2 51-103
Normal (DBP < 85 mmHg) 76.8
Hypertension (DBP > 85 mmHg) 23.2
Fasting blood glucose (mmol/L) 59+0.8 4492
Normal (FBG < 5.6 mmol/L) 40.8
Hyperglycemia (FBG > 5.6 mmol/L) 59.2
Total-C (mg/dL) 58+ 1.1 2794
HDL-C (mg/dL) 1.6 £04 0.8-3
Normal (>1.3 mmol/L) 89.1
Dyslipidemia (<1.3 mmol /L) 10.9
LDL-C (mg/dL) 35+1 0.9-7.1
TG (mg/dL) 1.3£06 0.4-3.8
Normal (<1.7 mmol /L) 76.8
Dyslipidemia (>1.7 mmol/L) 23.2
Dietary intake
PRAL (mEq/day) 13.8 £19.1 —49.5-85.3
Total energy intake (kcal) 1481 + 523.6 505.8-3580.1
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Table 2. Cont.

Mean =+ SD or % Range (Min-Max)
Genetic analysis
IGF1 rs35767 polymorphism (genotype) (%)
TT 9.4
CT 42.7
CcCc 47.9
IGF1 157136446 polymorphism (genotype) (%)
TT 67.3
CT 28.0
cC 4.7
IL6 151800796 polymorphism (genotype) (%)
CcC 55.9
CG 41.3
GG 2.8

MET: metabolic equivalent; BMI: body mass index; WC: waist circumference; SBP: systolic blood pressure, DBP: diastolic blood pressure,
Total-C: total cholesterol, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density lipoprotein cholesterol, TG: triglyceride.

3.2. Demographic, Clinical, and Biochemical Characteristics According to SNPs rs35767,
rs7136446, and rs1800796

Table 3 outlines the demographic, clinical and biochemical characteristics of the
postmenopausal women according to the genotypes of the SNPs rs35767, rs7136446,
and rs1800796. There were no significant differences in age, duration of menopause,
duration of education, or BMI across the SNPs. Similarly, metabolic traits and lipid pro-
files (WC, SBP, DBP, blood glucose, total cholesterol, HDL, LDL, and triglycerides) were
comparable between the major allele for each genotype.

Table 3. Demographic and metabolic traits according to SNPs rs35767, rs7136446, and rs1800796.

IGF1 rs35767 Polymorphism IGF1 rs7136446 Polymorphism 1L6 rs1800796 Polymorphism
CC genotypes CT + TT genotypes TT genotypes CT + CC genotypes CC genotypes CG + GG genotypes
(n=101) (n = 110) (n =142) (n = 69) (n=118) (n=93)
Age (years) 66.8 £6.9 66.6 + 6.4 67.1+£6.8 66 £ 6.1 674+£72 65.9 £ 5.6
Duration of menopause (years) 16.6+ 8.4 157+72 163+74 159 £ 8.6 16.8 £ 8.4 153 £ 6.9
Duration of education (years) 75+ 4.4 84+48 82+45 75+ 48 74145 8.6 +4.6
BMI (kg/m?) 243 +£3.7 24.4 £ 3.99 245437 24 £39 245+39 241 +37
Waist circumference (cm) 80.2 £ 88 80.6 £9.7 803 £9.1 80.6 = 9.6 809 £9.7 79.7 £ 8.6
SBP (mmHg) 138.6 =21 141.3 £ 19.5 140.5 + 18.8 138.9 +£ 23 140.9 +20.8 138.8 £ 19.4
DBP (mmHg) 77.1£10.2 76.9 £10.3 769 £ 10 772 £10.8 77.3 £10.2 76.7 £10.3
Fasting blood glucose 599+ 0.8 59 %09 59£0.9 5.8+ 0.8 59+038 59 %09
(mmol/L)
Total-C (mg/dL) 58+1 58+12 58+ 1.1 57+11 58+1.2 58=+1
HDL-C (mg/dL) 1.7+£04 1.6 £03 1.6 £0.3 1.7+04 1.6 £04 1.6+04
LDL-C (mg/dL) 35+09 l6+11 36+1 35+1 36+11 35+1
TG (mg/dL) 14+£06 1.3+0.6 14+£06 1.3+0.6 1.3+£0.6 14+07

Data are presented as means + S.D., performed by independent ¢-test

Data are presented as means =+ S.D., performed by independent ¢-test.

3.3. Contribution of Variables on Metabolic Traits

Table 4 depicts the three-step hierarchical regression analysis, highlighting the con-
tribution of the adjusted variables of each metabolic trait. In the SBP model, age, BMI,
and total cholesterol were positively associated with SBP. Thus, the higher the BMI and
the total cholesterol, and the more advanced the age, the higher the SBP will be. Similarly,
there were positive associations of BMI and total cholesterol with diastolic blood pressure.
On the other hand, FBG, SBP, and TG were positively associated with WC while years of
education were negatively associated with WC. As for fasting blood glucose, age and BMI
were positively associated, while total cholesterol was negatively associated with FBG,
indicating that the lower the total cholesterol, the higher the FBG. Meanwhile, HDL and
cholesterol ratio and WC were positively associated with TG, while serum 25(OH) vitamin
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D was negatively associated with TG. Finally, ratio of HDL to cholesterol was positively
associated with TG level but was negatively associated with age. Overall, these results
indicate that most of the adjusted variables contributed significantly to the metabolic traits.
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Table 4. Hierarchical linear regression analyses on gene—DAL interaction effects on metabolic traits.

Systolic Blood Pressure

Diastolic Blood Pressure

Waist Circumference

Fasting Blood Glucose

Triglyceride

High-Density Lipoprotein

Variabl and Cholesterol RATIO
ariable
B Value + SE F Change B Value £ SE F Change B Value + SE F Change BIaSIE ¢ F Change B Value + SE F Change B Value + SE F Change
Step 1 (adjusted variables) 22.291 ** 10.162 ** 17.575 ** 8.443 ** 18.005 ** 17.250 **
" 0.185 + —0.181 +
Age 0.371 4 0.184 0.012 + 0.102 0,001 % 0.013 %
BMI 0.388 + 0.301 ** 0.392 =+ 0.167 ** g'ggz *
Total cholesterol 0.169 - 1.100 * 0.154 =+ 0.609 * o &19} +
FBG 0.019 + 17215 —0.050 + 9.532 0.220 + 7.793 * 0.080 = 0.508
SBP 0.226 =+ 0.029 ** 0.005 = 0.117 + 0.002
Year(s) of education —0.192 £+ 0.123 * 0.100 £ 0.019
TG 0.229 £ 0.961 ** 0411 + 0.134
HDL and cholesterol ratio 0.397 £ 0.027 **
WC 0.185 =+ 0.004 *
Serum 25(OH) vitamin D —0.176 £ 0.002 *
Physical activity 0.107 + 0.000
PRAL and IGF1 rs35767 Polymorphism Model
Step 2 (DAL and gene main effects) 1.150 0.010 0.733 2.730 0.071 1.112
PRAL (mEq/day) —0.047 + 0.063 0.008 = 0.035 —0.062 % 0.030 g'(l)gz + —0.011 % 0.002 —0.045 & 0.004
I=GTFT1 f%gw polymorphism (0=CC, 1 577 | 5 348 —0.006 + 1.307 0.045 + 1.125 o 8(')%27 + —0.019 + 0.072 —0.077 £ 0.163
Step 3 (DAL*gene interactions) 0.107 0.083 0.005 0.768 1.443 0.047
PRAL* SNP rs35767 (IT + TC) 0.033 + 0.126 ~0.032 £ 0.070 0.008 -+ 0.060 o7 0.122 £ 0.004 0.023 £ 0.009
PRAL and IGF1 rs7136446 Polymorphism Model
Step 2 (DAL and gene main effects) 0.395 0.296 0.521 2.797 0.451 0.511
PRAL (mEq/day) —0.043 £ 0.063 0.009 + 0.035 —0.058 % 0.030 g.(l)gg + —0.014 + 0.002 —0.047 + 0.004
{G:Féészlg%% polymorphism (0=TT, 459 1 5 558 0.049 % 1.400 0.021 % 1.194 8'8?8 * ~0.055 % 0.077 0.039 % 0.176
Step 3 (DAL*gene interactions) 3.814 2.082 0.525 0.612 0.217 0.048
PRAL* SNP rs7136446 (CC + CT) —0.156 + 0.144 —0.127 + 0.080 —0.061 + 0.069 8'83(1) * 0.038 + 0.004 0.018 + 0.010

PRAL and IL6 rs1800796 Polymorphism Model
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Table 4. Cont.

High-Density Lipoprotein

Systolic Blood Pressure Diastolic Blood Pressure Waist Circumference Fasting Blood Glucose Triglyceride and Cholesterol RATIO
Variable
B Value £+ SE F Change B Value + SE F Change B Value + SE F Change Bivaslge F Change B Value £+ SE F Change B Value + SE F Change

Step 2 (DAL and gene main effects) 0.389 0.007 0.657 2.649 1.567 1.880
PRAL (mEq/day) —0.045 £ 0.063 0.007 £+ 0.035 —0.057 £ 0.030 3(1)3(7) ,ft —0.016 £ 0.002 —0.041 + 0.004

IL6 151800796 polymorphism (0 = CC, B 0.010 = B

1=GG +CG) 0.029 £ 2.398 0.003 +1.331 0.038 + 1.136 0010 0.103 + 0.071 0.108 £ 0.165

Step 3 (DAL*gene interactions) 4.222 % 0.536 0.133 1.236 0.876 0.944
PRAL* SNP 151800796 (GG + CG) 0.194 £ 0.124* 0.076 + 0.069 0.036 + 0.060 oo = 0.090 + 0.004 0096 + 0.009

Note: * p < 0.05; **p < 0.001. bold font: significant value.
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3.4. Direct Effects of DAL and Genetic Polymorphisms on Metabolic Traits

Table 4 depicts the hierarchical linear regression analyses of gene—DAL interaction
effects on the metabolic traits of the respondents. There were no significant main effects
of DAL and SNPs (rs35767, rs7136446, and rs1800796) on SBP, DBP, WC, TG, or HDL and
cholesterol ratio. In contrast, PRAL was positively associated with FBG.

3.5. Gene-Diet Interaction for Metabolic Traits

There were no significant interaction effects between PRAL and IGF1 (rs35767 and
rs7136446) SNPs on SBP, DBP, FBG, TG, or HDL and cholesterol ratio (Table 3). Instead,
the interaction between PRAL and IL6 gene polymorphism was associated significantly
with SBP ( = 0.19, p = 0.041). As shown in Figure 1, lower SBP was observed as corre-
sponding to lower PRAL among the respondents with CC genotypes. On the other hand,
among the G allele carriers (CG + GG), we observed that the higher the PRAL, the lower
the SBP.

150

Systolic Blood Pressure (mmHg)

Low PRAL High PRAL

e CC genotype CG+GG genotype

Figure 1. Interaction effect between PRAL (mEq/d) and SNP rs1800796 on SBP. An overall p value
was obtained by hierarchical multiple linear regression. Estimates were adjusted for age (continuous),
BMI (continuous), total cholesterol (continuous), and FBG (continuous).

4. Discussion

There was a significant interaction effect between DAL and SNP rs1800796 with SBP
trait. The present study showed that DAL may strengthen the effect of SNP rs1800796
with SBP, with the effect of GG + CG genotypes being more pronounced among those
who consumed high DAL, to have higher SBP. As this is the first study investigating
the interaction effect between DAL and SNP rs1800796 on SBP, the potential mechanism
by which this occurs is unknown. It is hypothesized that SNP rs1800796 with GG + CG-
genotype carriers may have a higher risk of hypertension if the high acidic diet is habitually
consumed. Nevertheless, more work is needed before a conclusion can be drawn.

Nevertheless, contrary to expectation, this study did not find significant direct effect
between DAL and SBP. This result was in contrast to the existing evidence [51-53]. Dehghan
et al. (2019) reported that higher DAL (assessed by PRAL) was associated with 0.97 mm
Hg increased in SBP [51] while Chen et al. (2019) demonstrated that higher PRAL leads
to a 14% increased risk of hypertension [53]. A possible explanation for the discrepancy
may be attributed to the fact that the current study was confined in its cross-sectional
study design and was not able to assess the long term effect of DAL on SBP. In addition,
the inconsistent result may have been due to the different genetic makeup of different
ethnicities. The reason for conducting this study was to discover the different phenotypic
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(SBP) responses to a specific diet (DAL) depending on the genotype (IL6 and IGF1) of
the postmenopausal Chinese women.

The finding of the current study did not support the association between SNP rs1800796
and hypertension as reported earlier [16]. A meta-analysis of case-control studies found
that the SNP rs1800796 with G allele carriers have a higher risk of developing hypertension
than C allele carriers [16]. We do not have an exact explanation for this, but it is postulated
that differences in the recruited population may have contributed to the variation.

Despite the gene interactions of DAL with DBP being statistically not significant, we
do see the potential clinical significance. Globally, increased blood pressure has been re-
ported as the top behavioral and physiological risk factor (13%) for attributable deaths [54].
Elevation of DBP (isolated diastolic hypertension or together with elevation of systolic
blood pressure) is closely related to end-organ damage [55], and adequate treatment in-
cluding lifestyle modifications are deemed important. To the best of our knowledge, most
recommendations for lifestyle modifications have focused on reducing salt intake, weight
loss, and moderation of alcohol consumption. Other dietary interventions, particularly
modifying whole dietary patterns, such as the Dietary Approaches to Stop Hypertension
(DASH) diet and the Mediterranean diet were effective in reducing blood pressure and
thereby control hypertension. Nevertheless, the effectiveness of the DASH diet was at
a smaller magnitude among normotensive individuals [56,57]. On the other hand, despite
the DASH diet being a well-recognized dietary approach to reducing blood pressure, preva-
lence of low compliance on the DASH diet have been widely reported [58-60]. Moreover,
decrease in compliance with time after intervention is a concern [59,61-63], indicating it is
challenging to maintain adherence to specific dietary advice. Identification of other dietary
approaches therefore merit further studies.

This study confirmed the positive association between DAL and FBG among post-
menopausal women which was consistent with previous research [64—67]. The mechanism
of the association between DAL and risk of type 2 diabetes has not yet been completely
clarified, with several potential mechanisms being proposed. Firstly, high DAL may cause
metabolic acidosis. The lower (acidic) blood pH may reduce the uptake of glucose by
muscle, disrupt the insulin binding to its receptor, and further inhibit the insulin signaling
pathway [68]. Secondly, high DAL may increase cortisol secretion and may consequently
lead to visceral obesity and insulin resistance [69]. Thirdly, acid-base homeostasis may
influence calcium and magnesium absorption in the kidney [70] and consequences of serum
calcium and magnesium are related to insulin sensitivity [71,72]. Finally, yet importantly,
metabolic acidosis may reduce the secretion of IGF-I1[73] and inhibit insulin sensitivity [74].
On the other hand, this finding was incongruent with a longitudinal study involving 911
older non-diabetic community-dwelling Swedish men [34]. The inconsistencies in findings
may be attributed to the different ethnicity, geographical distribution, age, and gender
of the respondents as well as the cut-off used to determine the risk of diabetes. Further
investigation of these aspects is therefore warranted.

The current findings were unable to show evidence of the association between IGF1
and IL6 SNPs (rs35767, rs7136446, and rs1800796) with FBG. In contrast to earlier findings,
a meta-analysis reported a significant association between the SNP rs1800796 G allele and
increased risk of T2DM among Asians [75]. Similar to SNP rs35767, previous research
supports the association between SNP rs35767 and insulin resistance with C allele that may
have a protective effect in T2DM [45,48]. Additionally, SNP rs7136446 is not commonly
reported among the Asian population. Proposed mechanisms of the relationship between
IGF1 and the risk of diabetes include IGF1 has the homology structure with insulin and is
similar to insulin function that regulates hormones for insulin resistance and subsequently
regulates glucose homeostasis [76]. The varying results between previous research and
the current study may be due to the demographic differences discussed above. However,
the major strength of the current study is the strict recruitment criteria applied. Respon-
dents were of the same ethnicity, at least 5 years postmenopausal and without severe
diseases.
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This study did not support the interaction effect between DAL with gene IL6 and IGF1
on FBG, regardless of whether potential control variables were adjusted. As this is the first
interaction study investigating the DAL and the SNPs on FBG, the mechanism of such
an association is still unclear. The insignificant interaction indicated that the modification
between DAL and SNPs is less important than other factors in determining FBG. Further
investigation on other dietary patterns (such as the western diet, high-fat diet, or Mediter-
ranean diet) with gene IL6 (rs1800796) and IGF1 (rs35767 and rs7136446) polymorphisms
are merited.

The present study also investigated the potential direct effect between DAL and
metabolic traits, SNPs with metabolic traits, and potential interactions between DAL and
genetic polymorphisms in relation to metabolic traits. There were no significant interac-
tions between DAL and IL6 and IGF1 SNPs on FBG, obesity or lipid traits. In addition,
there were no significant direct effects between DAL on WC or lipid traits. Recent studies
have shown that the findings of the association between DAL and obesity traits were
contradictory. While there were positive associations between DAL and obesity traits
in several studies [31,77-80], such associations were lacking in others [81]. On the other
hand, studies of the associations between DAL and lipid traits are scarce. The current find-
ings failed to confirm the association between DAL and waist circumference or lipid traits.
Other unhealthy dietary patterns (such as high animal fat/calorie food and snack/fast
food) or lifestyle (inactive lifestyle) are more prominent contributors to obesity and lipid
traits (76-79).

As a pro-inflammatory cytokine, IL6 plays an important role in disease development.
Previous research into the association between SNP rs1800796 and waist circumference
or risk of obesity has been inconsistent [12,82-85]. The current study was unable to draw
a definite conclusion on the associations of SNP rs1800796 with waist circumference and
lipid traits among the subjects. The discrepancies in findings may be due to different
ethnic populations, as variations in SNPs exist according to ethnicities and more studies
are recommended.

We were not able to confirm the associations of SNPs rs35767 and rs7136446 with
waist circumference and lipid traits. Nevertheless, a significant association between SNP
rs35767 and total fat was observed earlier, whereby older white women with CC genotype
of SNP rs35767 have 3% more trunk fat and 2% more total fat than those with C/T [47].
On the other hand, older black women with CC genotype have 3% less total lean mass and
3% less muscle mass than their TT genotype. The overall finding demonstrated that older
white women and older black women with the CC genotype of SNP rs35767 have lower
muscle function [47]. However, the above study was limited to the Caucasian population,
with such study lacking for the non-Caucasian population. An earlier study showed that
an individual with CC genotype of SNP rs7136446 had higher BMI and body fat values
than TT and CT genotypes. However, such a result was not significant after being adjusted
for covariates [22]. The dearth of information signifies more work is needed.

Some limitations of this study should be noted. Firstly, serum IGF1 and IL6 levels were
not measured. We acknowledge that the elevation of IGF1 and IL6 levels might be able
to explain better the gene—diet interaction with metabolic traits. Secondly, it was a cross-
sectional study and hence unable to determine the cause and the effect of relationships
between variables. Future studies should include the investigation of long-term changes
of DAL on FBG and DAL/IL6 level on SBP. Additionally, we only studied three genetic
polymorphisms and therefore other nucleotide changes occurring on these genes which
may result in altered expression or functionality, were not investigated. This may have
contributed to the small variance in explaining the model. Nonetheless, IL6 rs1800796
polymorphism and IGF1 rs35767 and rs7136446 polymorphisms were chosen as these are
the SNPs common among the Asian population and had been proven to associate with
metabolic traits [16,17,21-23]. On the other hand, adjusting potential confounding factors
in the analysis to minimize the effects contributed by confounding factors is seen as one of
the study’s strengths. The fact that a moderate sample size and a low ratio of some SNP
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percentages may have attributed to the negative correlations between metabolism traits
and target genes should be considered in future studies.

5. Conclusions

To the best of our knowledge, this is the first study reporting the gene—diet interaction
between DAL with IGF1 and IL6 gene polymorphisms on obesity, hypertension, blood
glucose, and lipid traits. This study showed that higher consumption of an acid diet might
increase blood glucose. In addition, the significant gene-diet interaction between DAL and
IL6 on SBP, coupled with the potential clinical significance on DBP, may provide useful
information in the planning for personalized nutrition.

Author Contributions: YM.C.,, VR, ZM.S,, Y.S.C., M.A. designed and implemented the study.
V.R. and YYM.C. designed the genetic study. S.Y.L. performed genotyping and statistical analysis.
SYL., YM.C. and V.R. prepared and revised the manuscript. Y.M.C. supervised the overall project.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fundamental Research Grant Scheme, Ministry of Higher
Education, Malaysia (grant number 04-01-15-1739FR), Putra Grant UPM (grant number IPS 9567200)
and CUCKOQO International (MAL) Pte Ltd.

Institutional Review Board Statement: The study protocol was approved by the Ethics Committee
for Research Involving Human Subjects with project reference number was FPSK (FR16) P019.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data is contained within the article or supplementary material.
Acknowledgments: We would like to thank all volunteers who participated in the studies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ziki, M.D.A.; Mani, A. Metabolic syndrome: Genetic insights into disease pathogenesis. Curr. Opin. Lipidol. 2016, 27, 162-171.
[CrossRef] [PubMed]

2. Ranasinghe, P.; Mathangasinghe, Y.; Jayawardena, R.; Hills, A.P.; Misra, A. Prevalence and trends of metabolic syndrome among
adults in the asia-pacific region: A systematic review. BMIC Public Health 2017, 17, 1-9. [CrossRef]

3. Pucci, G,; Alcidi, R;; Tap, L.; Battista, F.; Mattace-Raso, F; Schillaci, G. Sex-and gender-related prevalence, car-diovascular risk and
therapeutic approach in metabolic syndrome: A review of the literature. Pharmacol. Res. 2017, 120, 34—42. [CrossRef] [PubMed]

4. Vimaleswaran, K.S.; Loos, R]J.F. Progress in the genetics of common obesity and type 2 diabetes. Expert Rev. Mol. Med. 2010,
12, €7. [CrossRef]

5. Cho, Y.S.; Go, M]J.; Kim, Y].; Heo, ].Y;; Oh, ].H.; Ban, H.-J.; Yoon, D.; Lee, M.H.; Kim, D.-].; Park, M. A large-scale genome-wide
association study of Asian populations uncovers genetic factors influencing eight quanti-tative traits. Nat. Genet. 2009, 41,
527-534. [CrossRef]

6. Kim, YJ.; Go, M.],; Hu, C.; Hong, C.B.; Kim, YK, Lee, J.Y.; Hwang, ].Y.; Oh, ]. H.; Kim, D.J.; Kim, N.H.; et al. Large-scale
genome-wide association studies in east Asians identify new genetic loci influencing metabolic traits. Nat. Genet. 2011, 43,
990-995. [CrossRef]

7. Hunter, C.A.; Jones, S.A. IL-6 as a keystone cytokine in health and disease. Nat. Immunol. 2015, 16, 448-457. [CrossRef]

8. Yin, Y.-W,; Sun, Q.-Q.; Zhang, B.-B.; Hu, A.-M,; Liu, H.-L.; Wang, Q.; Zeng, Y.-H.; Xu, R-].; Zhang, Z.-D.; Zhang, Z.-G. Association
between the Interleukin-6 Gene -572 C/G Polymorphism and the Risk of Type 2 Diabetes Mellitus: A Meta-Analysis of 11,681
Subjects. Ann. Hum. Genet. 2013, 77, 106-114. [CrossRef] [PubMed]

9.  Indulekha, K.; Surendar, J.; Anjana, R.M.; Geetha, L.; Gokulakrishnan, K.; Pradeepa, R.; Mohan, V. Metabolic Obesity, Adipocy-
tokines, and Inflammatory Markers in Asian Indians—CURES-124. Diabetes Technol. Ther. 2015, 17, 134-141. [CrossRef]

10. Supriya, R.; Tam, B.T.; Yu, A.P,; Lee, PH.; Lai, CW.; Cheng, K.K,; Yau, S.Y.; Chan, L.W,; Yung, B.Y,; Sheridan, S.; et al. Adipokines
demonstrate the interacting influence of central obesity with other cardiometabolic risk factors of metabolic syndrome in Hong
Kong Chinese adults. PLoS ONE 2018, 13, e0201585. [CrossRef]

11. Rizi, E.P; Teo, Y.; Leow, M.K.-S.; Khoo, E.YH.; Yeo, C.R.; Chan, E.; Song, T.; Sadananthan, S.A.; Velan, S.S.; Gluckman, P.D.;
et al. Ethnic differences in the role of adipocytokines linking abdominal adiposity and insulin sensitivity among Asians. J. Clin.
Endocrinol. Metab. 2015, 100, 4249-4256. [CrossRef]

12.  Boeta-Lopez, K.; Duran, J.; Elizondo, D.; Gonzales, E.; Rentfro, A.; Schwarzbach, A.E.; Nair, S. Association of interleukin-6

polymorphisms with obesity or metabolic traits in young Mexican-Americans. Obes. Sci. Pr. 2017, 4, 85-96. [CrossRef]


http://doi.org/10.1097/MOL.0000000000000276
http://www.ncbi.nlm.nih.gov/pubmed/26825138
http://doi.org/10.1186/s12889-017-4041-1
http://doi.org/10.1016/j.phrs.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28300617
http://doi.org/10.1017/S1462399410001389
http://doi.org/10.1038/ng.357
http://doi.org/10.1038/ng.939
http://doi.org/10.1038/ni.3153
http://doi.org/10.1111/ahg.12003
http://www.ncbi.nlm.nih.gov/pubmed/23289913
http://doi.org/10.1089/dia.2014.0202
http://doi.org/10.1371/journal.pone.0201585
http://doi.org/10.1210/jc.2015-2639
http://doi.org/10.1002/osp4.138

Nutrients 2021, 13, 2161 14 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Ronti, T.; Lupattelli, G.; Mannarino, E. The endocrine function of adipose tissue: An update. Clin. Endocrinol. 2006, 64, 355-365.
[CrossRef]

Hamid, Y.H.; Rose, C.S.; Urhammer, S.A.; Kristiansen, O.P.; Mandrup-Poulsen, T.; Borch-Johnsen, K,; Jorgensen, T.; Hansen, T.;
Pedersen, O.; Gliimer, C.; et al. Variations of the interleukin-6 promoter are associated with features of the metabolic syndrome
in Caucasian Danes. Diabetologia 2005, 48, 251-260. [CrossRef] [PubMed]

Ramirez-Lopez, G.; Buen, E.P.-D.; Sanchez-Corona, ].; Salmerén-Castro, J.; Mendoza-Carrera, F. Interleukin-6 Polymorphisms Are
Associated with Obesity and Hyperglycemia in Mexican Adolescents. Arch. Med. Res. 2013, 44, 62—-68. [CrossRef]

Ma, H.; Sun, G.; Wang, W.; Zhou, Y,; Liu, D.; Tong, Y.; Lu, Z. Association between interleukin-6-572C> G and-174G> C
polymorphisms and hypertension: A meta-analysis of case-control studies. Medicine 2016, 95, e2416. [CrossRef]

Yang, X.; Feng, L.; Li, C; Li, Y. Association of IL-6-174G>C and -572C>G polymorphisms with risk of young ischemic stroke
patients. Gene 2014, 539, 258-262. [CrossRef] [PubMed]

Bazzaz, ].T.; Amoli, M.M.; Taheri, Z.; Larijani, B.; Pravica, V.; Hutchinson, L.V. TGF-31 and IGF-I gene variations in type 1 diabetes
microangiopathic complications. J. Diabetes Metab. Disord. 2014, 13, 45. [CrossRef] [PubMed]

Vaessen, N.; Heutink, P,; Janssen, J.A.; Witteman, J.C.M.; Testers, L.; Hofman, A.; Lamberts, SSW.].; Oostra, B.A.; Pols, H.A.P; Van
Duijn, C.M. A polymorphism in the gene for IGF-I: Functional properties and risk for type 2 diabetes and myocardial infarction.
Diabetes 2001, 50, 637—642. [CrossRef] [PubMed]

Jones, J.I.; Clemmons, D.R. Insulin-Like Growth Factors and Their Binding Proteins: Biological Actions. Endocr. Rev. 1995, 16,
3-34. [CrossRef]

Zhang, J.; Chen, X.; Zhang, L.; Peng, Y. IGF1 gene polymorphisms associated with diabetic retinopathy risk in Chinese Han
population. Oncotarget 2017, 8, 88034-88042. [CrossRef] [PubMed]

Huuskonen, A.; Lappalainen, J.; Oksala, N.; Santtila, M.; Hakkinen, K.; Kyroldinen, H.; Atalay, M. Common Genetic Variation
in the IGF1 Associates with Maximal Force Output. Med. Sci. Sports Exerc. 2011, 43, 2368-2374. [CrossRef] [PubMed]

Marini, M.A.; Mannino, G.C.; Fiorentino, T.V.; Andreozzi, F; Perticone, F.; Sesti, G. A polymorphism at IGF1 locus is associated
with anemia. Oncotarget 2017, 8, 32398-32406. [CrossRef]

Szmuilowicz, E.D.; Stuenkel, C.A.; Seely, E.W. Influence of menopause on diabetes and diabetes risk. Nat. Rev. Endocrinol. 2009, 5,
553-558. [CrossRef] [PubMed]

He, L,; Tang, X.; Li, N.; Wu, Y,; Wang, ].; Li, ].; Zhang, Z.; Dou, H,; Liu, J.; Yu, L.; et al. Menopause with cardiovascular disease
and its risk factors among rural Chinese women in Beijing: A population-based study. Maturitas 2012, 72, 132-138. [CrossRef]
[PubMed]

Gruppo di Studio Progetto Menopausa Italia. Risk factors for type 2 diabetes in women attending menopause clinics in Italy: A
cross-sectional study. Climacteric 2005, 8, 287-293. [CrossRef] [PubMed]

Brand, ]J.S.; Van Der Schouw, Y.T.; Onland-Moret, N.C.; Sharp, S.J.; Ong, K.K.; Khaw, K.-T.; Ardanaz, E.; Amiano, P; Boeing, H.;
Chirlaque, M.-D.; et al. Age at Menopause, Reproductive Life Span, and Type 2 Diabetes Risk: Results from the EPIC-InterAct
study. Diabetes Care 2012, 36, 1012-1019. [CrossRef]

Fenton, T.R.; Lyon, A.W.; Eliasziw, M.; Tough, S.C.; Hanley, D.A. Phosphate decreases urine calcium and increases calcium
balance: A meta-analysis of the osteoporosis acid-ash diet hypothesis. Nutr. ]. 2009, 8, 1-15. [CrossRef]

Adeva, M.M.; Souto, G. Diet-induced metabolic acidosis. Clin. Nutr. 2011, 30, 416—421. [CrossRef]

Li, Y.; He, Y,; Wang, D.; Gao, X. Association between Dietary Acid-Based Load and Obesity in Chinese Adults. Fed. Am. Soc. Exp.
Biol. 2012, 26 (Suppl. 1). [CrossRef]

Bahadoran, Z.; Mirmiran, P.; Khosravi, H.; Azizi, F. Associations between Dietary Acid-Base Load and Cardiometabolic Risk
Factors in Adults: The Tehran Lipid and Glucose Study. Endocrinol. Metab. 2015, 30, 201-207. [CrossRef] [PubMed]

Jayedi, A.; Shab-Bidar, S. Dietary acid load and risk of type 2 diabetes: A systematic review and dose-response meta-analysis of
prospective observational studies. Clin. Nutr. ESPEN 2018, 23, 10-18. [CrossRef] [PubMed]

Luis, D.; Huang, X.; Risérus, U.; Sjogren, P.; Lindholm, B.; Arnlov, J.; Cederholm, T.; Carrero, ].J. Estimated Dietary Acid Load Is
Not Associated with Blood Pressure or Hypertension Incidence in Men Who Are Approximately 70 Years Old. J. Nutr. 2014, 145,
315-321. [CrossRef] [PubMed]

Xu, H,; Jia, T.; Huang, X.; Risérus, U.; Cederholm, T.; Arnlov, J; Sjogren, P.; Lindholm, B.; Carrero, J.-J. Dietary acid load, insulin
sensitivity and risk of type 2 diabetes in community-dwelling older men. Diabetologia 2014, 57, 1561-1568. [CrossRef] [PubMed]
Lim, S.Y,; Zalilah, M.S.; Chin, Y.S.; Ramachandran, V.; Chan, Y.M. Dietary Acid Load, IGF-1 Single Nucleotide Polymorphism and
Bone Resorption among Postmenopausal Chinese Women. Nutrients 2018, 10, 915. [CrossRef]

Lim, S.; Chan, Y.; Ramachandran, V.; Shariff, Z.; Chin, Y.; Arumugam, M. No Interaction Effect between Interleukin-6 Polymor-
phisms and Acid Ash Diet with Bone Resorption Marker in Postmenopausal Women. Int. J. Environ. Res. Public Health 2021,
18, 827. [CrossRef]

Armstrong, T.; Bull, F. Development of the World Health Organization Global Physical Activity Questionnaire (GPAQ). J. Public
Health 2006, 14, 66-70. [CrossRef]

Kyu, H.H.; Bachman, V.F; Alexander, L.T.; Mumford, J.E.; Afshin, A.; Estep, K.; Veerman, J.L.; Delwiche, K.; lannarone, M.L.;
Moyer, M.L,; et al. Physical activity and risk of breast cancer, colon cancer, diabetes, ischemic heart disease, and ischemic stroke
events: Systematic review and dose-response meta-analysis for the Global Burden of Disease Study 2013. BM] 2016, 354, i3857.
[CrossRef]


http://doi.org/10.1111/j.1365-2265.2006.02474.x
http://doi.org/10.1007/s00125-004-1623-0
http://www.ncbi.nlm.nih.gov/pubmed/15645209
http://doi.org/10.1016/j.arcmed.2012.10.019
http://doi.org/10.1097/MD.0000000000002416
http://doi.org/10.1016/j.gene.2014.01.054
http://www.ncbi.nlm.nih.gov/pubmed/24486505
http://doi.org/10.1186/2251-6581-13-45
http://www.ncbi.nlm.nih.gov/pubmed/24690397
http://doi.org/10.2337/diabetes.50.3.637
http://www.ncbi.nlm.nih.gov/pubmed/11246885
http://doi.org/10.1210/edrv-16-1-3
http://doi.org/10.18632/oncotarget.21366
http://www.ncbi.nlm.nih.gov/pubmed/29152139
http://doi.org/10.1249/MSS.0b013e3182220179
http://www.ncbi.nlm.nih.gov/pubmed/21552154
http://doi.org/10.18632/oncotarget.16132
http://doi.org/10.1038/nrendo.2009.166
http://www.ncbi.nlm.nih.gov/pubmed/19687788
http://doi.org/10.1016/j.maturitas.2012.02.013
http://www.ncbi.nlm.nih.gov/pubmed/22445219
http://doi.org/10.1080/13697130500196866
http://www.ncbi.nlm.nih.gov/pubmed/16397927
http://doi.org/10.2337/dc12-1020
http://doi.org/10.1186/1475-2891-8-41
http://doi.org/10.1016/j.clnu.2011.03.008
http://doi.org/10.1096/fasebj.26.1_supplement.826.4
http://doi.org/10.3803/EnM.2015.30.2.201
http://www.ncbi.nlm.nih.gov/pubmed/25433661
http://doi.org/10.1016/j.clnesp.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29460782
http://doi.org/10.3945/jn.114.197020
http://www.ncbi.nlm.nih.gov/pubmed/25644353
http://doi.org/10.1007/s00125-014-3275-z
http://www.ncbi.nlm.nih.gov/pubmed/24875749
http://doi.org/10.3390/nu10070915
http://doi.org/10.3390/ijerph18020827
http://doi.org/10.1007/s10389-006-0024-x
http://doi.org/10.1136/bmj.i3857

Nutrients 2021, 13, 2161 15 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

World Health Organization. The Asia-Pacific Perspective: Redefining Obesity and Its Treatment; Health Communications Australia:
Sydney, NSW, Australia, 2000.

Aris, T.; Ahmad, N.A; Tee, G.H. National Health and Morbidity Survey 2014: Malaysian Adult Nutrition Survey (MANS); Institute for
Public Health: Kuala Lumpur, Malaysia, 2014.

Institute for Public Health. Report on Smoking Status among Malaysian Adults. Report of the National Health and Morbidity Survey
2015; IPH, Ministry of Health: Kuala Lumpur, Malaysia, 2015.

Tee, E.S.; Noor, M.I; Azudin, M.N.; Idris, K. Nutrient Composition of Malaysian Foods; Institute for Medical Research: Kuala
Lumpur, Malaysia, 1997.

Energy and Nutrient Composition of Food. Available online: https://focos.hpb.gov.sg/eservices/ENCE/ (accessed on 30
July 2018).

Remer, T.; Manz, F. Potential Renal Acid Load of Foods and its Influence on Urine pH. J. Am. Diet. Assoc. 1995, 95, 791-797.
[CrossRef]

Mannino, G.C.; Greco, A.; De Lorenzo, C.; Andreozzi, F.; Marini, M.A.; Perticone, E; Sesti, G. A Fasting Insulin—Raising Allele at
IGF1 Locus Is Associated with Circulating Levels of IGF-1 and Insulin Sensitivity. PLoS ONE 2013, 8, e85483. [CrossRef]

Scott, R.A.; Lagou, V.; Welch, R.P.; Wheeler, E.; Montasser, M.E.; Mégi, R.; Strawbridge, R.J.; Rehnberg, E.; Gustafsson, S.; Kanoni,
S.; et al. Large-scale association analyses identify new loci influencing glycemic traits and provide insight into the underlying
biological pathways. Nat. Genet. 2012, 44, 991-1005. [CrossRef]

Kostek, M.C.; Devaney, ].M.; Gordish-Dressman, H.; Harris, T.B.; Thompson, P.D.; Clarkson, PM.; Angelopoulos, T.].; Gordon,
P.M.; Moyna, N.M.; Pescatello, L.S.; et al. A polymorphism near IGF1 is associated with body composition and muscle function
in women from the Health, Aging, and Body Composition Study. Eur. ]. Appl. Physiol. 2010, 110, 315-324. [CrossRef] [PubMed]
Alberti, K.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, ].I; Donato, K.A.; Fruchart, J.-C.; James, W.P.T.; Loria, C.M.; Smith,
S.C.; et al. Harmonizing the metabolic syndrome. Circulation 2009, 120, 1640-1645. [CrossRef] [PubMed]

Heng, K.S.; Hejar, A.R.; Rushdan, A.Z.; Loh, S.P. Prevalence of metabolic syndrome among staff in a Malaysian public university
based on Harmonised, International Diabetes Federation and National Cholesterol Education Program Definitions. Malays. ].
Nutr. 2013, 19, 77-86. [PubMed]

Rampal, S.; Mahadeva, S.; Guallar, E.; Bulgiba, A.; Mohamed, R.; Rahmat, R.; Arif, M.T.; Rampal, L. Ethnic Differences
in the Prevalence of Metabolic Syndrome: Results from a Multi-Ethnic Population-Based Survey in Malaysia. PLoS ONE 2012,
7,e46365. [CrossRef] [PubMed]

Dehghan, P.; Abbasalizad-Farhangi, M. Dietary acid load, blood pressure, fasting blood sugar and biomarkers of insulin resistance
among adults: Findings from an updated systematic review and meta-analysis. Int. |. Clin. Pract. 2020, 74, e13471. [CrossRef]
Parohan, M.; Sadeghi, A.; Nasiri, M.; Maleki, V.; Khodadost, M.; Pirouzi, A.; Sadeghi, O. Dietary acid load and risk of hypertension:
A systematic review and dose-response meta-analysis of observational studies. Nutr. Metab. Cardiovasc. Dis. 2019, 29, 665-675.
[CrossRef]

Chen, S.-W.; Chen, Z.-H.; Liang, Y.-H.; Wang, P; Peng, ].-W. Elevated hypertension risk associated with higher dietary acid load:
A systematic review and meta-analysis. Clin. Nutr. ESPEN 2019, 33, 171-177. [CrossRef]

World Health Organization. The World Health Statistic 2012. Available online: http://www.who.int/gho/publications/world_
health_statistics/FR_WHS2012_Full.pdf (accessed on 23 February 2021).

Rutan, G.H.; McDonald, R.H.; Kuller, L.H. A historical perspective of elevated systolic vs diastolic blood pressure from
an epidemiological and clinical trial viewpoint. J. Clin. Epidemiol. 1989, 42, 663-673. [CrossRef]

Appel, L].; Moore, T.J.; Obarzanek, E.; Vollmer, WM.; Svetkey, L.P.; Sacks, EM.; Bray, G.A.; Vogt, T.M.; Cutler, ].A.; Windhauser,
M.M.; et al. A Clinical Trial of the Effects of Dietary Patterns on Blood Pressure. N. Engl. J. Med. 1997, 336, 1117-1124. [CrossRef]
Svetkey, L.P.; Simons-Morton, D.; Vollmer, WM.; Appel, L.J.; Conlin, PR.; Ryan, D.H.; Ard, J.; Kennedy, B.M. Effects of dietary
patterns on blood pressure: Subgroup analysis of the Dietary Approaches to Stop Hypertension (DASH) randomized clinical trial.
Arch. Intern. Med. 1999, 159, 285-293. [CrossRef]

Booth, A.; Nowson, C.; Worsley, T.; Margerison, C.; Jorna, M. Dietary approaches for weight loss with in-creased fruit, vegetables
and dairy. Asia Pac. J. Clin. Nutr. 2003, 12. [CrossRef]

Couch, S.C.; Saelens, B.E.; Levin, L.; Dart, K.; Falciglia, G.; Daniels, S.R. The efficacy of a clinic-based behavior-al nutrition
intervention emphasizing a DASH-type diet for adolescents with elevated blood pressure. J. Pediatr. 2008, 152, 494-501. [CrossRef]
[PubMed]

Nowson, C.A.; Worsley, A.; Margerison, C.; Jorna, M.K,; Frame, A.G.; Torres, S.J.; Godfrey, S.J. Blood Pressure Response to Dietary
Modifications in Free-Living Individuals. J. Nutr. 2004, 134, 2322-2329. [CrossRef]

Obarzanek, E.; Vollmer, WM,; Lin, P.-H.; Cooper, L.S.; Young, D.R.; Ard, ].D.; Stevens, V.J.; Simons-Morton, D.G.; Svetkey, L.P;
Harsha, D.W. Effects of individual components of multiple behavior changes: The PREMIER trial. Am. ]. Health Behav. 2007, 31,
545-560. [CrossRef]

Troyer, J.L.; Racine, E.F,; Ngugi, G.W.; McAuley, W.]. The effect of home-delivered Dietary Approach to Stop Hypertension
(DASH) meals on the diets of older adults with cardiovascular disease. Am. J. Clin. Nutr. 2010, 91, 1204-1212. [CrossRef]
[PubMed]


https://focos.hpb.gov.sg/eservices/ENCF/
http://doi.org/10.1016/S0002-8223(95)00219-7
http://doi.org/10.1371/journal.pone.0085483
http://doi.org/10.1038/ng.2385
http://doi.org/10.1007/s00421-010-1500-0
http://www.ncbi.nlm.nih.gov/pubmed/20490824
http://doi.org/10.1161/CIRCULATIONAHA.109.192644
http://www.ncbi.nlm.nih.gov/pubmed/19805654
http://www.ncbi.nlm.nih.gov/pubmed/24800386
http://doi.org/10.1371/journal.pone.0046365
http://www.ncbi.nlm.nih.gov/pubmed/23029497
http://doi.org/10.1111/ijcp.13471
http://doi.org/10.1016/j.numecd.2019.03.009
http://doi.org/10.1016/j.clnesp.2019.05.020
http://www.who.int/gho/publications/world_health_statistics/FR_WHS2012_Full.pdf
http://www.who.int/gho/publications/world_health_statistics/FR_WHS2012_Full.pdf
http://doi.org/10.1016/0895-4356(89)90010-3
http://doi.org/10.1056/NEJM199704173361601
http://doi.org/10.1001/archinte.159.3.285
http://doi.org/10.1111/j.1747-0080.2008.00236.x
http://doi.org/10.1016/j.jpeds.2007.09.022
http://www.ncbi.nlm.nih.gov/pubmed/18346503
http://doi.org/10.1093/jn/134.9.2322
http://doi.org/10.5993/AJHB.31.5.10
http://doi.org/10.3945/ajcn.2009.28780
http://www.ncbi.nlm.nih.gov/pubmed/20200258

Nutrients 2021, 13, 2161 16 of 16

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Racine, E.; Troyer, ].L.; Warren-Findlow, J.; McAuley, W.J. The effect of medical nutrition therapy on changes in dietary knowledge
and DASH diet adherence in older adults with cardiovascular disease. J. Nutr. Health Aging 2011, 15, 868-876. [CrossRef]
[PubMed]

Akter, S.; Eguchi, M.; Kuwahara, K.; Kochi, T.; Ito, R.; Kurotani, K.; Tsuruoka, H.; Nanri, A.; Kabe, I.; Mizoue, T. High dietary acid
load is associated with insulin resistance: The Furukawa Nutrition and Health Study. Clin. Nutr. 2016, 35, 453-459. [CrossRef]
Fagherazzi, G.; Vilier, A.; Bonnet, F; Lajous, M.; Balkau, B.; Boutron-Ruault, M.-C.; Clavel-Chapelon, F. Dietary acid load and risk
of type 2 diabetes: The E3N-EPIC cohort study. Diabetologia 2014, 57, 313-320. [CrossRef]

Geede, ].; Nielsen, T.; Madsen, M.L.; Toft, U.; Jargensen, T.; Overvad, K.; Tjenneland, A.; Hansen, T.; Allin, K.H.; Pedersen, O.
Population-based studies of relationships between dietary acidity load, insulin resistance and incident diabetes in Danes. Nutr. |.
2018, 17, 91. [CrossRef]

Jong, ].C.K.-D,; Li, Y;; Chen, M.; Curhan, G.C.; Mattei, J.; Malik, V.S.; Forman, ]J.P,; Franco, O.H.; Hu, F.B. Diet-dependent acid load
and type 2 diabetes: Pooled results from three prospective cohort studies. Diabetologia 2017, 60, 270-279. [CrossRef]

Carnauba, R.A.; Baptistella, A.B.; Paschoal, V.; Hiibscher, G.H. Diet-Induced Low-Grade Metabolic Acidosis and Clinical
Outcomes: A Review. Nutrients 2017, 9, 538. [CrossRef]

Mccarty, M.E. Acid-base balance may influence risk for insulin resistance syndrome by modulating cortisol output. Med.
Hypotheses 2005, 64, 380-384. [CrossRef] [PubMed]

Rylander, R.; Tallheden, T.; Vormann, J. Acid-base conditions regulate calcium and magnesium homeostasis. Magnes. Res. 2009,
22,262-265. [CrossRef]

Suliburska, J.; Cofta, S.; Gajewska, E.; Kalmus, G.; Sobieska, M.; Samborski, W.; Krejpcio, Z.; Drzymala-Czyz, S.; Bogdanski, P.
The evaluation of selected serum mineral concentrations and their association with insulin resistance in obese adolescents. Eur.
Rev. Med. Pharmacol. Sci. 2013, 17, 2396-2400. [PubMed]

Zingone, E.; Ciacci, C. The value and significance of 25(OH) and 1,25(OH) vitamin D serum levels in adult coeliac patients: A
review of the literature. Dig. Liver Dis. 2018, 50, 757-760. [CrossRef] [PubMed]

Ordotiez, FA.; Santos, F.; Martinez, V.; Garcia, E.; Fernandez, P.; Rodriguez, J.; Fernandez, M.; Alvarez, J.; Ferrando, S. Resistance
to growth hormone and insulin-like growth factor-I in acidotic rats. Pediatr. Nephrol. 2000, 14, 720-725. [CrossRef]

Wang, R.; Xu, D.; Liu, R.; Zhao, L.; Hu, L.; Wu, P. Microsatellite and Single Nucleotide Polymorphisms in the Insulin-Like Growth
Factor 1 Promoter with Insulin Sensitivity and Insulin Secretion. Med. Sci. Monit. 2017, 23, 3722-3736. [CrossRef]

Yin, Y.-W.; Sun, Q.-Q.; Zhang, B.-B.; Hu, A.-M.; Wang, Q.; Liu, H.-L.; Hou, Z.-Z.; Zeng, Y.-H.; Xu, R.-].; Shi, L.-B. The lack of
association between interleukin-6 gene —174 G/C polymorphism and the risk of type 1 diabetes mellitus: A meta-analysis of
18,152 subjects. Gene 2013, 515, 461-465. [CrossRef]

Gu, T,; Gu, H,; Hilding, A.; Ostenson, C.; Brismar, K. DNA methylation analysis of the insulin-like growth fac-tor-1 (IGF1) gene
in Swedish men with normal glucose tolerance and type 2 diabetes. |. Diabetes Metab. 2014, 5, 2.

Maalouf, N.M.; Cameron, M.A.; Moe, O.W.; Adams-Huet, B.; Sakhaee, K. Low Urine pH: A Novel Feature of the Metabolic
Syndrome. Clin. |. Am. Soc. Nephrol. 2007, 2, 883-888. [CrossRef]

Murakami, K.; Livingstone, M.B.E.; Okubo, H.; Sasaki, S. Higher dietary acid load is weakly associated with higher adiposity
measures and blood pressure in Japanese adults: The National Health and Nutrition Survey. Nutr. Res. 2017, 44, 67-75. [CrossRef]
[PubMed]

Murakami, K.; Sasaki, S.; Takahashi, Y.; Uenishi, K.; The Japan Dietetic Students’ Study for Nutrition and Biomarkers Group.
Association between dietary acid-base load and cardiometabolic risk factors in young Japanese women. Br. |. Nutr. 2008, 100,
642-651. [CrossRef] [PubMed]

Welch, A.A.; MacGregor, A.; Skinner, J.; Spector, T.D.; Moayyeri, A.; Cassidy, A. A higher alkaline dietary load is associated with
greater indexes of skeletal muscle mass in women. Osteoporos. Int. 2012, 24, 1899-1908. [CrossRef]

Kucharska, A.; Szostak-Wegierek, D.; Waskiewicz, A.; Piotrowski, W.; Stepaniak, U.; Pajak, A.; Kozakiewicz, K.; Tykarski, A.;
Rutkowski, M.; Bielecki, W.; et al. Dietary acid load and cardiometabolic risk in the Polish adult population. Adv. Clin. Exp. Med.
2018, 27, 1347-1354. [CrossRef]

Oana, M.C,; Claudia, B.; Carmen, D.; Maria, P.A.; Septimiu, V.; Claudiu, M. The role of IL-6 572 C/G, 190 C/T, and 174 G/C gene
polymorphisms in children’s obesity. Eur. . Nucl. Med. Mol. Imaging 2014, 173, 1285-1296. [CrossRef]

Slattery, M.L.; Curtin, K.; Sweeney, C.; Wolff, R.K.; Baumgartner, R N.; Baumgartner, K.B.; Giuliano, A.R.; Byers, T. Modifying
Effects of IL-6 Polymorphisms on Body Size-Associated Breast Cancer Risk. Obesity 2008, 16, 339-347. [CrossRef] [PubMed]
Marginean, C.; Marginean, C.O.; Banescu, C.; Melit, L.; Tripon, F.; Iancu, M. Impact of demographic, genetic, and bioimpedance
factors on gestational weight gain and birth weight in a Romanian population: A cross-sectional study in mothers and their
newborns: The Monebo study (STROBE-compliant article). Medicine 2016, 95, e4098. [CrossRef]

Van den Berg, S.W.; Dolle, M.E.; Imholz, S.; van Slot, R.; Wijmenga, C.; Verschuren, W.M,; Strien, C.; Siezen, C.L.; Hoebee, B.;
Feskens, E.J.; et al. Genetic variations in regulatory pathways of fatty acid and glucose metabolism are associated with obesity
phenotypes: A population-based cohort study. Int. J. Obes. 2009, 33, 1143-1152. [CrossRef]


http://doi.org/10.1007/s12603-011-0102-9
http://www.ncbi.nlm.nih.gov/pubmed/22159775
http://doi.org/10.1016/j.clnu.2015.03.008
http://doi.org/10.1007/s00125-013-3100-0
http://doi.org/10.1186/s12937-018-0395-1
http://doi.org/10.1007/s00125-016-4153-7
http://doi.org/10.3390/nu9060538
http://doi.org/10.1016/j.mehy.2004.01.045
http://www.ncbi.nlm.nih.gov/pubmed/15607573
http://doi.org/10.1684/mrh.2009.0182
http://www.ncbi.nlm.nih.gov/pubmed/24065235
http://doi.org/10.1016/j.dld.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29773507
http://doi.org/10.1007/PL00013425
http://doi.org/10.12659/MSM.902956
http://doi.org/10.1016/j.gene.2012.11.062
http://doi.org/10.2215/CJN.00670207
http://doi.org/10.1016/j.nutres.2017.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28821319
http://doi.org/10.1017/S0007114508901288
http://www.ncbi.nlm.nih.gov/pubmed/18279559
http://doi.org/10.1007/s00198-012-2203-7
http://doi.org/10.17219/acem/69733
http://doi.org/10.1007/s00431-014-2315-5
http://doi.org/10.1038/oby.2007.44
http://www.ncbi.nlm.nih.gov/pubmed/18239642
http://doi.org/10.1097/MD.0000000000004098
http://doi.org/10.1038/ijo.2009.152

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Sociodemographic and Physical Activity 
	Physical Measurement 
	Blood Collection and Biochemical Measurement 
	Estimation of Dietary Acid Load 
	SNP Selection, Genotyping, and Quality Control Analysis 
	Statistical Analyses 

	Results 
	General Characteristics 
	Demographic, Clinical, and Biochemical Characteristics According to SNPs rs35767, rs7136446, and rs1800796 
	Contribution of Variables on Metabolic Traits 
	Direct Effects of DAL and Genetic Polymorphisms on Metabolic Traits 
	Gene-Diet Interaction for Metabolic Traits 

	Discussion 
	Conclusions 
	References

