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Abstract: Metabolic diseases have been shown to be associated with low vitamin D status; however,
the findings have been inconsistent. Hence, the objective of our study was to investigate the rela-
tionship between vitamin D status and metabolic disease-related traits in healthy Southeast Asian
women and examine whether this relationship was modified by dietary factors using a nutrigenetic
study. The study included 110 Minangkabau women (age: 25-60 years) from Padang, Indonesia.
Genetic risk scores (GRS) were constructed based on five vitamin D-related single nucleotide poly-
morphisms (SNPs) (vitamin D-GRS) and ten metabolic disease-associated SNPs (metabolic-GRS).
The metabolic-GRS was significantly associated with lower 25-hydroxyvitamin D (25(OH)D) concen-
trations (p = 0.009) and higher body mass index (BMI) (p = 0.016). Even though the vitamin D-GRS
had no effect on metabolic traits (p > 0.12), an interaction was observed between the vitamin D-GRS
and carbohydrate intake (g) on body fat percentage (BFP) (pinteraction = 0.049), where those individ-
uals who consumed a high carbohydrate diet (mean 4 SD: 319 g/d + 46) and carried >2 vitamin
D-lowering risk alleles had significantly higher BFP (p = 0.016). In summary, we have replicated the
association of metabolic-GRS with higher BMI and lower 25(0OH)D concentrations and identified a
novel interaction between vitamin D-GRS and carbohydrate intake on body fat composition.

Keywords: genetic risk score; body fat percentage; Vitamin D; carbohydrate intake; Minangkabau
women; Indonesia; metabolic disease

1. Introduction

Over a billion people in the world have vitamin D deficiency (VDD) and race and
ethnicity have been shown to be strong predictors of vitamin D status, as measured by
25-hydroxyvitamin D (25(OH)D) concentrations. Low 25(OH)D concentrations have been
shown to be associated with metabolic diseases, such as obesity and type 2 diabetes
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(T2D) [1]. Hereditary factors play a large role in VDD affecting up to 85% of serum con-
centrations of 25(OH)D [2,3] and the development of metabolic disorders [4-12]. However,
we cannot overlook the effect of environment, lifestyle, nutrition, and dietary factors as
major contributors to metabolic diseases [13,14]. Hence, it is of great importance to ex-
amine the lifestyle factors in distinct regions and varied environments in relation to their
genetic susceptibility.

Indonesia is a country in Southeast Asia consisting of more than seventeen thousand
islands that are split by the equator resulting in a tropical climate rich in sunlight with
typically even temperatures year-round. Nevertheless, VDD rates are high in Indonesian
women ranging between 60% to 95% [15]. Furthermore, incidence of obesity and T2D
are high in Indonesia [16], with estimates of obesity and central obesity prevalence of
23.1% and 28%, respectively, based on data from Indonesia’s national health survey [17],
and 10.3 million people are living with T2D, which constitutes as a major public health
concern [18]. The prevalence of T2D has also been shown to be higher among Indonesian
women compared to men (7.7 vs. 5.6%) [19,20].

Since only a few studies have examined the influence of single nucleotide poly-
morphisms (SNPs) on 25(OH)D levels in populations within Southeast Asia, our study
focused on Minangkabau women from Padang, the capital of West Sumatra. The Minangk-
abau ethnic group is of particular interest given that the Minangkabau people have the
largest matrilineal family structure in the world where the family line is inherited from
the mother’s side and where women have higher status than men in the family and soci-
ety [21,22]. We used a genetic study to investigate the association between vitamin D status
and metabolic traits in a cohort of Minangkabau women from urban and rural areas of
Padang and examined whether associations were modified by environmental and dietary
factors using a nutrigenetic approach. The application of a genetic approach to establish the
link between vitamin D status and metabolic diseases is favored over observational studies
since genetic associations are less affected by confounding. Furthermore, we analyzed the
combined effects of multiple genetic variants using two genetic risk scores (GRS) instead of
the common single gene variant method in order to increase the statistical power to detect
gene-diet interactions [23,24].

2. Methodology
2.1. Study Population

This study included 110 Indonesian women from the Minangkabau Indonesia Study
on Nutrition and Genetics (MINANG), a cross-sectional study that was conducted in the
city of Padang, Indonesia. The MINANG study is a part of the GeNulne (Gene-Nutrient
Interactions) Collaboration, the main aim of which is to investigate the impact of gene-
nutrient interactions on cardiometabolic traits using population-based data from diverse
ethnic groups [25,26]. The methodology has been published previously [21]. In brief,
one hundred and thirty-three women were recruited from community health centers
in two sub districts in Padang City: Padang Timur (urban area) and Kuranji (rural area).
The inclusion criteria included: (i) healthy women, (ii) age between 25-60 years old, and (iii)
Minangkabau ethnicity. After applying exclusion criteria (pregnancy or lactating, history
of metabolic diseases or communicable disease, taking supplements, or being a relative to
another participant), 117 women completed the MINANG study. For the present study;,
we excluded an additional seven participants, six had incomplete genetic data and one had
incomplete dietary information.

The MINANG study was conducted in line with the principles of the Declaration of
Helsinki and the study was approved by the Ethical Review Committee of the Medical
Faculty, Andalas University (No.311/KEP/FK/2017). The study participants provided
written informed consent prior to the start of the study.
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2.2. Anthropometric Measures

Anthropometric measurements including height, weight, and waist circumference
were obtained using standardized techniques. Body mass index (BMI) was calculated
as weight (in kg) over height (in m?) and we used Asia-Pacific classification for defining
obesity [27]. Body fat percentage (BFP) was assessed using Tanita MC780 (TANITA, Tokyo,
Japan) multi-frequency segmental body composition analyzer.

2.3. Biochemical Measures

Fasting blood samples (5 mL) were taken, and serum was separated and stored at
—20 °C until the assays were performed. Samples were analyzed for 25(OH)D, glucose,
insulin, glycated hemoglobin Alc (HbAlc), total cholesterol, triglycerides, low density
lipoprotein cholesterol (LDL-c), and high-density lipoprotein cholesterol (HDL-c). All bio-
chemical assays were conducted using the Mark Microplate Spectrophotometer (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Serum 25(OH)D concentrations, and fasting glucose,
insulin, and HbAlc were analyzed using enzyme-linked immunosorbent assay (ELISA)
kits from Bioassay Technology Laboratory (Shanghai, China). The intra and inter-assay co-
efficients of variation for 25(OH)D were 5% and 8.1%, respectively. Fasting lipid levels were
analyzed using enzymatic colorimetric procedures, namely glycerine phosphate oxidase
peroxidase (GPO-PAP) for triglycerides, and cholesterol oxidase phenol 4-aminoantipyrine
peroxidase (CHOD-PAP) for total cholesterol, and HDL-c. LDL-c was calculated using
Friedewald’s formula.

2.4. Assessment of Dietary Intake

A proficient nutritionist collected dietary intake data from participants either at home
or at an integrated health service post. For assessing dietary intake, a validated interviewer
administered semi-quantitative food frequency questionnaire (SQ-FFQ) was used [28].
All data provided by participants were analyzed with Indonesian Food Database and
Nutrisurvey (EBISpro, Willstdtt, Germany) to estimate the total energy intake and macronu-
trient intakes.

2.5. SNP Selection and Genotyping

Five vitamin D-related SNPs were selected for investigation based on previously
published studies that have shown association with 25(OH)D concentrations [29-37]:
7-dehydrocholesterol reductase (DHCR?) rs12785878 [30,35-37], 25-hydroxylase (CYP2R1)
rs12794714 [29,37], 24-hydroxylase (CYP24A1) rs6013897 [33,35], vitamin D binding pro-
tein (DBP)/group-specific component (GC) rs2282679 [29,30], and calcium sensing re-
ceptor (CASR) rs1801725 [31,32,34]. Ten metabolic disease-related SNPs were selected
based on previously published candidate gene studies and genome-wide association
studies (GWAS) [4-6,11,38-42]: Fat mass and obesity-associated (FTO) SNPs rs8050136,
rs9939609, and rs10163409 [5,40,41]; transcription factor 7-like 2 (TCF7L2) SNPs rs12255372
and rs7903146 [38]; melanocortin 4 receptor (MC4R) SNPs rs17782313 and rs2229616 [38,39];
potassium voltage-gated channel subfamily Q member 1 (KCNQ1) SNPs rs2237895 and
rs2237892 [42]; cyclin dependent kinase inhibitor 2A /B (CDKN2A/B) SNP rs10811661 [11].
In this study, the minor alleles of the SNPs were in line with the minor alleles reported
in the dbSNP for all the ethnic groups except for DHCR7 SNP rs12785878, where the
minor allele is the “T” allele, which is in line with the South Asian and the East Asian
populations as per the dbSNP, but, in the European population, the ‘G’ allele is the minor
allele (Supplementary Table S1).

DNA was extracted from whole blood using the PureLink Genomic DNA Mini Kit
(Invitrogen, Carlsbad, CA, USA). A NanoDrop spectrophotometer was used to determine
DNA concentration. Genotyping was conducted using the competitive allele specific
PCR-KASP® assay at LGC Genomics, London, UK.
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2.6. Statistical Analysis

SPSS statistical software (v24; SPSS Inc., Chicago, IL, USA) was used to perform
statistical analyses. All 15 gene variants were in the Hardy—Weinberg equilibrium (HWE)
(p > 0.05), which was tested using a goodness-of-fit chi square test (Supplementary Table S1).
Baseline characteristics (continuous variables) are presented as means =+ standard devi-
ations (SD) and comparisons between groups were tested using one-way analysis of
variance (ANOVA). Test of normality was performed on all continuous variables and
verified by the Shapiro-Wilk test. Log transformation was created for variables that were
not normally distributed, which included age (years), waist circumference (WC) (cm),
BFP (%), 25(OH)D level (ng/mL), glucose (mg/dL), HbAlc (ng/mL), insulin (nmIU/L),
total cholesterol (mg/dL), HDL-c (mg/dL), LDL-c (mg/dL), triglycerides (mg/dL), total en-
ergy intake (Kcal), carbohydrate (g), protein (g), fat (g), fiber (g), saturated fatty acids (SFA)
(g), monounsaturated fatty acids (MUFA) (g), and polyunsaturated fatty acids (PUFA)
(g). Two separate Genetic risk scores (GRSs) were developed from the summation of the
counts of the risk allele across each SNP. The vitamin D-related GRS was calculated from
5 SNPs and the metabolic disease-related GRS was calculated from 10 SNPs. A value of 0,
1, or 2 was assigned to each SNP, which denotes the number of risk alleles for each GRS.
Then, these values were calculated by adding the number of risk alleles across each SNP.
For each GRS, risk allele scores were then divided by the median and classified into a
“low genetic risk group” and a “high genetic risk group.” Using the median of vitamin D-
related GRS, low risk and high risk were classified as individuals carrying <2 (n = 67) and
those carrying >2 (n = 43) risk alleles, respectively. For the metabolic disease-related GRS,
low risk corresponds to individuals carrying <4 (n = 54) and high risk corresponds to those
carrying >4 (n = 56). Figure 1 represents the study design of the analyses performed.

Metabolic-GRS generated from 10 SNPs in the genes ( FTO, TCF7L2, MC4R,

KCNQ1, CDKN2A/B) that are known to be associated with metabolic
disease outcomes

Serum vitamin D Lifestyle Metabolic disease-
concentrations factors related traits

Vitamin D-GRS generated from 5 SNPs in the genes ( DHCR7, CYP2R1,
CYP24A1, GC, CASR)) that are known to be associated with vitamin D
concentrations

Figure 1. Study design. Genetic associations are represented by one-sided arrows with unbroken lines and interactions
between GRS and diet on clinical and biochemical measurements are shown as one-sided arrows with broken lines. The asso-
ciation of the metabolic-GRS with 25(OH)D levels and metabolic traits and the association of vitamin D-GRS with 25(OH)D
levels and metabolic traits were tested. In addition, the effect of dietary factors on these genetic associations was examined.
Abbreviations: GRS: genetic risk score, SNP: single nucleotide polymorphism, FTO: fat mass and obesity-associated gene,
TCF7L2: transcription factor 7-like 2 gene, MC4R: melanocortin 4 receptor gene, KCNQ1: potassium voltage-gated channel
subfamily Q member 1, CDKN2A/B: cyclin dependent kinase inhibitor 2A /B, DHCR?: 7-dehydrocholesterol reductase,
CYP2R1: 25-hydroxylase, CYP24A1: 24-hydroxylase, GC: group-specific component, CASR: calcium sensing receptor.
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The effect of both the vitamin D-related GRS and the metabolic disease-related GRS
on anthropometric and biochemical outcomes (BMI, WC, BFP, 25(OH)D, glucose, HbAlc,
fasting insulin, total cholesterol, HDL-c, LDL-c, and triglycerides) were analyzed using
linear regression models. Furthermore, the interaction between GRSs and dietary factors on
clinical and biochemical variables were tested using linear regression models by including
the interaction term (GRS*dietary factor) in these models. Models were adjusted for age,
BMI, location (rural or urban), and total energy intake, wherever appropriate. Dietary fac-
tors included carbohydrate, protein, fat, and fiber intake in grams. Statistically significant
interactions were examined further where study participants were stratified by the tertiles
of dietary consumption. Power calculations were not performed as there are no studies in
relation to GRS and vitamin D status and no previously reported effect sizes are available
for the Southeast Asian populations.

3. Results
3.1. Characteristics of Participants

A total of 110 women (mean age 40.46 & 9.38 years) were included, where 51% were
from an urban area (Padang Timur) and 49% were from a rural area (Kuranji) in Padang,
Indonesia. In this study, 20% of the women were vitamin D deficient and 40% were vitamin
D insufficient (Table 1). There was a significant difference in the mean age across the
three vitamin D groups (p = 0.001) where women with mean age 34.3 4 10.3 years were
vitamin D deficient and women with mean age 43.8 & 7.8 years were vitamin D sufficient.
There were no significant differences in the clinical and biochemical parameters across the
three groups classified based on vitamin D status (Table 1).

Table 1. Anthropometric and biochemical characteristics of the study participants stratified based on vitamin D status.

Characteristics of

Vitamin D Sufficiency Vitamin D Insufficiency Vitamin D Deficiency p Value

Study Participants (>20 ng/mL) (n = 44) (>12 <19 ng/mlL) (n = 44) <12 ng/mL (n = 22)
Age (years) 438+ 7.8 40.0 £10.9 34.3 £10.3 0.001
BMI (kg/mz) 257+ 44 253 +4.0 241+43 0.358
WC (cm) 86.5+99 82.6+11.3 81.0 £ 8.6 0.070
BFP (%) 36.2+7.8 36.4 £ 6.5 340=£63 0.392
Glucose (mg/dL) 96.1 £ 30.4 92.1+£9.0 86.4 + 10.6 0.198
HbAlc (ng/mL) 710 £ 703 670 = 573 440 £ 209 0.178
Fasting Insulin (nmIU/L) 36,020 £ 29,916 32,915 £+ 24,107 22,261 £ 8092 0.101
Total Cholesterol (mg/dL) 209 + 46 216 + 44 194 + 37 0.142
HDL Cholesterol (mg/dL) 574+ 84 599 +114 61.2+11.4 0.295
LDL Cholesterol (mg/dL) 127.3 +40.3 1354 +41.9 113.8 + 31.8 0.115
Serum Triglycerides (mg/dL) 103 £ 44.9 93.8 £41.7 96.7 £ 44.0 0.601
Total Energy Intake (kcal) 1797.0 £ 645.0 1695.0 £ 545.0 1894.3 £ 675.4 0.442
Carbohydrate (g) 233.7 £ 75.1 225.9 £+ 58.9 246.0 & 86.5 0.563
Protein (g) 772+ 417 74.2 + 30.4 82.2+39.2 0.707
Fat (g) 61.2 + 36.1 54.7 £31.6 64.1 +32.1 0.498
Dietary Fibre (g) 8.6 +43 83+ 35 102455 0218

Data are presented as means

+ SD. P values were calculated by using one-way analysis of variance (ANOVA). Vitamin D cut-off

points were based on the suggestions of the Institute of Medicine for vitamin D levels [43]. Abbreviations: BMI, body mass index; WC,
waist circumference; BFP, body fat percentage; 25(OH)D, 25-hydroxyvitamin D; HbA1C, glycated haemoglobin; HDL-c, high-density

lipoprotein cholesterol; LDL-c,

low-density lipoprotein cholesterol.

3.2. Association between Metabolic-GRS and Anthropometric and Biochemical Measurements

A significant association was found between the metabolic-GRS and BMI (p = 0.016),
where participants who carried >4 risk alleles had higher BMI levels (mean 4 SD: 26.10 £ 3.87)
compared to those with <4 risk alleles (mean £ SD: 24.25 + 4.43), Figure 2a. Moreover,
a significant association between the metabolic-GRS and serum 25(OH)D concentrations
(p = 0.009) was observed where individuals who carried >4 risk alleles had lower 25(OH)D
levels (mean £ SD: 1.20 £ 0.19) compared to those with <4 risk alleles (mean + SD:
1.28 £ 0.21), Figure 2b.
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Number of metabolic disease risk alleles Number of metabolic disease risk alleles

Figure 2. (a) Association between metabolic-GRS and BMI in Indonesian women. Those who carried >4 metabolic risk
alleles had higher BMI compared to individuals with <4 risk alleles (p = 0.016). (b) Association between metabolic-GRS
and 25(OH)D concentrations in Indonesian women. Those who carried >4 metabolic risk alleles had lower 25(OH)D
concentrations compared to individuals with <4 risk alleles (p = 0.009). Abbreviations: GRS: genetic risk score, BMI: body
mass index, 25(OH)D: 25-hydroxyvitamin D.

3.3. Association between Vitamin D-GRS and Anthropometric and Biochemical Measurements

There was no statistically significant association between the vitamin D-GRS and
25(OH)D levels (p = 0.93). Furthermore, there was no significant association of the clinical
and biochemical characteristics such as BMI, WC, BFP, glucose, HbAlc, insulin, total choles-
terol, HDL-c, LDL-c, and triglycerides with vitamin D-GRS (p > 0.12 for all comparisons)
(Supplementary Table S2).

3.4. Interaction between the Vitamin D-GRS and Dietary Factors on Biochemical and
Anthropometric Parameters

There was a statistically significant interaction between the vitamin D-GRS and
carbohydrate intake on log BFP (pinteraction = 0.049), where participants who consumed
high amounts of carbohydrates (mean & SD: 319 g/d + 46) and carried >2 risk alleles
(mean =+ SD: 1.60 = 0.04, p = 0.016) had significantly higher log BFP than those with <2
risk alleles (mean + SD: 1.53 £ 0.11, p = 0.016), Figure 3.

3.5. Interaction between the Metabolic-GRS and Dietary Factors on Clinical and Biochemical
Characteristics

No statistically significant interactions were found between metabolic-GRS and dietary
intake on serum 25(0OH)D concentrations and clinical and biochemical parameters (p > 0.997
for all comparisons), (Supplementary Table S3).
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Carbohydrates Intake (g)

Figure 3. Interaction between the vitamin D-GRS and dietary carbohydrate intake (g) on BFP (%) (Pinteraction = 0.049).
Those who were on the highest tertile of carbohydrate intake and carried >2 risk alleles had significantly higher BFP
compared to individuals carrying <2 risk alleles (p = 0.016). Abbreviations: GRS: genetic risk score, BFP: body fat percentage.

4. Discussion

To date, this is the first study to utilize a nutrigenetic approach to examine the rela-
tionship between vitamin D status and metabolic traits in Southeast Asians. Our study
has confirmed the association of metabolic-GRS with higher BMI and lower 25(OH)D
concentrations. Additionally, the study has shown an impact of genetically instrumented
vitamin D status on BFP, a marker of body fat composition, through the influence of
dietary carbohydrate intake, where women consuming high amounts of carbohydrates
(mean £ SD: 319 g/d + 46) and those with higher genetic risk of VDD had higher BFP.
Given that percent body fat is a better predictor of cardiovascular risk factors than BMI,
if the results are replicated in future studies, our findings may have a significant pub-
lic health implication in preventing cardiovascular diseases in Minangkabau women by
developing dietary intervention strategies to reduce the intake of carbohydrates.

In the present study, a metabolic-GRS consisting of 10 SNPs known to be associated
with obesity and type 2 diabetes [4-6,11,38-42] was created; this GRS was used as a genetic
instrument to explore the link between metabolic disease-related traits and vitamin D status.
The study showed that participants carrying >4 metabolic risk alleles had higher BMI and
lower 25(OH)D concentrations compared to those carrying <4 risk alleles. There are several
mechanisms that have been proposed for the effect of obesity on vitamin D status, such as,
vitamin D dilution due to increased fat stores, having more vitamin D within adipose
tissue, and lifestyle variations between obese and lean individuals, as well as differences in
the activity of the vitamin D activating enzymes between obese and lean individuals [44].
Furthermore, a Mendelian Randomization (MR) study in ~42,024 Caucasians had demon-
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strated a causal relationship between obesity and vitamin D status, where a 10% higher
genetically instrumented BMI was associated with 4.2% lower 25(OH)D concentrations [45].
These findings suggest that increased obesity can lead to lower vitamin D status, which was
also confirmed in the present study where a significant association between metabolic-GRS
and lower 25(OH)D concentrations was observed.

Vitamin D-GRS was constructed as a genetic instrument for vitamin D status using
five common vitamin D pathway-related SNPs that have been identified by the GWA
scans [35,46—49]. However, our study did not find any significant association of vita-
min D-GRS with 250HD concentrations and other clinical and biochemical parameters.
The lack of association implies that linear decreases in vitamin D may not have an im-
pact on the metabolic disease-related outcomes, which is in line with the findings from
the MR study [45]. Furthermore, a genetic association study in two large European co-
horts (n = 5224, 123,865; respectively) failed to demonstrate a significant impact of vitamin
D-related gene variants on obesity traits, suggesting that vitamin D pathway genes are
unlikely to have an important impact on the obesity-related outcomes [50]. Animal studies
have convincingly illustrated the role of the vitamin D genes in contributing to adipos-
ity phenotypes [51,52]; however, it is possible that there is no direct effect of 25(OH)D
concentrations on adiposity in humans.

Even though there was no association of vitamin D-GRS with metabolic disease
risk, there was an interaction of vitamin D-GRS with dietary carbohydrate intake on BFP,
where those who consumed a high carbohydrate diet and had high genetic risk of VDD
had significantly higher BFP than those with low genetic risk. The total carbohydrate
intake of our study participants ranged from 121-436 g/d (mean + SD: 233.08 £ 71.34)
and there was no significant difference in carbohydrate intake between those living in
urban (mean £ SD: 238.74 + 77.35) and rural (mean + SD: 227.21 + 64.73) areas (p = 0.40).
The intake of carbohydrates in the highest tertile (mean & SD: 319 £ 46 g/d) is above
the Indonesian dietary guidelines [53,54], which recommends consuming 50% of total
energy from carbohydrates. In line with these findings, a recent study [38] from our team
in 545 Asian Indians had also demonstrated an interaction of metabolic-GRS with dietary
carbohydrate intake on 25(OH)D concentrations, where individuals consuming a low
carbohydrate diet (<62%, equivalent to ~346 g/d) and having lower metabolic genetic
risk had significantly higher concentrations of 25(OH)D. Increased carbohydrate intake,
in particular refined carbohydrates and sugars, have been linked to obesity and T2D [55],
and the use of restricted carbohydrate diets have shown to be effective in reducing body
weight and WC, as well as, fasting glucose, HbAlc, and plasma insulin levels [56,57].
The interaction of vitamin D-GRS with dietary carbohydrate intake on BFP that was
observed in our study is biologically possible, given that vitamin D has been shown to
mediate the impact of reduced consumption of carbohydrate through its direct action on
pancreatic beta-cell function [58,59]. While studies have shown that there might be a failure
to expand beta-cell mass in response to obesity [60], it is possible that lower levels of vitamin
D due to genetic susceptibility can lead to obesity in the presence of high carbohydrate
diet. However, the mechanism by which the carbohydrates interact with vitamin D-related
genetic variants and affect body composition is unclear and requires further exploration.
Given that the main source of energy for the Minangkabau is carbohydrates, where rice,
banana, cassava, corn, sweet potato, sago, noodles, glutinous rice, and mung bean are part
of their daily meals [61], our findings will have public health relevance if replicated in
larger cohorts.

BMI is the most common indicator of obesity; however, BMI does not distinguish
between lean mass and adiposity. Given that BFP can distinguish between fat and lean
body mass [62] and increased BFP has been shown to be associated with cardiometabolic
diseases and mortality [63], BFP is considered as a better indicator of obesity. Thus,
detecting excess adiposity and body fat composition has become particularly important to
make accurate conclusions with regards to establishing causal relationships and identifying
risk to prevent the onset of metabolic and cardiovascular diseases [62,63]. There are ethnic
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differences in body fat composition as we explore the complex interaction between the
genes, lifestyle, and culture [21]. Understanding of ethnic differences may lead to the
implementation of effective approaches to recognize and prevent metabolic diseases across
different ethnic groups [64]. It is important that the findings from this study are replicated
before consideration is given to personalized dietary advice for Indonesian women carrying
a higher genetic risk of VDD.

The current study has strengths including being the first nutrigenetic study to evalu-
ate the relationship of vitamin D status with metabolic disease risk in Southeast Asians.
The construction of the GRSs instead of a single SNP approach increases the statistical
power to identify gene-diet interactions [23,24]. Additionally, the use of a comprehensive,
validated SQ-FFQ [28] collected by a trained nutritionist increases the accuracy of dietary
data collection. The study does have several limitations that should be acknowledged.
The sample size of the study is small; however, the study was sufficiently powered to
identify significant associations and gene-diet interactions. Even though we used a vali-
dated SQ-FFQ, bias due to self-reported dietary intake information cannot be excluded.
The study did not include data on specific categories of foods that were included in the
total carbohydrate count and it did not quantify different classes of carbohydrates, such as
complex carbohydrates and simple disaccharides and monosaccharides. Finally, the study
was limited to Minangkabau women, and hence, our findings cannot be generalized to the
Indonesian population.

5. Conclusions

In summary, our study has replicated the association of metabolic-GRS with higher
BMI and lower 25(OH)D concentrations and identified a novel interaction of vitamin
D-GRS with carbohydrate intake on BFP, where women with increased genetic risk of
vitamin D deficiency and who consume higher amounts of carbohydrates have increased
body fat composition. This finding is potentially valuable in introducing nutritional
recommendations to reduce carbohydrate intake for Indonesian women belonging to the
Minangkabau community, as a third of our study participants had a mean intake of 319 g/d.
This is equivalent to 71.8% dietary intake of carbohydrates, based on the average intake of
our participants of 1776 kcal/day, which is very high compared to the Indonesian dietary
guidelines that recommends obtaining 50% of total energy from carbohydrates [53,54].
However, before dietary interventions can be developed and recommended to improve
vitamin D status and reduce carbohydrate intake in Indonesian women, replication of our
findings in a larger cohort is required.
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T2D type 2 diabetes

WC waist circumference

BMI body mass index

BFP body fat percentage

HbAlc glycated haemoglobin

LDL-c low density lipoprotein cholesterol

HDL-c high density lipoprotein cholesterol

DHCR7 7-dehydrocholesterol reductase

CYP2R1 25-hydroxylase

CYP24A1 24-hydroxylase

DBP vitamin D binding protein

GC group-specific component

CASR calcium sensing receptor

FTO fat mass and obesity-associated gene

TCF7L2 transcription factor 7-like 2 gene

MC4R melanocortin 4 receptor gene

KCNQ1 potassium voltage-gated channel subfamily Q member 1

CDKN2A/B  cyclin dependent kinase inhibitor 2A /B

GRS genetic risk score

SNP single nucleotide polymorphism

MR Mendelian Randomization

GWAS genome wide association studies

MINANG Minangkabau Indonesia study on nutrition and genetics

WHO World Health Organization

FFQ food frequency questionnaire

HWE Hardy Weinberg equilibrium

SD standard deviation

ELISA enzyme-linked immunosorbent assay

SQ-FFQ semi-quantitative food frequency questionnaire
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