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Abstract

Background—Growing evidence has implicated DNA methylation (DNAm) in the regulation of 

body adiposity; a recent epigenome-wide association study (EWAS) identified a genetic variant 

determining DNAm at the SREBF1 gene that affected body mass index (BMI).

Objective—In the present study, we tested interactions between DNAm variant rs752579 and 

methylation metabolism-related B-vitamins (folate, vitamin B2, vitamin B6, and vitamin B12) on 

longitudinal change in BMI in the Women’s Health Initiative Memory Study (WHIMS).

Design—A total of 5687 white women aged 65–79 from WHIMS with genotyping data on SNP 

rs752579 were included in the analysis. B-vitamins intakes were estimated by a self-report semi-

quantitative food frequency questionnaire. BMI was measured at baseline and 6-year follow-up.

Result—We found significant interactions between the SREBF1 rs752579 genotype and intake of 

food source B-vitamins on 6-year change in BMI (p interaction <0.01 for all). BMI changes 

(kg/m2) per DNAm-increasing (C) allele were −0.29, 0.06, and 0.11 within subgroups of 
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increasing tertiles of food source folate intake; and the corresponding BMI changes (kg/m2) were 

−0.25, −0.01, and 0.15 for vitamin B2 intake; −0.17, −0.16, and 0.21 for vitamin B6 intake; and 

−0.12, −0.23, and 0.26 for vitamin B12 intake, respectively. Similar gene–diet interaction patterns 

were observed on the change in body weight.

Conclusions—Our data suggest that habitual intake of food source B-vitamins may modify the 

effect of DNAm-related variant on long-term adiposity change.

Introduction

More than one-third of US population is currently obese [1]. The rapid rise in obesity over 

the past 30 years is considered to be due to interactions of changing lifestyle and inherent 

susceptibility, which is largely determined by genetic or epigenetic variations [2–9].

Growing evidence has implicated DNA methylation (DNAm) in the regulation of body 

adiposity [10–13]. DNAm is a major epigenetic process by which methyl groups are added 

to the C-5 position of the cytosine ring of DNA by DNA methyltransferases (DNMTs) [14], 

and may affect the gene transcription. In a recent epigenome-wide association study, 

Mendelson et al. [15] identified one CpG site, cg11024682 (intronic to sterol regulatory 
element binding transcription factor 1 [SREBF1]), was associated with body mass index 

(BMI) through lipid metabolism pathway [15]. DNAm is profoundly affected by nutrients 

involved in methyl-metabolism, such as B-vitamins, including folate, riboflavin (B2), 

pyridoxine (B6), and B12 [16–18]. Interestingly, in a previous study, it was found intakes of 

B-vitamins significantly interacted with the methylation-associated HIF3A genotype on 

adiposity change [19]; thus, we hypothesized that similar interactions might exist between 

B-vitamins and the SREBF1 genotype.

In this study, we analyzed whether the methylation-related genetic variant at SREBF1 
interacted with habitual intakes of B-vitamins on long-term change in BMI among 

participants from the Women’s Health Initiative Memory Study (WHIMS).

Subjects and methods

Study population

The Women’s Health Initiative (WHI) is a long-term national health study that involved 

161,808 postmenopausal women aged 50–79 between 1993 and 1998 [20, 21]. The 

eligibility criteria and recruitment procedures have been reported elsewhere previously [20, 

22]. The WHI mainly consists of three clinical trials and one observational study. The 

Women’s Health Initiative Memory Study (WHIMS) is an ancillary study to WHI Hormone 

Trials, including a subset of participants from the WHI. Some of the participants from the 

WHIMS were also enrolled in other one or two WHI trials, namely, calcium and vitamin D 

intervention, and/or diet modification. Thus, all analyses in the current study adjusted for 

treatment allocation. We access the data from the National Center for Biotechnology 

Information (NCBI) database of Genotypes and Phenotypes (dbGap: available at https://

www.ncbi.nlm.nih.gov/gap). Phenotype data were extracted from the WHI Clinical Trial and 

Observational Study (dbGaP study accession number: phs000200.v10.p3). Genotype data 

were obtained from the WHI Memory Study+GWAS (phs000675.v2.p3). Informed consent 
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was obtained from all participants. The current study includes 5687 white postmenopausal 

women from WHIMS with available genotype information at baseline. Of them, 5675 

(99.8%) provided complete dietary information and nearly half consumed supplemental B-

vitamins (supplemental folic acid: 46.5%; vitamin B2: 47%; vitamin B6: 48%; vitamin B12: 

47.8%).

Single-nucleotide polymorphism selection and genotyping

The single-nucleotide polymorphism rs752579 within gene SREBF1 was found to be 

associated with a methylation site at cg11024682 according to an epigenome-wide 

association study [15]. Genotyping was performed by HumanOmniExpress Exome-8v1_B 

and imputed to the 1000 genomes. Minimal sample call rate was 97%, and minimum SNP 

call rate was 98%. Hardy Weinberg p-value less than 1e-4 was excluded.

Assessment of dietary factors and covariates

Dietary intake was assessed by a 145-item validated semi-quantitative food frequency 

questionnaire (FFQ) that asked about the frequency and portion size of foods or food groups 

over the past 3 months. Energy and nutrients were calculated by a database derived from 

University of Minnesota Nutrition Coding Center (MINNESOTA NUTRITION DATA 

SYSTEM, version 30, Minneapolis, MN). Supplemental source B-vitamins were measured 

by the pills brought by the participants and calculated by combining intake from 

supplements, B-complex mixtures, and multivitamins [23]. Due to the mandatory folic acid 

fortification of grain products in 1996, those whose baseline FFQs were returned post-

fortification, folate intake was adjusted to account for the folic acid content change [24, 25]. 

B-vitamins were adjusted for overall caloric intake. Total energy intake and alternative 

healthy eating index (AHEI) from the FFQ were included as covariates. AHEI was 

calculated from each completed FFQ. Details about the measurement characteristics of the 

WHI FFQ have been published elsewhere [23]. Smoking history was categorized as never 

smoked, past smoker, and current smoker. Past smoker was defined as those who smoked 

greater or equal to 100 cigarettes but currently do not smoke. Drinking status was 

categorized as non-drinker, past drinker, less than one drink per month, less than one drink 

per week, 1–7 drinks per week, and more than seven drinks per week. Past drinker was 

defined as those who had consumed greater or equal to 12 alcoholic beverages in the lifetime 

but do not drink currently. Physical activity was expressed as total energy expended from 

recreational physical activity per week by incorporating walking, mild, moderate, and 

strenuous recreational physical activity [26].

Assessment of adiposity and 6-year change in BMI

Height, weight, hip, and waist circumference were measured at the study-designated clinical 

site by trained personnel according to standardized protocols and calibrated equipment [21]. 

Height was measured at baseline. Weight, hip, and waist circumference were measured at 

baseline and annual follow-up after that. BMI was calculated as weight/height2 (kg/m2). A 

single time measure of adiposity cannot represent the gradual changes, whereas changes in 

BMI can better reflect the dynamic response of gene–environment interactions [19, 27]. 

Thus in the current study, we analyzed the 6-year change in BMI as the main outcome.
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Statistical analysis

Descriptive statistics were conducted to evaluate the mean and standard deviation for 

continuous data and frequencies and proportions for categorical data. General linear 

regression models were used to test the association between rs752579 and adiposity 

measures, changes of adiposity measures and baseline B-vitamins intake. Multivariable 

models were adjusted for age (years, continuous), baseline drinking (never, past drinker, <1 

drink/month, <1 drink/week, 1–7 drinks/week, 7+ drinks/week), smoking status (never, past, 

current), total energy intake (kcal) and physical activity (MET-h/week, continuous), AHEI, 

calcium and vitamin D intervention and diet modification intervention allocation, and other 

B-vitamins (mutually). Interactions between rs752579 and baseline B-vitamins intake on 

adiposity measurements were tested by including a multiplicative interaction term in the 

model. The Bonferroni correction was conducted for multiple comparisons (0.05/8). p-Value 

was presented as two-sided, and 0.05 were deemed to be significant. All the statistical 

analyses were performed with SAS 9.4 software (SAS Institute, Cary, NC).

Results

Baseline characteristics

Table 1 shows the baseline characteristics of the WHIMS participants. The mean ± SD age 

was 68.05 ± 5.89 years. The baseline means (SD) for BMI, body weight, waist, and hip are 

28.33 (5.53) kg/m2, 73.74 (15.01) kg, 88.28 (13.18) cm, and 106.96 (11.41) cm respectively. 

There was no difference in age, body weight, height, waist, hip, physical activity, diet 

pattern, smoking, drinking, B-vitamins intake, and intervention assignment according to the 

SREBF1 genotype (data not shown). People with the CC genotype showed lower BMI than 

other two groups (p = 0.03) and higher total energy intake (p = 0.04) compared to those with 

TT and CT genotype (data not shown). The (C) allele frequency of SREBF1 rs752579 was 

0.39 in WHIMS. All the participants were currently using hormone therapy, 59.24% of them 

were on calcium and vitamin D trial and 23.23% of them were on diet modification trial.

Association of SREBF1 variant with adiposity measures and B-vitamins

We observed a significant association of SREBF1 rs752579 with 6 years change of hip 

circumference and borderline significant association with waist circumference, but no 

associations with body weight, BMI, and WHR (Table 2).

The genetic variant was not associated with the food source or supplemental B-vitamins 

intake.

Association of B-vitamins intake with 6-year change in BMI and DNAm variant

We found significant associations of baseline total vitamin B12 intake with 6-year BMI 

change (p for trend 0.04) (Supplementary table 1). Baseline total vitamin B12 was also found 

to be associated with 6-year body weight change (p = 0.04) and waist circumference (p = 

0.04). Across tertiles of vitamin B12 intake, the mean (SD) of BMI changes were 0.06 (0.10) 

kg/m2, 0.33 (0.10) kg/m2, and 0.37 (0.10) kg/m2, respectively. We did not observe 

significant associations between baseline intake of folate, vitamin B2, and vitamin B6 with 

BMI.
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Interactions between food source B-vitamins intake and the SREBF1 genotype on 6-year 
change in BMI

We observed significant interactions between the rs752579 genotype and food source B-

vitamins on 6-year change in BMI (p for interaction ≤0.01 for all). BMI changes (standard 

error [SE]) per DNAm-increasing (C) allele were −0.29 (0.11), 0.06 (0.09), and 0.11 (0.11) 

kg/m2 within increasing tertiles of food source folate intake; −0.25 (0.1), −0.01 (0.11), and 

0.15 (0.1) kg/m2 in tertiles of vitamin B2 intake; −0.17 (0.11), −0.16 (0.1), and 0.21 (0.1) 

kg/m2 in tertiles of vitamin B6 intake; and −0.12 (0.11), −0.23 (0.1), and 0.26 (0.11) kg/m2 

in tertiles of vitamin B12 intake, respectively (Fig. 1). Similar relationships were also found 

between 6-year body weight change (Table 3), but not for changes of 6-year waist 

circumference, hip circumference, and WHR. When total or supplement B-vitamins were 

analyzed, the interactions appeared to be not significant.

Discussion

In this prospective cohort, we observed significant interactions between DNAm-associated 

variant at the SREBF1 locus and habitual intakes of food source folate, vitamin B2, vitamin 

B6, and vitamin B12 on 6-year change in BMI. The DNAm-increasing (C) allele was 

associated with an increase in BMI among participants with higher intakes of food source B-

vitamins (folate, B2, B6, and B12).

The findings from the current analyses are consistent with a previous study in which 

significant interactions were found between intakes of B-vitamins and DNAm-related 

genetic variant at the HIF3A locus on the 10-year change in adiposity in the Nurses’ Health 

Study (NHS) and Health Professionals Follow-Up Study (HPFS) [19]. Of note, in the 

current study, significant interactions were observed only between food source B-vitamins 

and the SREBF1 genotype. Even though there are no data available to account for the 

potential mechanisms underlying such observations, we assumed that the discrepancy might 

be due to several reasons: first, the study populations were considerably different, for 

example in age—the WHI (on average 68 years) was older than the NHS and HPFS (on 

average 46 and 55 years, respectively). Aging is among the major factors affecting 

absorption of B-vitamins. For example, B12 and folate are absorbed better in supplements 

than from natural foods in older populations. In addition, products encoded by these two 

genes, HIF3A and SREBF1, have distinct biological functions [28, 29]. It is feasible that 

these different gene products may interact with B-vitamins through discrete pathways.

Multiple epidemiological studies have found that DNAm was positively associated with 

BMI [2, 11–13]. In the current study, although we did not measure DNAm directly, the 

genetic variant acted as a proxy of DNAm according to Mendelian randomization theory 

[30]. Also, B-vitamins intakes have been related to adiposity in some studies [31–34], 

although the associations are not entirely consistent. Our result showed that the methylation-

increasing (C) allele was associated to opposite-direction BMI change in people with low- 

vs high habitual B-vitamin intake, indicating modification effects of these methyl-

metabolism-related nutrients. Although the mechanism underlying the observed interactions 

between DNAm variant and food source B-vitamins remained unclear, such interplays are 

biologically feasible. Vitamin B2, vitamin B12, and folate are the source of coenzymes 
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involved in one-carbon metabolism. In this process, methionine was converted into S-

adenosylmethionine (SAM), then DNMTs covalently attach the methyl groups from SAM to 

carbon-5 position of cytosine bases of DNA [35]. The role of nutrition in one-carbon 

metabolism and DNAm has been documented in several animal studies [36–39]. In human 

studies, there are several studies analyzed the relationship between B-vitamins and DNAm at 

the global level and gene-specific level. Several randomized clinical trials suggested that 

folic acid supplementation increases DNAm in leukocytes and colorectal mucosa [40–43]. 

Also, animal studies showed that methyl supplements during the maternal period could 

increase the methylation level of the offspring [37, 39, 44]. However, there is conflicting 

evidence showing that exposure to folate could lead to decreased DNAm level, both globally 

and gene specifically [45, 46]. Vivo studies examining the effect of vitamin B intakes on 

epigenetic changes in the SREBF1 gene is needed.

The major strengths of this study include the prospective study design, well-validated 

assessments of nutrient and food intake, the large sample size, and the repeated longitudinal 

measurements of adiposity. However, several limitations need to be acknowledged. First, we 

did not measure DNAm directly. However, the genetic marker has been related to 

methylation levels and can be used as a surrogate measure according to the Mendelian 

randomization theory [15, 30]. Second, the dietary data were from self-reported food 

frequency questionnaire (FFQ), measurement errors and recall bias of B-vitamins and other 

diet factors were inevitable. However, the FFQ data had been well validated [47]. Third, 

although we have adjusted for several lifestyles and dietary factors in the analysis, residual 

confounding might still exist due to unmeasured and unknown factors. Fourth, our 

population was restricted to white women aged 50–79 of European ancestry; whether the 

result would be generalized to other populations of different age and sex are unknown. Fifth, 

our analyses were hypothesis-driven and the results were biologically plausible, because B-

vitamins play an important role in regulating DNAm and body weight. Even though, we 

acknowledged that replications were needed to further verify our findings, especially in 

other racial/ethnic populations. Sixth, some of the interactions would not be considered as 

statistically significant after the Bonferroni correction. However, the Bonferroni correction is 

concerned with the stringent null hypothesis that all the multiple tests are independent [48]; 

notably in our study the dietary factors were not independent. Therefore, a Bonferroni 

correction might over-adjust multiple comparisons and increase the type II error.

In summary, we found that the DNAm-related SREBF1 genotype interacted with food 

source B-vitamins, including folate, vitamin B2, vitamin B6, and vitamin B12, are in relation 

to long-term BMI change. Further studies of other ancestries within different age and sex are 

warranted to validate our findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Differences in 6-year change in BMI allele C of rs7525279 according to baseline intake of 

food source B-vitamins. Data are beta coefficient ± SE. The general linear model was used 

to test the genetic association of baseline food source intake of B-vitamins with 6-year 

change in BMI after adjusted for age, total energy intake, physical activity (MET), baseline 

BMI, drinking, smoking, alternative health eating index, calcium and vitamin D 

intervention, diet modification intervention and other B-vitamins (mutually adjusted)
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Table 1

Baseline characteristics of the study participants (n = 5687)

Baseline characteristic Mean (SD) or n (%)

Age (years) 68.05 (5.89)

Body weight (kg) 73.74 (15.01)

Baseline BMI 28.33 (5.53)

Waist (cm) 88.28 (13.18)

Hip (cm) 106.96 (11.41)

Energy intake (kcal/day) 1602 (654.22)

Physical activity (MET-h/week) 11.65 (13.17)

Alternative Health Eating Index 53.52 (10.61)

Total folic acid (μg/day) 454.69 (269.21)

Total vitamin B2 (mg/day) 5.46 (15.92)

Total vitamin B6 (mg/day) 7.49 (31.58)

Total vitamin B12 (μg/day) 19.66 (65.67)

 Supplemental source vitamins

 Supplemental folic acid (μg/day) 406.61 (169.79)

 Supplemental vitamin B2 (mg/day) 7.28 (22.60)

 Supplemental vitamin B6 (mg/day) 12.29 (44.70)

 Supplemental vitamin B12 (μg/day) 29.00 (93.03)

Food source vitamins

 Food source folic acid (μg/day) 265.88 (124.79)

 Food source vitamin B2 (mg/day) 2.04 (0.91)

 Food source vitamin B6 (mg/day) 1.59 (0.68)

 Food source vitamin B12 (μg/day) 5.9 (3.60)

Smoking status

 Never smoker 2901 (51.70)

 Past smoker 2304 (41.06)

 Current smoker 406 (7.24)

Drinking

 Non-drinker 626 (11.09)

 Past drinker 949 (16.81)

 <1 drink per month 743 (13.16)

 <1 drink per week 1074 (19.03)

 1 to <7 drinks per week 1463 (25.92)

 7+ drinks per week 790 (13.99)

Calcium and Vitamin D Trial (yes) 3369 (59.24)

Diet Modification Trial (yes) 1321 (23.23)

rs752579

 TT 2109 (37.08)

 CT 2737 (48.13)
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Baseline characteristic Mean (SD) or n (%)

 CC 841 (14.79)

Data were expressed as mean ± SD, or n (%)
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Table 2

Association of rs752579 with measures of adiposity and B-vitamins in WHIMS

TT CT CC

Mean ± SE Mean ± SE Mean ± SE p

6 years change of adiposity measures
a

 Weight −0.11 ± 0.25 −0.39 ± 0.23 −0.02 ± 0.35 0.85

 BMI 0.37 ± 0.09 0.19 ± 0.08 0.41 ± 0.12 0.63

 Waist 1.48 ± 0.41 0.86 ± 0.39 0.51 ± 0.58 0.07

 Hip 0.48 ± 0.37 −0.07 ± 0.35 −0.58 ± 0.52 0.04

 WHR 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.94

Food source B-vitamins
b

 Folate 263.08 ± 2.45 263.28 ± 2.29 262.47 ± 3.39 0.91

 Vitamin B2 2.04 ± 0.01 2.03 ± 0.01 2.03 ± 0.02 0.40

 Vitamin B6 1.54 ± 0.01 1.55 ± 0.01 1.57 ± 0.01 0.13

 Vitamin B12 6.07 ± 0.06 5.98 ± 0.06 5.98 ± 0.08 0.16

Supplemental B-vitamins
b

 Folate 186.45 ± 6.37 188.78 ± 5.96 171.79 ± 8.81 0.25

 Vitamin B2 3.58 ± 0.38 3.42 ± 0.36 3.57 ± 0.53 0.89

 Vitamin B6 5.74 ± 0.75 5.92 ± 0.7 6.28 ± 1.04 0.63

 Vitamin B12 13.81 ± 1.78 13.24 ± 1.67 17.47 ± 2.47 0.30

a
The general linear regression model was used to test the association of DNA methylation variants with measures of adiposity after adjustment for 

age, smoking, drinking, Alternative Health Eating Index, B-vitamins, total energy intake, physical activity, calcium and vitamin D intervention, and 
diet modification intervention. SNP rs752579 was treated as a continuous variable when calculated p-value

b
The general linear regression model was used to test the association of DNA methylation variants with food sourced B-vitamin and supplemental 

B-vitamin separately after adjustment for age, smoking, drinking, Alternative Health Eating Index, total energy intake, physical activity, calcium 
and vitamin D intervention, diet modification intervention, and other B-vitamins (mutually adjusted)
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