
The Journal of Nutrition

Nutritional Epidemiology

Genetic and Environmental Factors Are
Associated with Serum 25-Hydroxyvitamin D
Concentrations in Older African Americans1–3

Joyanna G Hansen,4 Wenbo Tang,4 Katie C Hootman,4 Patsy M Brannon,4 Denise K Houston,5

Stephen B Kritchevsky,5 Tamara B Harris,8 Melissa Garcia,8 Kurt Lohman,6 Yongmei Liu,7 Ian H de Boer,9,10

Bryan R Kestenbaum,9,10 Cassianne Robinson-Cohen,9,10 David S Siscovick,11 and Patricia A Cassano4,12*

4Division of Nutritional Sciences, Cornell University, Ithaca, NY; 5Sticht Center on Aging, and 6Department of Biostatistical Sciences and
7Department of Epidemiology and Prevention, Division of Public Health Sciences, Wake Forest School of Medicine, Winston-Salem, NC; 8Intramural

Research Program, Laboratory of Epidemiology and Population Science, National Institute on Aging, NIH, Bethesda, MD; 9Division of Nephrology,

Department of Medicine, and 10Kidney Research Institute, University of Washington, Seattle, WA; 11New York Academy of Medicine, New York,

NY; and 12Department of Healthcare Policy and Research, Division of Biostatistics and Epidemiology, Weill Cornell Medical College, New York, NY

Abstract

Background: Low circulating 25-hydroxyvitamin D [25(OH)D] is prevalent in African Americans, but predictors of vitamin

D status are understudied compared to Caucasian populations.

Objective: We investigated whether certain environmental and genetic factors are predictors of circulating 25(OH)D in

989 elderly African Americans participating in the Health, Aging, and Body Composition (Health ABC) Study.

Methods: Regression analysis estimated the cross-sectional association of nongenetic (environmental) factors with

25(OH)D. Single nucleotide polymorphisms (SNPs) associated with 25(OH)D in Caucasian genome-wide association

studies (GWASs) were analyzed for association with serum 25(OH)D, including analyses of all imputed SNPs in identified

genomic regions. Genome-wide complex trait analysis (GCTA) evaluated the association of all (genome-wide) genotyped SNPs

with serum 25(OH)D in the Health ABC Study with replication in the Multi-Ethnic Study of Atherosclerosis (MESA) cohort.

Results: Gender, study site, season of blood draw, body mass index, dietary supplement use, dairy and cereal consumption,

Healthy Eating Index score, and walking >180 min/wk were associated with 25(OH)D (P < 0.05), jointly explaining 25% of the

variation in circulating 25(OH)D.Multivitamin supplement usewas the strongest predictor of circulating 25(OH)D, and supplement

users had a 6.3-mg/L higher serum 25(OH)D concentration compared with nonusers. Previous GWAS-identified gene regions

were not replicated in African Americans, but the nonsynonymous rs7041 SNP in group-specific component (vitamin D binding

protein) was close to significance thresholds (P = 0.08), and there was evidence for an interaction between this SNP and use of

multivitamin supplements in relation to serum 25(OH)D concentration (P= 0.04). Twenty-three percent (95%CI: 0%, 52%) of the

variation in serum 25(OH)D was explained by total genetic variation in a pooled GCTA of 2087 Health ABC Study and MESA

African-American participants, but population substructure effects could not be separated from other genetic influences.

Conclusions: Modifiable dietary and lifestyle predictors of serum 25(OH)D were identified in African Americans. GCTA

confirms that a proportion of 25(OH)D variability is attributable to genetic variation, but genomic regions associated with

the 25(OH)D phenotype identified in prior GWASs of European Americans were not replicated in the Health ABC Study in

African Americans. J Nutr 2015;145:799–805.
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Introduction

In addition to well-known roles in calcium absorption and
skeletal outcomes, vitamin D regulates over 900 genes involved

in physiologic functions throughout the body (1, 2). Serum 25-
hydroxyvitamin D [25(OH)D]13, the major circulating bio-
marker of vitamin D status (1), is converted to active vitamin D,
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1,25-dihydroxyvitamin D [1,25(OH)2D] primarily in the kidney,
but conversion also occurs in extra-renal tissues throughout the
body (3). Serum 25(OH)D is derived from dietary intake (food or
supplements) and skin exposure to ultraviolet radiation (1, 4).

Approximately 30% of Americans are at risk of inadequate or
deficient serum 25(OH)D, according to a recent NHANES report
(5). Both African-American and elderly populations are at high risk
of vitamin D inadequacy partly because of a lower capacity for
endogenous synthesis of vitamin D from sunlight (4, 6). In the
NHANES, 73% of non-Hispanic black adults were at risk of
inadequate vitamin D [defined as serum 25(OH)D <20 mg/L]
compared with only 21% of non-Hispanic white adults (5).

Although genetic and nongenetic predictors of 25(OH)D have
been well described in Caucasian populations (7–14), fewer studies
have focused on determinants of 25(OH)D in African Americans.
Several modifiable predictors of serum 25(OH)D have been identi-
fied in African Americans, including intake of vitamin D–containing
foods and supplements, sun exposure, and BMI (10, 15–21). Vitamin
D status is heritable, and heritability estimates from twin and family-
based studies range from 28% to 80%; although most estimates
derive from Caucasian populations (22–25), a study in 42 African-
American families reported a heritability coefficient of 28% (17).
Genome-wide association studies (GWASs) in Caucasians identified
genetic predictors of vitamin D status that explain between 1% and
4% of phenotypic variability (7, 8). In African Americans, only 2
published population-based candidate gene studies, limited by small
sample size or male-only study populations, investigated genetic
predictors of vitamin D status (26, 27).

To date, to our knowledge no studies have investigated the
respective contribution of both genetic and nongenetic predictors
to variability in serum 25(OH)D in elderly African Americans.
Given that this population is at risk of vitamin D inadequacy, it is
important to understand the relative contributions of modifiable
and nonmodifiable predictors of serum 25(OH)D. We hypothe-
sized that both environmental and genetic factors contribute to
circulating serum 25(OH)D status in an elderly African-American
population, and our objective was to estimate the variability
explained by genes and environment, respectively.

Methods

Study population. The primary analyses were in the Health, Aging, and
Body Composition (Health ABC) Study, which comprises 3075 participants

recruited between April 1997 and June 1998, aged 70–79 y at baseline, and

selected as a random sample of whites and all black Medicare-eligible

residents of zip codes in and around Memphis, Tennessee, and Pittsburgh,

Pennsylvania. Eligibility criteria included the ability to walk 0.25 mile

(0.4 km), climb 10 stairs, and perform activities of daily living without
difficulty. Additionally, eligible participants were required to be free of life-

threatening disease with the intent to stay in the area for $3 y (20). The

Institutional Review Boards at the University ofMemphis and the University

of Pittsburgh granted approval to conduct the Health ABC Study, and all
participants provided written informed consent. The Cornell University

Committee on Human Subjects approved the study reported herein.

The Health ABC Study comprised 1281 African-American participants.

For the current study, participants without the 12-mo follow-up exam (n =
46) were excluded because of missing data on both serum 25(OH)D and

dietary intake. Additional exclusion criteria include missing a serum

25(OH)D measurement (n = 126), abnormally high serum 25(OH)D
[defined as 25(OH)D $150 mg/L; n = 1], and end-stage kidney failure

(defined as glomerular filtration rate <15; n = 3). A total of 116 participants

were missing key dietary data, thus, 989 participants comprised the sample

for nongenetic analysis. A total of 980 participants had genotype and serum
25(OH)D data, which comprised the sample for genetic analyses.

Genome-wide analyses were replicated in the Multi-Ethnic Study of

Atherosclerosis (MESA), which is a multicenter, prospective cohort study

of clinical and subclinical cardiovascular disease. The MESA cohort was
comprised of 6815 men and women, aged 45–85 y, and free of clinical

cardiovascular disease at the first examination (2000–2002) (28). In this

study we included the 1198 African-American participants with both
genotype and serum 25(OH)D data from the first examination.

Institutional Review Board approval was granted at each study site

and written informed consent was obtained from each participant.

Data collection. In the Health ABC Study, data on gender, education,

smoking status, and other covariates were collected from a baseline survey
administered by trained interviewers. BMI and physical activity (self-

report, minutes spent walking/wk) were obtained from data collected at

the 12-mo visit.

Trained interviewers assessed dietary intake at the 12-mo visit using a
Block FFQ modified for the Health ABC Study (Block Dietary Data

Systems). Nutrient intakes and daily servings of food groups were

estimated, and food group information was used to calculate a Healthy
Eating Index (HEI) score ranging from 0 to 100 (29). The HEI estimates

how well each participant�s diet matches US Dietary Guidelines; the

Health ABC Study HEI scores were calculated based on compliance with

the 1992 USDA Food Guide Pyramid (29, 30) and were grouped into
‘‘good’’ (HEI score $81), ‘‘needs improvement’’ (51–80), and ‘‘poor’’

(<51) (29). Dietary supplement use was also assessed at the 12-mo visit.

Further details are provided elsewhere (20, 29).

In the Health ABC Study, serum 25(OH)D was measured in fasting
blood samples collected at the 12-mo visit. A 2-step radioimmunoassay

kit was used to measure 25(OH)D concentrations (25-hydroxyvitamin D

125I RIA kit; DiaSorin), with an interassay coefficient of variation of

6.78% (20). In the MESA, serum 25(OH)D was assayed by HPLC-
tandem mass spectrometry [Waters Xevo TQ mass spectrometer; further

details provided elsewhere (31)]. Season of blood draw was defined as

winter (December to February), spring (March toMay), summer (June to
August), and fall (September to November).

The Illumina Human 1M-Duo custom chip was used for genotyping in

the Health ABC Study; race-specific genotype imputation was performed

with MACH version 1.0.16 using reference panel data from HapMap
release 22 Build 36 (32). In the MESA replication cohort, the Affymetrix

Genome-Wide Human 6.0 array was used for genotyping; genotypes were

defined with use of the Birdseed calling algorithm (33). Race-specific

genotype imputation was performedwith IMPUTE2, as described elsewhere
(34, 35). Studied single nucleotide polymorphisms (SNPs) were required to

have minor allele frequency (MAF) >1%, Hardy-Weinberg P values >1 3
1026, imputation quality scores >0.3 (for analyses using imputed SNP data),
and call rates >95%. Principal components of ancestry were previously

computed for both the Health ABC Study and MESA (35, 36).

Statistical analysis. Regression analysis explored associations of

demographic, dietary, and environmental predictors hypothesized to
contribute to variation in serum 25(OH)D. Predictors associated with
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log-transformed 25(OH)D at P < 0.05 were further evaluated in

multivariate models to determine a final set of variables jointly associated

with log-transformed 25(OH)D. All multivariate models were adjusted
for age, gender, study site, and season of blood draw.

Normality plots revealed a slightly right-skewed distribution of

serum 25(OH)D. However, multivariate model results were equivalent

for natural log-transformed and untransformed serum 25(OH)D pheno-
types, and thus results for the untransformed serum 25(OH)D outcome

are presented for ease of interpretation.

Single SNPs previously associated with 25(OH)D in the GWAS of

Caucasians (7, 8) (see Supplemental Methods for details) were tested for
replicative associations (considered P < 0.05) with serum 25(OH)D in

ordinary least squares linear regression models, and imputed genotypes

(also referred to as imputed SNPs) on identified genes were also tested.
Models for log-transformed vs. untransformed serum 25(OH)D pheno-

types were equivalent, thus, results are presented for the untransformed

serum 25(OH)D phenotype for ease of interpretation. SNP by nutrient

interactions were tested through the addition of an interaction term to
the multivariate model; interaction analyses only tested SNP interactions

with variables that were important predictors of serum 25(OH)D because

of power limitations. All models estimating genetic-serum 25(OH)D

associations were adjusted for age, gender, study site, season of blood
draw, and principal components (population substructure).

SAS version 9.3 (SAS Institute) was used for all regression analyses,

and all statistical tests were 2-sided.
An analysis to estimate the overall genetic contribution to serum

25(OH)D variability used all genotyped SNPs (genome-wide) with an MAF

>1% tested jointly for association with serum 25(OH)D. This analysis

used genome-wide complex trait analysis (GCTA) software, which is
based on a linear mixed model approach [v. 1.04; for details of the

method see Yang et al. (37)] to estimate the variance in serum 25(OH)D

explained by additive genetic variation. Ninety-one distantly related

Health ABC Study participants (genetic relatedness score >0.05) were
removed from the data set before analysis, leaving a total of 889

participants for the GCTA. The GCTA was replicated in 1198 African

Americans in the MESA, after excluding 136 distantly related partici-

pants. Models in both cohorts were adjusted for age, gender, study site,
and season of blood draw, and were run with and without further

adjustment for ancestry principal components; the log-transformed

serum 25(OH)D phenotype was used for comparability across cohorts.
GCTA estimates from the 2 cohorts were meta-analyzed with METAL

software (38) with use of an inverse-variance weighted meta-analysis model.

Results

The mean serum 25(OH)D concentration in Health ABC Study
African Americans was 20.7 mg/L (Table 1), and the prevalence
of risk of 25(OH)D insufficiency [defined as serum 25(OH)D
<20 mg/L (1)] was 55%. Serum 25(OH)D characteristics among
African Americans in the MESA replication cohort were similar
(mean: 19.0 mg/L; prevalence of participants at risk of vitamin D
insufficiency: 60%). Health ABC Study participant characteris-
tics for African Americans are further described in Table 1.

Environmental predictors of circulating 25(OH)D. Twenty-
five percent of the variation in serum 25(OH)D in Health ABC
Study African Americans was explained by a multivariate model
(Table 2) including predictor variables significantly associated with
25(OH)D at P < 0.05 in single variable models. Although age had
little or no associationwith serum 25(OH)D,male gender, residence
in Memphis, and summer season of blood draw were all positively
associated with 25(OH)D status. BMI had a nonlinear association
with serum 25(OH)D such that the strongest inverse association of
BMI with 25(OH)D status was observed in obese individuals.

The strongest predictor of serum 25(OH)D status among
African Americans in the Health ABC Study population was
multivitamin supplement use, which accounted for about 8% of

the variability; the use of either vitamin D or calcium supple-
ments also made significant contributions to the model. Both
cereal consumption and dairy consumption were significantly
associated with serum vitamin D; furthermore, participants with
an HEI score categorized as good had about 3-mg/L higher
serum 25(OH)D concentrations compared with participants
categorized as poor. Over the full range of values, physical
activity had little or no association with serum 25(OH)D, but
walking briskly >180 min/wk was positively associated with
serum status. Total intake of vitamin D (micronutrient variable
estimated from FFQ reflecting all foods/supplements containing
vitamin D) was associated with serum 25(OH)D in bivariate
models, but the association of the micronutrient variable was
captured well by a few dietary components (e.g., dairy intake).
We did not observe a significant association of smoking status
with continuous serum 25(OH)D.

Genetic predictors of serum 25(OH)D. Two recent GWASs of
serum 25(OH)D in Caucasians identified genome-wide significant
SNPs in or near cytochrome P450, family 2, subfamily R,

TABLE 1 Population characteristics of African-American (n =
989) participants of the Health, Aging, and Body Composition
Study1

Variable Values

Serum 25(OH)D, μg/L 20.7 6 9.0

Age, y 74.5 6 2.9

Female, % 57.3

Study site, % Pittsburgh 55.2

Season of blood draw, %

Winter 23.6

Spring 31.9

Summer 17.4

Fall 27.2

Current smokers, % 14.6

BMI, kg/m2 28.6 6 5.5

BMI category, %

,25 26.1

25–30 38.7

.30 35.2

Dietary vitamin D intake, IU/d 197 6 143

Dietary calcium intake, mg/d 769 6 413

Vitamin D supplement, % 5.8

Multivitamin, % 23.9

Calcium supplement, % 10.9

Dairy consumption, %

No dairy 32.3

1–3 servings/d 63.6

.3 servings/d 4.2

Cereal consumption, %

No cereal 12.6

1–4 times/mo 32.9

.1 time/wk 54.5

Healthy eating score, %

Poor 10.7

Needs improvement 76.2

Good 13.0

Time walking, min/wk 107 6 222 (median = 10)

Walking time .180 min/wk, % 3.3

1 Values are means 6 SDs or percentages for categorical variables. Population

characteristics for the 980 participants in the genetic analyses are nearly identical and

thus are not presented here. 25(OH)D, 25-hydroxyvitamin D.
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polypeptide 1 (CYP2R1), group-specific component (vitamin D
binding protein) (GC), and 7-dehydrocholesterol reductase
(DHCR7)/NAD synthetase 1 (NADSYN1); we investigated the
SNPs most strongly associated with serum 25(OH)D from each
study (total of 10 SNPs, only 8 of which were available in Health
ABC Study data) in relation to serum 25(OH)D in Health ABC
Study African Americans. None of the SNPs identified in past
GWASs of Caucasians were associated with serum 25(OH)D in
this population at a statistical significance threshold of P < 0.05
(Table 3), but the rs7041 SNP in GC was near the significance
threshold (P = 0.08). Given differences in genetic structure between
Caucasians and African Americans, we further tested 205 imputed
SNPs in the identified GWAS genes; none of the imputed SNPs met
significance thresholds adjusted for multiple testing (Supplemental
Table 1 shows the 15 SNPs at Pnominal < 0.10).

Because rs7041 is a functional, nonsynonymous coding SNP in
GC, and because it was near the significance threshold for the first
set of SNPs tested, we explored gene 3 nutrient interactions
between rs7041 and multivitamin supplement use, the strongest
nongenetic predictor of serum 25(OH)D status in Health ABC
StudyAfrican Americans. Given the low prevalence of the rs7041G
minor allele (MAF: 18%), theTT genotype group was compared to
theGT/GG genotype. Mean serum 25(OH)D was 3.7 mg/L higher
inmultivitamin supplement users with the rs7041GG/GT genotype
compared with supplement users with the TT genotype (29 vs.
25.3 mg/L, respectively; t test comparison of means, P = 0.002), but

there was little to no difference in mean 25(OH)D by genotype
among nonsupplement users (19.5 vs. 18.7 mg/L, respectively; P =
0.24). In multivariate linear regressionmodels including an rs70413
multivitamin supplement interaction term, adjusted for age, study
site, gender, season of blood draw, and principal components,
mean serum 25(OHD) was higher in supplement users with the
rs7041GG/GT genotype and the interaction term was statistically
significant (P = 0.04). Given that rs7041 was the strongest genetic
predictor of 25(OH)D, we also explored variance explained in a
joint gene-environment model that included the nongenetic
predictors of 25(OH)D, the rs7041 genotype, and the rs7041 3
multivitamin supplement use interaction (n = 880 participants with
both genetic and nongenetic complete data); this model explained
28.2% of the variance in serum 25(OH)D (data not shown).

Although the primary goal of this study was to test SNPs
associated with the 25(OH)D phenotype in prior GWASs in
Caucasian populations, we also tested the rs4588 SNP because it
is a nonsynonymous SNP in GC. Thus, we conducted an
exploratory analysis of this SNP in relation to serum 25(OH)D.
The A allele of rs4588 (frequency of 11%) had no association
with serum 25(OH)D in models adjusted for age, gender, study
site, season of blood draw, and principal components (P = 0.76).

Genome-wide prediction of serum 25(OH)D. Initial models
estimated that about 25% (95% CI: 0%, 74%) of the serum
25(OH)D variance is attributed to additive genetic variation in

TABLE 2 Multiple linear regression coefficients for predictors of serum 25(OH)D of African-American
participants (n = 989) of the Health, Aging, and Body Composition Study

Variable b1 95% CI1 P-trend2 R2,3 %

Age 0.03 20.1, 0.2 0.70 0.01

Male 2.2 1.2, 3.3 ,0.0001 1.3

Site, Memphis 1.7 0.7, 2.7 0.001 0.8

Season of blood draw — — 0.02 0.7

Summer Referent

Winter 22.0 23.6, 20.5 — —

Spring 20.7 22.2, 0.7 — —

Fall 20.1 21.6, 1.5 — —

BMI 0.8 0.1, 1.4 0.02 0.4

BMI2 20.01 20.03, 0.0 0.007 0.6

Multivitamin use 6.3 5.1, 7.5 ,0.0001 8.3

Vitamin D supplement use 5.2 2.5, 7.9 0.0002 1.1

Calcium supplement use 3.9 1.9, 6.0 0.0002 1.1

Healthy Eating Index — — 0.03 0.6

Poor, ,51 Referent

Needs improvement, 51–80 2.0 0.3, 3.6 — —

Good, $81 2.8 0.7, 4.9 — —

Dairy consumption — — 0.0008 1.1

No dairy Referent

1–3 servings/ d 2.0 0.9, 3.1 — —

.3 servings/d 3.3 0.7, 5.9 — —

Cereal consumption — — 0.004 0.9

No cereal Referent

#1 time/wk 1.1 20.6, 2.7 — —

.1 time/wk 2.5 0.9, 4.1 — —

Walking time .180 min/wk 3.1 0.4, 5.9 0.03 0.9

Total model R2 25.4

1 Estimated change in 25(OH)D in mg/L per unit increase in predictor variable, adjusted for all other covariates in model. 25(OH)D, 25-

hydroxyvitamin D.
2 P-trend, adjusted for all other covariates in model.
3 R2 individual variables, adjusted for all other covariates in a multivariate model. Because of correlation between some variables, the sum of

the individual variable R2 values does not add up to the total R2.
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Health ABC Study African Americans (Table 4); these models do
not include adjustments for principal components because of
concerns about overadjusting for population of origin effects
that could be proxies for skin color and hence UVabsorption. In
models adjusting for population substructure, the point estimate
was reduced to a near-null value of 0.6% (95% CI: 0%, 65%).

We replicated the GCTA findings in 1198 participants from
theMESA African-American cohort. In theMESA, about 21% of
serum 25(OH)D variance is attributed to genetic variation (95%
CI: 0%, 59%). Similar to the Health ABC Study findings, in
models adjusting for population substructure, the GCTA point
estimate was reduced to 0%.

Meta-analysis of the findings from the 2 cohorts led to an
estimate of 23% for the variance in serum 25(OH)D explained by
additive genetic variation (95%CI: 0%, 52%), after adjusting for
age, gender, study site, and season of blood draw (Table 4).

Discussion

We examined both environmental and genetic predictors of
25(OH)D in elderly African Americans. Approximately 25% of

the total variability in serum 25(OH)D was explained by environ-
mental determinants.Multivitamin supplement usewas an important
predictor of serum 25(OH)D, and supplement users had 6.3-mg/L
higher serum 25(OH)D concentration compared with nonusers.
GWAS-identified SNPs predictive of serum 25(OH)D in Caucasians
did not reach P value thresholds for statistical significance in Health
ABC Study African Americans, but a suggestive finding for rs7041 in
GCwas identified, including a statistically significant interactionwith
multivitamin supplement use. Using a novel analytic approach, we
estimated that about 23%of serum25(OH)D variability is explained
by additive genome-wide genetic variation in a pooled analysis of
Health ABC Study and MESA African-American participants,
although we could not separate the influence of population
substructure from direct genetic influences on vitamin D.

Consideration of nongenetic predictors of serum 25(OH)D in
the current study builds on a prior study that investigated
vitamin D insufficiency in African Americans (20); we found
that predictors associated with insufficiency had associations
over the full range of serum vitamin D concentrations. We
identified dietary predictors of circulating 25(OH)D in this
cohort of elderly African Americans, including frequency of
cereal and dairy consumption, suggesting that regular consump-
tion of vitamin D–fortified foods may be an important contrib-
utor to serum 25(OH)D status in this population. Higher BMI
was associated with lower serum 25(OH)D, likely because of
vitamin D storage in adipose tissue (39, 40), with evidence for
nonlinearity given a steeper inverse association at higher BMI.
Although in Caucasians aging skin is associated with a decreased
ability to synthesize vitamin D (6), age was not significantly
associated with 25(OH)D in elderly African Americans; the lack
of association may reflect the limited 9-y age range of Health
ABC Study participants. Finally, physical activity had a limited
association with 25(OH)D compared to study site and season of
blood draw, suggesting that the latter 2 variables may be better
proxies for sun exposure in this elderly population.

Although we demonstrated a consistent estimate of the effect
of genetic variation on serum 25(OH)D in African Americans
from 2 independent cohorts, we did not observe statistically
significant associations between Caucasian GWAS-associated
SNPs and surrounding gene regions and serum 25(OH)D. SNP
frequencies vary by ancestry (Supplemental Table 2), limiting
the possibility that specific genetic associations will be replicable
across races. Furthermore, genes associated with 25(OH)D in
African Americansmay differ from those identified in Caucasians,
reflecting divergent genetic adaptations to ancestral environ-
ments. For instance, genes related to skin pigmentation may be
most strongly linked to serum 25(OH)D concentrations in
African Americans, as suggested by research demonstrating a
significant correlation between skin tone and serum 25(OH)D
response to UVB light exposure (41). Considering patterns of
genetic variation more broadly, African ancestry populations are
typically more genetically diverse than Caucasian ancestry popula-
tions, with more rare SNPs, lower levels of linkage disequilibrium,
and shorter haplotype blocks (42); larger sample sizesmay be needed
to demonstrate associations. In the Health ABC Study, theGC gene
had lower levels of linkage disequilibrium compared with European
Americans (Supplemental Figure 1), which may explain the lack of
association of previously identified SNPs in this gene (7, 8).

This study tentatively identified a gene 3 nutrient interaction
in the Health ABC cohort that is worthy of further follow-up. In
unadjusted bivariate comparisons, serum 25(OH)D status dif-
fered by rs7041 genotype in multivitamin supplement users, and
inmultivariate linearmodels the findings were consistent. Because
supplement use was not assessed in the MESA, we were not able

TABLE 3 SNP associations in African-American participants of
the Health, Aging, and Body Composition Study for SNPs reported in
published GWASs of the serum 25(OH)D phenotype in Caucasians

SNP Gene Chr Position
Coded
allele Freq. b1 6 SE P

rs70412,3 GC 4 72837198 T4 0.82 20.93 6 0.53 0.08

rs22826792,3 GC 4 72827247 G 0.10 0.07 6 0.71 0.92

rs11555632,3 GC 4 72862352 C 0.11 0.12 6 0.66 0.85

rs20607933 CYP2R1 11 14871886 A 0.37 20.10 6 0.42 0.81

rs107416572 CYP2R1 11 14871454 A 0.28 20.04 6 0.46 0.92

rs19931162,3 CYP2R1 11 14866810 A 0.28 20.06 6 0.46 0.90

rs127858782 DHCR7/ NADSYN1 11 70845097 G 0.73 20.28 6 0.46 0.55

rs38292513 DHCR7/ NADSYN1 11 70872207 A 0.23 20.23 6 0.48 0.63

1 Estimated change in serum 25(OH)D per copy of coded allele calculated in a

multivariate regression model adjusted for age, gender, study site, season of blood

draw, and principal components. A, adenine; C, cytosine; Chr, chromosome; CYP2R1,

cytochrome P450, family 2, subfamily R, polypeptide 1; DHCR7, 7-dehydrocholesterol

reductase; Freq., frequency; G, guanine; GC, group-specific component (vitamin D

binding protein); GWAS, genome-wide association study; NADSYN1, NAD synthetase

1; SNP, single nucleotide polymorphism; T, thymine; 25(OH)D, 25-hydroxyvitamin D.
2 Associated with serum 25(OH)D in Wang et al. (7).
3 Associated with serum 25(OH)D in Ahn et al. (8).
4 rs7041 was coded in the Health ABC Study as an A/C SNP, but in this manuscript it is

referred to as the equivalent T/G SNP to maintain consistency with the literature.

TABLE 4 Estimate of variance in log-transformed 25(OH)D
explained by all genome-wide autosomal SNPs1 calculated using a
linear mixed model for GCTA (37)1

n h2g
2 SE 95% CI3 P 4

Health ABC Study 889 0.25 0.25 0, 74 —

MESA 1198 0.21 0.19 0, 59 —

Meta-analysis, both cohorts 2087 0.23 0.15 0, 52 0.14

1 Total number of genotyped SNPs in the Health ABC Study (before exclusion for MAF

,0.01%): 1,024,986. GCTA model covariates included age, gender, study site, and

season of blood draw. GCTA, genome-wide complex trait analysis; Health ABC, Health,

Aging, and Body Composition; MAF, minor allele frequency; MESA,Multi-Ethnic Study of

Atherosclerosis; SNP, single nucleotide polymorphism; 25(OH)D, 25-hydroxyvitamin D.
2 Estimated proportion of phenotypic variance explained by additive genetic variation.
3 Lower CI bound set at 0 because the genetic association with 25(OH)D serum

concentrations cannot be ,0.
4 Meta-analyzed P value for h2g estimate.
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to replicate these findings. rs7041 is a nonsynonymous SNP inGC
associated with a difference in affinity for vitamin D metabolites
(43), and the SNP (T allele) was previously associated with lower
serum 25(OH)D in both African Americans (17) and Caucasians
(44–47). A recent study in Caucasian females demonstrated gene-
environment interactions with rs7041; thus, the associations of
both dietary vitamin D and season of blood draw with serum
25(OH)D differed by the rs7041 genotype (14). As in the current
study, the T allele of rs7041 was associated with lower serum
25(OH)D, supporting the hypothesis that rs7041 genotype
modifies the serum 25(OH)D response to environmental expo-
sures in multiple racial groups. If confirmed by further research,
our finding that participants with the TT genotype had a lower
serum 25(OH)D response to multivitamin supplementation has
potentially important public health and clinical implications,
given that populations with African ancestry are at higher risk of
inadequate vitamin D status and have a higher frequency of the
T allele compared with Caucasian populations (48).

The rs4588 SNP has not been identified in prior GWASs, but
it is a nonsynonymous SNP in GC with evidence of association
with 25(OH)D (14, 17, 44–46, 49); the C allele is associated with
higher 25(OH)D. In Health ABC Study African Americans, the
C allele of rs4588 was most often found in combination with the
Tallele of rs7041, and the latter allele was associated with lower
25(OH)D status in our population. We hypothesize that the lack
of association between rs4588 and 25(OH)D in Health ABC
Study African Americans suggests that rs7041 is a stronger
predictor of 25(OH)D in this population. Furthermore, the
frequency of the GC2 isoform of the vitamin D binding protein
which comprises both the A allele of rs4588 and the T allele of
rs7041, is rare in populations of African ancestry (48); indeed,
only 1.3% of the Health ABC cohort was homozygous for the
GC2 isoform. The GC1f (C allele of rs4588, T allele of rs7041)
and GC1s (C allele of rs4588,G allele of rs7041) isoforms ofGC
predominate in African-American populations (48), and this
was true in our population.

In a pooled analysis, combining data from the Health ABC
Study and MESA, 23% of serum 25(OH)D variation was
estimated to be due to additive genetic factors. In comparison, a
recent genome-wide complex trait meta-analysis in Caucasians
estimated that 9% (95% CI: 0%, 22%) of 25(OH)D variation
was attributable to additive genetic variation, with adjustment
for population substructure (11). We considered the GCTAwith
and without adjustment for ancestry principal components, and
adjusting for ancestry led to an essentially null value with a wide
CI for the GCTA estimate. Skin pigmentation affects endoge-
nous skin synthesis of 25(OH)D (41), and ancestry informative
markers correlate strongly with both skin pigmentation and
serum 25(OH)D in African Americans (50, 51). Thus, including
ancestry principal components in the model is likely to be an
overadjustment for any trait that covaries with population
ancestry, such as skin pigmentation. The true estimate of direct,
additive genetic influences on serum 25(OH)D may be <23%,
but we were unable to arrive at a more accurate lower bound.

Important strengths include use of a large sample size of
elderly African Americans for a hypothesis-driven investigation of
genetic and nongenetic predictors of 25(OH)D. A limitation is
that dosage information for the amount of vitamin D in the
multivitamin and vitamin D supplements was not available,
precluding consideration of dose-response associations and lim-
iting the interpretation of the suggestive rs7041-multivitamin
interaction. Neither were there direct data on sun exposure,
sunscreen use, or outdoor physical activity, although study site,
season of blood draw, and time spent walking were reasonable

proxies for UV exposure. Although we explained a substantial
amount of variation in serum 25(OH)D, there was unexplained
variability in 25(OH)D that could be attributable to differences
in sun exposure or other unmeasured variables, or to gene 3
environment interactions.

In conclusion, we identified several modifiable factors including
diet and supplement use that explain variability in serum 25(OH)D
in an elderly African-American population. Additionally, the iden-
tification of a common genotype associated with serum 25(OH)D
concentrations amongmultivitamin supplement users is a promising
area for future research, with the potential to inform ongoing and
future clinical trials of vitaminD supplementation. Finally, we used a
novel genetic analysis to estimate that up to 23%of the variability in
25(OH)D can be attributed to additive genetic variation, supporting
the need to further study the genetic architecture of 25(OH)D in
African Americans in larger cohorts.
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