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ABSTRACT
Background: Serum 25-hydroxyvitamin D [25(OH)D] concentra-
tions can be affected by several environmental and individual fac-
tors. It is not clear to what extent genetic influences play a role in
determining vitamin D status. Thus far, studies on the heritability of
vitamin D have provided conflicting results.
Objective: We estimated the heritability of vitamin D concentra-
tions and the effect of season on heritability estimates.
Design:We measured serum 25(OH)D concentrations in 510 middle-
aged, male twins (310 monozygotic and 200 dizygotic twins)
selected from the Vietnam Era Twin Registry. Generalized estimat-
ing equations were used to test the association between 25(OH)D
and other study factors. Structural equation modeling was used to
estimate the heritability of 25(OH)D.
Results: The twins’ mean (6SD) age was 55 6 2.8 y. The mean
(6SD) 25(OH)D concentration was 38.46 23.3 ng/mL with a sub-
stantial seasonal variation (a 6.1-ng/mL lower value during the
winter than during the summer, P = 0.003). Approximately 70%
of the variation in 25(OH)D concentrations during the winter was
explained by genetic factors. However, in the summer, 25(OH)D
concentrations were not heritable. During the summer, 53% of the
variation in 25(OH)D concentrations was due to shared environ-
mental factors, and 47% of the variation in 25(OH)D concentrations
was due to unique environmental factors.
Conclusions: Serum 25(OH)D concentrations are highly heritable
during the winter season only. In the summer, environmental con-
ditions (eg, sun exposure) prevail over genetic backgrounds in de-
termining serum 25(OH)D concentrations. This trial was registered
at clinicaltrials.gov as NCT00017836. Am J Clin Nutr 2010;92:
1393–8.

INTRODUCTION

Concern about vitamin D status has intensified because of
the recognition that low vitamin D concentrations are highly
prevalent across various segments of the population (1–11) and
growing epidemiologic evidence that low vitamin D concentra-
tions are associated with several chronic disease states including
cardiovascular disease (10, 12–15). There is no consensus about
the optimal concentration of 25-hydroxyvitamin D [25(OH)D],
although some investigators suggested that vitamin D deficiency
should be defined as a 25(OH)D concentration ,20 ng/mL and
insufficiency as a 25(OH)D concentration of 21–29 ng/mL (16).
In the most recent National Health and Nutrition Examination
Survey (NHANES 2001–2004) it was estimated that ’77% of
the US population had suboptimal concentrations of 25(OH)D

(,30 ng/mL) (17), with a worsening since NHANES III (1988–
1994), in which 55% of the US population was estimated to
have suboptimal concentrations of vitamin D (7). Increases in
body weight, decreases in milk consumption, and more wide-
spread sunscreen use were suggested explanations for this
decline.

The most important source of vitamin D is endogenous skin
synthesis because of sunlight exposure; diet also contributes to
vitamin D prohormone status but to a more limited extent. The
large variations observed in the concentrations of vitamin D
worldwide may be due to common environmental factors such
as latitude, season, pollution, customs or cultural issues, diet, and
fortified-food policies. Furthermore, individual sociocultural and
behavioral factors such as clothing, use of sunscreen, time spent
outdoors, sunbathing habits, use of vitamin supplements, and skin
pigmentation may affect concentrations of vitamin D (16, 18, 19).
Nonetheless, in addition to these individual and environmental
factors, genetic predisposition could play a role in the suscep-
tibility to vitamin D deficiency. Clarification of the relative
contribution of genetic compared with environmental factors, and
whether such influences vary by season, is important in the design
of potential interventional trials. Limited studies on the herita-
bility of vitamin D have provided conflicting results on this issue
(20–23). Therefore, the purpose of this study was to estimate the
influence of heritable and environmental factors on vitamin D
concentrations in middle-aged, male twins living in different
locations in the United States.
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SUBJECTS AND METHODS

Study population

The patients whose serum was used for these analyses were
recruited in the Emory Twin Study (ETS). The ETS included 2
pooled twin samples recruited in 2 companion studies, the Twins
Heart Study (THS) and the Stress and Vascular Evaluation in
Twins (SAVEIT). The purpose of these studies was to elucidate
the role of psychologic, behavioral, and biological risk factors for
subclinical cardiovascular disease by using twins. Both projects
recruited middle-aged male monozygotic and dizygotic twin
pairs from the Vietnam Era Twin (VET) Registry, which is one of
the largest twin registries in the United States (24), and both
studies used identical procedures, measurements, and protocols.
The THS enrolled 180 twin pairs between 2002 and 2006 (25).
The SAVEIT included 82 twin pairs recruited between 2005 and
2008. Twins included in the ETS were randomly selected from
the VET Registry among twins born between 1946 and 1956. A
random sample of twin pairs discordant for major depression was
included in the THS, and a random sample of twin pairs dis-
cordant for posttraumatic stress disorder was included in the
SAVEIT. All twins were examined in pairs at the Emory Uni-
versity General Clinical Research Center, and all data collection
occurred during a 24-h admission under controlled conditions.
The twins resided in a range of latitudes in the United States
between 21� and 49� N, except for one subject who was living at
61� N. In accordance with the NHANES III study, we stratified
the sample into 2 “seasonal” groups on the basis of the month of
blood collection: November–March (winter) or April–October
(summer) (11). One hundred twin pairs and 3 singletons un-
derwent 25(OH)D measurements in the winter months, and 151
twin pairs and 5 singletons underwent 25(OH)D measurements
in the summer months. Both studies were approved by the
Emory Institutional Review Board, the research procedures used
were in accordance with the ethical standards of Emory Uni-
versity, and all subjects signed an informed consent form to
participate in the study.

Measurements

All measurements were performed in the morning after an
overnight fast, and both twins in a pair were tested at the same
time. Medical histories were obtained, and physical examinations
were conducted for all twins. Measured weight and height were
used to calculate the body mass index (BMI) as weight in
kilograms divided by the height in square meters. The waist-hip
ratio was defined as the ratio of the circumference of the waist to
that of the hip. Systolic blood pressure and diastolic blood
pressure were measured with a mercury sphygmomanometer in
the right arm after 10 min of rest with the subject in a sitting
position. The average of 2 measurements obtained 5 min apart
was used in the analyses. Hypertension was defined as blood
pressure .140/90 mm Hg or the current use of blood pressure–
lowering medications. Diabetes was considered present if the
patients received treatment with insulin or oral hypoglycemic
drugs or had a fasting glucose concentration .126 mg/dL.
Cigarette smoking was classified into 2 categories as current
compared with never or past smokers. The Framingham risk
score, which is a commonly used index to assess risk of coro-
nary artery disease, was calculated by using information about

the presence and severity of coronary artery disease risk factors,
which incorporated age, LDL cholesterol, HDL cholesterol,
blood pressure, a diagnosis of diabetes, and smoking. Physical
activity was assessed with a modified version of the Baecke
Questionnaire of Habitual Physical Activity with values ranging
from 3.43 (minimal) to 13.04 (intense) (26). The glomerular
filtration rate was estimated by using a creatinine-based formula
recently published by the Chronic Kidney Disease Epidemiol-
ogy Collaboration group (27).

Venous blood samples were drawn for the measurement of
glucose, lipid profile, and 25(OH)D concentrations after an
overnight fast. Glucose concentrations were measured with the
Beckman CX-7 chemistry autoanalyzer (Beckman Counter Di-
agnosis, Fullerton, CA). The Emory Lipid Research Laboratory,
which is a participant in the Centers for Disease Control/National
Heart, Lung and Blood Institute Lipid Standardization Program,
performed all analyses from freshly isolated plasma in EDTA-
coated tubes. Total cholesterol and triglycerides concentrations
were measured by enzymatic methods (Beckman Coulter
Diagnostics). Direct HDL and direct LDL cholesterol were
obtained by using homogeneous assays (Equal Diagnostics,
Exton, PA). Serum 25(OH)D concentrations were measured by
using an enzyme-linked immunosorbent assay (IDS Inc, Fountain
Hills, AZ). The accuracy of measurements of 25(OH)D con-
centrations were ensured by participation in the vitamin D ex-
ternal quality assessment scheme. All biochemical assays for
each twin pair were processed in the same analytic run. The
values of serum 25(OH)D concentrations were log-transformed
to improve the distribution.

Statistical analyses

In initial descriptive analyses, we compared mean values and
proportions of study factors between monozygotic and dizygotic
twins. Associations between serum 25(OH)D concentrations and
other covariates were assessed by using generalized estimating
equations, which took into account the relatedness between co-
twins. A 2-tailed P ,0.05 was considered significant. These
analyses were performed with the statistical software package
STATA 10 (StataCorp, College Station, TX).

To estimate the relative contributions of genetic and envi-
ronmental influences on serum 25(OH)D concentrations, struc-
tural equation models were constructed with the software
package Mx (28). The twin design allowed separation of the
observed phenotypic variance into underlying additive genetic
variance (A), common environmental variance shared by a twin
pair (C), and environmental variance specific to individuals (E).
The assumptions under these models were that monozygotic
twins share 100% of their genes, whereas dizygotic twins share
50% of their genes. Shared environmental effects were assumed
to be 100% for both monozygotic and dizygotic twins because
they were reared together, whereas unique environmental effects
were not shared between the siblings for either monozygotic or
dizygotic twins. A greater similarity of phenotypes in mono-
zygotic twins compared with in dizygotic twins, as indicated by
a higher correlation in monozygotic than dizygotic twins, sug-
gested a genetic effect. The significance of genetic (A) and
common environmental (C) influences were tested by removing
them sequentially in specific submodels (AE and CE) and
comparing them with the full model (ACE). Standard likelihood-
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ratio tests between models were used to assess the importance of
each variance component on the fit of the model. Another sta-
tistic, Akaike’s information criterion, was used to determine the
optimal fitting model, in which a lower Akaike’s information
criterion indicated a more parsimonious and, thus, better-fitting
model.

Because there is substantial individual seasonal variation in
serum 25(OH) D concentrations, we hypothesized that the ge-
netic influences on serum 25(OH)D concentrations were dif-
ferentially affected by the season in which the samples were
collected. Accordingly, results by season are presented sepa-
rately. The gene-season interaction was formally tested by
comparing the model in which the genetic variance was con-
strained to be the same in the winter and summer groups with the
model in which the genetic variance was not constrained. All
analyses were repeated after adjusting for BMI and the Fra-
mingham risk score. However, the estimates were virtually
identical, and therefore, these results are not reported.

RESULTS

Subject demographics

Of 524 twins (262 pairs), 510 twins had measurements of
serum 25(OH)D concentrations available, including 251 pairs

(153monozygotic and 98 dizygotic) and 8 singletons. The clinical
characteristics of our twins according to tertiles of 25(OH)D
concentrations are shown in Table 1. Overall, the mean 6 SD
25(OH)D concentration was 38.46 23.3 ng/mL (median: 32 ng/
mL; range: 6–201 ng/mL). Two hundred thirty-nine (47%)
subjects had serum 25(OH)D concentrations ,30 ng/mL and 92
(18%) subjects had serum 25(OH)D concentrations ,20 ng/mL.
The mean age of enrolled subjects was 55 y, 129 (29.3%) sub-
jects were current smokers, the mean physical activity score of
subjects was 7.3, 59 (11.6%) subjects had diabetes mellitus, and
239 (46.8%) subjects had hypertension. There were no differ-
ences between monozygotic and dizygotic twins for any of the
demographic and behavioral characteristics and cardiovascular
risk factors, except for the mean Framingham risk score, which
was lower in dizygotic than in monozygotic twins (5.68 6 2.7
compared with 6.2 6 2.3, respectively; P = 0.02). Subjects with
lower serum 25(OH)D concentrations had larger BMI and waist-
hip ratios, higher Framingham risk scores, and included more
diabetic patients.

Vitamin D status by season

The distribution of 25(OH)D concentrations by months of the
year is illustrated in Figure 1.When we stratified the sample into
2 seasonal groups, as previously described by Looker et al (11),

TABLE 1

Demographic characteristics and cardiovascular risk factors by 25-hydroxyvitamin D [25(OH)D] tertiles in 510 twins1

25(OH)D tertile

19.9 6 5.2 ng/mL

(n = 182)

33.1 6 3.9 ng/mL

(n = 164)

64.2 6 23.8 ng/mL

(n = 164) P2

Demographic characteristics

Age (y) 55.2 6 2.73 54.8 6 3.0 55.3 6 2.8 0.9

White race [n (%)] 168 (92.3) 158 (96.3) 156 (95.1) 0.7

Latitude (�N) 39 6 5.4 39.3 6 5.5 38.6 6 4.8 0.7

Cardiovascular risk factors

Smoking [n (%)] 54 (29.7) 41 (25) 34 (20.9) 0.1

Physical activity score 7.1 6 1.7 7.3 6 1.4 7.5 6 1.5 0.07

BMI (kg/m2) 29.8 6 5.2 30.2 6 5.0 28.5 6 4.4 0.03

Waist-hip ratio 0.96 6 0.1 0.95 6 0.1 0.94 6 0.1 0.004

Systolic blood pressure (mm Hg) 129.7 6 15.5 130 6 15.9 129.8 6 15.9 0.4

Diastolic blood pressure (mm Hg) 81.5 6 10.5 80.7 6 10.3 81.6 6 10.4 0.9

Total cholesterol concentration (mg/dL) 182.2 6 38 189.5 6 40.7 186.2 6 36.3 0.3

Triglyceride concentration (mg/dL) 178.7 6 92.4 190.3 6 101.1 171.9 6 94.4 0.6

HDL concentration (mg/dL) 37.6 6 10.7 38.1 6 9.2 40.9 6 12.2 0.1

LDL concentration (mg/dL) 121.1 6 35.5 123.6 6 36.1 120.2 6 32.2 0.9

Glucose concentration (mg/dL) 104.8 6 29.4 102 6 19.5 101.5 6 12.9 0.2

Glomerular filtration rate (mL � min21 � 1.73 m22) 89.6 6 14.3 88.6 6 14.9 87.4 6 11.6 0.07

Framingham risk score 6.4 6 2.2 5.9 6 2.1 5.6 6 2.3 0.01

Medical history [n (%)]

Coronary heart disease 22 (12.1) 41 (25) 34 (20.9) 0.7

Hypertension 93 (51.7) 15 (9.3) 13 (7.9) 0.09

Diabetes 31 (17) 15 (9.3) 13 (7.9) 0.02

Concurrent medications [n (%)]

Antihypertensive medications 52 (28.6) 39 (23.8) 37 (22.6) 0.1

Statins 47 (25.8) 39 (23.8) 35 (21.3) 0.4

Aspirin 51 (28) 33 (20) 46 (28) 0.9

b-Blockers 13 (7.1) 9 (5.5) 14 (8.5) 0.1

1 For all characteristics shown in the table, there were no differences between twin pairs tested during the winter and twin pairs tested during the summer.
2 Derived from the generalized estimating equations that take into account the relatedness between co-twins.
3 Mean 6 SD (all such values).
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higher 25(OH)D concentrations were measured during the
summer season (April–October) than during the winter season
(November–March). Mean serum 25(OH)D concentrations
during the summer and winter seasons were 40.8 6 24.4 ng/mL
and 34.7 6 21 ng/mL, respectively (P = 0.003).

Influence of environmental and genetic factors on vitamin
D status

Given the significant seasonal variation in 25(OH)D con-
centrations in our study population, heritability was estimated
separately in the winter and summer seasons (Table 2). A strong
genetic influence (70%) in total variance of serum 25(OH)D
concentrations was observed for subjects with serum 25 (OH)D
concentrations measured during the winter but not summer
seasons. During the summer, environmental factors shared by
the 2 twins (53%) and environmental factors unique to each twin
(47%) explained all of the variance of 25(OH)D concentrations.
Furthermore, constraining the estimates for the genetic-variance
component to be equal led to a significant decrease in the
goodness of fit of the model (v2 = 7.26 with 1 df). Thus, the
season modified the heritability of serum 25(OH)D concen-
trations (P = 0.007 for the gene-season interaction). These re-
sults did not change after adjustment for other covariates
including BMI and the Framingham risk score (data not shown).

DISCUSSION

In this predominantly white, male twin sample, we observed
a large heritability in the variance of serum 25(OH)D concen-
trations during the winter months but not in the summer months.
During the summer, there was no contribution of genetic factors
to individual differences in serum 25(OH)D concentrations, and
similarities between twins were mostly attributable to a shared
environment. The remainder of the variability in individual serum
25(OH)D concentrations during the summer was due to envi-
ronmental exposures that were unique to each twin. A twin study
is considered the most definitive way to assess the relative effects
of genetic factors and environment on traits and diseases because
it allows estimation of genetic effects as well as common and
unshared unique environments (29).

Previous studies addressed the genetic influence and common
and unshared unique environmental components in total variance
of 25(OH)D concentrations and showed discordant results. Some
studies showed a high heritability in one sex but not the other
(21), and other studies reported contrasting results as to the effect
of season. For example, Snellman et al (23) evaluated genetic
and environmental influences on 25(OH)D concentrations in 102
white, twin pairs of both sexes living in Uppsala, Sweden. The
investigators showed that genes contributed to 48% of the var-
iance in 25(OH)D concentrations during the summer season, but
during the winter season, shared and unique environmental
factors predominated (23). However, there are substantial dif-
ferences between the published studies. Although we enrolled
predominantly adult, white, male twins (94.5%) living in North
America, Snellman et al (23) evaluated adult, white twins of both
sexes living in Sweden, and Arguelles et al (21) evaluated
Chinese, adolescent twins of both sexes. Sex may indeed be very
important because there appears to be a smaller genetic effect on
serum 25(OH)D concentrations in women (20, 21).

Although speculative, there are several potential ways in which
genetic factors could influence vitamin D concentrations; among
others, an individual’s skin ability to generate vitamin D3, which
includes the availability of the substrate 7-dehydrocholesterol, the
ability to convert 7-dehydrocholesterol to pre–vitamin D3 and
then to vitamin D3, and the catabolism of formed pre–vitamin D3

into inactive vitamin D photoproducts. As reported in a review by
Ebert et al (30), little is known of the polymorphisms in choles-
terol metabolism that may affect the vitamin D3 metabolic cas-
cade. Aging may also have some influence on the production of
vitamin D3 in the skin because of decreased 7-dehydrocholesterol
substrate availability (31). The important confounding issue of

FIGURE 1. Mean (6SE) distribution of serum 25-hydroxyvitamin D
[25(OH)D] concentrations by months of the year [January (= 1)–December
(= 12); n = 510]. Bars represent values before log transformation. Numbers
in parentheses indicate how many twins underwent measurements of
25(OH)D concentrations during that month.

TABLE 2

Twin correlation for vitamin D and percentage of variance in vitamin D explained by additive genetic factors (A) and common (C) and unique (E)

environmental factors during winter and summer seasons1

Twin correlation3 Variance components4

Season 25(OH)D concentration2 MZ DZ A C E

ng/mL

Winter (November–March) 34.7 6 21.0 0.69 [122] 0.29 [81] 70 (31, 80) 0 (0, 34) 30 (20, 46)

Summer (April–October) 40.8 6 24.4 0.50 [188] 0.58 [119] 0 (0, 35) 53 (21, 64) 47 (36, 59)

1 25(OH)D, 25-hydroxyvitamin D; MZ, monozygotic; DZ, dizygotic.
2 Values are means 6 SDs.
3 n in brackets indicates the number of twins (including twin pairs and singletons).
4 Values are variable estimates (95% CIs) calculated by using structural equation models.
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skin pigmentation, as a determinant of vitamin D production, was
mostly avoided in our study because .90% of the patients were
white.

A second potential genetic factor that may influence 25(OH)D
concentrations involves vitamin D binding protein (DBP), which
is a member of the albumin and a-fetoprotein gene family (32,
33). Recently, Sinotte et al (34) evaluated 741 premenopausal
white women and showed that circulating 25(OH)D concen-
trations were strongly associated with DBP-1 and DPB-2 poly-
morphisms. Engelman et al (35) showed an association between
polymorphism in the DBP and concentrations of 25(OH)D. In
addition, Hunter et al (20) showed that ’60% of the variance in
DBP in women could be explained by genetic factors. The third
pathway that is potentially influenced by genes is the hydroxyl-
ation of vitamin D3 to 25(OH)D by the enzyme 25-hydroxylase,
especially because 25-hydroxylase has been found in several
tissues (36, 37). Wang et al (38), who used a large cohort from
merged databases, recently confirmed that the genes that en-
code for the 3 factors we discussed, and a fourth gene that
encodes for 24-hydroxylase, are strong determinants of 25(OH)D
insufficiency [defined as a 25(OH)D concentration ,30 or
,20 ng/mL).

Finally, human and animal studies have shown that vitamin D
can be stored in fat cells and released under an unclear set of
stimuli (39, 40). Epidemiologic studies have confirmed that vi-
tamin D concentrations are typically lower in obese individuals as
a result of sequestration in the adipose tissue (41).

Among the environmental factors that potentially affect vi-
tamin D concentrations are season, latitude, cultural dress
patterns, outdoor physical activity, and diet. Latitude is an
important determinant of 25(OH)D status in whites. A recent
meta-analysis of 394 studies showed a significant decline in
25(OH)D concentrations with increasing latitude in healthy,
white subjects but not in other ethnicities (42). In contrast, we
did not find differences in serum 25(OH)D concentrations by
latitude despite the fact that our twins were selected from lat-
itudes ranging from 21� N to 49� N, except for one subject who
was living at 61� N.

The observed interaction between season and genes empha-
sized the importance of the environment in the expression of an
individual’s genetic predisposition to the generation of vitamin
D. In the current study, we observed a strong genetic influence
during the winter season but not during the summer season, with
a significant gene-season interaction. During the winter, the
relative lack of sun exposure may make vitamin D concentrations
more dependent on the synthesis or mobilization of vitamin D
from other sources through a number of possible heritable
pathways as previously discussed. In contrast, during the sum-
mer, environmental ultraviolet-B radiation becomes a pre-
dominant source of vitamin D and may supersede a genetic
predisposition. The strong genetic influence during thewinter and
not during the summer suggested that genes are more important
when ultraviolet-B radiation is limited.

There are several limitations to this study. First, the cross-
sectional design limited our ability to make causal inferences
between risk factors and 25(OH)D concentrations. Second, our
patients were recruited from a twin registry of military veterans
and included only middle-aged, predominantly white men; thus,
one should not generalize our results to women, younger indi-
viduals, and different races or ethnic groups.

In conclusion, during the winter season when 25(OH)D
concentrations are at their lowest, we observed that serum
concentrations of 25(OH)D were under considerable genetic
influence. In contrast, during the summer, environmental factors
were the prevailing mechanisms whereby 25(OH)D concen-
trations were influenced. The identification of genetic and
nongenetic influences on 25(OH)D concentrations is important
to consider when comparing the vitamin D status of individuals
from different genetic backgrounds and when attempting to
define optimal vitamin D concentrations for health outcomes.
Furthermore, this information may become very useful when
designing interventions studies with vitamin D to establish op-
timal targets of 25(OH)D concentrations in populations with
different genetic backgrounds.
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