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Duo Li,2* Katherine L. Tucker,3 José M. Ordovás,1 and Chao-Qiang Lai1*

BACKGROUND: Associations of either insulin receptor sub-
strate 1 (IRS1) variants or circulating 25-hydroxyvitamin
D [25(OH)D] with type 2 diabetes (T2D) and insulin
resistance (IR) are inconsistent. This study sought to
determine whether circulating 25(OH)D modulates
the association of a potentially functional variant at
IRS1 (rs2943641) with insulin resistance.

METHOD: Interaction between IRS1 rs2943641 and cir-
culating 25(OH)D on homeostasis model assessment
for IR (HOMA-IR) was examined in the Boston Puerto
Rican Health Study (BPRHS) (n � 1144). Replication
was performed in the African-American (n � 1126),
non-Hispanic white (n � 1967), and Hispanic (n �
1241) populations of the Multi-Ethnic Study of Ath-
erosclerosis (MESA) with genotypes of 3 IRS1 variants,
rs2972144, rs1515104, and rs2673142, which are tag
single nucleotide polymorphisms (SNPs) and in strong
linkage disequilibrium with rs2943641.

RESULTS: Higher circulating 25(OH)D was associated
with lower risk of T2D and IR in BPRHS women homozy-
gous for minor allele rs2943641T. Consistently, in each of
3 MESA populations, HOMA-IR and insulin decreased
more evidently with higher circulating 25(OH)D in
women of the rs2943641TT genotype than in carriers of
the major allele (rs2943641C). Metaanalysis indicated sig-
nificant and consistent interactions between circulating
25(OH)D and IRS1 variants on HOMA-IR (log trans-
formed) [pooled � � �0.008, 95% CI: �0.016 to
�0.001, P interaction � 0.004] and insulin (log trans-
formed) (pooled � � �0.006, 95% CI: �0.011 to

�0.002, P interaction � 0.023) in 3065 women of the 4
populations.

CONCLUSIONS: Participants with different genotypes of
IRS1 rs2943641 exhibit differential benefit from high
circulating 25(OH)D for the reduction of insulin resis-
tance and T2D risk. This gene–nutrient interaction,
which appears to be limited to women, warrants fur-
ther examination in randomized controlled trials of vi-
tamin D supplementation.
© 2013 American Association for Clinical Chemistry

Recent genome-wide association studies (GWAS)4 have
identified �30 novel genetic loci associated with type 2
diabetes (T2D) (1). Most of these loci preferentially affect
T2D risk through �-cell function (2). One of the few T2D
loci associated with insulin resistance (IR) encodes insulin
receptor substrate 1 (IRS1), a key protein central to the
insulin signaling pathway (3). A common genetic variant
(rs2943641) in the neighborhood of IRS1 is associated
with T2D, IR, and hyperinsulinemia in GWAS of Euro-
pean populations, and this variant may disrupt the insulin
signaling pathway (4). However, other large-scale GWAS
or candidate gene studies have not been consistent in de-
tecting an association between rs2943641 and T2D (5, 6).
One recent trial (7) suggests that rs2943641 interacts with
high-carbohydrate and low-fat diets to affect IR. Whether
the association of rs2943641 with T2D or IR could be
modulated by other nutrients or nutrient status is still
unclear.
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Vitamin D is not only paramount in maintaining
calcium and phosphorus homeostasis and bone health,
but is also important for the preservation of insulin
secretion and insulin sensitivity (8 ). Accumulating ev-
idence suggests that circulating 25-hydroxyvitamin D
[25(OH)D], the best indicator of vitamin D status, is
inversely associated with T2D risk (9 ). However, re-
sults from randomized controlled trials investigating
the effects of vitamin D supplementation on insulin
sensitivity and �-cell function are inconsistent (10 –
13 ). On the basis of a metaanalysis, there is a significant
inverse association between 25(OH)D concentrations
and T2D prevalence in a dose-responsive manner, but
the association is rather weak (14 ). Such inconsisten-
cies and the weak correlation might be attributable to
individual genetic differences in genes and gene– envi-
ronment interactions responsible for the vitamin D ab-
sorption and the separate metabolic processes involv-
ing vitamin D, energy homeostasis, and insulin.

In the kidneys, conversion of 25(OH)D to 1,25
dihydroxyvitamin D [1,25(OH)2D] activates the vita-
min D receptor (VDR), which then forms a het-
erodimer with retinoid-X receptor (RXR), and the
1,25(OH)2D-VDR-RXR complex regulates expression
of hundreds of genes (15 ). Specifically, the presence of
VDRs in human pancreatic �-cells (16 ) and the pres-
ence of a vitamin D response element in the human
insulin receptor gene promoter (17 ) increase the bio-
logical plausibility that vitamin D participates in regu-
lating glucose metabolism. In the present study, we
aimed to test whether circulating 25(OH)D could
modify associations of IRS1 variant rs2943641 with
T2D and IR in Boston-based Puerto Rican adults. Rep-
lication of the results was conducted in African-
American, non-Hispanic white, and Hispanic adults
participating in the Multi-Ethnic Study of Atheroscle-
rosis (MESA).

Materials and Methods

PARTICIPANTS

Participants were drawn from the Boston Puerto Rican
Health Study (BPRHS), a longitudinal cohort study on
stress, nutrition, health, and aging (18 ). The ancestry
composition for the BPRHS is 57.2% European, 27.4%
African, and 15.4% Native American (19 ). The current
cross-sectional study consisted of 1144 self-identified
Puerto Rican adults (336 men and 808 women), for
whom baseline demographics and biochemical and
rs2943641 genotype information were available. Di-
etary intake was measured with a semiquantitative
food frequency questionnaire (FFQ), adapted and val-
idated in this population (20 ). Data collection for de-
mographics, health status, medications, and lifestyle
factors have been described (18 ). The study protocol

was approved by the Institutional Review Boards at
Tufts University and Northeastern University. All par-
ticipants gave informed consent.

Replication was conducted among the MESA par-
ticipants, whose data were obtained from dbGaP
(database of Genotypes and Phenotypes, http://www.
ncbi.nlm.nih.gov/gap). MESA is a population-based pro-
spective cohort, which recruited 6814 participants, ages
45–84 years, from 6 US centers between 2000 and 2002.
MESA is designed to evaluate the presence, extent, and
progression of subclinical cardiovascular disease and con-
sists of participants who are non-Hispanic white (38%),
African-American (28%), Hispanic (23%), or Asian
(11%). The detailed objectives and design of MESA have
been described (21). Our present cross-sectional analysis
included 4334 participants, who were either non-
Hispanic white (946 men and 1021 women), African-
American (525 men and 601 women), or Hispanic (606
men and 635 women), but not Asian, as the minor allele
frequency of rs2943641 is too low in this group. All dietary
or biochemical measures used in this study were collected
from the baseline MESA examination. Demographics,
health status, medications, and lifestyle factors were col-
lected by standard questionnaires. The MESA protocol
was approved by the institutional review boards of all col-
laborating institutions and the National Heart, Lung, and
Blood Institute. All participants gave informed consent.

BIOCHEMISTRY AND ANTHROPOMETRIC MEASUREMENTS

Blood samples were drawn after an overnight fast. For
BPRHS, fasting serum glucose was measured with the
Olympus Au400e with Olympus glucose reagents
(Olympus America), and fasting serum insulin was
measured with an IMMULITE 1000 (Siemens Medical
Solutions Diagnostics). Plasma 25(OH)D was mea-
sured with a competitive protein binding reaction with
an LKB Wallac Rackbeta 1215 Counter (Perkin Elmer)
and Packard COBRA Software (22, 23 ). For MESA,
fasting serum glucose was measured by the Vitros 950
analyzer (Johnson & Johnson Ortho-Clinical Diagnos-
tics), and serum insulin was measured by the Linco
Human Insulin Specific RIA kit (Linco Research). Se-
rum 25(OH)D was measured with an RIA (25-
Hydroxyvitamin D 125I RIA Kit; Diasorin) with refer-
ence to NIST standards, as described (24 ).

For both BPRHS and MESA, homeostasis model
assessment of IR (HOMA-IR) was calculated as (fast-
ing insulin � fasting glucose)/22.5. T2D was defined as
fasting glucose �126 mg/dL (7 mmol/L) or use of dia-
betes medication. Both traits were natural log trans-
formed to a normal distribution before analysis. An-
thropometric data, including weight, height, and waist
circumference, were measured by standard techniques,
and body mass index was calculated as weight (kg)/
height (m)2.
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GENOTYPING

For BPRHS, genomic DNA was extracted from blood
samples with QIAamp DNA Blood mini kit (Qiagen),
and single nucleotide polymorphism (SNP) rs2943641
was genotyped with the Applied Biosystems TaqMan
SNP genotyping system. Details of genomic DNA ex-
traction and genotyping have been described (25 ).

For MESA, DNA was extracted with a commer-
cially available DNA isolation kit (Puregene, Gentra
System). Affymetrix Genome-Wide Human SNP Ar-
ray 6.0 was used for genome-wide genotyping. All ge-
notype data and related information were requested
from dbGaP after registration. As SNP rs2943641
was not available from the genome-wide genotyping
data, 3 SNPs in high linkage disequilibrium (LD)
with rs2943641, rs2972144 (for African-Americans),
rs1515104 (for non-Hispanic whites), and rs2673142
(for Hispanics), were selected for replication in MESA.
SNPs rs2972144, rs1515104, and rs2673142 are 7.7, 1.3,
and 62.9 kb from rs2943641, respectively. In a Euro-
pean population (CEU), rs2943641 is in complete LD
(r2 � 1) with rs2972144 and rs1515104. In the His-
panic population, rs2943641 is in complete LD (r2 � 1)
with rs2673142. In an African population (YRI), the
LD (r2) of rs2943641 with rs2972144 is 0.91.

Population structure, known as genetic subgroups
within a population, may exist because of admixed an-
cestries of participants and lead to a false association
(19 ). Thus, we measured population structure in all 4
populations using principal component analysis with a
selected set of informative ancestry markers and a pro-
gram called SVS (GoldenHelix). The key eigenvalues of
principal component analyses were included in models
for adjustment for population structure in all analyses
(19 ).

STATISTICAL ANALYSES

We used SAS 9.2 (SAS Institute Inc) to conduct statis-
tical analyses. Fasting glucose, insulin, and HOMA-IR
were natural log-transformed to achieve normal distri-
bution before statistical analysis. Hardy–Weinberg
equilibria of the corresponding SNPs were assessed by
�2 tests. We estimated Spearman correlation coeffi-
cients between circulating 25(OH)D and T2D traits af-
ter adjustment for potential confounders. Logistic re-
gression models were used to test the interaction
between rs2943641 and circulating 25(OH)D on T2D
risk. General linear models were used to examine the in-
teraction between rs2943641 and circulating 25(OH)D
on T2D traits. In BPRHS, the potential confounders in
these statistical models were age, sex, waist circumference,
physical activity, alcohol drinking, smoking status, hor-
mone replacement therapy, diabetes medication, total en-
ergy intake, total fat intake (% energy), renal function (se-
rum creatinine), season of blood draw, and population

structure. In MESA, potential confounders included age,
sex, waist circumference, physical activity, alcohol drink-
ing, smoking status, hormone replacement therapy, dia-
betes medication, total energy intake, total fat intake (%
energy), renal function (serum creatinine), season of
blood draw, study center, race, and population structure.

We carried out metaanalysis of the interaction ef-
fects by combining study-specific regression estimates
(�), weighted by the inverse of their variance, with
STATA software (version 12, StataCorp LP). The
DerSimonian and Laird random-effects model, which
takes both within- and between-study variation into
consideration, was used for the metaanalysis.

As a sex-specific interaction between the IRS1
variant rs2943641 and dietary factors on risk of type 2
diabetes was observed in a prior report (26 ), statistical
analysis was performed in men and women separately in
both BPRHS and MESA. As significant interactions for
T2D or T2D-related traits were observed only among
women, only the results from women participants are re-
ported in our present study. In addition, because of the
low prevalence of T2D in all 3 MESA populations, repli-
cation was conducted only for T2D traits, including fast-
ing insulin, glucose, and HOMA-IR.

Results

STUDY CHARACTERISTICS

In both BPRHS and MESA, no significant difference
for anthropometric traits was observed among differ-
ent IRS1 genotypes (see Supplemental Tables 1 and 2,
which accompany the online version of this article
at http://www.clinchem.org/content/vol60/issue1). In
BPRHS, no significant association between rs2943641
and T2D or related traits was observed (6 ). The fre-
quency of the minor T allele of SNP rs2943641 was
0.318. In MESA, no significant association was ob-
served between rs2972144, rs1515104, rs2673142, and
T2D traits. The minor allele frequencies of rs2972144
(T), rs1515104 (A), and rs2673142 (C) are 0.275, 0.35,
and 0.293 for MESA African-American, non-Hispanic
white, and Hispanic participants, respectively. None of
the genotype frequencies for IRS1 variants in BPRHS
or MESA deviate from Hardy–Weinberg equilibrium
(P � 0.05).

ASSOCIATION OF CIRCULATING 25(OH)D WITH T2D AND

RELATED TRAITS

In BPRHS women, 25(OH)D was not correlated with
fasting glucose (r � �0.036, P � 0.32), insulin (r �
�0.044, P � 0.22), or HOMA-IR (r � �0.05, P �
0.16), after controlling for potential confounders. In
the multivariate adjusted model, 25(OH)D (higher vs
lower than the population median) was not signifi-
cantly associated with the risk of T2D [odds ratio
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(OR) � 0.83, 95% CI: 0.55–1.26]. In MESA women
(combining the 3 MESA populations), 25(OH)D
was inversely associated with fasting glucose (r �
�0.09, P � 0.001) and HOMA-IR (r � �0.064, P �
0.004). However, 25(OH)D itself (higher vs lower
than the population median) was not significantly
associated with the risk of T2D (OR � 0.83, 95% CI:
0.59 –1.17).

INTERACTION BETWEEN CIRCULATING 25(OH)D AND RS2943641

ON T2D RISK AND RELATED TRAITS IN BPRHS WOMEN

No significant gene–nutrient interaction of 25(OH)D
for T2D or related traits was observed in BPRHS men.
To assess the interaction between circulating 25(OH)D
and rs2943641 on T2D risk, we tested different genetic
models in BPRHS women (Table 1), and 25(OH)D was
dichotomized according to the population median [17
ng/mL (42.4 nmol/L)] to maximize statistical power.
Significant interactions were observed under both an
additive genetic model (P � 0.006) and a recessive ge-
netic model (P � 0.007) for rs2943641 minor T allele,
but not for a dominant model. The rs2943641 minor

allele T homozygotes had lower risk of T2D compared
with C allele carriers only when 25(OH)D was higher
than the median [�17 ng/mL (42.4 nmol/L)] (OR �
0.20, 95% CI: 0.07– 0.55, P � 0.002). On the other
hand, compared to subjects with circulating 25(OH)D
�17 ng/mL (42.4 nmol/L), individuals with 25(OH)D
�17 ng/mL (42.4 nmol/L) showed lower T2D risk
(OR � 0.14, 95% CI: 0.02– 0.76, P � 0.024) only in
rs2943641 T homozygotes. Using the recommendation
from the Institute of Medicine (22 ) of a circulating
25(OH)D concentration of 20 ng/mL (49.9 nmol/L),
we dichotomized on this value. There was a significant
interaction between circulating 25(OH)D and
rs2943641 on T2D only under the T allele recessive
model (P interaction � 0.023) (Table 1).

To assess modification of circulating 25(OH)D
(continuous variable) on the association between
rs2943641 with T2D traits, we tested different genetic
models. For the whole BPRHS population, significant
interactions between 25(OH)D and rs2943641 on in-
sulin (P interaction � 0.019) and HOMA-IR (P inter-
action � 0.03) were observed. A 3-way interaction be-

Table 1. Interaction between circulating 25(OH)D and rs2943641 on risk of T2D in BPRHS women.

25(OH)D
<17 ng/mL

25(OH)D
>17 ng/mLa

25(OH)D
<20 ng/mLb

25(OH)D
>20 ng/mLb

OR (95% CI) Pc OR (95% CI) P OR (95% CI) P OR (95% CI) P

Association between rs2943641
and T2D by circulating
25(OH)D category

TT vs CC 0.99 (0.35–2.83) 0.989 0.19 (0.06–0.54) 0.002 0.82 (0.34–1.95) 0.648 0.13 (0.03–0.51) 0.003

n 41 vs 184 37 vs 185 54 vs 245 25 vs 127

TT vs CT 2.93 (0.98–8.75) 0.054 0.21 (0.07–0.60) 0.004 1.39 (0.57–3.37) 0.465 0.21 (0.05–0.82) 0.025

n 41 vs 174 37 vs 181 54 vs 229 25 vs 128

TT vs CC � CT 1.58 (0.59–4.23) 0.365 0.20 (0.07–0.55) 0.002 1.05 (0.46–2.40) 0.909 0.16 (0.04–0.60) 0.007

n 41 vs 358 37 vs 366 54 vs 474 25 vs 255

Association between circulating 25(OH)D
and T2D [OR of T2D for high vs
low 25(OH)D) by rs2943641 genotype]

TT 1 (ref)d NA 0.14 (0.02–0.76) 0.024 1 (ref) NA 0.15 (0.03–0.86) 0.034

n 41 37 54 25

CC 1 (ref) NA 0.62 (0.32–1.24) 0.176 1 (ref) NA 0.70 (0.35–1.42) 0.325

n 184 185 245 127

CC � CT 1 (ref) NA 1.00 (0.64–1.57) 0.984 1 (ref) NA 0.77 (0.49–1.22) 0.263

n 358 366 474 255

a Circulating 25(OH)D was dichotomized based on the median concentration (17 ng/mL) in the BPRHS female population; P values for the interaction between
circulating 25(OH)D and rs2943641 on the risk of T2D were 0.006, 0.007, and 0.429 for additive, recessive, and dominant genetic model of rs2943641 T allele,
respectively.

b Circulating 25(OH)D was dichotomized based on the Institute of Medicine recommended cutoff point (20 ng/mL); P values for the interaction between circulating
25(OH)D and rs2943641 on the risk of type 2 diabetes were 0.076, 0.023, and 0.55 for additive, recessive, and dominant genetic model of rs2943641 T allele,
respectively.

c P values were adjusted for age, waist circumference, physical activity, alcohol drinking, smoking status, hormone replacement therapy, diabetes medication, total
energy intake, total fat intake (% energy), renal function (serum creatinine), season of blood draw. and population structure.

d ref, Reference; NA, not applicable.
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tween sex, rs2943641, and 25(OH)D was observed for
insulin (P interaction � 0.023) and HOMA-IR (P in-
teraction � 0.084). Among women, but not men, a
marginally significant interaction was observed be-
tween rs2943641 and circulating 25(OH)D on fasting
insulin (P interaction � 0.072) and HOMA-IR (P in-
teraction � 0.086) only under the recessive genetic
model for the T allele. With higher 25(OH)D,
rs2943641 T homozygotes, but not C allele carriers, had
lower fasting insulin (P � 0.066) and HOMA-IR (P �
0.053) (Figs. 1 and 2).

Circulating 25(OH)D was also dichotomized on
the basis of the population median to assess its interac-
tion with rs2943641. HOMA-IR was significantly

higher in rs2943641 minor T allele homozygotes than
major C allele carriers (P � 0.036), only when circulat-
ing 25(OH)D was higher than the population median
[17 ng/mL (42.4 nmol/L)] (Fig. 3).

INTERACTION BETWEEN CIRCULATING 25(OH)D AND RS2943641

ON T2D TRAITS IN MESA WOMEN

The MESA population consists of participants of 4 an-
cestries. We examined 1 tag SNP of IRS1 rs2943641 in
each of 3 populations separately (Figs. 1 and 2). No
significant interaction between IRS1 variant and
25(OH)D on T2D traits was observed for men in any
of the 3 MESA populations. A potential 3-way interac-
tion between sex, IRS1 variant, and 25(OH)D for

Fig. 1. Circulating 25(OH)D interacts with IRS1 variant on HOMA-IR in women in 4 populations of different
ancestries. Predicted values for HOMA-IR (both natural log-transformed) were calculated with regression models,
adjusting for potential confounders in the female participants of the BPRHS and MESA Hispanic, African-American,
and non-Hispanic white populations.

With higher circulating 25(OH)D, predicted HOMA-IR decreased more evidently in the IRS1 variant minor allele homozygotes
than the major allele carriers in each population. The P values of the interaction for each population were calculated in a general
linear model including an interaction term [genotype by 25(OH)D] in the model, and the P values are shown in the respective
panel. Number of participants in each population: BPRHS, n � 79 for rs2943641 TT carriers and n � 729 for C allele carriers;
MESA Hispanic, n � 62 for rs2673142 CC carriers and n � 573 for G allele carriers; MESA African-American, n � 44 for
rs2972144 TT carriers and n � 557 for C allele carriers; and MESA non-Hispanic white, n � 118 for rs1515104 AA carriers and
n � 903 for T allele carriers.
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HOMA-IR (P interaction � 0.065) was observed for
MESA Hispanic participants. Consistent with the
BPRHS, interactions between the IRS1 variant and
25(OH)D on fasting insulin (P interaction � 0.168,
0.04, and 0.195 for African-American, non-Hispanic
white, and Hispanic populations, respectively) and
HOMA-IR (P interaction � 0.089, 0.073, and 0.361
for African-American, non-Hispanic white, and
Hispanic populations, respectively) approached sig-
nificance in women, and the most significant inter-
action was observed under the recessive genetic
model for the minor allele of corresponding IRS1

variant. With the increase of 25(OH)D, predicted
HOMA-IR (Fig. 1) decreased more evidently in
rs2673142 minor C allele homozygotes (compared
with major G allele carriers, P trend � 0.171 vs
0.526) in MESA Hispanic women, in rs2972144 mi-
nor T allele homozygotes (compared with major C
allele carriers, P trend � 0.089 vs 0.541) in MESA
African-American women, and in rs1515104 minor
A allele homozygotes (compared with major T allele
carriers, P trend � 0.089 vs 0.111) in MESA non-
Hispanic white women (Fig. 1). A consistent trend
was observed for fasting insulin (Fig. 2).

Fig. 2. Circulating 25(OH)D interacts with IRS1 variant on fasting insulin in women in 4 populations of different
ancestries. Predicted values for HOMA-IR (both natural log-transformed) were calculated with regression models,
adjusting for potential confounders in the female participants of the BPRHS and MESA Hispanic, African-American,
and non-Hispanic white populations.

With higher circulating 25(OH)D, predicted insulin decreased more clearly in the IRS1 variant minor allele homozygotes than the
major allele carriers in each population. For each population, the P values of the interaction were calculated in a general linear
model by including an interaction term [genotype by 25(OH)D] in the model, and the P values are presented in the respective
panel. Number of participants in each population: BPRHS, n � 79 for rs2943641 TT carriers and n � 729 for C allele carriers;
MESA Hispanic, n � 62 for rs2673142 CC carriers and n � 573 for G allele carriers; MESA African-American, n � 44 for
rs2972144 TT carriers and n � 557 for C allele carriers; and MESA non-Hispanic white, n � 118 for rs1515104 AA carriers and
n � 903 for T allele carriers.
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When circulating 25(OH)D was dichotomized on
the basis of the population median in each MESA sub-
population, significant interactions for fasting insulin
(P interaction � 0.003) and HOMA-IR (P interac-
tion � 0.022) were observed only in MESA Hispanic
women, not in other MESA subpopulations. In MESA
Hispanic women, HOMA-IR (P � 0.039) (Fig. 3) was
significantly lower in rs2673142 minor C allele ho-
mozygotes than G allele carriers only when 25(OH)D
was higher than the population median [23.6 ng/mL
(58.9 nmol/L)].

METAANALYSIS FOR THE INTERACTION BETWEEN CIRCULATING

25(OH)D AND RS2943641 ON HOMA-IR AND FASTING INSULIN

Metaanalysis indicated that the circulating 25(OH)D
(continuous) showed a significant interaction with
IRS1 variant rs2943641 on fasting insulin (pooled � �
�0.006, 95% CI: �0.011 to �0.002, P interaction �
0.004) and HOMA-IR (pooled � � �0.008, 95% CI:
�0.016 to �0.001, P interaction � 0.023) in women.
For each of the 4 populations, with the increase of cir-
culating 25(OH)D, the IRS1 variant minor allele (T)
homozygotes showed a greater decrease in fasting in-
sulin and HOMA-IR than the major allele (C) carri-
ers (Figs. 4 and 5). However, among men, meta-
analysis did not find significant interaction (P
interaction � 0.226 for insulin; P interaction �
0.211 for HOMA-IR).

Discussion

To the best of our knowledge, this is the first study
identifying an IRS1 variant that interacts with circu-
lating 25(OH)D on risk of T2D and IR. In BPRHS
women, higher circulating 25(OH)D was associated
with lower risk of T2D and lower IR in the rs2943641
minor allele T homozygotes, but not in the other
genotype groups. This trend of interaction was fur-
ther confirmed in the female participants of 3 MESA
populations. No significant interaction was ob-
served in men in BPRHS or MESA populations.
Present results suggest that participants with differ-
ent genotypes of rs2943641 exhibit differential ben-
efits from high circulating 25(OH)D for the reduc-
tion of T2D and IR risk.

Although the strong protective association of
rs2943641 T allele with T2D and IR has been estab-
lished in several European populations, and potential
functionality of this SNP has been proposed (4 ), other
studies have shown inconsistent results (5, 6 ) between
this SNP and T2D. Our previous study (6 ) did not find
significant associations of rs2943641 with T2D and IR
in this BPRHS population. In addition, evidence from
observational and intervention studies showed inverse
or no associations of circulating 25(OH)D with T2D or
related traits (9, 13 ). These discrepancies could be ex-
plained by the interaction between rs2943641 and
25(OH)D, as indicated in the current study. Significant
inverse associations of 25(OH)D with IR and fasting
insulin were observed only in the rs2943641 T homozy-
gotes in the BPRHS. Consistent with those observa-
tions, the results were replicated in the women of
MESA African-American, non-Hispanic white, and
Hispanic populations. The genetic effect of IRS1 vari-
ant rs2943641 on IR and T2D was susceptible to vari-
ous dietary factors, as has been demonstrated in 3 other
studies (7, 26, 27 ). One intervention study (7 ) found

Fig. 3. Interaction of circulating 25(OH)D, as a cate-
gorical variable, with IRS1 variant on HOMA-IR in
BPRHS and MESA Hispanic women. In BPRHS, minor T
homozygotes of rs2943641 had higher HOMA-IR than
C carriers only when circulating 25(OH)D was higher
than the population median (P � 0.036).

In the MESA Hispanic, minor C homozygotes of rs2673142
had higher HOMA-IR than G carriers only when circulating
25(OH)D was higher than the population median (P �
0.039). The P values of the interaction were calculated in a
general linear model by including an interaction term [ge-
notype by 25(OH)D] in the model. Number inside the bar
indicates the number of subjects in that group. Values are
means � SE.
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that rs2943641 interacted with dietary carbohydrate
and fat on IR, and that rs2943641 CC carriers saw more
benefit in terms of improved insulin sensitivity when
choosing a high-carbohydrate and low-fat diet. In con-
trast, Zheng and colleagues (27 ) found that rs2943641
T allele carriers had lower risk of IR and metabolic
syndrome when their dietary saturated fat-to-
carbohydrate ratio was low. Another recent observa-
tional study (26 ) suggested a 3-way interaction be-
tween sex, rs2943641, and carbohydrate intake on
incident T2D, and men and women showed opposite

directions of the interaction between rs2943641 and
carbohydrate intake. Our present study reports an
interaction of rs2943641 with status of a micronutri-
ent (vitamin D) on insulin resistance. It is notewor-
thy that this interaction did not change when we
further adjusted for dietary fat or saturated fat-to-
carbohydrate ratio in either the BPRHS or the MESA
populations.

The gene–nutrient interaction observed in the
BPRHS women was replicated only in MESA women,
not in men, which is quite conceivable. The sex-specific

Fig. 4. Metaanalysis of the interaction between IRS1 variant and circulating 25(OH)D on HOMA-IR in 4 populations
of different ancestries. Random-effects model was used to obtain the overall effect estimate.

Gray square stands for study-specific �, with the square size reflecting the corresponding weight and horizontal bars reflecting
95% CIs.

Fig. 5. Metaanalysis of the interaction between IRS1 variant and circulating 25(OH)D on fasting insulin in 4
populations of different ancestries. Random-effects model was used to get the overall effect estimate.

Gray square stands for study-specific �, with the square size reflecting the corresponding weight and horizontal bars reflecting
95% CIs.
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interaction between rs2943641 with diet on T2D has
been reported in a prospective study (26 ). Another
study (28 ) also reported an interaction between 1 IRS1
variant (rs1522813) and physical activity on T2D only
in women. These studies together with our present
study suggest that biological differences between men
and women may influence the T2D effects of variants at
IRS1. Indeed, endogenous sex hormones have impor-
tant roles in the pathogenesis of T2D for men and
women (29 ). Furthermore, men and women usually
have quite different lifestyles, including energy intake,
alcohol drinking, and smoking. Although these situa-
tions, or others described below, may facilitate the
IRS1–vitamin D interaction on T2D traits and risk, the
precise mechanism by which these variants interact
with circulating 25(OH)D to influence T2D traits is
still unclear.

Although the same interaction pattern was ob-
served in the BPRHS and the 3 MESA populations,
slightly different strengths of the associations were
found among the 4 populations. This may be be-
cause of the proxy markers (rs1515104, rs2972144,
and rs2673142) of rs2943641 used in MESA and dif-
ferent genetic backgrounds and demographic and
cultural characteristics of the BPRHS and MESA
populations. For example, HOMA-IR and fasting in-
sulin were substantially lower in MESA compared
with the BPRHS population, and prevalence of T2D
was higher in BPRHS than in the MESA populations.
Although we adjusted for these differences in the
interaction tests, those adjustments may not have
been complete.

The interaction of rs2943641 with circulating
25(OH)D is biologically plausible. The IRS1 variant
rs2943641 C allele has been shown to disrupt the
insulin signaling pathway by reducing IRS1 protein ex-
pression and its downstream phosphatidylinositol-
3-OH kinase activity in a functional test (4 ). In con-
trast, 1,25(OH)D may stimulate the activity of
phosphatidylinositol-3-OH kinase (30 ). Therefore, the
beneficial effect of higher circulating 25(OH)D on the
insulin signaling pathway and insulin sensitivity may
be blocked by this diabetogenic risk allele, while indi-
viduals carrying the nonrisk TT genotype could still see
benefit from high 25(OH)D status. More research is
warranted to reveal a precise mechanism for the ob-
served interaction.

Strengths of the present study include its success-
ful replication in populations of 3 ancestries. In addi-
tion, MESA includes participants from Hispanic,
African-American, and non-Hispanic white popula-
tions. Usually, a gene–nutrient interaction is difficult
to replicate, especially among populations of different
ancestries. Therefore, our observed interactions of cir-
culating 25(OH)D with rs2943641 on IR and T2D pro-

vides support of the finding that it is likely to be of
importance to health of different populations. Never-
theless, there are several limitations with this study.
First, a causal relation between 25(OH)D and T2D or
related traits cannot be concluded because of the ob-
servational study design. Second, a different tag SNP
was used in each of 3 populations of different ethnici-
ties for replication, which may lead to underestimation
of the genetic effect. Third, circulating vitamin D con-
centrations may be influenced by other genetic factors,
and these may interact with IRS1 variants, which was
not considered in this study. These unknown genetic
variants may affect the estimated effect of gene-by-
nutrient interaction on IR. Therefore, future work is
needed to establish a causal relation between
25(OH)D and T2D or related traits, including
genotype-selected randomized controlled trials of
vitamin D supplementation, as well as gene-by-gene
and gene-by-environment interaction analyses at
the genome-wide level.

The present study has important public health im-
plications. Vitamin D deficiency, defined as circulating
25(OH)D �20 ng/mL (49.9 nmol/L), is common in US
adults, and the prevalence is especially high in minori-
ties, such as African-Americans (82.1%) and Hispanics
(69.2%) (31 ). This agrees with values from Boston
Puerto Rican adults, a minority population participat-
ing in our study, where 66.5% of this population was
vitamin D deficient [on the basis of the cutoff point of
20 ng/mL (49.9 nmol/L)]. Given the high prevalence of
vitamin D deficiency and emerging evidence of its mul-
tiple health-related effects, high vitamin D intake
(�1000 IU) has been recommended to achieve a serum
25(OH)D of 40 ng/mL (99.8 nmol/L) (32 ). However,
our study indicates that 1 recommendation may not be
optimal for all adults. Genetic variation at IRS1 inter-
acts with circulating 25(OH)D on T2D risk and IR. In
terms of personalized nutrition, developing vitamin D
dietary recommendations based on personal genotype
information could, one day, improve dietary strategies
for the prevention of T2D.

In conclusion, circulating 25(OH)D modulated
the associations of IRS1 variant rs2943641 with T2D
and IR in Puerto Rican female adults. Higher circulat-
ing 25(OH)D was associated with lower risk of T2D
and IR in rs2943641 minor allele T homozygotes, but
the associations were greatly attenuated in the other
genotype groups. Replication was successfully achieved
in the female participants of MESA African-American,
non-Hispanic white, and Hispanic populations. This
study suggests critical roles for both the IRS1 gene and
vitamin D in regulating insulin resistance and T2D
risk. The observed interaction between IRS1 genotype
and vitamin D status, likely restricted to women, may
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have significant implications for vitamin D supple-
mentation in the prevention of T2D.
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