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Abstract

We examined the cross-sectional association between plasma 25-hydroxyvitamin D [25(OH)D]and markers of the insulin

resistant phenotype. Plasma25(OH)D concentrations were measured in 808 nondiabetic participants of the Framingham

Offspring Study. Outcome measures included fasting and 2-h post 75-g oral glucose tolerance test (OGTT)glucose and

insulin; these were used to calculate the homeostatic model assessment-insulin resistance (HOMA-IR) and insulin

sensitivity index (ISI0,120). We also measured plasma adiponectin, triacylglycerol, and HDL cholesterol concentrations as

markers of the insulin-resistant phenotype. After adjusting for age, sex, BMI, waist circumference, and current smoking

status, plasma25(OH)Dconcentration was inverselyassociatedwith fasting plasmaglucoseandinsulinconcentrations, and

HOMA-IR. Compared with the participants in the lowest tertile category of plasma 25(OH)D, those in the highest tertile

category had a 1.6% lower concentration of fasting plasmaglucose (P-trend ! 0.007), 9.8% lower concentration of fasting

plasmainsulin (P-trend ! 0.001),and12.7% lower HOMA-IR score (P-trend,0.001).After adjusting for ageandsex, plasma

25(OH)D was positively associated with ISI0,120, plasma adiponectin, and HDL cholesterol and inversely associated with

plasmatriacylglycerol, but theseassociationswereno longersigniÞcant after further adjustment forBMI,waist circumference,

and current smoking status. 25(OH)D and 2-h post-OGTT glucose were not associated. Among adults without diabetes,

vitamin D status was inversely associated with surrogate fasting measures of insulin resistance. These results suggest

that vitamin D status may be an important determinant for type 2 diabetes mellitus. J. Nutr. 139: 329Ð334,2009.

Introduction

Vitamin D deÞciencyis frequently observed in U.S. adults, in
particular the elderly (1). Low vitamin D statuscanbecausedby
a number of factors, including insufÞcient cutaneoussynthesis
(due to limited sunlight exposureor aging), inadequate intake
and absorption of vitamin D, obesity, or darker skin (2,3).

People living at higher latitudes (.35! ) are especially at
increasedrisk for vitamin D deÞciency, becausefrom November
through February most of the UVB radiation from sunlight,
which is required for cutaneousvitamin D synthesis,is absorbed
by the atmosphereand doesnot reach the earthÕs surface(4).

There is accumulating evidenceto suggestthat poor vitamin
D statusmay play a role in the developmentof type 2 diabetes
mellitus (DM) 7 (5,6). Cross-sectionalstudieshave consistently
demonstrated that blood 25-hydroxyvitamin D [25(OH)D]
concentrationsare lower in patients with DM (7Ð11).Prospec-
tive studieshaveshowedthat lower vitamin D intakes or lower
25(OH)D concentrationsmight increasethe risk of type 2 DM
(12,13).

Insulin resistanceis a recognizedprecursor in the develop-
ment of type 2 DM. Although a few observational studieshave
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examined the relationship between 25(OH)D and insulin
resistancerepresentedby the homeostatic model assessmentof
insulin resistance(HOMA-IR) or insulin sensitivity derivedfrom
hyperglycemic clamp (11,14), no study to our knowledge has
used measuresfrom the oral glucose tolerance test (OGTT),
which is commonly used for the diagnosis of type 2 DM, to
assessinsulin resistance. In the current study, we tested the
hypothesis that plasma 25(OH)D concentrations are inversely
associated with insulin resistance among nondiabetic adults
using surrogate markers of the insulin resistant phenotype
derived from fasting and post-oral glucosechallengemeasures.
Using the OGTT measures,we examined the relations between
25(OH)D and 2-h post-OGTT glucose and insulin sensitivity
index (ISI0,120). Compared with surrogate measuresof insulin
resistancebasedon fasting glucoseand insulin, thesemeasures
basedon 2-h post-OGTT are thought to better reßectthe bodyÕs
overall glycemic control and insulin resistance(15Ð17).

Research Design and Methods

Study populati on. The Framingham Study was initiated in 1948 as a
longitudinal, population-basedstudy of cardiovascular disease.In 1971,
5135 offspring of original participants of the study and spousesof the
offspring were recruited to participate in the Framingham Offsprin g
Study. The participants were essentiallyall Caucasian.Members of the
FraminghamOffsprin g Studyhavereturned approximately every4 y for
a physicalexamination, questionnaires,laboratory tests,and assessment
of cardiovascular and other risk factors (18). During the 7th examina-
tion cycle (between 1998 and 2001), a total of 3539 participants
underwent a standardizedmedicalhistory and physicalexamination. We
excludedindividual swith diabetesbasedon previousdiagnosis,a fasting
plasmaglucoselevel$ 7.0 mmol/L (126 mg/dL), or current useof insulin
or hypoglycemic agents (n ! 455). We also excluded those without
fasting glucoseor insulin measures (n ! 273) or informat ion on BMI
(n ! 8). After exclusions,a total of 2803 participants wereeligible for the
presentinvestigation.

As part of an ancillary study, plasma25(OH)D concentrations were
measuredin 808 of the 2803 eligible participants from September1998
to May 1999 at the 7th offspring examination. With the exception of a
small difference in age and sex distribution, there were no signiÞcant
differencesbetweenparticipants who had a plasma 25(OH)D measure
(n ! 808) and those who were eligible but did not have a plasma
25(OH)D measure(n ! 1995) with respectto BMI, waist circumference,
physical activity, smoking, alcohol consumption, and calcium intake.
Thosewho had a plasma25(OH) D measureare more likely to be male
(49.8 vs. 42.8%; P , 0.05) and younger (59.6 vs. 60.8 y; P , 0.05)
comparedwith thosewho did not.

The institutiona l review boards for human research at Boston
University and Tufts Medical Center approved the study protocol and
procedures.

OGTT procedure s. A 75-g OGTT was administered during the 7th
examination in a subsampleof participantsbasedon their OGTT results
at the5th examination cycle.All subjectswith glucoseintolerance[fasting
plasma glucose,6.1Ð6.9mmol/L (110Ð125 mg/dL) or 2-h post-OGTT
plasma glucose, 7.8Ð11.0mmol/L (140Ð199mg/dL)] at the 5th exami-
nation were offered the OGTT at the 7th examination. In addition, a
subsetof participants with normal glucosetolerance at the 5th exami-
nation [fasting plasmaglucose,6.1 mmol/L (110 mg/dL) and 2-h post-
OGTT plasma glucose ,7.8 mmol/L (140 mg/dL)] were randomly
selectedto have an OGTT during the 7th examination using a block
selectionprocedurebasedon sexandquintile categoriesof fastingplasma
glucose.Among the 808 participants with plasma25 (OH)D measures,
290 participated in the OGTT and thereby had 2-h post-OGTT glucose
and insulin measures.Withi n the subsetwith plasma25(OH)D measures
(n ! 808), thosewho had OGTT (n ! 290) had a higher prevalenceof
impaired fasting glucose,deÞnedasfasting plasmaglucose$ 5.6 mmol/L
(100mg/dL) (52.1 vs. 31.7%; P ! 0.01) and higher BMI (28.5 vs. 27.5;

P , 0.01) and waist circumference (100.4 vs. 96.7 cm; P , 0.01) than
those who did not (n ! 518). Those differencesare expected,because
participants with impaired glucose tolerance were over-represented
amongthosewho wereoffered OGTT at the 7th examination.

Laborato ry methods. Fasting blood samples were drawn after an 8- to
10-h overnight fast. Fasting plasma glucose and 2-h post-OGTT plasma
glucoseweremeasuredwith a hexokinasereagent kit (A-gent glucosetest,
Abbott Laboratories). Glucose assays were performed in duplicate; intra-
assay CV was,3% (19). Fastingand 2-h post-OGTT plasma insulin were
measured with an insulin assay speciÞc to insulin and had no cross-
reactivity with proinsulin or insulin split -products (Linco Research); the
assay CV was ,6.8% (19). Plasma adiponectin concentrations were
measured by ELISA (R& D Systems); intra-assay CV was 5.8%. Fasting
plasma lipid measuresincludedenzymatic measurement of tr iacylglycerol
(20) and the measurement of the HD L-cholesterol fraction after precip-
itation of LDL and VLDL cholesterol with dextran sulfan magnesium
(21). Plasma 25(OH)D concentration was determined by RIA (Diasorin);
total CV for control plasma 25(OH)D of 36 and 137 nmol/L were8.5 and
13.2%, respectively (22). Al l the participants included in this study had
plasma 25(OH)D and fasting glucose measurements (n ! 808); of those,
805 had fasting insulin, 558 had plasma adiponectin, 806 had triacyl-
glycerol and HDL cholesterol measurements, and 290 had 2-h post-
OGTT glucose and insulin measures.

Surrogate measures of insulin resistanc e and sensitivity. We used
the HOMA-IR asa surrogatemeasureof insulin resistanceand ISI0,120 as
a surrogate measureof insulin sensitivity. HOMA-IR was calculated
using the follow ing formula (23):

"fastingplasmainsulin #mU=L$3 fastingplasmaglucose#mmol=L$%=22:5:

Higher valuesof HOMA-IR indicate greater insulin resistance.
Using post-glucosechallengedata, ISI0,120 was calculated using the

following formula (17,24):

ISI0;120 ! #m=MPG$=log MSI;

where m ! [75,000 mg 1 (fasting glucoseÐ2-h post-OGTT glucose)3
0.19 3 body weight (kg)]/120 min, which representsthe glucoseuptake
rate in peripheral tissues(mg/min); mean plasma glucose(MPG) is the
mean of fasting and 2-h post-OGTT glucoseconcentrations (mg/dL);
m/MPG representsthe metabolic clearancerate; and MSI (mean serum
insulin) is the meanof fasting and 2-h post-OGTT insulin concentrations
(mU/L). ISI0,120 reßectsperipheral insulin resistanceand glucosedisposal
and lower valuesindicate insulin resistance.

Dietary assessment . Usual dietary intakesfor the previous year were
assessed using the 126-item semiquantitati ve Harvard FFQ (version
88GP) (25). The questionnaires were mailed to participants before the
examination and they were asked to bring the completed questionnaire
with them to their scheduled appointment. The FFQ consistsof a list of
foods with a standardized serving size and a selection of 9 frequency
categories ranging from never or ,1 serving/mo to .6 servings/d.
Nutri ent intakeswerecalculatedat theHarvard Channing Laboratory by
mult iplyi ng the frequency of consumption of eachunit of food from the
FFQ by the nutrient content of the speciÞedportion. Separate questions
about vitamin and mineral supplement useand type of breakfast cereal
most commonly consumedwerealso included in the questionnaire. FFQ
with reported energy intakes ,2.51 MJ/d (600 kcal/d) for men and
women, or .16.74 MJ/d (4000 kcal/d) for womenor .17.57 MJ/d (4200
kcal/d) for men,or with .12 food itemsleft blank wereconsidered invalid.
TheFFQhasbeenshown to bevalid for both nutrientsand foods(25,26).

Covariate measurem ents. Height and weight were measuredwhile
participants were standing. BMI was calculated as kg/m2. Addition al
covariate information included age, sex, current smoking status, and
waist circumference, which was measuredat the umbilicus while the
participant was standing with the tape measureparallel to the ßoor.

Statistica l analysis. All statistical analyseswere performed using SAS
version9.1 (SASInstitute). We usedANCOV A to display the differences
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in subjectcharacteristicsand outcome variablesacrosstertile categories
of plasma25(OH)D . Becausefasting insulin, HOMA-IR, triacylglycerol,
and adiponectin were skewed,we usednatural logarithmic transforma-
tions to normalize the distributions of these outcome variables. A
multiple linear regressionmodel treating plasma 25(OH)D concentra-
tion as a continuous variable was used to calculate the P-trend. The
covariates included age, sex, BMI (continuous), waist circumference
(continuous), and current smoking status(yes/no).Becauseadiposity is a
strong determinant of outcomesand strongly inßuences25(OH)D con-
centration, we included both BMI and waist circumferenceascovariates
to limit the possibility of residual confounding by adiposity. To examine
whether calcium intake is an effect modiÞeron the relationship between
plasma 25(OH)D and outcomes, we tested the Þrst-order interactions
betweenplasma25(OH)D andcalcium intake. No interaction wasfound
betweenthese2 variables.A P-value, 0.05 was consideredsigniÞcant.
We did not conduct multiple comparisons adjustment for P-values,
becausewe are testing one hypothesis and all the outcome variablesare
inter-correlated, reßectinginsulin resistantphenotypes. We repeatedthe
analysesdescribedabove with vitamin D intake as our exposure and
energyintake asan additional covariate.

Results

A total of 402 men and 406 women with a meanageof 59.6 6
0.3 y were included in the present analysis. The mean plasma
25(OH)D concentration was 47.4 6 0.6 nmol/L (range, 5.5Ð
127.3). Plasma 25(OH)D was positively associatedwith age,
calcium intake, vitamin D intake, and vitamin D supplementuse
and inversely associated with waist circumference and BMI
(Table 1). Current smokers tended to have lower plasma
25(OH)D concentrations. Plasma 25(OH)D concentrations
were not related to sex, alcohol intake, total energy intake, or
physical activity.

After being adjusted for ageand sex, plasma 25(OH)D was
inversely associated with fasting glucose, fasting insulin,
HOMA- IR, and triacylglycerol and positively associatedwith
ISI0,120, adiponectin, and HDL cholesterol (Table 2). After
additional adjustment for BMI, waist circumference, and
smoking, the inverseassociationsbetween25(OH)D and fasting
glucose, fasting insulin, and HOMA-IR were attenuated but
remained signiÞcant; however, the associations with ISI0,120,

adiponectin, triacylglycerol, and HDL cholesterol were no
longer signiÞcant. The BMI and waist circumferencewere the
main factors responsiblefor the attenuation. Comparedwith the
participants in the lowest tertile category of plasma 25(OH)D,
those in the highest tertile category had a 1.6% lower concen-
tration of fasting glucose,9.8% lower concentration of fasting
insulin, and 12.7% lower HOMA-IR score. Plasma25(OH)D
and 2-h post-OGTT glucosewere not signiÞcantly associated.
Additional adjustment for physical activity did not affect any of
the observedassociations(resultsnot shown).

We repeated these analysesusing vitamin D intake as our
exposure,but it was not signiÞcantlyassociatedwith any of our
markers of insulin resistanceafter adjusting for age and sex
(resultsnot shown).

Discussion

Vitamin D deÞciencyhasbeensuspectedasa risk factor for im-
paired glucosetoleranceand diabetesamong adults (10,11,27).
Recent studies have suggestedthat poorer vitamin D status
might increase the risk of type 2 DM (12,13). However, the
pathwaysby which vitamin D could affect the risk of type 2 DM
are not clear. In the current study, we found that among adults
without diabetes,plasma25(OH)D concentration was inversely
associatedwith fasting glucoseand fasting measuresof insulin
resistancesuchas fasting insulin and HOMA-IR.

There are severalplausible mechanismsby which vitamin D
status may affect insulin sensitivity. First, decreasedvitamin D
concentrations result in elevatedconcentrations of parathyroid
hormone (PTH). ElevatedPTH in turn affects insulin sensitivity
by regulating the intracellular free calcium concentrations in
target cells (28,29). Studies have shown that increased PTH
concentrationswere associatedwith impaired glucosetolerance
and decreasedinsulin sensitivity (30,31). Second,vitamin D may
play a role in insulin action by stimulating the expression of
insulin receptorandtherebyenhancinginsulin responsivenessfor
glucosetransport (32,33). Finally, vitamin D has a modulating
effect on the immune system(34,35). Poorer vitamin D status
might induceahigherinßammatory response,which isassociated

TABLE 1 Characteristics of the participants by tertile categories of plasma 25(OH)D in the Framingham
Offspring Study1

Plasma 25(OH)D tertile category

T1 T2 T3 P-trend

Participants,n (%) 270(33.4) 268(33.2) 270(33.4)

Plasma25(OH)D,nmol/L 30.2(5.5Ð38.6) 46.2(38.7Ð53.2) 63.5(53.4Ð127.3)

Age,y 59.16 9.2 59.56 9.2 60.26 9.2 0.03

Women,n (%) 140(51.9) 130(48.5) 136(50.4) 0.93

Waistcircumference,2 cm 100.76 13.0 98.66 12.9 94.96 12.8 ,0.001

BMI,2 kg/m2 28.86 5.1 28.16 5.1 26.76 5.1 ,0.001

Currentsmoker,2 n (%) 41(15.0) 29(10.8) 22(8.3) ,0.001

Alcoholintake,2 g/d 11.86 15.4 9.56 15.2 10.16 15.1 0.13

Totalenergyintake,2 kJ/d 80576 3098 81196 3041 77156 3042 0.43

Calciumintake,3 mg/d 8526 473 10696 465 11646 465 ,0.001

VitaminD intake,3 mg/d 7.86 7.4 11.96 7.2 13.56 7.2 ,0.001

VitaminDsupplementuser, n (%) 73(26.8) 148(55.5) 168(62.2) ,0.001

Physicalactivityscore,2 MET-hours/d 37.16 6.7 38.06 6.7 37.66 6.9 0.28

1 Values are means 6 SD, n (%), or medians (range).
2 Adjusted for age and sex.
3 Adjusted for age, sex, and total energy intake.
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with insulin resistance(36,37). However, a recentreport from the
FraminghamOffspring Studydid not support thehypothesisthat
vitamin D statusis associatedwith inßammation (38).

The inverseassociation betweenplasma 25(OH)D and fasting
glucoseis consistent with previousepidemiologic studies(11,39).
Further, consistent with data from non-Hispanic Whites in the
NH AN ESIII (11), plasma 25(OH )D wasnot associatedwith 2-h
post-OGTT glucosein our study. However, 2 smaller studies(n ,
150) found that circulating 25(OH)D concentrations were
inversely related to 30-min or 1-h postchallenge glucoseduring
OGTT (27,40). Inconsistent results between studies may be
attr ibuted to dif ferent populations studied and different time
points of glucosemeasuresduring OGTT. To our knowledge, the
current study is theÞrst conductedin a nondiabetic U.S. cohort to
examine the relationship between plasma 25(OH)D concentra-
tions and 2-h postchallenge measuresof glucose.

Insulin resistanceand impaired b-cell function are the 2 main
defectsthat drive the developmentof type 2 DM. There is ample
evidencethat vitamin D plays a role in insulin synthesisand

secretion from pancreatic b-cells in both humans and animal
models(6). In contrast, the information on the role of vitamin D
in insulin resistance is limited (11,14,41). Chiu et al. (14)
observed that serum 25(OH)D concentrations were positively
associatedwith insulin sensitivity, as determined from the 3-h
hyperglycemic clamp in healthy glucose-tolerant subjects.In a
double-blind, randomized, controlled trial designedfor bone-
related outcomes, Pittas et al. (41) found that among partici-
pants with impaired fasting glucoseat baseline,thosewho took
combined calcium-vitamin D supplementshad a lower increase
in HOMA-IR. However, in the normal fasting glucosesubgroup,
there was no difference in the change of HOMA-IR between
treatment and placebogroups. We found that plasma25(OH)D
concentration was inversely associatedwith fasting insulin and
HOMA-IR, but plasma 25(OH)D and ISI0,120 were not associ-
ated. Becauseonly a small subset of subjects (n ! 290) was
availablefor this analysis,we might havelimited power to detect
a weak associationbetweenplasma25(OH)D and ISI0,120. With
a samplesizeof 290, we have a statistical power of 88.3% to

TABLE 2 Association between surrogate markers of glucose tolerance and insulin resistance and
plasma 25(OH)D concentrations in the Framingham Offspring Study1

Plasma 25(OH)D tertile category

T1 T2 T3 b2 P-trend

Fastingplasmaglucose(n ! 808),mmol/L

Model1 5.44(5.37Ð5.50) 5.38(5.32Ð5.45) 5.27(5.21Ð5.34) 20.0047 ,0.001

Model23 5.45(5.38Ð5.51) 5.38(5.32Ð5.44) 5.27(5.21Ð5.33) 20.0050 ,0.001

Model34 5.41(5.35Ð5.47) 5.37(5.31Ð5.43) 5.32(5.25Ð5.38) 20.0028 0.007

2-hpost-OGTTglucose(n ! 290), mmol/L

Model1 7.05(6.63Ð7.48) 6.64(6.20Ð7.08) 6.68(6.20Ð7.17) 20.0076 0.33

Model23 7.10(6.70Ð7.50) 6.68(6.27Ð7.10) 6.58(6.12Ð7.04) 20.0122 0.10

Model34 6.97(6.58Ð7.36) 6.70(6.31Ð7.10) 6.74(6.29Ð7.18) 20.0051 0.49

Fastingplasmainsulin(n ! 805),pmol/L

Model1 97.4(91.8Ð103.3) 91.2(85.9Ð96.7) 79.2(74.7Ð84.0) 20.00545 ,0.001

Model23 97.8(92.2Ð103.7) 91.0(85.8Ð96.5) 79.1(74.6Ð83.9) 20.0055 ,0.001

Model34 92.9(88.2Ð97.9) 89.9(85.3Ð94.6) 83.8(79.6Ð88.3) 20.0028 0.001

HOMA-IR(n ! 805)

Model1 3.59(3.34Ð3.86) 3.30(3.06Ð3.55) 2.74(2.55Ð2.95) 20.00705 ,0.001

Model23 3.61(3.36Ð3.88) 3.29(3.06Ð3.54) 2.74(2.55Ð2.94) 20.0072 ,0.001

Model34 3.38(3.17Ð3.61) 3.24(3.04Ð3.45) 2.95(2.77Ð3.15) 20.0037 ,0.001

ISI0,120(n ! 290)

Model1 21.6(20.2Ð22.9) 23.2(21.8Ð24.6) 23.4(21.8Ð24.9) 0.0383 0.13

Model23 21.4(20.1Ð22.7) 23.1(21.8Ð24.4) 23.6(22.2Ð25.1) 0.0616 0.03

Model34 21.9(20.7Ð23.1) 23.0(21.8Ð24.2) 23.0(21.6Ð24.4) 0.0233 0.31

Plasmaadiponectin(n ! 558),mg/L

Model1 8.4(7.7Ð9.1) 8.3(7.6Ð9.1) 10.0(9.1Ð11.1) 0.00455 0.002

Model23 8.4(7.9Ð9.0) 8.6(7.9Ð9.3) 9.6(8.8Ð10.5) 0.0034 0.007

Model34 8.7(8.1Ð9.3) 8.5(7.9Ð9.2) 9.2(8.5Ð10.1) 0.0020 0.12

Plasmatriacylglycerol(n ! 678),6 mmol/L

Model1 1.36(1.27Ð1.45) 1.23(1.15Ð1.31) 1.16(1.09Ð1.24) 20.00335 0.002

Model23 1.37(1.28Ð1.46) 1.23(1.15Ð1.31) 1.16(1.09Ð1.24) 20.0035 0.001

Model34 1.31(1.23Ð1.39) 1.22(1.14Ð1.30) 1.21(1.14Ð1.29) 20.0012 0.24

PlasmaHDLcholesterol(n ! 678),6 mmol/L

Model1 1.35(1.30Ð1.40) 1.38(1.33Ð1.44) 1.44(1.39Ð1.49) 0.0026 0.002

Model23 1.33(1.29Ð1.38) 1.37(1.33Ð1.42) 1.43(1.38Ð1.47) 0.0026 0.001

Model34 1.36(1.31Ð1.40) 1.38(1.33Ð1.43) 1.40(1.36Ð1.45) 0.0014 0.07

1 Values for fasting glucose, 2-h post-OGTTglucose, ISI0,120, and HDL are adjusted means (95% CI). Values for fasting insulin, HOMA-IR,
adiponectin, and triacylglycerol are adjusted geometric means (95% CI).
2 Linear regression coefÞcient (slope) relating the insulin resistant phenotype to plasma 25(OH)D as a continuous variable.
3 Adjusted for age and sex.
4 Adjusted for age, sex, current smoking status (yes/no), BMI (continuous), and waist circumference (continuous).
5 Analysis of linear trend based on natural logarithmic transformations of fasting insulin, HOMA-IR, adiponectin, and triacylglycerol.
6 Excluded those using cholesterol lowering medications.
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detect a 15% difference in ISI0,120 between the lowest and
highest tertile categoriesof plasma25(OH)D. But if the desired
difference is lowered to 10%, we have only 55.6% power to
detect it. On the other hand, comparedwith fasting insulin and
HOMA-IR, ISI0,120 tends to reßectperipheral insulin resistance
and b-cell function. The different properties of the biomarkers
offer a potential explanation for the inconsistency regarding
their associationswith 25(OH)D.

Adiponectin is one of the several adipokines produced by
mature adipocytes.Adiponectin favors glucoseuptake and free
fatty acids oxidation in muscle and inhibits gluconeogenesis
in liver, thereby improving insulin sensitivity (37). It is well
establishedthat plasma adiponectin levels are lower in obese
individuals. To date, severalcross-sectionalstudieshaverelated
various aspectsof diet, suchasdietary Þber, glycemicindex, and
load, and a Mediterranean diet pattern to plasma adiponectin
(42Ð44).To our knowledge, this is the Þrststudy to examinethe
relationship between plasma 25(OH)D and adiponectin concen-
trations. There are several reasonsthat justify examining the
relationship. First, becausevitamin D receptor has been iden-
tiÞed in preadipocytes(45,46), it is possible that 1,25(OH) 2D,
the active form of this vitamin, may regulate the adiponectin
geneexpression.Second,asa hormone, 1,25(OH) 2D is thought
to play a role in regulating the production of tumor necrosis
factor-a (35), which is one of the proposedfactors affecting the
synthesisof adiponectin (47Ð49). According to our results, a
5.7% increase in adiponectin concentrations was observed
among individuals in the higher tertile category of plasma
25(OH)D compared with those in the lowest. Although after
adjustment for potential confounders the observedassociation
was not signiÞcant (P ! 0.12), we were unable to exclude a
possible association between plasma 25(OH)D and adiponectin
concentrations. With the smaller subsetof subjectswith both
adiponectin and 25(OH)D measurements(n ! 558), perhapswe
had limited power to detect the modest association between
these2 variables.

In our population sample, the plasma 25(OH)D concentra-
tion was associatedwith its previously identiÞed determinants
(2Ð4,50Ð52).Weobservedthat it waspositively associatedwith
age,vitamin D intake, vitamin D supplementuse,and calcium
intake. The positive association between age and plasma
25(OH)D concentrations was due to increased vitamin D
supplement use among older participants in the Framingham
Offspring Study. Calcium intake is signiÞcantlyassociatedwith
plasma25(OH)D, becausemilk, an important dietary sourceof
calcium, is also the main food source for vitamin D in the
American diet. We observedthat plasma 25(OH)D concentra-
tions were inversely associatedwith BMI and waist circumfer-
ence, which is thought to be due to a greater capacity for
sequesteringvitamin D in fat stores,resulting in lower circulat-
ing concentrations of plasma 25(OH)D (50). We also observed
that smokers had lower circulating plasma 25(OH)D concen-
trations (51,52), but the reasonfor this associationis not known.
Sunlight is another very important determinant of plasma
25(OH)D concentrations. We did not have a direct measureof
sunlight exposure in our population sample, but the month of
the study blood draw is a useful surrogate measure and
correlates strongly with plasma 25(OH)D. Except for vitamin
D intake and month of blood draw, we included thesedetermi-
nants as potential confounders (age, BMI, and smoking) or
modiÞers(calcium intake) of the associationbetween25(OH)D
and the markers of insulin resistant phenotype. We did not
considervitamin D intake or month of blood draw aspotential
cofoundersin theseanalysesfor 2 reasons.First, we know of no

information to suggestthat there are effectsof vitamin D intake
or sunlight on insulin resistancethat might be independent of
plasma 25(OH)D concentrations. Second, given the strong
causalassociationbetweenboth vitamin D intake and sunlight
exposure and 25(OH)D, we felt that adjusting for these
determinantsof 25(OH)D could result in overadjustment.

Somelimitations need to be noted. First, random measure-
ment error arising from the useof single measuresof glucose,
insulin, and 25(OH)D to characterizethe usual status of these
factors may haveattenuated the observedassociations.Second,
we have limited power to detect differencesin 2-h post-OGTT
glucoseand ISI0,120 becauseof the small sample size. Third, a
causal relationship between vitamin D and insulin resistant
phenotypescannot be assessedin our study, becausethe cross-
sectional study design cannot separatethe timing of exposure
and outcomes.

In conclusion, amongindividualswithout diabetes,weshowed
that higher vitamin D status is inversely associated with fasting
glycemia and fasting markers of insulin resistance. Our Þndings
suggest a pathophysiologic mechanism that at least in part may
explain the inverse association between vitamin D status and
incident type2 DM seenin observational studies.Further study of
potential mechanisms in the sett ing of randomized trials with
vitamin D in part icipants at higher risk for type2 DM is needed.
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