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Associations among 25-Hydroxyvitamin D, Diet
Quality, and Metabolic Disturbance Differ by
Adiposity in United States Adults
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Context: Recent evidence indicates that a higher plasma level of 25-hydroxyvitamin D [25(0OH)D]
is associated with lower adiposity and a reduced number of metabolic disturbances (MetD).

Objectives: We examined associations among dietary quality, 25(OH)D, percent body fat (%BF),
and MetD, and a pathway linking them, across central obesity.

Design: This cross-sectional nationally representative study used extensive data from the National
Health and Nutrition Examination Surveys of 2001-2004.

Participants: U.S. adults aged at least 20 yr were stratified by central obesity (CO) status. Sample
sizes ranged from 1943 (all MetD combined) to 7796 (each component).

Main Outcome Measures: %BF was measured using dual-energy x-ray absorptiometry, and MetD
was measured with individual continuous nonadiposity outcomes (e.g. fasting plasma glucose) and
with a composite count index of binary MetD with prespecified cutoff points (Index ).

Results: A higher 25(OH)D was associated with better dietary quality, lower %BF, and lower num-
ber of MetD. These inverse 25(0H)D-%BF and 25(OH)D-MetD associations (i.e. fasting blood glu-
cose, homeostatic model assessment of insulin resistance, C-reactive protein, and Index I) were
significantly stronger among the CO™ group. Finally, the pathway linking the dairy component of
the Healthy Eating Index (HEly,,, to Index | through 25(0OH)D and %BF indicated complete me-
diation among the CO™ group, but HEl,;,, and 25(0H)D had direct inverse associations with Index
I among the CO™ group.

Conclusions: Due to potential genetic differences between CO™ and CO™ groups, empowering U.S.
adults with central obesity to make related behavioral changes may be especially effective in
improving their vitamin D status and metabolic profile. (J Clin Endocrinol Metab 95: 0000-0000,
2010)
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fat; Cl, confidence interval; CO™, with central obesity, CO™, without central obesity; CRP,
C-reactive protein; 25(0H)D, 25-hydroxyvitamin D; DBP, diastolic blood pressure; DXA, dual-
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index; HOMA-IR, homeostatic model assessment for insulin resistance; MAP, mean arterial
pressure; MEC, mobile examination center; MetD, metabolic disturbance; MET, metabolic
equivalent; NCEP ATP Ill, National Cholesterol Education Program, Adult Treatment Panel IIl;
NHANES, National Health and Nutrition Examination Surveys; OLS, ordinary least square; PA,
physical activity; RMSEA, root mean square error of approximation; SBP, systolic blood pressure;
SM, structural equations modeling; TG, triglycerides.
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arlier research had focused on skeletal disorders asso-
E ciated with vitamin D deficiency including rickets in
children (1) and osteomalacia (2) or osteoporosis (3) in
adults, the risk of which can be modified by increasing
intake of foods enriched with vitamin D (4). However,
recent evidence points to the fact that vitamin D status,
particularly in plasma, may also be protective against the
risk of cardiovascular disease (5-7), cancer (8-10), and
infection (11-13). As in rickets and osteomalacia, vitamin
D dietary supplementation has been shown to prevent the
adverse effects of insufficiency and reduce the risk of some
of those disorders as well as that of all-cause mortality
(14-16). A number of recent studies have shown that
higher levels of 25-hydroxyvitamin D [25(OH)D] in
plasma are associated with lower adiposity (mainly mea-
sured by anthropometric measures) and a reduced number
of metabolic disturbances (MetD) (17-33).
Moreover, obesity and its related disorders were shown
to be inversely related to overall dietary quality (34-39),
specifically the dairy component of dietary quality, which
is a rich source of vitamin D (40-42). However, no recent
large nationally representative U.S. study has addressed
the question of whether the effects of 25(OH)D on percent
body fat (%BF) and obesity-related MetD differ appre-
ciably between subjects with central obesity (CO™) com-
pared with those without central obesity (CO ™), although
a few earlier studies had restricted their samples to mor-
bidly obese subjects (19). A significantly stronger effect on
a select group of people who may be prone to MetD (e.g.
CO™) may implicate gene-environment interactions. In
fact, using the National Health and Nutrition Examina-
tion Surveys (NHANES) 1988-1994 and 1999-2004
data (43), we found that waist circumference increased at
a faster pace in the upper percentiles than the lower per-
centiles in the U.S. adult population. This may suggest an
interaction between environmental changes and genetic
makeup. In fact, one candidate gene (vitamin D receptor
gene polymorphism) was recently shown to be signifi-
cantly related to obesity status in general and waist cir-
cumference value in particular (44, 45). Moreover, there
is a lack of understanding of the role played by dietary
quality (an environmental factor) in these associations.
Finally, elevated C-reactive protein (CRP) and hyperuri-
cemia, which often accompany obesity and the metabolic
syndrome (46-49) and have been associated with poor
dietary quality (50, 51), have not been studied thus far in
relation to 25(OH)D status in the general U.S. population.
The present study aims to tackle these research gaps and
examine a pathway between dietary quality and the num-
ber of MetD going through 25(OH)D and adiposity, strat-
ifying the study sample by central obesity status.
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Materials and Methods

Database and study subjects

The NHANES is a series of cross-sectional annual surveys
that have provided health and nutrition data on nationally rep-
resentative samples of the U.S. civilian population since the
1970s. NHANES has a stratified, multistage probability cluster
sampling design. In-home interviews collecting basic sociode-
mographic data are followed by health examinations in a mobile
examination center (MEC) that include various anthropometric,
blood pressure, and laboratory measurements. Detailed descrip-
tions of the study design and data collection have been published
elsewhere (52).

In the present study, NHANES data from adults aged 20—85
yr for the periods 2001-2002 and 2003-2004 were merged.
Among a sample of 9769 subjects (4661 men and 5108 women)
with complete demographic data, we excluded pregnant and
lactating women. Of the remaining sample (n = 9050; eligible
sample 1; see Fig. 1), 8579 had complete dietary data and 8155
had complete 25(OH)D status and dietary data. Many metabolic
outcomes considered had missing data ranging from 10-20% of
this sample, including anthropometric measurements such as
waist circumference for assessment of central obesity status.
However, because fasting blood sample tests [e.g. fasting blood
glucose, insulin, high-density lipoprotein cholesterol (HDL-C),
and triglycerides (TG)] were conducted in only half of the eligible
adult sample, complete data on all MetD disturbances combined
and other variables of interest were available for only 1943 sub-
jects (eligible sample 4; see Fig. 1.). Sampling weights were ap-
plied to account for nonresponse bias.

Outcome assessment

%BF

Whole-body %BF was calculated as total body fat mass di-
vided by total mass (fat mass + lean mass + total bone mineral
content) X 100. All these measurements were obtained by per-

Adults in NHANES 2001-04
(age range: 20-85y)

N=0,769
———————— ™ Pregnant women
N=719
Eligible sample 1
=9,050
Missing data on:
_______ - 25(0H)D: 1,127
CO status:457
HEI471
Eligible sample 2 with complete
25(0H)D,CO status, HEI
N=7,805
Eligible sample 3a-g with complete:
Blood pressure data (N=7,583 )
HDL-C data (N=3,923)
TG data (N=3,840)
Fasting glucose data (N=3 845) Eligible ple 4 with

HOMA-IR data (N=3,837) Index | data (N=1,843 ]l
Uric acid data (N=7,767)
C-reactive protein data (N=7,796)

%BF data (N=7,780)

FIG. 1. Flow diagram for study sample selection, NHANES
2001-2004.
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forming a whole-body scan using dual-energy x-ray absorpti-
ometry (DXA) and a multiple detector fan-beam Hologic QDR-
2000 densitometer (Hologic, Inc., Waltham, MA) (53).

MetD

Blood pressure and laboratory tests. Using a mercury sphygmo-
manometer, three to four blood pressure determinations [sys-
tolic blood pressure (SBP) and diastolic blood pressure (DBP)]
were made during MEC examinations and during home exam-
inations for older participants (54). Final measures were the av-
erage of three determinations. SBP and DBP values were also
combined as mean arterial pressure (MAP): MAP = (SBP + 2 X
DBP)/3.

Specimen collection and processing instructions are detailed
elsewhere (55). In brief, fasting blood glucose was analyzed by
reacting glucose with ATP, a reaction that is catalyzed by the
enzyme hexokinase. TG were measured enzymatically by hydro-
lyzing to produce glycerol in a series of coupled reactions.
HDL-C was measured using two methods: 1) heparin-manga-
nese precipitation and 2) direct immunoassay. Fasting serum
insulin was measured using a RIA reagent (Pharmacia Diagnos-
tics, Uppsala, Sweden). Uric acid level was measured by oxidiza-
tion with the specific enzyme uricase to form allantoin and H, O,
(Hitachi model 737 multichannel analyzer; Roche Molecular
Biochemicals Diagnostics, Indianapolis, IN), and high-sensitiv-
ity CRP was quantified by latex-enhanced nephelometry (Be-
hring Diagnostics, Westwood, MA).

MetD assessment. Although most of the analysis examined
continuous measures of MetD, summary measures combining
binary outcomes with prespecified cutoff points were also
considered. These binary outcomes included the nonadiposity
components of the metabolic syndrome, as defined by the Na-
tional Cholesterol Education Program, Adult Treatment Panel
IIT (NCEP ATP III) (56): 1) SBP/DBP at least 130/85 mm Hg, 2)
fasting glucose at least 110 mg/dl, 3) TG at least 150 mg/dl, and
4) HDL-C less than 40 mg/dl for men and less than 50 mg/dl for
women. Additionally, we examined the following: 5) the ho-
meostatic model assessment of insulin resistance (HOMA-IR)
with a cutoff point of 2.61 reflecting high insulin resistance level
as suggested elsewhere (57, 58), 6) hyperuricemia with cutoffs of
more than 7 mg/dl in men and more than 6 mg/dl in women (59),
and 7) elevated CRP defined as more than 2.11 mg/liter (60). One
index (Index I) summing the NCEP ATP III binary MetD (i.e.
criteria 1-4; 0 = no; 1 = yes) and all other disturbances (i.e.
criteria 5-7) and thus ranging between 0 and 7, was examined as
a measure of overall MetD.

Exposure assessment

Vitamin D status

Serum 25(OH)D was measured by a RIA kit after extraction
with acetonitrile (Diasorin Inc., Stillwater, MN). The 25(OH)D
levels reported represent the summation of ergocalciferol
25(OH)D, and cholecalciferol 25(OH)Dj.

Dietary intake and dietary quality

One 24-h recall of dietary intakes among all participants was
used to assess dietary quality by the 2005 U.S. Department of
Agriculture (USDA) Healthy Eating Index (HEI) (61), an im-
provement over its earlier 1995 version (36). The new HEI re-

jcem.endojournals.org 3

flects the 2005 Dietary Guidelines for Americans (61) and in-
cludes energy-adjusted components. Twelve components are
estimated with varying ranges, and the total score (HEL,,;; sum
of the 12 components) may range from 0-100, with a higher
score indicating a better quality diet (61). Components of the
HEI(HEI,, where k = 1-12), particularly HEI, (dairy), were also
considered.

Covariates

Sociodemographic covariates

Age, sex, race/ethnicity [categorized as non-Hispanic (NH)
Whites, non-Hispanic Blacks, Mexican-American, and other
groups], education (grouped as 0, less than a high school edu-
cation; 1, high school (12 yr); and 2, more than a high school
education) and family income (poverty income ratio < 125% for
poor, 125-300% for near poor, and >300% for not poor).

Physical activity

Three measures of physical activity (PA) were included as
covariates: 1) vigorous activity over the past 30 d that was di-
chotomized as 1 = yes and 0 = no; 2) PA compared with age
peers, coded as 0 = less, 1 = about the same, and 2 = more; 3)
a more objective measure, the MET X hours per week of PA (62,
63), constructed based on individual leisure-time activities and
categorized in part of the analysis as 0 to less than 5, 5-10, and
more than 10.

Central obesity status

Waist circumference (in centimeters) was measured using a
tape measure starting from the hip bone and wrapping around
the waist at the level of the navel. Central obesity was defined as
waist circumference more than 102 ¢cm for men and more than
88 cm for women, based on the North American Association for
the Study of Obesity/National Heart, Lung, and Blood Institute
recommendations (64).

Statistical analysis

All analyses except for structural equations modeling (SM)
were conducted using Stata release 10.0 (Stata Corp., College
Station, TX). Using survey commands, we applied recommended
subsample weights for the period of 2001-2004 and accounted
for multiple imputations for DXA scan data. MEC exam weights
were used for most analyses, except for those where the fasting
half-sample had the limiting variable in the analysis, in which
case a specific weight variable was substituted to obtain popu-
lation estimates of means, proportions, and regression coeffi-
cients. Masked variance units were used to estimate variances
using the Taylor series linearization method. This allowed us to
provide an unbiased estimate for the SE, given sampling design
complexity (65).

Our analysis consisted of several steps. First, we described the
sample participants’ characteristics by selected meaningful cat-
egories of 25(OH)D levels (<20, 20 to <235, and =25) and cen-
tral obesity status. Associations between variables were tested
using ANOVA (non-design-based F test) with continuous out-
comes and a design-based F test for categorical outcomes.

Second, a set of multiple linear regression models with con-
tinuous 25(OH)D as the main outcome and central obesity as the
main exposure was conducted to assess the confounding effects
of sociodemographic, lifestyle, and dietary factors as well as that
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of %BF in the main association. Attenuation of the main asso-
ciation was of particular interest.

Third, multiple linear regression models with continuous
%BEF, selected MetD, and ordinal MetD (Indices I and II) as
outcomes were conducted to test their associations with overall
dietary quality (HEIL,,;; standardized z-score) and 25(OH)D
status (also as z-score) as explanatory variables in the model,
controlling for potential confounders and stratifying by central
obesity status. Effect modification by central obesity status was
tested by adding an exposure X central obesity interaction term
to each model. Design-based Wald tests were used to assess sig-
nificance of regression coefficients. A sensitivity analysis for
MetD was conducted whereby %BF was added as an additional
potential confounder in each model. A type I error of 0.05 was
used for significance and 0.10 for borderline significance.

Finally, using the CALIS procedure (66) in SAS version 9.2,
we fit SM to test the most likely pathway between dietary quality
and number of binary MetD (Index I), considering 25(OH)D and
%BF as serial mediators. Global goodness of SM fit indices in-
cluded the root mean square error of approximation (RMSEA)
with its 90% confidence interval (CI) (criterion is 0.06 or lower
for good fit), goodness of fit index adjusted for degrees of free-
dom (AGFI), which ranges between 0 (poor fit) and 1 (model
fits). Full models were reduced by removing nonsignificant ex-
ogenous variables with a 0.10 type I error. Effect modification by
central obesity status was determined for the main associations
of interest by comparing 95% CI of path coefficients (see Fig. 2
for more details). Findings were interpreted in terms of signifi-
cance of the direct effects of HEI,,,; and HEI;,, on Index I'and
the significance of path coefficients pertaining to the indirect
effect through 25(OH)D and %BEF. Lack of significance of a
direct effect may indicate that mediation is pseudo-complete in
the pathway being tested, as long as the mediating path coeffi-
cients are statistically significant at type I error of 0.05. In con-
trast, the significance of direct effect at a type I error of 0.05 may
suggest that an alternative pathway is at play.

Results

The prevalence of hypovitaminosis D [25(OH)D < 20
ng/ml] was higher among CO™ participants compared
with the CO™ group (37.7 vs. 25.8%, P < 0.0001 for
design-based F test). In both subgroups, those with hypo-
vitaminosis D were younger, more likely to be non-
Whites, to have less than a high school education, and to
be poor and were less likely to be physically active. CO™
participants with hypovitaminosis D were more likely to
be men compared with those with higher serum 25(OH)D
levels, although the opposite was true among the CO™
group. HEI, ., was lowest among participants with low
25(OH)D (<20 ng/ml) consistently between the two sub-
groups. Notably, HEIL, (dairy component) showed a clear
linear dose response by tertile of 25(OH)D in both sub-
groups (P < 0.05; non-design-based F value; Table 1).
Moreover, comparing CO™ with CO™ participants, all
metabolic indices were indicative of greater disturbance
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FIG. 2. SM stratified by central obesity (CO) status: testing mediation
of HEI-Index | MetD through 25(0H)D and %BF. A theoretical model
was set up in which sociodemographic and lifestyle factors were
exogenous to the main variables of interest. The model consisted of
simultaneous equations with outcomes being HEI, 25(0OH)D, %BF, and
number of MetD (Index | range between 0 and 7), stratified by central
obesity status. HEl,o, and HEly,;,, were considered alternatively. Effect
modification by central obesity status was determined for the main
associations of interest by comparing 95% ClI of path coefficients. The
following equations correspond to the general setup of the structural
equations model:

k
HEI = Yaz, Z;+ ¢ (1)
ji=1
k
VitD = a,HEl + Yaz,Z; + e, (2)
j=1
k
BF = ay3;HEL + a3 VitD + Y az,Z; + s (3)

j=1

k
MetD = ay,HEI + ay,VitD + ayBF + ooz, 7, + e (4)
=1
where HEI (total or dairy component; z-score) was allowed to predict
all subsequent outcomes, plasma 25(0H)D level (vitamin D; z-score)
was allowed to predict only %BF and number of MetD (Index I;
ordinal), and BF was allowed to predict only MetD. Z; is the vector of
other exogenous variables (e.g. sociodemographic and lifestyle factors;
continuous terms such as age were entered as continuous), whereas
e, e, es, and e, are the error terms. Correlations between all
exogenous variables except error terms (assumed to be zero) were
estimated.

among the CO™ group (P < 0.05; non-design-based F
value; Table 2).

Comparing CO™ with CO™ in terms of mean 25(OH)D
level while adjusting for potentially confounding factors
in an ordinary least square (OLS) multiple linear regres-
sion model (Fig. 3) we found that on average the age- and
sex-adjusted difference was —3.2 ng/ml (95% CI = —3.8
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TABLE 1. Sociodemographic, lifestyle, and dietary characteristics by 25(OH)D status: CO™ vs. CO™ group among U.S. adults: NHANES 2001-2004

CO™* (n = 4501)

25(OH)D level

CO™ (n = 4092)

25(OH)D level

20-<25
ng/ml
22.3+1.0

20-<25

P value
<0.0001°

=25 ng/ml
399+ 2.1

<20 ng/ml
37.7 = 2.1

P value

ng/ml =25 ng/ml

21509

<20 ng/ml
258+ 19

527 +1.9

% =+ SE

1403

935

1950

1739

842

1315

0.0001%

9.0=x1.2
16.7 =09

246 1.2

89 0.9
169 £ 1.7

20-29 283+ 1.8 284 £2.2 23.1*x1.2 0.0860° 156 £ 1.1

30-39

Age, yr (% = sg)
40-49

16.6 £1.0
229+1.0

204 £ 1.7 247 = 1.7

242 = 1.7

223+ 15

246 £2.0 22.1 1.2

209 £ 1.6

18914

21.1+£1.8
142 1.2

19.1 £ 1.1

148 £ 1.4

13.1 =14

12112

50-59
60-69

=70
Mean age (yr = sE)

Sex (% = sE)

15.7 £ 1.1

13.8 1.0

0.7 6.9 0.6
0.5

+ 0.7

0.7 6.2

0.7

6.8

149 = 0.8
50.9 £ 0.6

119 £0.8 16.5 = 1.1

48.1 £ 0.4

8.3
42.7 = 0.5

7.2
41.3 0.6

7.6
413 0.5

<0.0001¢

514 +0.6

0.0047¢

438 = 2.2 454 + 14 <0.0001

33.0 £ 1.1

61.6 + 2.1 56.6 + 1.5 0.0210

62.7 £ 1.5

Male

56.2 £ 2.2 546+14

66.9 £ 1.1

38.4 2.1 434 =15

37315

Female
Race/ethnicity (% = sE)

58.0+29 81223 89.8+ 1.8 <0.0001

<0.0001

69.0 £ 2.2 86.0 = 1.7

46.2 = 3.0

NH White
NH Black

0.3
0.9

59+ 1.1 2.0

23.1+£23

2.1*+03

80=x1.2

9.6 =
13.5 2.1

264 =23

3.9

1.2

6.8 =

9.7 £1.8
92+ 16

0.9

54
6.4+ 1.1

1.0

11015
163+ 1.8

Mexican-American

Other
Education (% = sg)

42 + 1.1

6.0 = 1.1

0.0001

155 *1.2

18114
238 1.7

144 +14 <0.0001 233 %13

15214
226 1.9

245+ 1.6

Less than high school

High school

30.8 1.5

279+ 1.5

269 1.4

213+ 1.8

53.7*+16

58.1+25

48.8 £ 1.8

587 +2.0

62.1 2.0

542 = 2.1

More than high school
Poverty Income ratio (% = sE)

19.3+£2.3 147 =11 <0.0001 265+ 1.6 16.7 = 1.8 143+ 16 <0.0001

27.8 £2.3

225+ 15

Poor: <125%

29.0x2.0 30.1£1.6

333x14

27614

348 £ 1.7

Near poor: 125-<300%
Not poor: >300%
Vigorous activity over the

55.6+24

542 £ 3.2

402 =19

529+ 33 577 1.7

427 £ 2.1

past 30 d
(% = sE)

No
Yes

724 =20 70.8 = 1.6 0.0470

<0.0001 77.5 1.1

57.0x 25 504+ 1.8

68.4 1.9

276 2.0 29116

225+ 1.1

496 = 1.8

429 +25

31.5+1.9
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TABLE 2. Mean and st of HEI, 25(OH)D, %BF, and selected MetD by central obesity status among U.S. adults:

NHANES 2001-2004

CO™ (n = 4092) CO™ (n = 4501)

N Mean SE N Mean SE P value

Waist circumference (cm) 4092 85.78 0.14 4501 107.42 0.33 <0.001
HEl ot 3921 50.52 0.37 4346 50.60 0.38 0.003
dair 3921 473 0.09 4346 4.74 0.08 0.872
25(0OH)D (ng/ml) 3896 25.71 0.43 4288 22.76 0.46 <0.001
%BF 4077 28.68 0.19 4474 394 0.23 <0.001
MAP (mm Hg) 3962 86.80 0.33 4308 90.5 0.30 <0.001
Fasting blood glucose (mg/dl) 1957 96.24 0.43 2159 105.74 0.78 <0.001
TG (mg/dl) 1894 125.46 2.77 2136 171.51 6.49 <0.001
HDL-C (mg/dl) 2069 53.84 0.53 2011 48.66 0.49 <0.001
HOMA-IR? 1890 1.87 0.03 2127 4.04 0.12 <0.001
Uric acid (mg/dl) 3897 5.24 0.03 4292 5.72 0.05 <0.001
CRP (mg/liter) 3924 3.04 0.23 4321 5.42 0.26 <0.001
Index I° 1017 1.48 0.03 1026 3.12 0.07 <0.001

2 HOMA-IR is the product of the fasting values of glucose (G,, expressed as millimoles per liter) and insulin (I, expressed as microunits per

milliliter); HOMA-IR = (I, X G)/22.5.
b Index | is the sum of all binary disturbances (range 0-7).

to —2.6). Further adjustment for other sociodemographic,
lifestyle, and dietary factors (HEI,,,;) attenuated this dif-
ference to —2.2 ng/ml (P < 0.05). When adding %BF into
the OLS model, the difference was markedly attenuated to
—0.2 ng/ml and became statistically nonsignificant (P >
0.05).

Tables 3 and 4 present findings of a series of OLS mul-
tiple linear regression models with main outcomes being
%BF and selected MetD, simultaneously including HEI
and 25(OH)D as main exposure variables, adjusting for
sociodemographic and lifestyle factors, and stratifying by
CO status (models 1a and 1b). Moreover, effect modifi-
cation by CO status was examined when the main expo-
sure was 25(OH)D (model 1c) and HEI (model 1d). Over-

Model 1 Model 2 Model 3

B, 95% CI

s

5

FIG. 3. Mean difference in 25(0OH)D by central obesity status (CO™ or
CO™): OLS multiple linear regression findings (8 with 95% Cl),
adjusting for sociodemographic, lifestyle, dietary factors, and % BF
(NHANES 2001-2004). *, P < 0.05 for null hypothesis that adjusted

B = 0 from OLS multiple linear regression, Wald test. For model 1,
25(0OH)D is regressed on central obesity, adjusted for age and sex

(n = 8184); model 2 adjusted for all sociodemographic, lifestyle, and
dietary variables (see Covariates in Materials and Methods) (n = 7300),
and model 3 further adjusted for %BF (n = 7278).

all (models 1a and 1b), 25(OH)D level was inversely
related to %BF (both subgroups), MAP (CO™ group),
fasting glucose (CO™ group), TG (both subgroups),
HOMA-IR (both subgroups), uric acid (CO™ group), and
CRP (CO™ group). Based on model 1c, significant inter-
action between 25(OH)D and central obesity was ob-
served in the cases of %BF, fasting blood glucose, HOMA-
IR, and CRP, but not MAP, indicating a stronger inverse
association among the CO™ group [P < 0.05 for
25(OH)D X CO interaction term; Wald test|. This inter-
action remained statistically significant (P < 0.05) even
after controlling for %BF in the cases of blood glucose,
HOMA-IR, and CRP (data not shown). Examining Index
I, a similar pattern of interaction was observed whereby
the inverse association between 25(OH)D and this index
was stronger among the CO™ group. However, the
25(OH)D X CO interaction term became only borderline
significant (P = 0.07) when %BF was added to the model
(data not shown).

In contrast, HEI, ., was not associated with any of the
selected MetD, except for the inverse association with uric
acid among the CO ™ group (although HEI,,; X central
obesity interaction term in model 1d was only borderline
significant; P = 0.089) and the positive association with
HDL-C among the CO™ group (no significant interaction
with central obesity; model 1d) particularly after control-
ling for 25(OH)D levels. When %BF was added to the
model, the interaction between HEI,,; and central obe-
sity became statistically significant in the case of uric acid
(P = 0.02; data not shown).

Findings from a series of SM (Table 5) indicated that
pathways from dietary quality to Index I MetD through
25(OH)D and %BF differed significantly by CO status. In
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TABLE 4. Dietary quality and 25(0OH)D level (z-scores) vs. other and total number of MetD (Index I) in CO™ vs. CO™
U.S. adults: findings from OLS regression models (NHANES 2001-2004)

Index I: sum of all
binary disturbances

HOMA-IR Uric acid (mg/dl) CRP (mg/liter) (range: 0-7)
B se P value B st Pvalue B se P value B s Pvalue

Effect of 25(0OH)D
Model 1a: CO™

25(0OH)D —-0.14 0.03 <0.001 -0.05 0.03 0.043 0.1 0.2 0.726 0.03 0.04 0.577
Model 1b: CO™

25(0OH)D —0.58 0.09 <0.001 —-0.02 0.03 0.607 —-06 0.2 0.008 —-0.24 0.07 0.012
Model 1c: add interaction

term

25(0OH)D —0.52 0.04 0.227 —0.04 0.02 0.061 0.1 2.0 0.593 —-0.03 0.04 0.477

Cco 2.10 0.16 <0.001 0.68 0.04 <0.001 19 0.2 <0.001 1.46 0.09 <0.001
25(OH)DXCO —-0.63 0.09 <0.001 0.01 0.03 0840 —-0.7 0.2 <0.001 -0.21 0.09 0.027
Effect of HEl,o4,
Model 1a: CO™

HEl o1l —-0.04 0.04 0.311 —-0.07 0.03 0.012 —-0.2 0.1 0.147 -0.11 0.06 0.069
Model 1b: CO™

HEl otal 0.02 0.13 0.867 0.01 0.02 0.763 —-0.4 0.1 0.009 —-0.05 0.07 0.487
Model 1d: add interaction

term

HEl o1 0.11 0.04 0.004 —-0.02 0.03 0485 —-0.2 0.1 0.246 —0.09 0.05 0.098

Cco 1.94 0.14 <0.001 0.73 0.05 <0.001 0.2 0.1 <0.001 1.44 0.09 <0.001

HEl, . X CO —-0.21 0.15 0.186 0.07 0.04 0.089 —-0.3 0.2 0.179 —-0.01 0.09 0.901

tota

OLS models controlled for age (years, grouped), sex, education (dummies for high school and more than high school), poverty income ratio
(dummies for near poor and not poor), race/ethnicity (dummies for non-Hispanic Black, Mexican-American, and others), categorical metabolic
equivalent tasks X hours per week, and two other measures of PA (vigorous and activity compared with others). In all models, the main effects of
25(0OH)D and HEl,., were also entered. For 25 (OH)D, 1 sb corresponded to 9.43 ng/ml (see Table 1 footnote for conversion to SI units); 1 sb of
HEl,o1o1 cOrresponded to 13.12 points. HOMA-IR is the product of the fasting values of glucose (G, expressed as millimoles per liter) and insulin

(lo, expressed as microunits per milliliter); HOMA-IR = (I, X Gg)/22.5.

2 Sample sizes for model 1a were as follows: HOMA-IR (n = 1672); uric acid (n = 3457); CRP (n = 3471); Index | (n = 898). Sample sizes for
model 1b were as follows: HOMA-IR (n = 1902); uric acid (n = 3808); CRP (n = 3820); Index | (n = 898). Sample sizes for models 1c and 1d were

the sum of sample sizes for models 1a and 1b for each outcome.

fact,among the CO ™ group (model 1 with HEI,,,), over-
all dietary quality was inversely related to %BF, an asso-
ciation not mediated by 25(OH)D but had no direct effect
onIndexIMetD. The 25(OH)D level was inversely related
to %BF, which in turn was positively associated with In-
dex I MetD. In contrast, among the CO™ group, HEIL,,,,
had no significant associations with any of the three out-
comes. 25(OH)D was negatively associated with both
%BF and Index I, while %BF was positively associated
with Index I disturbances.

Examining HEL,;,, (model 2), among the CO™ group,
dairy consumption was positively associated with
25(OH)D but had no direct effects on %BF or Index 1.
25(OH)D in turn was associated with a reduced %BF, which
in turn was positively associated with Index I. This indicates
pseudo-complete mediation of the HEI ;,,-Index I associa-
tion through 25(OH)D and %BF. Among the CO™ group,
however, dairy consumption was both positively associ-
ated with 25(OH)D and had a direct inverse relationship
with Index I but not with %BF. The inverse association
between 25(OH)D and Index I was significantly stronger

among CO™ participants, as was found in Table 4, with
nonoverlapping 95% CI between the two groups.

Discussion

The present study is, to our knowledge, the first to exam-
ine the complex relationships among 25(OH)D, dietary
quality, %BF, and MetD in a nationally representative
sample of U.S. adults, stratifying by central obesity status.
Our study had several key findings. We found a stronger
inverse association of 25(OH)D with those MetD among
the CO™" compared with the CO™ participants, which is
indicated by a significant interaction between 25(OH)D
and central obesity in predicting %BF, fasting blood glu-
cose, HOMA-IR, CRP, and total disturbances as mea-
sured by NCEP criteria and all other criteria (Index I).
Second, we found that 25(OH)D was positively associated
with overall dietary quality (measured by HEI) and
showed a linear dose response with the dairy component
of HEI among the CO ™~ and CO ™ groups. U.S. adults with



10 Beydoun et al. Vitamin D, Body Fat, and Metabolic Disturbance J Clin Endocrinol Metab, July 2010, 95(7):0000-0000

TABLE 5. Pathway from dietary quality (overall and dairy intake component) to Index | MetD through 25(0OH)D and
%BF: findings from SM model stratified by central obesity status (NHANES 2001-2004)

CO™ (n = 895) CO* (n = 892)
@ SE t statistic @ SE t statistic
Model 1: overall diet quality

Path coefficients (@) from HEl, ;.7

HEliota® = 25(0H)D (a;5) +0.025 0.030 +0.82 +0.031 0.026 +1.20

HEloa — %BF (ay5) -0.391 0.161 —2.43° +0.224 0.148 +1.51

HEl,or — Index | (ay,) —0.065 0.048 +1.34 -0.078 0.055 —-1.43
Path coefficients from 25(0OH)D?

25(0OH)D? — %BF (ay3) —0.450 0.175 —2.57° —0.770 0.172 —4.46°

25(0OH)D — Index | (e, ,) —-0.070 0.048 —1.46 -0.244 0.060 —4.04°
Path coefficients from %BF

%BF — Index | (a3,) +0.078 0.009 +7.98> +0.034 0.012 +2.84°

Model 2: dairy component of HEI

Path coefficients from HEly,;,”

HElgairy, = 25(0H)D (et ) +0.027 0.008 +3.15° +0.033 0.008 +4.04°

HElqair, — %BF (a;3) +0.006 0.046 +0.13 +0.044 0.045 +0.99

HElqair, — Index | (a;,) -0.017 0.013 -1.28 —0.043 0.016 —2.61°
Path coefficients from 25(OH)D?

25(0H)D — %BF (a,5) —0.465 0.177 —2.63° —0.790 0.174 —4.55°

25(0H)D — Index | (ay,) —0.062 0.049 -1.26 —0.220 0.061 -3.61°
Path coefficients from %BF

%BF — Index | (as,) +0.080 0.010 +8.18° +0.035 0.012 +2.89°

See Materials and Methods for detailed description of Index I, which could range between 0 and 7. Exogenous variables Z considered in the model
included age (years), sex, education (dummies for high school and more than high school), poverty income ratio (dummies for near poor and not
poor), race/ethnicity (dummies for non-Hispanic Black, Mexican-American, and others), continuous metabolic equivalent tasks X hours per week,
and two other measures of PA (vigorous and activity compared to others). Model 1 fit statistics were as follows: for CO™, x? [degrees of freedom

(d.f.) = 40] = 50.92, P = 0.1154, RMSEA = 0.02, 90% CI = 0.00-0.03, and AGFI = 0.9735; for CO™, XZ (d.f. =50) = 62.80, P = 0.1056,
RMSEA = 0.02, 90% Cl = 0.00-0.03, and AGFI = 0.9735. Model 2 fit statistics were as follows: for CO~, ¥* (d.f. = 46) = 57.7, P = 0.116,
RMSEA = 0.02, 90% Cl = 0.00-0.03, and AGFI = 0.9739; for CO*, ? (d.f. = 56) = 77.96, P = 0.0278, RMSEA = 0.02, 90% Cl = 0.01-0.03,

and AGFl = 0.9706.

@ HEl1a @and 25(0H) D were included as standardized z-cores. For 25(OH)D, 1 sb corresponded to 9.43 ng/ml (see Table 1 footnote for conversion
to Sl units); 1 sb of HEl,., corresponded to 13.12 points. HEly,;,, %BF, and Index | were entered as is.

b p < 0.05 for null hypothesis that path coefficient a = 0.

central obesity had lower 25(OH)D, higher %BF, and in-
creased average MetD.

Moreover, based on SM, the main pathway between
HEl,;,, and Index I involved predominant mediation by
25(OH)D followed by %BF among the CO™ group and a
nonsignificant direct association between HEI,;, and
%BF or Index I as well as the lack of a direct association
between 25(OH)D and Index I. Among the CO™ group,
however, 25(OH)D had a significant direct inverse asso-
ciation with Index I in addition to its indirect inverse as-
sociation with %BF, which in turn was positively associ-
ated with Index I. Moreover, HEl,,;,, had a direct inverse
association with Index I that was independent of
25(OH)D and %BF.

Findings from a number of previous epidemiological
studies indicate a protective role of 25(OH)D against var-
ious metabolic disorders and metabolic syndrome. Several
studies reported that 25(OH)D was inversely related to
%BF (17, 29), to elevated blood pressure (20, 21, 23, 30,
31, 33), elevated glucose or insulin resistance (22, 26, 28,
31, 33), and TG (23) and positively associated with
HDL-C (22). In particular, studies using NHANES III

(1988-1994) (26, 28-30, 33) have consistently found
those associations among U.S. adults. Moreover, one re-
cent study using NHANES 2003-2004 found an inverse
relationship with NCEP ATP III-defined metabolic syn-
drome (25). This finding was replicated in other popula-
tions (19). Furthermore, both overall dietary quality and
dairy intake were shown to be independent dietary factors
that were inversely associated with adiposity (35, 38, 39)
and many MetD (34, 40, 41) as well as with the metabolic
syndrome (34, 40, 41). One recent randomized controlled
clinical trial found that vitamin D supplementation did not
affect adiposity but had a significant effect on other met-
abolic disturbances in the desired direction, including TG
and inflammatory markers such as TNF-a. However, it
was positively associated with increased low-density li-
poprotein-cholesterol among others, and thus, additional tri-
als are indicated to ascertain the general beneficial effect of
vitamin D supplementation (67). Thus, these earlier findings
are in line with ours, although none of the previous studies
had examined effect modification by central obesity status.

The biological mechanism by which vitamin D may
influence the metabolic syndrome has not been completely
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elucidated. Nevertheless, there is accumulating evidence
from clinical and experimental studies suggesting that de-
creased vitamin D is related to insulin resistance (68), a
hallmark characteristic of the metabolic syndrome in gen-
eral and central obesity in particular. Adequate vitamin D
status has been linked to enhanced biosynthetic capacity
of pancreatic B-cells and the conversion of proinsulin to
insulin. These notions are further supported by the fact
that pancreatic B-cells and several classical target organs
for insulin action express vitamin D receptors (69, 70)
and the la-hydroxylase enzyme, required to convert
25(OH)D to its active form (71, 72). Our study observed
that the protective effects of vitamin D on the various
MetD (including insulin resistance as measured by
HOMA-IR) seem to be stronger among the CO™ group
[who had lower serum 25(OH)D levels] compared with
the CO™ group. These differences might be attributed to
polymorphisms in the VDR gene that need to be explored
in future genetic studies.

To explain the adiposity (% BF or central obesity status)
vs. serum 25(OH)D inverse association, it was hypothe-
sized that obesity status is associated with less bioavail-
ability of the fat-soluble vitamin D, by its sequestration
into excessive fat tissues (73). Furthermore, a high inci-
dence of secondary hyperparathyroidism regulated by se-
rum 1,25-dihydroxyvitamin D levels have been reported
in obese subjects (74). These increased levels of active vi-
tamin D may be responsible for a negative feedback inhi-
bition of hepatic 25(OH)D synthesis (74), although the
opposite was found in more recent studies (75, 76). More-
over, some investigators have demonstrated that increased
intracellular calcium, which is regulated by vitamin D and
inversely related to dairy consumption, was responsible
for stimulating lipogenesis and suppression of lipolysis
(77). It is also possible that the lactose, protein, and fat in
dairy foods may enhance satiety and reduce the risk of
obesity, particularly central adiposity, relative to other
high-carbohydrate foods and beverages (78).

In addition, 1,25-dihydroxyvitamin D, the active form
of vitamin D3, is known to down-regulate the renin-an-
giotensin system (79), which itself plays an important role
in hypertension as well as the development of insulin re-
sistance. For the former effect, there is evidence that ac-
tivation of the renal calcium receptors leads to increased
prostaglandin E, synthesis with subsequent natriuresis
and blood pressure-lowering effects (80). The latter effect
is mediated by various pathways in the insulin signaling
cascade including the insulin receptor, the insulin receptor
substrate, and phosphatidylinositol 3-kinase (81).

Finally, we have observed in our SM that among the
CO™ group, the intake of dairy products as measured by
HEIl,;, has a direct negative association with MetD (In-

jcem.endojournals.org 1

dex I) independently of 25(OH)D or %BF. This alterna-
tive pathway is likely due to additional bioactive com-
pounds in dairy products for which CO™ subjects may be
more in need of than the CO™ group, and these substances
do not raise vitamin D and do not necessarily affect adi-
posity. The exact nature of these compounds is yet to be
determined.

Our study had a number of strengths. First, it is a pop-
ulation-based large nationally representative study with
ethnic diversity taken into account. Second, it used DXA
scan measures to estimate % BF using standard radiolog-
ical techniques. Third, the assay for 25(OH)D measure-
ment is of high accuracy and had a coefficient of variation
of less than 10%.

Despite its strengths, our study had several limitations.
First, it is based on cross-sectional data and thus cannot
test causality. It is possible that obese people, including
CO™ patients, may have modified their lifestyles including
diet and outdoors activities, which may contribute to their
lower level of 25(OH)D than their CO™ counterparts.
DXA scans were less accurate at higher body mass index
levels, in part due to truncal adiposity, and older persons
were more likely to be excluded for DXA scans in general
than their younger counterparts (82). Second, dietary in-
take was assessed using a single 24-h recall that may not
be a good reflection of usual intake. In addition, intake of
vitamin D was not readily available, and dairy consump-
tion as measured by HEI ;. was considered as a proxy.
Fourth, timing of blood sample collection and differences
in latitude may have affected the distribution of serum
25(OH)D levels the measurement of which may be over-
estimated, because the antibody also recognizes 24,25-
dihydroxyvitamin D, which includes 10-15% of the
25(OH)D value. Finally, the NHANES data does not con-
trol for seasonal influence on serum 25(OH)D levels, de-
spite our efforts to adjust for sunlight exposure by various
proxy measures of PA.

In conclusion, we found that among U.S. adults, a
higher 25(OH)D was associated with higher HEL, lower
%BF, and lower MetD. Furthermore, the 25(OH)D-%BF
and 25(OH)D-MetD inverse associations were stronger
among U.S. adults with central obesity. Finally, the path-
way linking HEI (dairy consumption in particular) to
MetD through 25(OH)D and %BF differed markedly by
central obesity status. This highlights potential genetic dif-
ferences related to central obesity, which may affect re-
sponsiveness to environmental changes in dietary expo-
sures and 25(OH)D status. Suggesting that improvement
of vitamin D status in the CO™ group will alleviate MetD
symptoms cannot be concluded from these observational
data. Lifestyle change remains the advice for metabolic
syndrome patients until proven otherwise in a randomized
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controlled trial that raises 25(OH)D and attenuates met-
abolic disturbances. Future longitudinal studies should as-
certain temporality by examining associations between
baseline dietary exposures and changes in 25(OH)D,
%BF, and MetD. Genetic markers related to obesity and
insulin resistance, including vitamin D receptor polymor-
phisms (44-45, 83-85), should be studied as effect mod-
ifiers in the 25(OH)D-%BF and 25(OH)D-MetD associ-
ations. Nevertheless, our findings that U.S. adults with
central obesity had a lower level of 25(OH)D and saw a
stronger inverse association between 25(OH)D and MetD
suggest the need of effort to empower them to make re-
lated behavioral changes to help improve their vitamin D
status.
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