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Associations of Serum 25-Hydroxyvitamin D With
Hemostatic and Inflammatory Biomarkers in the
Multi-Ethnic Study of Atherosclerosis
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Bryan Kestenbaum, and lan H. de Boer*

Context: Mechanisms explaining documented associations of 25-hydroxyvitamin D [25(OH)D]
deficiency with increased risks of cardiovascular disease (CVD) and venous thromboembolism may
relate to adverse hemostatic and inflammatory responses.

Obijective: To evaluate whether 25(0OH)D deficiency is associated with a prothrombotic and pro-
inflammatory biological profile.

Design: Cross-sectional analyses.

Setting: The Multi-Ethnic Study of Atherosclerosis, a multicenter prospective cohort of American
adults.

Participants: Up to 6554 adults free of CVD.

Main Outcome Measures: Ten hemostatic biomarkers (D-dimer, fibrinogen, factor VIII, plasmin-
antiplasmin, and homocysteine [n = 6443]; von Willebrand factor, soluble tissue factor, plasmin-
ogen activator inhibitor-1 (PAI-1), total tissue factor pathway inhibitor (TFPI), and soluble throm-
bomodulin [n = 814]), and three inflammatory biomarkers (IL-6, C-reactive protein [n = 6443], and
TNF-a soluble receptor [n = 3802]).

Results: Among 6443 subjects (46.6% men; mean age, 62.1 years; mean body mass index, 28.3
kg/m?) of White (37.8%), Black (27.2%), Chinese (12.2%), and Hispanic (21.8%) race/ethnicity,
mean 25(0OH)D was 25.3 ng/mL. After multiple adjustment, 25(0OH)D concentrations were associ-
ated with concentrations of IL-6 and homocysteine and also with concentrations of PAI-1 and TFPI:
per 10 ng/mL decrement in 25(OH)D, 5.1% higher IL-6 (95% confidence interval [Cl], 3.4-6.9; P <
.001); 3.7% higher homocysteine (95% Cl, 3.0-4.3; P < .001); 7.0% higher PAI-1(95% Cl, 0.9-13.6;
P = .025); and 2.1% higher TFPI (95% Cl, 0.0-4.2; P = .047), without racial/ethnic heterogeneity.
No significant associations were observed for other hemostatic and inflammatory biomarkers.

Conclusions: Increased inflammation as reflected by higher circulating IL-6 and increased homo-
cysteine concentrations may represent mechanisms linking 25(0OH)D deficiency to greater risks of
CVD and perhaps venous thromboembolism. Low concentrations of 25(OH)D were also associated
with PAI-1 and TFPI concentrations, but not with other hemostatic biomarkers. (J Clin Endocrinol
Metab 101: 2348-2357, 2016)

p to three out of four adults in the United States have
deficient (<20 ng/mL) or insufficient (<30 ng/mL)
concentrations of 25-hydroxyvitamin D [25(OH)D] (1).
Associations of vitamin D deficiency with both detrimental
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skeletal and extraskeletal conditions underlie its potential
relevance from a clinical and public health perspective (2).

In particular, cardiovascular disease (CVD) has gath-
ered substantial attention. In observational studies, indi-
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antiplasmin complex; TFPI, tissue factor pathway inhibitor; TNFaR 1, TNFa receptor 1; VTE,
venous thromboembolism; VWF, von Willebrand factor.
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viduals with low concentrations of 25(OH)D had higher
risk of future coronary events and perhaps of future ve-
nous thromboembolism (VTE) events (3-5). Although the
impact of vitamin D supplementation on these diseases
remains to be determined through large ongoing clinical
trials, mechanistic studies can bring insights in our un-
derstanding of possible pathways linking vitamin D in-
sufficiency to cardiovascular risk. Potential influences of
vitamin D on the cardiovascular system may include sup-
pression of the renin-angiotensin-aldosterone system,
modulation of the endothelial or platelet function, de-
crease of vascular smooth cell proliferation and immuno-
genic effects. Proinflammatory and prothrombotic influ-
ences of vitamin D deficiency may represent two other
important plausible pathways. However, large observa-
tional studies investigating these associations remain
scarce (6, 7).

Using a large contemporary cohort of multiethnic
adults, we hypothesized that vitamin D deficiency, defined
by low serum 25(OH)D concentration, would be associ-
ated with concentrations of hemostatic biomarkers sug-
gestive of a more prothrombotic profile and with greater
circulating concentrations of inflammatory biomarkers.

Subjects and Methods

This is an analysis of the Multi-Ethnic Study of Atherosclerosis
(MESA), a large U.S. prospective cohort aimed at characterizing
subclinical and clinical CVD and their risk factors in four racial/
ethnic groups (8).

Population

The MESA enrolled 6814 men and women aged 45-84 years
of four racial/ethnic groups (White, Black, Hispanic, and Chi-
nese) between 2000 and 2002. Participants were free of clinical
CVD at baseline and were recruited from the population near six
field centers (Baltimore, Maryland; Chicago, Illinois; Forsyth
County, North Carolina; New York, New York; St. Paul, Min-
nesota; and Los Angeles, California) (8). They gave written in-
formed consent, and local institutional review boards approved
the study protocol.

From the full cohort at baseline, we excluded 341 partic-
ipants without 25(OH)D measurements; six participants with
25(OH)D concentrations above 100 ng/mL, suggestive of sup-
plementation with a high dose of vitamin D; 21 participants with
current use of anticoagulant drugs; and three participants with
missing hemostatic/inflammatory biomarkers. The analytic
sample comprised 6443 subjects.
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Measurements

All measurements were made using blood drawn at the first
examination of the MESA cohort, processed in field centers, and
shipped to a central laboratory (Laboratory for Clinical Bio-

chemistry Research, University of Vermont, Burlington) for stor-
age at —80°C.

Vitamin D

Serum 25(OH)D concentrations were measured by mass
spectrometry, with 25(OH)D calibrated to NIST (National
Institute of Standards and Technology) standards (interassay
coefficient of variation [CV] <3.4%) (9). We used the actual
measure of 25(OH)D, not an annualized estimate (10), be-
cause we hypothesized short-term influences of 25(OH)D on
hemostatic/inflammatory biomarker concentrations mea-
sured concurrently.

Hemostatic/inflammatory biomarkers

We selected 10 hemostatic (including homocysteine) and
three inflammatory biomarkers, which were assayed at the cen-
tral laboratory. D-dimer, fibrinogen, factor VIII, plasmin-anti-
plasmin complex (PAP), high-sensitivity C-reactive protein
(CRP), IL-6, and homocysteine were measured in the entire co-
hort. Plasminogen activator inhibitor-1 (PAI-1), von Willebrand
factor (VWF), soluble tissue factor, tissue factor pathway inhib-
itor (TFPI), and soluble thrombomodulin were measured in a
1000-person random sample. TNF-a receptor 1 (TNFaR1) was
measured in participants enrolled for an early ancillary study
(subsample of 2880 participants, with equal representation from
the four ethnic groups and matched for age and sex; n = 2641
after exclusions).

The following laboratory methods were used: immunotur-
bidometry for D-dimer and vWF (Liatest D-DI, Diagnostica
Stago; on Sta-R analyzer, Diagnostica Stago; analytical CV = 8
and 4.5%, respectively); immunonephelometry using the BNII
nephelometer for fibrinogen antigen and CRP (N Antiserum to
Human Fibrinogen, N High Sensitivity CRP; Dade Behring Inc.;
CV = 2.6 and 2.1-5.7%, respectively); clotting time of a sample
in factor VIII-deficient plasma in the presence of activators for
factor VIII (STA-Deficient VIII on Sta-R analyzer; CV = 10%);
in-house immunoassay sensitive for PAI-1 (CV = 3.5%); ultra-
sensitive ELISA for IL-6 and TNFaR1 (R&D Systems; CV = 6.3
and 5.0%, respectively); fluorescence polarization immunoassay
for homocysteine (IMx Homocysteine Assay, Axis Biochemicals
ASA; using the IMx Analyzer, Abbott Diagnostics; CV = 3.8—
5.1%); enzyme-linked sandwich ELISA for TFPI (Imubind Total
TFPI ELISA Kit; American Diagnostica Inc.; CV = 6.2-7.1%);
enzyme-linked immunoassay for soluble tissue factor (Imubind
Tissue Factor ELISA Kit; American Diagnostica Inc.; CV =
14.6%); enzyme immunoassay for soluble thrombomodulin (As-
serachrom Thrombomodulin; Diagnostica Stago; CV = 12%);
and two-site ELISA for PAP (reagents provided by Drs. Désiré
Collen and Paul Declerck; CV = 1.7%).
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Medicine (M.C.), University of Vermont College of Medicine, Burlington, Vermont 05401; Department of Pathology & Laboratory Medicine (N.J.), University of Vermont College of
Medicine, Burlington, Vermont 05446; Department of Medicine (Cardiology) (E.D.M.), Johns Hopkins University School of Medicine, Baltimore, Maryland 21287; Department of
Epidemiology (N.L.S.), University of Washington, Seattle, Washington 98195; Group Health Research Institute (N.L.S.), Group Health Cooperative, Seattle, Washington 98112; Seattle
Epidemiologic Research and Information Center (N.L.S.), Veterans Affairs Office of Research and Development, Seattle, Washington 98108; and Department of Epidemiology and

Nephrology (B.K., I.H.d.B.), University of Washington, Seattle, Washington 98195
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Covariates

At enrollment, demographic data, smoking status, medical
conditions, physical activity, and the current use of medications
were recorded in a questionnaire. Physical activity was estimated
using reported weekly total intentional exercise. Waist circum-
ference, body mass index (BMI), and resting blood pressure were
measured. Blood analyses included fasting glucose, creatinine,
and cystatin C. Diabetes was defined as the report of treated
diabetes or a fasting glucose =126 mg/dL. We calculated the
glomerular filtration rate (GFR) with the combined creatinine-
cystatin C equation (11).

Statistical analysis

We evaluated cross-sectional associations of 25(OH)D with
the 13 log-transformed hemostatic/inflammatory biomarkers
using linear regression with robust standard errors. Results can
be interpreted as a percentage difference in geometric means
between categories of 25(OH)D or for a continuous difference in
25(OH)D. For categorical 25(OH)D, we compared participants
with 25(OH)D concentrations below 20 ng/mL, and between 20
and 30 ng/mL with participants with 25(OH)D concentrations
above 30 ng/mL. These categories correspond to concentrations
of vitamin D deficiency, insufficiency, and sufficiency, respec-
tively (12). We also explored associations for participants with
very low 25(OH)D concentrations (<10 ng/mL). The presence of
nonlinear trends was also excluded graphically. P values were
obtained from Wald tests. A marginal level <.05 determined
statistical significance. Corresponding Bonferroni-corrected P
values accounting for the 13 biomarkers in the main analysis
were <.0038.

We defined two sets of covariates for adjustment before anal-
ysis. The first model adjusted for demographic variables: age
(continuous), sex, race, site of enrollment, education (less than
high school, complete high school or equivalent, complete col-
lege), and annual income (<$20,000, $20,000 to $39,999,
$40,000 to $74,499, and >$75,000). The second model further
adjusted for confounders defined before analyses: physical ac-
tivity (in quartiles), BMI (continuous), waist circumference (con-
tinuous), diabetes, current smoking, GFR (continuous), and
current use of statin, hormone replacement therapy, and aspirin.

In secondary analyses, we evaluated the presence of hetero-
geneity of the associations by sex, smoking status (current vs not
current), BMI (>30 vs =30 kg/m?), and race/ethnicity (White,
Black, Chinese, Hispanic) by adding multiplicative interaction
terms of those variables with 25(OH)D.

Sensitivity analyses were conducted on all hemostatic/inflam-
matory biomarkers by excluding values outside the normal range
or very high values, specified in Supplemental Table 1. We also
explored the potential for confounding by folate (vitamin B9)
and vitamin B12 of the observed associations between 25(OH)D
concentrations and hemostatic or inflammatory biomarkers by
further adjusting the regression models with estimated daily in-
take of folate and B12 from food (based on a food frequency
questionnaire) and supplements in quartiles. Finally, we con-
ducted a sensitivity analysis with exclusion of participants using
medications with possible influence on 25(OH)D concentrations
(hormone replacement therapy, thiazide, calcium channel
blocker, proton pump inhibitors, and bile acid sequestrants).

Missing covariate data were infrequent in covariates
(=5.3%) and were multiple-imputed with five imputed datasets
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using imputation by chained-equations. All analyses were con-
ducted using Stata 11 (StataCorp LP).

Results

The sample comprised 3005 men and 3438 women, with
White (37.8%), Chinese (12.2%), Black (27.2%), and
Hispanic (21.8%) race/ethnicities; mean age of 62.1 (SD,
10.3) years; and mean BMI of 28.3 (SD, 5.4) kg/m* (Table
1). The prevalence of diabetes and current smoking was
12.4 and 13.0%, respectively. Two percent of participants
self-reported a previous deep vein thrombosis or pulmo-
nary embolism.

The mean concentration of 25(OH)D was 25.3 ng/mL
(SD, 10.9), with a prevalence of vitamin D deficiency (<20
ng/mL) of 34.2% and of vitamin insufficiency (20-30 ng/
mL) of 33.2%. Participants with low 25(OH)D concen-
trations were more likely to be of Black race; to have di-
abetes, greater BMI, and greater waist circumference; and
to be current smokers. They were less likely to be current
users of statin, aspirin, and, for women, hormone replace-
ment therapy. Very low concentrations of 25(OH)D
(<10ng/mL) were found in 414 participants (6.4 %). Most
of them were of the Black race (64.7%).

Hemostatic biomarkers

In regression models adjusted for demographic factors,
we observed significant associations of 25(OH)D concen-
trations with fibrinogen, PAP, PAI-1, TFPI, and homo-
cysteine (Table 2, model 1). However, adjustment for con-
founders (model 2) attenuated most of these associations,
and only inverse associations of continuous 25(OH)D
with homocysteine (P < .001), TEPI (P = .047), and PAI-1
(P = .025) persisted, with marginal significance for TFPI
and PAI-1. Compared to participants with 25(OH)D con-
centrations >30 ng/mL, participants with 25(OH)D con-
centrations <20 ng/mL had 19.9% greater adjusted PAI-1
concentrations (95% confidence interval [CI], 2.2 to
39.3), 6.0% greater adjusted TFPI concentrations (95%
CL, 0.2-12.1), and 10.1% greater adjusted homocysteine
concentrations (95% CI, 8.3-12.0).

Null results between 25(OH)D concentrations and D-
dimer, fibrinogen, and factor VIII were precise and ex-
cluded an average percentage difference >0.5-2.9% for a
decrement of 10 ng/mL in 25(OHD) concentrations.

Exploratory analyses of very low 25(OH)D concentra-
tions (<10 ng/mL) yielded similar results, and no further
association was observed.

Inflammatory biomarkers

There was strong evidence for an inverse association
between 25(OH)D and IL-6, with 13.4% greater concen-



doi: 10.1210/jc.2016-1368

press.endocrine.org/journal/jcem 2351

Table 1. Characteristics of Participants, Stratified by 25(0OH)D Concentrations (n = 6443)

25(OH)D, ng/mL

<20 20.0-29.9 =30.0
n 2205 2136 2102
Age, y 60.8 (10.1) 62.4(10.4) 63.3(10.1)
Male gender 985 (44.7%) 1074 (50.3%) 946 (45%)
Race
White 467 (21.2%) 800 (37.5%) 1230 (58.5%)
Chinese 200 (9.1%) 331 (15.5%) 257 (12.2%)
Black 1046 (47.4%) 482 (22.6%) 225(10.7%)
Hispanic 492 (22.3%) 523 (24.5%) 390 (18.6%)
Site
Wake Forest 347 (15.7%) 289 (13.5%) 330 (15.7%)
Columbia 413 (18.7%) 334 (15.6%) 263 (12.5%)
John Hopkins 439 (19.9%) 309 (14.5%) 282 (13.4%)
University of Minnesota 326 (14.8%) 318 (14.9%) 381 (18.1%)
Northwestern 390 (17.7%) 382 (17.9%) 369 (17.6%)
UCLA 290 (13.2%) 504 (23.6%) 477 (22.7%)
Educational achievement
<High school 413 (18.8%) 422 (19.8%) 319 (15.2%)
High school 406 (18.5%) 369 (17.3%) 375 (17.9%)
>High school 1375 (62.7%) 1340 (62.9%) 1403 (66.9%)
Annual income
<$20 000 542 (26.1%) 527 (25.5%) 414 (20.2%)
$20 000 to $39 999 599 (28.8%) 517 (25.0%) 526 (25.7%)
$40 000 to $74 999 563 (27.1%) 552 (26.7%) 548 (26.8%)
=$75 000 377 (18.1%) 471 (22.8%) 560 (27.3%)
Treated or untreated diabetes 320 (14.5%) 319 (14.9%) 160 (7.6%)
Hypertension 1041 (47.2%) 959 (44.9%) 864 (41.1%)
SBP, mm Hg 128.3(22.1) 126.3(21.2) 124.7 (21.1)
BMI, kg/m2 29.9(6.1) 28.1 (4.9) 26.8 (4.7)
Waist circumference, cm 101.2 (15.4) 98 (13.5) 94.5(13.2)

Total intentional exercise, Mets-min/wk
Total cholesterol, mg/dL

Current smoking

Current use of statin

Current use of aspirin

Current use of HRT (among women)
Estimated GFR

1299.4 (2090.1)

193.1(37.4)
372 (17.0%

1520.1 (2249.9)

194.1 (35.8)
255 (12%)

1887.1(2674.2)

195.3 (33.8)
208 (9.9%)

Self-reported leg/lung blood clot 45 (2%)

)
293 (13.3%) 325(15.3%) 339 (16.2%)
329 (14.9%) 398 (18.7%) 515 (24.5%)
246 (22.9%) 305 (32%) 443 (41.4%)
86.1(17.8) 83.9(17.1) 80.5(16.4)
37 (1.7%) 48 (2.3%)

Abbreviations: SBP, systolic blood pressure; HRT, hormone replacement therapy. Data are expressed as number (percentage) or means (SD).

trations of IL-6 (95% CI, 8.9 to 18.0; P < .001) for par-
ticipants with vitamin D deficiency compared with vita-
min D sufficiency after full adjustment (Table 3). No
associations were observed for CRP and TNFaR1 with
confident exclusions of percentage difference >1.5-3.1%
for a 10 ng/mL decrement in 25(OH)D concentrations.
For participants with very low 25(OH)D concentrations

(<10 ng/mL), results were similar, with null associations
for CRP and TNFaR 1.

Sensitivity and subgroup analyses

Overall results were not modified in sensitivity analyses
excluding possible outliers or values outside the normal
range (Supplemental Table 1). The associations with IL-6,
TFPI, and homocysteine persisted, and the association
with PAI-1 was somewhat less strong. In the sensitivity
analysis with further adjustment for daily intake of folate

and vitamin B12, we did not observe any material changes
in the regression estimates. Per 10-ng/mL decrement in
25(OH)D concentrations, IL-6, PAI-1, TFPI, and homo-
cysteine concentrations were 5.2% (95% CI, 3.4 to 6.9),
6.7% (95% CI,0.5t013.4),1.9% (95% CI, —0.2 to 4.1),
and 3.5% (95% CI, 2.8 to 4.2) greater, respectively.

When excluding 2258 current users of medications
with possible influence on 25(OH)D levels, findings were
not different from the primary results (data not shown).

Subgroup analyses did not suggest heterogeneity by
gender, smoking status, BMI, and race/ethnicity for any of
the 13 biomarkers. Null results for D-dimer, fibrinogen,
factor VIII, or CRP persisted in all subgroups. We found
consistently statistically significant associations of 25(OH)D
concentrations with IL-6 and homocysteine concentra-
tions in all subgroups (Figure 1).
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Table 2. Associations of Serum 25(OH)D Concentrations With Hemostatic Biomarkers

Adjusted Percentage Difference

Unadjusted

25(0OH)D n Means Model 1 Model 2

D-dimer, pg/mL
=30.0 2097 0.36 (0.83) Ref. Ref.
20.0-29.9 2135 0.36 (0.88) 2.1% (=3.1t07.6) 0.5% (-4.61t05.9)
<20 2201 0.40 (0.82) 6.0% (0.1t0 12.2) 1.6% (—4.1t07.7)
Per 10 ng/mL decrement 1.2% (—1.1t03.5) —0.7% (2910 1.6)
Pvalue 31 .56

Fibrinogen, mg/dL
=30.0 2097 339 (70) Ref. Ref.
20.0-29.9 2132 342 (72) 0.2% (=1.0to 1.4) —1.2% (2.4 t0 0.0)
<20 2202 356 (76) 2.6% (1.3t03.9) —0.2% (=1.4100.1)
Per 10 ng/mL decrement 1.2% (0.6 t0 1.7) 0.0% (—0.5 to 0.5)
P value <.001 1.00

Factor VIII, %
=30.0 2097 97 (35) Ref. Ref.
20.0-29.9 2134 98 (37) 0.6% (—1.6t0 2.8) 0.4% (—1.8t0 2.6)
<20 2198 101 (40) 0.1% (=2.3t0 2.6) 0.1% (=2.31t0 2.6)
Per 10 ng/mL decrement —0.1% (=1.11t0 0.8) —0.1% (=1.1100.8)
P value 77 78

VWF, %
=30.0 288 133 (52) Ref. Ref.
20.0-29.9 251 139 (59) 2.4% (—4.5 10 9.9) 1.8% (=5.0t0 9.1)
<20 273 139 (55) 2.4% (—=4.7 t0 10.1) 0.5% (6.6 t0 8.1)
Per 10 ng/mL decrement 0.4% (—=2.5t03.3) —0.3% (—3.21t02.6)
P value .8 .81

Plasmin-antiplasmin, nmol/L
=30.0 2040 4.9(2.1) Ref. Ref.
20.0-29.9 2084 4.6(1.9) —5.6% (—7.6 to —3.5) —3.6% (5.6 to —1.5)
<20 2173 4.8(2.5) —4.0% (-6.3t0 —1.7) —-0.7% (-3.11t0 1.7)
Per 10 ng/mL decrement —2.0% (-2.8t0 —1.1) —0.5% (=1.5t0 0.4)
P value <.001 .28

Soluble tissue factor, pg/mL
=30.0 289 122 (79) Ref. Ref.
20.0-29.9 251 118 (84) —8.0% (=19.7 t0 5.4) —5.7% (=18.2 t0 8.7)
<20 274 122 (96) —10.2% (-21.8t0 0.3) —5.8% (—18.9t09.5)
Per 10 ng/mL decrement —3.6% (-8.91t0 1.9) —2.0% (—8.0t0 4.4)
Pvalue .20 .54

PAI-1, ng/mL
=30.0 289 22.7 (22.9) Ref. Ref.
20.0-29.9 251 27.1(33.5) 13.7% (—4.6 to 35.6) 9.8% (—5.6 t0 27.6)
<20 274 29.4(27.7) 49.9% (26.2 t0 78.0) 19.3% (2.2 10 39.3)
Per 10 ng/mL decrement 15.7% (8.3 t0 23.7) 7.0% (0.9 to 13.6)
Pvalue <.001 .025

TFPI, ng/mL
=30.0 289 47.0(14.3) Ref. Ref.
20.0-29.9 251 45.9 (13.8) —23%(=7.21t02.8) —2.0% (—6.7 t0 3.0)
<20 274 50.7 (14.8) 9.3% (3.5t0 15.4) 6.0% (0.2 to 12.1)
Per 10 ng/mL decrement 3.1% (1.1t05.2) 2.1% (0.0t0 4.2)
Pvalue .003 .047

Soluble thrombomodulin, ng/mL
=30.0 289 37.4(17.4) Ref. Ref.
20.0-29.9 251 37.4(22.2) 0.6% (—7.1t0 8.9) 1.6% (—5.7 10 9.5)
<20 274 34.0(18.2) —4.0% (=11.6t0 4.3) —3.4% (—=11.2 t0 5.0)
Per 10 ng/mL decrement —1.3% (—4.61t02.3) —1.0% (—4.4 10 2.6)
P value 48 .59

Homocysteine, wmol/L
=30.0 ng/mL 812 9.0 (3.0) Ref. Ref.
20.0-29.9 ng/mL 916 9.2 (4.0 2.2% (0.5 t0 3.9) 3.6% (2.0t05.2)
<20 ng/mL 913 9.7 (4.0) 8.5% (6.6 to 10.5) 10.1% (8.3 t0 12.0)

Per 10 ng/mL decrement

P value

3.0% (2.3t03.7)
<.001

3.7% (3.0 to 4.3)
<.001

Estimates from regression model can be interpreted as a percentage difference in geometric means. Model 1, adjusted for age, sex, race/ethnicity,
site of enrollment, education and income. Model 2, further adjusted for physical activity, BMI, waist circumference, diabetes, current smoking,
GFR, and use of statin, aspirin, and hormone replacement therapy.
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Table 3. Associations of 25(0OH)D Concentrations With Inflammatory Biomarkers

Adjusted Percentage Difference

Unadjusted
25(OH)D, ng/mL n Means Regression Model 1 Regression Model 2
CRP, mg/L
=30.0 ng/mL 2095 3.4(5.4) Ref. Ref.
20.0-29.9 ng/mL 2127 3.4 (5.5) 4.7% (—2.1t0 12.0) —4.4% (—10.1to 1.8)
<20 ng/mL 2202 43(6.2) 17.3% (0.9 t0 26.1) —0.8% (—7.2t06.2)
Per 10 ng/mL decrement 6.7% (3.7 10 9.8) —0.4% (—3.1t0 2.3)
Pvalue <.001 .76
IL-6, pg/mL
=30.0 ng/mL 2067 1.42 (1.30) Ref. Ref.
20.0-29.9 ng/mL 2093 1.52 (1.27) 10.0% (5.7 to 14.5) 4.1% (0.2 t0 8.0)
<20 ng/mL 2150 1.78 (1.43) 26.1% (20.9 to 31.6) 13.4% (8.9 to 18.0)
Per 10 ng/mL decrement 9.9% (8.11t0 11.8) 5.1% (3.4 10 6.9)
Pvalue <.001 <.001
TNFaR1, pg/mL
=30.0 ng/mL 812 1405 (433) Ref. Ref.
20.0-29.9 ng/mL 916 1379 (478) -0.7(=3.0t0 1.7) —0.2% (—=1.9t0 1.6)
<20 ng/mL 913 1357 (411) -0.4(-2.8t02.1) -1.0% (—2.8t0 0.8)

Per 10 ng/mL decrement
P value

-0.3(-1.31t00.7)
.55

—0.7% (=1.5t0 0.1)
.09

Model 1 adjusted for age, race/ethnicity, site of enrollment, education, and income. Model 2 further adjusted for physical activity, BMI, waist
circumference, diabetes, current smoking, GFR, and use of statin, aspirin, and hormone replacement therapy.

Discussion

In this study of racially and ethnically diverse American
adults, we found strong evidence for inverse associations
of 25(OH)D concentrations with IL-6 and homocysteine
concentrations and weak evidence for inverse associations
of 25(OH)D concentrations with TFPI and PAI-1 concen-
trations. Results for IL-6 and homocysteine were consis-
tent across all races/ethnicities.

Hemostatic biomarkers

Vitamin D status may be associated with fibrinolytic
activity through PAI-1, its main inhibitor. Our data sug-
gest that plasma from vitamin D-deficient participants
may show a hypofibrinolytic tendency, with 20% greater
concentrations of PAI-1 than vitamin D-sufficient partic-
ipants, after adjustment. In two small samples from the
Tromse study, 25(OH)D concentrations were not associ-
ated with PAI-1 concentrations in models adjusting for
BMI, but the power of both studies was limited, and par-
ticipants had been selected based on previous abnormal
mineral metabolism measurements and obesity, therefore
limiting the interpretation of these results (13, 14). Four
small randomized trials estimated the direct influence of
vitamin D supplementation on PAI-1 concentrations.
PAI-1 concentrations did not decrease after 1 year of
weekly treatment with 40 000 IU of cholecalciferol per
week, compared with placebo, in the Tromse substudy of

158 obese patients with mean baseline 25(OH)D concen-
trations of 24.8 ng/mL (14). Two studies found lower
PAI-1 concentrations, although this was not statistically
significant, in 52 obese Danish adults and 62 healthy Swiss
adults randomized to oral vitamin D supplementation (15,
16). Finally, a significant decrease in PAI-1 over 4 weeks
was observed in healthy Chinese women living in the
United Kingdom who were randomized to a single dose of
100 000 TU of oral vitamin D, compared with placebo
(17). Such a positive result may emanate from the sam-
pling of vitamin D-deficient women with baseline mean
25(OH)D concentrations of 10.8 ng/mL, in whom effects
from vitamin D supplementation may be easier to observe,
or it may be a chance finding. However, an association
between vitamin D and PAI-1 concentrations is also sup-
ported by in vitro studies, showing decreased concentra-
tions of PAI-1 production by aortic smooth muscles
treated with vitamin D3 analogs (18).

Little is known about the relationship between vita-
min D and homocysteine. Three cross-sectional studies of
healthy representative Canadians (Canadian Health Mea-
sures Survey), healthy US adults (National Health and
Nutrition Examination Survey), and healthy older Dutch
adults yielded different results, showing null, inverse, and
U-shaped associations, respectively (19-21). In our sam-
ple, we found strong evidence for an inverse association,
with 10% greater concentrations in participants with low
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Figure 1. Subgroup-adjusted associations of continuous 25(0OH)D
concentrations (per 10 ng/mL decrement) with IL-6 and homocysteine
concentrations.

concentrations of 25(OH)D than in participants with nor-
mal concentrations. In vitro studies suggest a potential
influence of treatment with 1,25-dihydroxyvitamin D on
the metabolism of homocysteine through the regulation of
expression of the cystathionine B-synthase (21). We could
therefore hypothesize that vitamin D deficiency may in-
crease homocysteine concentrations.

The evaluation of associations of 25(OH)D concentra-
tions with factor VIII, PAP, soluble thrombomodulin,
soluble tissue factor, and TFPI is novel. We observed bor-
derline evidence for an inverse association between
25(OH)D and total TFPI concentrations, which was in the
opposite direction to our hypothesis of greater thrombo-
genicity of 25(OH)D deficiency. TFPI is a major inhibitor
of the tissue factor VIla complex, thought to represent the
trigger of blood coagulation in vivo (22). The relationship
of total TFPI with thrombogenicity remains unclear, how-
ever, because most TFPI is found in vivo in the endothe-
lium, and most of the plasma TFPI is complexed with
lipoproteins, with less anticoagulant activity than free
plasma TFPI. Paradoxically, low total TFPI concentra-
tions have been associated with greater risk of VTE (23),
and high concentrations have been associated with ath-
erosclerosis (increased intimal medial thickness and cor-
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onary artery calcium) (24). Therefore, the significance of
high total plasma TFPI remains unclear, but perhaps re-
lates to endothelial dysfunction.

All other hemostatic biomarkers were not related to
25(OH)D concentrations. We did not observe any inde-
pendent association of vitamin D status with global he-
mostatic measures such as D-dimer and with specific co-
agulation factors such as fibrinogen and vWF. Given the
large sample, these null findings appear precise enough to
exclude associations of clinical or public health impor-
tance. Such null results have also been suggested by two
other studies: in 6538 participants from the 1958 British
Birth Cohort [mean 25(OH)D concentrations of 21.1 ng/
mL] for D-dimer, fibrinogen, or vWF (6), and in 1381
participants from the Framingham Offspring Study [mean
25(OH)D concentrations of 19.8 ng/mL] for fibrinogen.
Reasonably, these associations should not be further eval-
uated in the general population.

Inflammatory biomarkers

Vitamin D-deficient individuals appear to have a pro-
inflammatory state as evidenced by greater IL-6 concen-
trations. Our cross-sectional results are consistent with
prior smaller studies (7, 25-28). The plausibility of this
association is also supported by in vitro models (29).
However, in placebo-controlled randomized trials, the in-
fluence of vitamin D supplementation on IL-6 concentra-
tions has been conflicting. These trials differ in their
interventional dose of vitamin D (700 IU/d to single dose
0f250 0001U) and their duration of treatment (single dose
to 3 years). They often included selected populations of
small or modest sample sizes (Chinese women [17], Black
subjects [30], obese subjects [16, 31, 32], and subjects with
diabetes [33], lupus [34], and cystic fibrosis [35]), who in
the majority were vitamin D deficient. IL-6 concentrations
decreased 1 week after a single dose of vitamin D3 of
250 000 IU in patients with exacerbated cystic fibrosis
(35) and at 12 weeks in Iranian diabetic patients after the
daily intake of yogurts fortified with 1000 IU of vitamin
D3 (33). In the largest study, including 332 obese Nor-
wegian subjects, supplementation with 20 000 to 40 000
IU of vitamin D3 per week resulted in a trend for decreased
IL-6 concentrations (P = .08) (31). All other studies found
null results. Larger-scale studies in more general popula-
tions are warranted to better evaluate the association of
vitamin D supplementation on IL-6 concentrations.

Early studies reported associations of 25(OH)D con-
centrations with CRP concentrations (25), although not
consistently (28, 36). In MESA, we observed that such an
association disappeared after adjustment for confounding
variables, in particular BMI and abdominal circumfer-
ence. The lack of clinical CVD in MESA participants
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further reinforces the validity of our results by reducing
the risk of confounding by CVD. A direct influence of
vitamin D status on CRP concentrations therefore ap-
pears unlikely.

Significance of the findings

We believe that the demonstrated proinflammatory
and perhaps prohemostatic states in individuals with vi-
tamin D deficiency may represent possible mechanisms
explaining their greater risk of arterial cardiovascular
and venous thromboembolic disease. Vitamin D recep-
tors are ubiquitous. Specific modulations of the function
of endothelial cells (producing most of circulating PAI-1
and TFPI) and of immunological cells have been demon-
strated (37, 38), adding biological plausibility for these
mechanisms.

Elevated PAI-1 concentrations have long been recog-
nized as a risk factor for myocardial infarctions and their
complications (39) and may perhaps also be associated
with the risk of incident VTE (40). Furthermore, inflam-
mation is an inherent mechanism of the initiation and pro-
gression of atherosclerosis. The evidence linking IL-6 with
coronary heart disease is strong, in particular through
Mendelian randomization studies, suggesting a causal role
(41, 42). Hemostasis is also influenced by the inflamma-
tory balance, and chronic inflammatory diseases are rec-
ognized risk factors for VTE. However, epidemiological
data on IL-6 concentrations and risk of VTE remain scarce
and mainly emanate from case-control studies with blood
draw taken after the VTE diagnosis (43).

Observational studies have almost consistently de-
tected greater risks of CVD and VTE with greater homo-
cysteine concentrations (44). However, also consistently,
clinical trials with folic acid have yielded null results: folic
acid reduced homocysteine concentrations but not CVD
or VTE risks (44, 45). Furthermore, Mendelian ran-
domization approaches using common MTHFR gene
polymorphisms do not suggest a causative role of ho-
mocysteine in the risk of arterial CVD (46). Whether an
influence of vitamin D on homocysteine concentrations
translates into increased clinical risks therefore remains
very speculative.

The lack of racial heterogeneity of our results contrasts
with documented differences in the inverse association be-
tween 25(OH)D concentrations and CVD risk. In MESA,
this association was observed among White and Chinese
participants, but not among Black and Hispanic partici-
pants (47). The postulated mechanisms that are explored
in our study cannot account for these differences.

Limitations and strengths
Our results should be interpreted in view of their lim-
itations. First, causality and its direction cannot be in-
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ferred from observational and cross-sectional analyses,
which are also prone to survivorship bias. We cannot ex-
clude residual confounding by unmeasured variables or
reverse causality, ie, that IL-6, homocysteine, TFPI, or
PAI-1 concentrations may influence 25(OH)D concentra-
tions. In particular, we did not have blood measurements
of folate or vitamin B12 concentrations, but adjustment
for daily intake of these vitamins did not suggest a strong
confounding potential. Second, whereas 25(OH)D con-
centrations estimate vitamin D status, they may not reflect
the actual biological effect of vitamin D. Third, the sta-
tistical significance of our findings should be viewed in
light of the smaller sample size for some biomarkers. The
somewhat weaker associations found for PAI-1 and TFPI
may therefore arise from the lower statistical power than
that for IL-6 and homocysteine. Some biomarkers were
measured in a restricted sample, and we cannot exclude
the possibility of a type 2 error. Finally, the exploration
of hemostasis through coagulation biomarker measure-
ments is very partial, given that in vivo hemostasis is a very
complex process including coagulation, platelets, endo-
thelial cells, and other factors (microparticles, neutrophil
extracellular traps). Strengths of our results include the
precise measure of 25(OH)D by mass spectrometry,
high power given the large sample size for most bio-
markers, and external validity derived from the diverse
community-based population.

In conclusion, we found that 25(OH)D concentrations
are not associated with most hemostatic biomarkers, but
the inverse association between 25(OH)D and PAI-1 may
suggest fibrinolytic differences in vitamin D deficiency.
Furthermore, insufficient 25(OH)D concentrations may
contribute to inflammation, as evidenced by higher cir-
culating concentrations of IL-6, and to greater concen-
trations of homocysteine. Whether these possible mech-
anisms may increase risks of arterial and/or venous
cardiovascular risk remains to be elucidated.
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