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Abstract

Objective: The role of vitamin D in cardiovascular health remains debated as

results have been inconsistent. Previous studies have not considered the

bioavailability of 25-hydroxy vitamin D [25(OH)D]. Objectives of our study were to

investigate the association between serum concentrations of total, free and

bioavailable 25(OH)D and independent predictors of cardiovascular risk such as

flow mediated dilatation (FMD) and augmentation index (AIx).

Design: This cross-sectional study included 47 post-menarchal, adolescent

females [31 African American (AA) and 16 European American (EA)].

Methods: AIx was standardized to a heart rate of 75 beats/min (AIx75). Free and

bioavailable 25(OH)D concentrations were calculated from standard formulas.

Results and Conclusions: Mean age of the participants was 15.8¡1.4 years and

mean body mass index was 23.1¡4.0 kg/m2. Serum total 25(OH)D was not

associated with FMD, but was positively associated with AIx75 in the adjusted

model (rho50.4, P50.03). AIx75 was positively associated with bioavailable

25(OH)D (rho50.4, P50.004) and free 25(OH)D (rho50.4, P50.009) and the

associations persisted after adjusting for covariates. In race-specific analyses, total,

free and bioavailable 25(OH)D were strongly positively associated with AIx75 in AA

(rho50.5, 0.4, 0.4, respectively), which persisted even after adjusting for

covariates. Whereas in EA there was an inverse association between total

25(OH)D and AIx75 in EA (rho520.6), which attenuated after adjusting for

covariates.
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Conclusion: Circulating total, free and bioavailable 25(OH)D were associated with

arterial stiffness in adolescent girls, and these associations were race dependent.

Notwithstanding, the implications of associations between vascular function indices

and 25(OH)D remains unclear.

Introduction

Vascular stiffness is considered a sub-clinical marker of early vascular damage, as

seen in hypertension and atherosclerosis [1, 2]. Many cross-sectional [3–5] and

limited interventional [6–8] studies have previously indicated that vitamin D may

play a role in vascular health as indicated by associations with measures such as

flow mediated dilatation (FMD), augmentation index (AIx) and pulse wave

velocity (PWV). In addition, there have been inconsistent reports on the role of

vitamin D in regulating hypertension [9, 10]. The reported role of vitamin D in

vascular health has not been supported by all studies [11]. Studies to-date have

included mostly non-homogeneous subject populations and used total serum 25-

hydroxy vitamin D [25(OH)D] as an indicator of vitamin D status. We

hypothesize that the disparate results stem from a lack of accounting for variations

in circulating vitamin D binding protein (VDBP), which determines the

bioavailability of 25(OH)D.

African Americans (AA) have a higher prevalence of hypertension, greater

arterial stiffness, endothelial dysfunction, and insulin resistance compared to

European Americans (EA), which has been linked to the widely prevalent vitamin

D deficiency among AA [12–16]. We previously suggested that lower serum

25(OH)D among AA adults relative to EA adults partially accounts for the racial

differences in their vascular function measures [3]. We did not, however, take into

account the bioavailability of 25(OH)D. AA reportedly have lower levels of VDBP

resulting in comparable concentrations of bioavailable 25(OH)D to whites

[17, 18]. Recently, it has been reported that bioavailable vitamin D is better linked

to markers of bone mineral metabolism [19]. As adolescence is a period of

accelerated metabolic changes, including insulin resistance [20], which we have

shown to correlate with VDBP in children [17], it is possible that free and

bioavailable 25(OH)D measures are better biomarkers to delineate potential

associations with vascular outcomes during adolescence, especially when the

subjects include both AA and EA.

Brachial artery FMD is reflective of endothelial function [7, 21]. Central pulse

wave or contour analysis is used to generate an AIx, a surrogate measure of arterial

stiffness [22]. Differences in regional stiffness as indicated by the stiffness of

peripheral muscular arteries such as radial, brachial and femoral and centrally

elastic arteries such as carotid and aorta has been previously reported in children

with diabetes [23, 24]. The Atherosclerosis Risk in Communities (ARIC) Study

demonstrated that incident hypertension was predicted in those in the highest
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tertile of arterial stiffness at baseline [1]. Early prevention and control of arterial

stiffness prior to development of hypertension may reduce cardiovascular

morbidity and mortality significantly.

The role of vitamin D in vascular health has not been fully elucidated,

particularly among adolescents. Evidence suggests that the atherosclerotic process

begins in youth, with subclinical signs of vascular compromise i.e., elevated blood

pressure, decreased endothelial elasticity and increased arterial stiffness appearing

in adolescence [25]. Previous studies in adults have reported associations between

serum 25(OH)D and indices of vascular function in adults. As vitamin D

deficiency is widely prevalent among female adolescents [26] and the associations

of cardiovascular parameters with vitamin D may be unique in the pediatric

population. Therefore, we sought to identify associations between vascular health

indices and markers of vitamin D status. Objectives of our study were to

investigate the associations of serum concentrations of total, free and bioavailable

25(OH)D with independent predictors of cardiovascular risk such as endothelial

dysfunction as assessed by FMD and arterial stiffness as indicated by AIx. We

hypothesized that free and bioavailable 25(OH)D measures would have stronger

associations with vascular outcomes during adolescence when compared to total

serum 25(OH)D. We further hypothesized that total, free and bioavailable

25(OH)D would be inversely associated with AIx (i.e., higher 25(OH)D, less

stiffness), and positively associated with FMD (i.e., higher 25(OH)D, increased

FMD).

Subjects and Methods

Participants

Participants were 47 post-menarchal, female adolescents between ages 14–18. The

data were collected between January 2010 and September 2011. Race (European

American - EA, African American - AA) was self-defined. Subjects with diabetes,

inflammatory disorders, hypertension, smoking, pregnancy in the past year,

lactose intolerance, non-ambulatory subjects, those on medications known to

influence body composition, glucose metabolism or vascular reactivity (mono-

phasic oral contraceptives, hormonal intrauterine devices, injectable contra-

ceptives, hormone patches, anti-hypertensive, lipid-lowering medications and

steroids) and those on vitamin D supplementation were excluded. Adolescents

were chosen for the study due to the high prevalence of hypovitaminosis D and

insulin resistance in this age group [26]. Only subjects who were post-menarchal

and in Tanner stage $4 for breast and pubic hair development were included in

the study. All tests were conducted in the first 10 days of the menstrual cycle

(follicular stage). All research was approved by the University of Alabama at

Birmingham (UAB) Institutional Review Board for Human Use. Written

informed consent and assent were obtained before entry to the study.
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Protocol

All subjects had anthropometric measurements (weight, height, and waist

circumference), seated blood pressure (BP) and body composition assessments.

Waist circumference was measured around the narrowest portion of the torso

with a flexible tape measure (Gulick II; County Technology, Inc., Gays Mills, WI).

Percentage body fat (% fat) was measured with dual energy X-ray absorptiometry

(iDXA, GE-LUNAR Radiation Corp., Madison, WI) with participants lying in the

supine position with their arms at their sides. Blood samples were obtained after a

12-hr fast, and serum was stored at 280 C̊ until ready for analysis.

Subjects also completed socioeconomic status (SES) and physical activity

questionnaires. SES was measured using the Hollingshead Four-Factor Index of

Social Status [27]. Physical activity was measured with the validated Physical

Activity Questionnaire (PAQ); a higher score indicates greater reported physical

activity [28].

Vascular Outcomes

Vascular function testing was performed by a single physician who was blinded to

participant vitamin D status. Supine BP was measured using the auscultatory

method, with the arm properly supported and using the correct cuff size after

participants rested for at least 5 minutes in the supine position. BP was measured

in both arms, and the average of two readings in the arm with the higher blood

pressure reading was used.

Flow-mediated dilation was performed as previously described [3]. FMD was

measured non-invasively via high-resolution ultrasound with a 7.5 MHz linear-

array probe (Philips HP Agilent Sonos 5500, Andover, MA) after a 30 min rest in

the supine position in a quiet, air-conditioned room according to standard

guidelines [29]. FMD was defined as the percentage increase in diameter from

baseline to peak dilation after ischemia and reactive hyperemia induced by

inflation of a BP cuff around the forearm to 50 mm Hg above the subject’s supine

systolic blood pressure (SBP) for 5 min followed by rapid deflation.

Augmentation index (AIx) was computed from the radial artery waveform

using a transfer function (Sphygmocor applanation tonometry system,AtCor

Medical, Sydney, Australia) according to guidelines [30]. Participants were in the

supine position and rested for at least 10 min. Pulse wave assessments were

performed during the same early morning session (7:00–9:00 am) after overnight

fasting. Three measurements were acquired and the average/median of both

parameters was calculated. AIx is influenced by both central stiffness and

peripheral wave reflections and is a considered a mixed measure of central and

peripheral arterial stiffness [24]. AIx was standardized to a heart rate of 75 beats/

min (AIx75) and a higher A1x indicates stiffer vessels.
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Serum analysis

Serum 25(OH)D was measured using liquid chromatography mass spectrometry

(Quest Diagnostics, San Juan Capistrano, CA). Intra-assay and inter-assay

coefficient of variation (CV) was 9.92% and 1.25%. Serum PTH was commercially

assessed by a two-site immunoradiometric assay (Intra and inter-assay CV was

5.11% and 4.39%, at Quest Diagnostics Nichols Institute, San Juan Capistrano,

California). Serum VDBP was measured in duplicate in thawed serum samples by

using the R&D Systems Human Vitamin D Binding Protein Quantikine ELISA kit

(R&D Systems, Minneapolis, MN,) according to the manufacturer’s instructions.

Interassay CV was 4.7% at a concentration of 160 mg/ml. Free 25(OH)D and

bioavailable 25(OH)D were calculated by previously utilized formulas [17, 19].

Glucose was assayed in 10 ml sera using a Sirrus analyzer (Stanbio, Boerne, TX).

The mean intra- and inter-assay coefficients of variation (c.v.) for glucose analysis

in the Core Laboratory are 1.28% and 1.53%, respectively. Serum insulin was

assayed by immunofluorescence on a TOSOH AIA-II analyzer (TOSOH Corp.,

South San Francisco, CA); intra-assay CV of 1.5% and inter-assay CV of 4.4%.

The homeostatic model assessment of basal insulin resistance (HOMA-IR) was

calculated using the formula: HOMA-IR 5 [fasting insulin (mU/ml) 6 fasting

glucose (mmol/L)]/22.5 [31].

Statistical analyses

Descriptive statistics (mean ¡ SD) were determined for all variables among all

participants and by racial group. To identify the demographic and other indices

that were independently associated with VDBP, a general linear model was

constructed. A backward stepwise procedure was followed so that those variables

with P,0.2 were retained in the model. Simple Spearman correlations were used

to explore relationships of total, free, and bioavailable 25(OH)D with vascular

outcomes. Vascular outcomes found to be significant or approaching significance

were used in subsequent multiple linear regression (MLR) analyses to investigate

the relationships between total, free, and bioavailable 25(OH)D and vascular

outcomes independent of racial group, age, percent body fat and sequentially

adjusted for fasting insulin [3, 17]. Our correlation matrix was chosen based on a

priori knowledge from the literature as well as from our studies. We have added

height to the model for AIx75 as an inverse relationship exists between AIx and

height [32], as height directly influences arterial pressure wave forms and distance

of wave reflection sites (used for estimation of AIx). Similarly, height influences

BP and hence is included in the model for systolic and diastolic BP (SBP, DBP)

[33]. Preliminary analyses indicated potential collinearity between racial group

and 25(OH)D; thus, relationships were also analyzed within each racial group

using partial Spearman correlations sequentially adjusting for age, percent body

fat and fasting insulin (for all), and, also for height (for AIx75, SBP, and DBP).

The distributions of studentized residuals for all MLR models were examined. All

tests were two-sided and assumed a 5% significance level. With this significance

level and sample size of 47, an observed effect size of 0.4 can be observed (P,0.05,
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two-sided). Analyses were performed using SAS software (version 9.1; SAS

Institute, Cary, NC).

Results

The study cohort included 47 post-menarchal, adolescent girls. Descriptive

characteristics of all participants combined and within each racial group are

shown in Table 1. Participants were generally of normal weight (mean BMI

23.3¡4.5 kg/m2). AA tended to have greater BMI (24.2 vs. 21.55kg/m2,P50.05)

than EA. Fasting insulin and HOMA-IR were significantly higher in AA compared

to EA (11.2 vs. 6.6 mIU/ml, P50.0003 and 2.7 vs. 1.5, 0.0004 respectively). AA had

significantly lower total serum 25(OH)D (14.8 vs. 27.9 ng/ml, P,0.0001) and

VDBP (106.9 vs. 232.1 mg/ml, P5,0.0001) compared to EA; but, the free and

bioavailable 25(OH)D were similar in both groups. The AIx75 and FMD were not

statistically different between races. Reported physical activity or SES did not

differ between racial groups (Table 1). The SBP and DBP were statistically

significantly different between racial groups, SBP 117.4¡8.6 vs. 111.7¡6.0 mm

Hg, P50.03 and DBP 70.9¡7.8 vs. 65.0¡5.2 mm Hg, P50.01 respectively (this

racial differences in SBP and DBP, was attenuated after adjusting for age, percent

body fat and fasting insulin, P50.12 and 0.11 respectively).

We further analyzed associations between vascular function indices and

demographic/metabolic variables to identify potential covariates. FMD was

inversely associated with percent body fat (r520.3, P50.03) and diastolic blood

pressure (r520.3, P50.03). AIx 75 was inversely associated with BMI (r520.4,

P50.02) and percent body fat (r520.4, P50.03)- see table 2. Bivariate analyses

suggested that race, age total 25(OH)D were significantly associated with VDBP

(see Table 3). However, the reduced multivariate model using stepwise backward

regression indicated that only race (P,0.0001) and age (P50.0005) were

significant predictors of VDBP. After controlling for age, race and fasting insulin,

total 25(OH)D was no longer a significant predictor of VDBP.

Spearman correlation analyses between vitamin D measures and vascular

measures are illustrated in (Table 4). Total, free and bioavailable 25(OH)D were

not associated with SBP or DBP. FMD was not associated with concentration of

total or free 25(OH)D; but was positively associated with bioavailable 25(OH)D

(rho50.3, P50.04). The association attenuated after adjusting for age, race and

percent body fat (rho50.28, P50.08) and after sequentially adjusting for fasting

insulin (rho50.28, P50.08).

The correlation between A1x75 and total serum 25(OH)D was statistically

significant in the adjusted model (rho50.4, P50.03). AIx75 was also positively

associated with bioavailable 25(OH)D (rho50.4, P50.004) and free 25(OH)D

(rho50.4, P50.009). The associations persisted after adjusting for age, race and

percent body fat, fasting insulin and height (bioavailable 25(OH)D: rho50.4,

P50.02 and free 25(OH)D: rho50.4, P50.03).
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When analyzed by racial groups, total, free and bioavailable 25(OH)D were

strongly positively associated with AIx75 in AA (rho50.5, 0.4, 0.4, respectively)

after adjusting for age, height, and percent body fat (Table 5). After further

adjusting for fasting insulin, the associations persisted in AA [total 25(OH)D vs

A1x75 rho50.5, P50.01, free 25(OH)D vs A1x75 rho50.5, P50.01, bioavailable

25(OH)D vs A1x75 rho50.4, P503]. Even though total 25(OH)D was inversely

associated with AIx75 in EA (rho520.6), it attenuated after adjusting for

covariates and, furthermore, the associations between AIx75 and free and

bioavailable 25(OH)D were not statistically significant. Total, free and bioavail-

able 25(OH)D were not associated with FMD in race-specific analyses (i.e., AA

only or EA only).

Discussion

In this study we found that serum total, free and bioavailable 25(OH)D were

associated with arterial stiffness (AIx75) in adolescent girls. However, in contrast

Table 1. Descriptive characteristics among all participants and by racial group.

Variables All (n547) AA (n531) EA (n516) Pracial group*

Age (yr) 15.9¡1.4 15.7¡1.4 16.2¡1.4 0.24

Height (cm) 164.9¡7.0 164.2¡7.6 166.2¡5.7 0.35

Weight (kg) 62.7¡12.3 64.413.4 59.5¡9.6 0.21

BMI (kg/m2) 23.3¡4.5 24.2¡4.5 21.5¡3.9 0.05

Waist circumference (cm) 71.8¡8.2 73.0¡9.1 69.5¡5.9 0.18

Percent body fat (%) 25.5¡5.5 26.4¡5.9 23.6¡4.1 0.11

SES total score 41.9¡11.1 41.2¡9.7 43.2¡13.7 0.57

Physical activity score (PAQ) 2.1¡0.7 2.0¡0.7 2.2¡0.7 0.5

Supine SBP (mm Hg) 115.6¡8.2 117.4¡8.6 111.7¡6.0 0.03

Supine DBP (mm Hg) 69.1¡7.6 70.9¡7.8 65.0¡5.2 0.01

Heart rate (beats/min) 64.6¡10.5 66.1¡10.6 61.2¡98.9 0.14

FMD (%) 10.5¡4.9 10.0¡5.0 11.3¡4.7 0.40

AIx75 (%) 20.9¡9.8 0.9¡9.6 24.8¡9.4 0.07

PTH (pg/ml) 38.0¡16.6 40.4¡18.0 33.5¡12.5 0.18

Total 25(OH)D (ng/ml) 19.3¡8.7 14.8¡5.7 27.9¡6.7 ,0.0001

VDBP (mg/ml) 149.5¡77.3 106.9¡48.7 232.1¡50.2 ,0.0001

Free 25(OH)D (pg/ml) 9.7¡4 9.9¡4 9.2¡3 0.56

Bioavailable 25(OH)D (ng/ml) 3.4¡1.3 3.5¡1.5 3.3¡1.0 0.59

Fasting insulin (mIU/ml) 9.6¡5.4 11.2¡5.9 6.6¡2.0 0.0003

HOMA-IR 2.3¡1.4 2.7¡1.5 1.5¡0.5 0.0004

*As measured by two-sample independent t-test.
Bolded values represent those that are significantly different between racial groups (P#0.05).
Abbreviations: AA, African American; EA, European American; BMI, body mass index; SES, socioeconomic status; SBP, systolic blood pressure; DBP,
diastolic blood pressure; FMD, flow-mediated dilation; AIx75, augmentation index standardized to a heart rate of 75 beats/min; PTH, parathyroid hormone;
25(OH)D, 25-hydroxyvitamin D; VDBP, vitamin D binding protein; HOMA-IR, homeostatic model assessment of insulin resistance.

doi:10.1371/journal.pone.0114689.t001
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to the reported inverse associations between 25(OH)D and AIx75 in adults we

found positive associations between circulating 25(OH)D metabolites and AIx75.

Moreover, these associations were race-dependent with AA demonstrating

positive associations and EA showing inverse yet non-significant associations. This

study also re-emphasizes the fact that there are no significant racial differences in

bioavailable and free 25(OH)D between AA and EA [18]. The apparent lower

serum total 25(OH)D in AA is annulled when VDBP is taken into account.

There are several potential mechanisms by which vitamin D could influence

vascular function measures [3, 8, 34]. Vitamin D receptors and 1a-hydoxylase

enzyme are present on the heart and blood vessels smooth muscle and endothelial

cells. Calcitriol reduces parathyroid hormone, influences endothelial and vascular

Table 2. Spearman correlations [rho (P-value)] of vascular function indices with demographic and metabolic variables.

Variables FMD AIx75

Crude Partial* Crude Partial*

BMI (kg/m2) 20.23 (0.12) 20.28 (0.08) 20.21 (0.17) 20.37 (0.02)

Age 0.07 (0.66) 0.06 (0.70) 0.04 (0.79) 0.10 (0.52)

Height 20.26 (0.07) 20.28 (0.06) 20.41 (0.005) 20.40 (0.01)

Percent body fat (%) 20.35 (0.02) 20.33 (0.03) 20.23 (0.13) 20.35 (0.03)

Supine SBP (mm Hg) 20.05 (0.77) 0.05 (0.77) 20.11 (0.46) 20.25 (0.11)

Supine DBP (mm Hg) 20.32 (0.03) 20.34 (0.03) 0.30 (0.04) 0.10 (0.53)

Fasting insulin (mIU/ml) 20.09 (0.53) 20.09 (0.6) 0.15 (0.33) 20.02 (0.9)

HOMA-IR 20.03 (0.83) 0.00 (0.99) 0.12 (0.44) 20.11 (0.48)

PTH (pg/ml) 20.19 (0.21) 20.09 (0.56) 20.09 (0.57) 20.10 (0.55)

VDBP (mg/ml) 20.00 (0.99) 20.18 (0.27) 20.21 (0.16) 20.07 (0.64)

*Correlations adjusting for race.
Bolded values represent those that are statistically significant (P#0.05).
Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HOMA-IR, homeostatic model assessment of insulin
resistance; PTH, parathyroid hormone; VDBP, vitamin D binding protein; FMD, flow-mediated dilation; AIx75, augmentation index standardized to a heart
rate of 75 beats/min.

doi:10.1371/journal.pone.0114689.t002

Table 3. Multiple linear regression analyses of variables modifying VDBP concentrations.

Crude Adjusted 1 Adjusted 2

Variables b P b P b P

Race 2125.27 ,0.0001 2110.97 ,0.0001 2116.31 ,0.0001

Age 2241.77 0.048 20.08 0.0002 17.57 0.0005

% body fat 1.06 0.60 – – – –

PTH 20.71 0.30 – – – –

Total 25(OH)D 5.09 ,.0001 0.27 0.81

Fasting glucose 21.18 0.38 – – – –

Fasting insulin 25.92 0.006 20.13 0.93 – –

Legend: General linear models using backward stepwise regression used to obtain b estimates and P-values. Bolded values represent those that are
statistically significant (P #0.05). Abbreviations: PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D; VDBP, vitamin D binding protein.

doi:10.1371/journal.pone.0114689.t003
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smooth-muscle cell function and controls inflammation. Calcitriol also down

regulates the renin-angiotensin-aldosterone system, in addition to regulating cell

proliferation. Vitamin D is known to reduce oxidative stress and attenuate

inflammation.

AA adolescents generally have higher systolic and diastolic BP relative to EA.

However, these differences appear to be influenced to an extent by circulating

insulin levels, as this difference was attenuated after adjusting for fasting insulin.

The fact that endothelial dysfunction and arterial stiffness are early, sub-clinical

markers of vascular damage and are a prelude to hypertension [1, 11], may explain

the lack of associations between vitamin D metabolites and systolic/diastolic BP,

despite independent associations of 25(OH)D with AIx, in our cohort of healthy,

relatively normal weight adolescents.

In contrast to the reported findings in adults [3, 35], FMD and AIx 75 were not

different between AA and EA adolescents, suggesting potential factors appearing

after puberty that predispose to the race-related differences in arterial stiffness and

endothelial function. An intriguing study result was the positive associations

between total, free and bioavailable 25(OH)D and AIx75; the implications of

which are not clear. The unexpected positive relationship in our study between

AIx75 and vitamin D biomarkers may be a reflection of a developmental

phenomenon of adolescence. AIx75 reflects a combination of both central/large

artery stiffness (i.e., PWV) and magnitude of peripheral arterial wave reflections

[24]. Peripheral arteries are more amplified compared to the central arteries,

during this time period [36]. We postulate that the positive association between

free and bioavailable 25(OH)D to AIx75 in adolescents may indicate an effect of

vitamin D on the magnitude of arterial wave reflections (but not on arterial

stiffness, per se).

Table 4. Crude and partial Spearman correlations for the association between 25(OH)D measures and vascular outcomes.

Total 25(OH)D Free 25(OH)D
Bioavailable
25(OH)D

Variables Crude Partial* Partial{ Crude Partial* Partial{ Crude Partial* Partial{

AIx75 0.07 0.35 0.36 0.38 0.34 0.35 0.42 0.37 0.39

P50.67 P50.03 P50.03 P50.009 P50.04 P50.03 P50.004 P50.02 P50.02

FMD 0.23 0.10 0.10 0.27 0.25 0.25 0.30 0.28 0.28

P50.13 P50.55 P50.55 P50.07 P50.11 P50.12 P50.04 P50.08 P50.08

Supine SBP 20.25 20.04 20.04 20.12 20.19 20.20 20.10 20.18 20.19

P50.09 P50.81 P50.81 P50.43 P50.24 P50.24 P50.5 P50.27 P50.27

Supine DBP 20.11 0.23 0.21 0.23 0.15 0.14 0.23 0.18 0.17

P50.46 P50.17 P50.21 P50.13 P50.35 P50.40 P50.13 P50.27 P50.33

*All correlations after adjusting for age, race and percent body fat.
{Correlations also adjusted fasting insulin for all outcomes (i.e., AIx75, FMD, SBP and DBP), and, also adjusted for height for outcome variables AIx75, SBP,
DBP.
Bolded values represent those that are statistically significant (P#0.05). Abbreviations: 25(OH)D, 25-hydroxyvitamin D; AIx75, augmentation index
standardized to a heart rate of 75 beats/min; FMD, flow-mediated dilation; SBP, systolic blood pressure; DBP, diastolic blood pressure.

doi:10.1371/journal.pone.0114689.t004
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Further analyses revealed that the positive association between vitamin D

measures and AIx75 was unique to AA alone. Although we did not have sufficient

sample size to show a significant association in EA, there was clearly different

directionality between racial groups. This adds to the questions raised by a recent

study suggesting low total 25(OH)D blood levels were linked to greater risk of

incident coronary heart disease in whites, but not in blacks [37]. Another large

study from the National Health and Nutrition Examination Survey (NHANES III)

also failed to show associations between low serum 25(OH)D concentration and

all-cause mortality among non-Hispanic black participants [38]. The potential for

a detrimental effect of higher levels of bioavailable 25(OH)D to vascular function

among AA adolescents cannot be discounted for reason(s) not yet understood.

Dong et al have previously demonstrated that the PWV in black youth improves

after supplementation with 2000 IU of vitamin D for 16 weeks [8]. It is plausible

that the positive association between free and bioavailable 25(OH)D to AIx 75

may indicate a deleterious effect of higher vitamin D concentrations on arterial

wave reflections (but, not on PWV) in AA. Future investigations are warranted in

order to evaluate the reason for this finding, including validating use of AIx75

among adolescents and race-specificity of AIx75 and vitamin D measures.

Another salient observation was that age and race were independent predictors

of VDBP among the variables studied. The VDBP levels may have stronger impact

during adolescence compared to adult life as age is a determinant of VDBP [17].

We found that either total, free or bioavailable 25(OH)D measurements are able

to delineate the associations between vitamin D and vascular function indices in

adolescence, if we adjust for confounders of VDBP. It is possible conflicting

results of vitamin D and vascular function studies are due to lack of measurement

of free and bioavailable 25(OH)D and/or not taking into account factors that are

highly determinant of VDBP levels.

The main limitations of our study are its cross sectional nature, lack of direct

measurement of large artery stiffness (PWV) and small sample size (particularly in

race-stratified analysis). At the time of the study the transfer function for deriving

the aortic waveform (for pulse wave analysis) had only been validated in adults

(18 years of age or older), with a very low prevalence of vascular abnormalities

reported even in those with high risk conditions such as type 1 diabetes [23, 24].

Only clinical trials using vitamin D supplementation utilizing multiple age and

racial groups could definitely evaluate the true cause-effect relationship between

vitamin D and AIx75. Efforts to infer true associations between vitamin D status

and changes in cardiovascular parameters will require longitudinal studies which

utilize multiple age and racial groups. In addition, although the AIx and FMD are

considered subclinical markers of disease, the clinical importance of these

measures in terms of cardiovascular outcomes is not definitive. Even though all

subjects were studied in the follicular phase of their menstrual cycle, we did not

measure serum estrogen concentrations on day 3 of the follicular phase. Dietary

recall information was not available for the data analysis. However, given the

inherent limitations of accurate recall and subjective self-reported diet,

particularly among female adolescents, and the complexity of sources of vitamin

Bioavailable Vitamin D and Vascular Health

PLOS ONE | DOI:10.1371/journal.pone.0114689 December 5, 2014 11 / 15



D (i.e., dietary and cutaneous exogenous sources), the objectively measured

circulating 25(OH)D most robustly reflect vitamin D status. Inclusion of genetic

admixture estimates to delineate racial differences would have added stronger

significance to our findings. However, there is a very high reported correlation

between parental-reported race of children and composite value of genetic

admixture in cohorts representative of a pediatric population within this

geographic region [39]. We also acknowledge that there are controversies

regarding the formula used to estimate bioavailable 25(OH)D concentrations and

the monoclonal antibody assay used herein for VDBP measurement. Potential

ethnic differences in the immunoreactivity against variant VDBPs may also exist

[40]. However, both issues have been logically addressed by Powe et al [41],

including the fact that polyclonal antibodies raised against VDBP may cross-react

with other proteins [41]. Nonetheless, availability of direct assay for the

measurement of bioavailable 25(OH)D will overcome this limitation and will

provide validation to our findings. Future research for identifying the

determinants of VDBP is important to answer the questions related to

bioavailability of vitamin D.

The strengths of our study include a homogeneous population of post-

menarchal adolescent females, both racial groups, and, measurement of AIx which

has not been previously addressed in relation to vitamin D in teens. Although we

cannot substantiate mechanistic reasons in this cross-sectional analysis, vitamin D

intervention studies could delineate true cause-effect relationships.

Conclusions

In spite of very low total 25(OH)D concentrations, AA have similar bioavailable

25(OH)D concentrations compared to EA, when taking into account of the

VDBP, which influences its bioavailability. This cross-sectional study suggests a

positive association between vitamin D level and AIx75, which may be specific to

AA adolescents, the implications of which are not clear. Long-term, randomized,

placebo-controlled trials investigating race-dependent effects of vitamin D

supplementation on vascular function among adolescents are warranted.

Supporting Information

S1 File. Data spreadsheet containing all variables analyzed.

doi:10.1371/journal.pone.0114689.s001 (XLS)

Acknowledgments

The authors thank the staff and subjects of the clinical trials for their valuable

contributions. This study included the clinical trial, NCT01041365.

Bioavailable Vitamin D and Vascular Health

PLOS ONE | DOI:10.1371/journal.pone.0114689 December 5, 2014 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114689.s001


Author Contributions
Conceived and designed the experiments: APA JAA BAG. Performed the

experiments: APA JAA TD DC. Analyzed the data: APA RG LJH XW. Contributed

reagents/materials/analysis tools: DC TD XW BAG. Wrote the paper: APA JAA

LJH TD BAG. Study design: APA JAA BAG. Study conduct: APA JAA. Data

collection: APA JAA TD DC. Data analysis: APA RG LJH XW. Data

interpretation: APA JAA LJH BAG TD DC. Drafted manuscript: APA JAA LJH

TD. Revised manuscript content: APA JAA LJH TD. Approved final version of

manuscript: APA.

References

1. Liao D, Arnett DK, Tyroler HA, Riley WA, Chambless LE, et al. (1999) Arterial stiffness and the
development of hypertension. The ARIC study. Hypertension 34: 201–206.

2. Rossi R, Chiurlia E, Nuzzo A, Cioni E, Origliani G, et al. (2004) Flow-mediated vasodilation and the
risk of developing hypertension in healthy postmenopausal women. J Am Coll Cardiol 44: 1636–1640.

3. Alvarez JA, Gower BA, Calhoun DA, Judd SE, Dong Y, et al. (2012) Serum 25-hydroxyvitamin D and
Ethnic Differences in Arterial Stiffness and Endothelial Function. J Clin Med Res 4: 197–205.

4. Al Mheid I, Patel R, Murrow J, Morris A, Rahman A, et al. (2011) Vitamin D status is associated with
arterial stiffness and vascular dysfunction in healthy humans. J Am Coll Cardiol 58: 186–192.

5. Rezai MR, Wallace AM, Sattar N, Finn JD, Wu FC, et al. (2011) Ethnic differences in aortic pulse wave
velocity occur in the descending aorta and may be related to vitamin D. Hypertension 58: 247–253.

6. Tarcin O, Yavuz DG, Ozben B, Telli A, Ogunc AV, et al. (2009) Effect of vitamin D deficiency and
replacement on endothelial function in asymptomatic subjects. J Clin Endocrinol Metab 94: 4023–4030.

7. Harris RA, Pedersen-White J, Guo DH, Stallmann-Jorgensen IS, Keeton D, et al. (2011) Vitamin D3
supplementation for 16 weeks improves flow-mediated dilation in overweight African-American adults.
Am J Hypertens 24: 557–562.

8. Dong Y, Stallmann-Jorgensen IS, Pollock NK, Harris RA, Keeton D, et al. (2010) A 16-week
randomized clinical trial of 2000 international units daily vitamin D3 supplementation in black youth: 25-
hydroxyvitamin D, adiposity, and arterial stiffness. J Clin Endocrinol Metab 95: 4584–4591.

9. Pittas AG, Chung M, Trikalinos T, Mitri J, Brendel M, et al. (2010) Systematic review: Vitamin D and
cardiometabolic outcomes. Annals of internal medicine 152: 307–314.

10. Forman JP, Scott JB, Ng K, Drake BF, Suarez EG, et al. (2013) Effect of vitamin D supplementation on
blood pressure in blacks. Hypertension 61: 779–785.

11. Pittas AG, Chung M, Trikalinos T, Mitri J, Brendel M, et al. (2010) Systematic review: Vitamin D and
cardiometabolic outcomes. Ann Intern Med 152: 307–314.

12. Campia U, Choucair WK, Bryant MB, Waclawiw MA, Cardillo C, et al. (2002) Reduced endothelium-
dependent and -independent dilation of conductance arteries in African Americans. J Am Coll Cardiol
40: 754–760.

13. Heffernan KS, Jae SY, Wilund KR, Woods JA, Fernhall B (2008) Racial differences in central blood
pressure and vascular function in young men. Am J Physiol Heart Circ Physiol 295: H2380–2387.

14. Fiscella K, Franks P (2010) Vitamin D, race, and cardiovascular mortality: findings from a national US
sample. Ann Fam Med 8: 11–18.

15. Scragg R, Sowers M, Bell C (2007) Serum 25-hydroxyvitamin D, ethnicity, and blood pressure in the
Third National Health and Nutrition Examination Survey. Am J Hypertens 20: 713–719.

16. Reis JP, Michos ED, von Muhlen D, Miller ER 3rd (2008) Differences in vitamin D status as a possible
contributor to the racial disparity in peripheral arterial disease. Am J Clin Nutr 88: 1469–1477.

Bioavailable Vitamin D and Vascular Health

PLOS ONE | DOI:10.1371/journal.pone.0114689 December 5, 2014 13 / 15



17. Ashraf AP, Huisingh C, Alvarez JA, Wang X, Gower BA (2013) Insulin resistance indices are inversely
associated with vitamin D binding protein concentrations. J Clin Endocrinol Metab.

18. Powe CE, Evans MK, Wenger J, Zonderman AB, Berg AH, et al. (2013) Vitamin D-binding protein and
vitamin D status of black Americans and white Americans. N Engl J Med 369: 1991–2000.

19. Bhan I, Powe CE, Berg AH, Ankers E, Wenger JB, et al. (2012) Bioavailable vitamin D is more tightly
linked to mineral metabolism than total vitamin D in incident hemodialysis patients. Kidney Int 82: 84–89.

20. Moran A, Jacobs DR Jr., Steinberger J, Hong CP, Prineas R, et al. (1999) Insulin resistance during
puberty: results from clamp studies in 357 children. Diabetes 48: 2039–2044.

21. Yeboah J, Crouse JR, Hsu FC, Burke GL, Herrington DM (2007) Brachial flow-mediated dilation
predicts incident cardiovascular events in older adults: the Cardiovascular Health Study. Circulation 115:
2390–2397.

22. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, et al. (2006) Expert consensus
document on arterial stiffness: methodological issues and clinical applications. Eur Heart J 27: 2588–
2605.

23. Wadwa RP, Urbina EM, Anderson AM, Hamman RF, Dolan LM, et al. (2010) Measures of arterial
stiffness in youth with type 1 and type 2 diabetes: the SEARCH for diabetes in youth study. Diabetes
Care 33: 881–886.

24. Urbina EM, Wadwa RP, Davis C, Snively BM, Dolan LM, et al. (2010) Prevalence of increased arterial
stiffness in children with type 1 diabetes mellitus differs by measurement site and sex: the SEARCH for
Diabetes in Youth Study. J Pediatr 156: 731–737, , 737 e731.

25. Dahl-Jorgensen K, Larsen JR, Hanssen KF (2005) Atherosclerosis in childhood and adolescent type 1
diabetes: early disease, early treatment? Diabetologia 48: 1445–1453.

26. Kumar J, Muntner P, Kaskel FJ, Hailpern SM, Melamed ML (2009) Prevalence and associations of
25-hydroxyvitamin D deficiency in US children: NHANES 2001–2004. Pediatrics 124: e362–370.

27. Hollingshead A (1975) Four Factor Index of Social Status [Doctoral Dissertation]. New Haven, CT: Yale
University. 24 p.

28. Kowalski KC, Crocker PRE, Kowalski NP (1997) Convergent validity of the Physical Activity
Questionnaire for Adolescents. Pediatric Exercise Science 9: 342–352.

29. Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbonneau F, et al. (2002) Guidelines for
the ultrasound assessment of endothelial-dependent flow-mediated vasodilation of the brachial artery: a
report of the International Brachial Artery Reactivity Task Force. Journal of the American College of
Cardiology 39: 257–265.

30. Van Bortel LM, Laurent S, Boutouyrie P, Chowienczyk P, Cruickshank JK, et al. (2012) Expert
consensus document on the measurement of aortic stiffness in daily practice using carotid-femoral pulse
wave velocity. J Hypertens 30: 445–448.

31. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, et al. (1985) Homeostasis model
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin
concentrations in man. Diabetologia 28: 412–419.

32. Yasmin, Brown MJ (1999) Similarities and differences between augmentation index and pulse wave
velocity in the assessment of arterial stiffness. QJM 92: 595–600.

33. U.S. Department of health and Human Services NIoH, National Heart, Lung, and Blood Institute
(Originally printed September 1996 (96-3790). Revised May 2005) The fourth report on the Diagnosis,
Evaluation, and Treatment of High Blood Pressure in Children and Adolescents. 1–48.

34. Pilz S, Tomaschitz A, Ritz E, Pieber TR (2009) Vitamin D status and arterial hypertension: a systematic
review. Nat Rev Cardiol 6: 621–630.

35. Morris AA, Patel RS, Binongo JN, Poole J, Mheid IA, et al. (2013) Racial differences in arterial
stiffness and microcirculatory function between Black and White Americans. J Am Heart Assoc 2:
e002154.

36. O’Rourke MF, Pauca A, Jiang XJ (2001) Pulse wave analysis. Br J Clin Pharmacol 51: 507–522.

37. Robinson-Cohen C, Hoofnagle AN, Ix JH, Sachs MC, Tracy RP, et al. (2013) Racial differences in the
association of serum 25-hydroxyvitamin D concentration with coronary heart disease events. JAMA 310:
179–188.

Bioavailable Vitamin D and Vascular Health

PLOS ONE | DOI:10.1371/journal.pone.0114689 December 5, 2014 14 / 15



38. Melamed ML, Michos ED, Post W, Astor B (2008) 25-hydroxyvitamin D levels and the risk of mortality
in the general population. Arch Intern Med 168: 1629–1637.

39. Hanks LJ, Casazza K, Ashraf AP, Ramanadham S, Ard J, et al. (2013) Vitamin D and calcium-sensing
receptor polymorphisms differentially associate with resting energy expenditure in peripubertal children.
J Bone Miner Metab 31: 695–702.

40. Hollis BW, Bikle DD (2014) Vitamin D-binding protein and vitamin D in blacks and whites. N Engl J Med
370: 879–880.

41. Powe CE, Karumanchi SA, Thadhani R (2014) Vitamin D-binding protein and vitamin D in blacks and
whites. N Engl J Med 370: 880–881.

Bioavailable Vitamin D and Vascular Health

PLOS ONE | DOI:10.1371/journal.pone.0114689 December 5, 2014 15 / 15


	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	Section_13
	Section_14
	TABLE_1
	TABLE_2
	TABLE_3
	TABLE_4
	TABLE_5
	Section_15
	Section_16
	Section_17
	Section_18
	Section_19
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41

