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Abstract

Background

Clinical trials are scant and equivocal on whether vitamin D can ameliorate arterial stiffness,

particularly in populations at high risk for vitamin D deficiency and cardiovascular disease

(CVD). This study determined the dose-response effects of vitamin D3 supplementation on

arterial stiffness in overweight African Americans with vitamin D deficiency.

Methods

Seventy overweight African Americans (aged 13–45 years) with serum 25-hydroxyvitamin

D [25(OH)D] levels� 20 ng/mL were randomized to monthly oral supplementation of

18,000 IU (~600 IU/day, n = 17), 60,000 IU (~2000 IU/day, n = 18), or 120,000 IU (~4000 IU/

day, n = 18) of vitamin D3 or placebo (n = 17) for 16-weeks. The arterial stiffness measure-

ments, carotid-femoral pulse wave velocity (PWV) and carotid-radial PWV, were assessed

by applanation tonometry at baseline and 16 weeks.

Results

Vitamin D3 supplementation demonstrated a dose-response increase in serum 25(OH)D

concentrations between groups (P<0.01). A significant downward linear trend was observed

for carotid-femoral PWV (P<0.01), as the mean changes in carotid-femoral PWV across the

four treatment groups were 0.13 m/s (95% CI: -0.24, 0.51 m/s) for placebo, 0.02 m/s (95%

CI: -0.34, 0.38 m/s) for 600 IU/day group, -0.11 m/s (95% CI: -0.50, 0.27 m/s) for the 2,000

IU/day group, and -0.70 m/s (95% CI: -1.07, -0.32 m/s) for the 4,000 IU/day group. Findings

were similar for carotid-radial PWV (P = 0.03), as the mean changes in carotid-radial PWV

across the four treatment groups were 0.24 m/s (95% CI: -0.45, 0.92 m/s) for placebo, 0.09
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m/s (95% CI: -0.54, 0.73 m/s) for 600 IU/day group, -0.57 m/s (95% CI: -1.20, 0.07 m/s) for

the 2,000 IU/day group, and -0.61 m/s (95% CI: -1.25, 0.02 m/s) for the 4,000 IU/day group.

Conclusion

Arterial stiffness was improved by vitamin D3 supplementation in a dose-response manner

in overweight African Americans with vitamin D deficiency.

Introduction

African-Americans are prone to suboptimal vitamin D status [1]. In the last decade, vitamin

D deficiency has been related to cardiovascular risk factors [2], cardiovascular mortality [3],

stroke [4], and peripheral arterial disease [5]. Cardiovascular disease (CVD) is the leading

cause of death among African Americans [6], which requires finding a tool for early recogni-

tion of pathological processes, diagnosis, prevention, and treatment [7]. Arterial stiffness is

an independent predictor of CVD events and mortality [8, 9]. Arterial stiffness is not only a

risk factor for CVD, but also a pathological mechanism leading to CVD through its influence

on blood vessel and heart. In vessels, high shear stress in a stiff arterial system leads to ampli-

fication of endothelial dysfunction [10, 11]. Also, productivity of heart ejection and cardiac

perfusion are impacted in individual with stiff arteries [12]. Pulse wave velocity (PWV) is a

noninvasive, gold standard for arterial stiffness measurement, and a tool to determine the

therapeutic effects and efficacy in interventional studies [13] [14]. Emerging evidence shows

that vitamin D deficiency has been correlated with arterial stiffness [15, 16]. This suggests

that investigating the impact of vitamin D supplementation on arterial stiffness is critical to

reduce the cardiovascular morbidity and mortality.

Although vitamin D interventions are scant and equivocal on whether supplemental vita-

min D can ameliorate arterial stiffness [17, 18], we previously observed that 2000 IU/day of

vitamin D3 supplementation counteracted the progression of arterial stiffness in African-

American adolescents [19]. More recently, we conducted another 16-week randomized pla-

cebo-controlled vitamin D3 supplementation trial (placebo, 600 IU/day, 2,000 IU/day, vs.

4,000 IU/day) in apparently healthy overweight African Americans with vitamin D deficiency,

which revealed a dose-response increase in serum 25-hydroxyvitamin D [25(OH)D] concen-

trations [20]. The objective of this study was to perform a secondary analysis of this previously

conducted randomized controlled trial to test the hypothesis that vitamin D3 supplementation

reduces arterial stiffness in a dose-response manner.

Materials and methods

Study population and design

This study is an ancillary analysis to a previously completed, randomized, double-blinded,

vitamin D3 supplementation trial (clinicaltrials.gov registration#: NCT01583621) [20]. The 70

participants in this trial were recruited from the Augusta, Georgia area by advertisements and

by word of mouth. Inclusion criteria were the following: 1) African American race; 2) aged

between 13 and 45 years; 3) overweight/obese [defined by body mass index (BMI)�25 kg/m2

for adults and�85th percentile for age and sex for adolescents according to the Center of Dis-

ease Control and Prevention]; and 4) suboptimal vitamin D status (defined as serum 25(OH)D

concentrations of�20 ng/mL at screening visit) [21]. Participants were excluded if they were
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pregnant or if they were taking medications/dietary supplements or had any medical condition

that could affect nutritional status or metabolism. Adolescent participants and their guardian

provided written informed assent and consent, respectively; and the adult participants pro-

vided informed consent. The study was approved by the Augusta University (AU) Institutional

Review. All measurements were performed at the Medical College of Georgia’s Georgia Pre-

vention Institute at Augusta University between December 2011 and November 2012. The

trial registration on clinicaltrials.gov was delayed due to an oversight, and the authors confirm

that all ongoing and related trials for this intervention are registered.

Randomization and treatment allocation

The CONSORT diagram (Fig 1) which was reported in previous publication gives the details

of participant enrollment [20]. The recruited subjects were randomly assigned to four groups:

18,000 IU/month (~600 IU/day), 60,000 IU/month (~2,000 IU/day), or 120,000 IU/month

(~4,000 IU/day) of vitamin D3 or placebo. The placebo and vitamin D3 containing capsules,

provided by the Bio-Tech Pharmacal (Fayetteville, AR), were similar in taste and appearance

and were indistinguishable for participants and investigators. The capsules were provided to

the participants by supervised monthly dosing for 16-weeks to ensure compliance. The AU

clinical research pharmacy generated the randomization codes, dispensed the study capsules,

and maintained the randomization codes until the end of the study and did not have any direct

role in the data collection. Study investigators, research coordinators, and the study partici-

pants were blinded to treatment allocation.

Serum 25-hydroxyvitamin D

Fasting blood samples were collected by a trained phlebotomist at baseline, 8 weeks, and 16

weeks, and the samples were stored at −80˚C until assayed. Using samples collected from each

time point, serum 25(OH)D was measured using an enzyme immunoassay (Immunodiagnos-

tic Systems, Fountain Hills, AZ). The mean intra- and interassay coefficients of variation for

serum 25(OH)D were 5.6 and 6.6%, respectively. Analytical reliability of serum 25(OH)D

assays was further monitored through DEQAS (the Vitamin D External Quality Assessment

Scheme).

Blood pressure

At baseline and 16 weeks, systolic blood pressure and diastolic blood pressure measurements

(Dinamap 1864SX; Criticon, Inc., Tampa, FL) were taken three times at 5, 7, and 9 minutes

after a 10-minute relaxation period in a quiet temperature controlled room. The average was

used to represent systolic blood pressure and diastolic blood pressure.

Arterial stiffness

The arterial stiffness measurements, carotid-femoral PWV and carotid-radial PWV, were mea-

sured at baseline and 16 weeks. As recommended by the American Heart Association [14],

carotid-femoral PWV was our primary outcome measurement of arterial stiffness, and it was

measured in duplicate using the SphygmoCor system (AtCor Medical, Sydney, Australia) by

sequentially recording electrocardiographic-gated carotid and femoral artery waveforms by

applanation tonometry (Millar Instruments, Houston, TX). Using a segmometer, straight-line

distance measurements were taken from the suprasternal notch to the carotid sampling site

and from the suprasternal notch to the site where the femoral artery was measured. The time

interval between the onset of femoral and carotid waveforms was determined as the mean
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from 10 consecutive cardiac cycles. Quality measurements were confirmed by the standard

deviation of time intervals corresponding to the patient’s ECG and femoral and carotid artery

waveforms. Standard deviations greater than 10% of the carotid-femoral PWV value were not

accepted. The carotid-femoral PWV was calculated from the distance between measurement

points (D, in meters) and the measured time delay (t, in seconds) between the peak of the ECG

P-wave and the trough of a waveform as follows: carotid-femoral PWV = D/t (m/s). The same

investigator who performed the PWV measurements at baseline and posttest was blinded to

the treatments. The within-observer variability (mean difference ± SD of two measurements)

was 0.08 ± 1.10 m/s for carotid-femoral PWV and 0.15 ± 1.01 m/s for carotid-radial PWV.

Fig 1. Flow diagram of study participants.

https://doi.org/10.1371/journal.pone.0188424.g001
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Statistical considerations and analyses

Power calculations were computed based on primary outcomes 25(OH)D and carotid-femoral

PWV. The computations are based upon the linear contrast approach for the main effect of

treatment, rather than the traditional omnibus F-test followed by post hoc pairwise compari-

sons, because a pre-specified contrast conditioned on the ordering of responses is more power-

ful to detect the expected pattern, without sacrificing control of type I error. Required are

assumptions concerning the difference in mean 16-week changes in the response (i.e., differ-

ences in the mean gain scores) across treatment arms, and the variance of the gain score, from

which effect size is computed. Using data previously collected in our laboratory [19, 22], we

pooled estimates in standard deviation (SD) of change for 25(OH)D (SD = 5.1 ng/mL), and

carotid-femoral PWV (SD = 0.8 m/s), and we estimated effect sizes (i.e., Cohen’s d) for these

outcomes [25(OH)D, d = 3.0; and carotid-femoral PWV, d = 1.1] based on the assumption

that the 600 IU and 2000 IU groups would have one-quarter and one-half the mean change,

respectively, of that occurring in the 4000 IU group, relative the mean change in the control

group. We determined that 10–16 subjects/group would provide 81–96% power (α = 0.05) to

detect a difference in mean change of the outcome variable between groups. With a given sam-

ple size of 16 subject/group (a-level set at 0.05), the proposed study will have power of 0.81.

Assuming a 10% sample size loss due to either attrition or insufficient quality of measure-

ments, a starting sample size of 18 subjects/group (N = 72) will preserve power of the study

design.

Characteristics of the participants at baseline were descriptively compared among the dose

groups, with data presented as means ± SD if not stated otherwise. Group differences at base-

line were determined by analysis of variance for normally distributed variables or by Kruskal-

Wallis test, otherwise. Group differences in proportions at baseline were tested by χ2 test of

goodness of fit.

Repeated-measures mixed models were used with restricted maximum likelihood estima-

tion in an intention-to-treat analysis of each outcome measure using all available data. In the

base models for carotid-femoral PWV, carotid-femoral PWV, and blood pressure, participant

was included as a random effect, and intervention group (placebo, 600 IU/day, 2,000 IU/day,

and 4,000 IU/day) and measurement time (baseline and 16 weeks) and their interaction were

included as fixed effects. In serum 25(OH)D base models, fixed effects for measurement time

had three levels (baseline, 8 weeks, and 16 weeks) since it was also measured at 8 weeks.

Covariance structures were compared by using the Akaike information criterion; the autore-

gressive structure and the compound symmetry structure had similar Akaike information cri-

terion values, so the compound symmetry structure was chosen. In addition, we adjusted for

age, gender, BMI, and season in a secondary analysis to assess their contribution to the changes

in the arterial stiffness measurements associated with the intervention. A priori linear contrasts

tested dose-response effects of the intervention. If the trend for difference in the outcome vari-

able of interest across groups was significant (P< 0.05), differences among individual groups,

adjusted for multiple comparisons, were tested by using Tukey’s honestly significant difference

adjustment.

Model fit was examined by looking at various residual plots. A sensitivity analysis was per-

formed by using multiple imputation to determine whether the missing data affected the

carotid-femoral PWV and carotid-femoral PWV. Group membership and measurements over

time were used in the imputation process, and the imputations were conducted using two

methods. On the basis of available outcome data from all randomized participants, an initial

imputation based on Markov Chain Monte Carlo algorithm was used to establish a monotone

missing data pattern. Missing values in the monotone data set were subsequently imputed
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multiple times (5 imputations) in a second step using regression procedures [23]. The week 16

outcome measurements were calculated using the imputed data sets and analyzed using analy-

sis of variance. The data from the five analyses were subsequently combined into single esti-

mates and tested as described by Schafer [24]. All statistical analyses were performed with the

use of SPSS software (version 24, IBM SPSS Statistics, Chicago, IL) and SAS software (version

9.4, SAS Institute, Cary, NC), and statistical significance was set at P< 0.05.

Results

The flow diagram is presented in Fig 1. Of 129 screened, ~75% (96 individuals) met the inclu-

sion criteria. A total of 70 subjects were available at baseline. Sixteen percent of the total sample

were males, and 79% were obese. The baseline mean serum 25(OH)D concentration in the

total sample was 14.0 ± 4.0 ng/mL. None of the participants reported side effects. The baseline

characteristics for the vitamin D and placebo groups are shown in Table 1. The four groups

did not differ in sex distribution, age, body mass index, season of study visit, serum 25(OH)D,

blood pressure, carotid-femoral PWV, or carotid-radial PWV at baseline.

Effect of vitamin D supplementation on 25(OH)D at 8- and 16-weeks

Fig 2 shows the mean serum 25(OH)D concentrations at 8 weeks and 16 weeks in response to

16 weeks of monthly supplementation in the form of either placebo or 18,000 IU (600 IU/day),

60,000 IU (2,000 IU/day), or 120,000 IU of vitamin D3 (4,000 IU/day). As previously reported

[20], changes over time of serum 25(OH)D concentrations were significantly different between

treatment groups (group x time, P< 0.01). After 8 weeks of supplementation with 600 IU/day

vitamin D3, serum 25(OH)D concentrations increased 50%, while after 16 weeks the mean 25

(OH)D concentrations increased slightly further to 61.4%. In the 2,000 IU/day group, the

mean 25(OH)D concentrations increased 91.8% and 126.4%, respectively, at 8 weeks and 16

weeks. The highest level of percentage change in 25(OH)D concentrations after 8 weeks

Table 1. Baseline participant characteristics.

Placebo 600 IU/day 2,000 IU/day 4,000 IU/day P-value*

n 17 17 18 18

Male sex [n (%)]† 4 (24) 2 (12) 3 (17) 2 (11) 0.46

Age (y) 27.8 ± 9.9 26.2 ± 9.8 24.4 ± 8.7 25.5 ± 9.0 0.77

Body mass index (kg/m2) 36.2 ± 8.3 34.6 ± 5.4 37.1 ± 8.0 34.4 ± 7.2 0.66

Season [n (%)]† 0.51

Winter 9(53) 9(53) 9(50) 11(61)

Spring 8(47) 6(35) 8(44) 4(22)

Summer 0(0) 2(12) 1(5) 3(17)

Fall 0 (0) 0 (0) 0 (0) 0 (0)

Serum 25-hydroxyvitamin D (ng/mL) 15.9 ± 3.9 14.0 ± 3.9 15.9 ± 3.7 13.3 ± 4.4 0.21

Systolic blood pressure (mm Hg) 126 ± 15 126 ± 16 126 ± 10 126 ± 13 0.98

Diastolic blood pressure (mm Hg) 65 ± 10 66 ± 12 66 ± 8 64 ± 10 0.95

Pulse wave velocity (m/s)

Carotid-femoral 6.11 ± 1.12 7.09 ± 1.89 6.13 ± 1.00 6.71 ± 1.41 0.71

Carotid-radial 7.47 ± 1.20 7.53 ± 1.36 7.72 ± 1.62 7.60 ± 1.44 0.89

Values for categorical variable is given as number (percentage); values for continuous variables, as means ± SD.

*Test of significance between groups were based on analysis of variance.
†Test of significance between groups were based on chi-square test.

https://doi.org/10.1371/journal.pone.0188424.t001
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(168.4%) was observed in the 4,000 IU/day group. However, after 16 weeks in the 4,000 IU/day

group, the mean 25(OH)D concentrations reached a plateau and did not increase any further

(161.7%). Post hoc comparisons showed that changes in 25(OH)D concentrations were signifi-

cantly greater in the 4,000 IU group vs. 2,000 IU group after 8 weeks (P< 0.01), but not after

16 weeks (P = 0.61).

Effect of vitamin D supplementation on arterial stiffness at 16 weeks

The effect of the various doses of vitamin D3 supplementation on arterial stiffness measure-

ments after 16 weeks are shown in Table 2 and Fig 3. In the primary mixed model analysis, a

significant downward linear trend was observed for carotid-femoral PWV (group x time,

Fig 2. Serum 25-hydroxyvitamin D [25(OH)D] concentrations at baseline, 8 weeks, and 16 weeks. Response to 16

weeks of monthly supplementation in the form of either placebo (n = 17), 18,000 IU of vitamin D3 (600 IU/day, n = 17), 60,000

IU of vitamin D3 (2,000 IU/day, n = 18), or 120,000 IU of vitamin D3 (4,000 IU/day, n = 18). Values are means ± SD. The P

value indicates the test of the dose-response trend. Data represent mean ± SD. *P < 0.05, NS = not significant.

https://doi.org/10.1371/journal.pone.0188424.g002

Table 2. Arterial stiffness measurements at baseline and 16 weeks in overweight African Americans with vitamin D deficiency randomly assigned

to 16 weeks of monthly supplementation in the form of either placebo (n = 17), 18,000 IU of vitamin D3 (600 IU/day, n = 17), 60,000 IU of vitamin D3

(2,000 IU/day, n = 18), or 120,000 IU of vitamin D3 (4,000 IU/day, n = 18).

Baseline 16 weeks Change Group x time, P-value*

Carotid-femoral PWV (m/s) <0.01

Placebo 6.11 (5.35 to 6.88) 6.25 (5.49 to 7.00) 0.13 (-0.24 to 0.51)

600 IU/day 7.09 (6.35 to 7.82) 7.10 (6.38 to 7.83) 0.02 (-0.34 to 0.38)

2,000 IU/day 6.13 (5.33 to 6.92) 6.01 (5.22 to 6.80) -0.11 (-0.50 to 0.27)

4,000 IU/day 6.71 (5.94 to 7.48) 6.01 (5.26 to 6.77) -0.70 (-1.07 to -0.32)

Carotid-radial PWV (m/s) 0.03

Placebo 7.47 (6.64 to 8.29) 7.70 (6.95 to 8.46) 0.24 (-0.45 to 0.92)

600 IU/day 7.53 (6.76 to 8.29) 7.62 (6.93 to 8.32) 0.09 (-0.54 to 0.73)

2,000 IU/day 7.72 (6.96 to 8.49) 7.15 (6.46 to 7.85) -0.57 (-1.20 to 0.07)

4,000 IU/day 7.60 (6.84 to 8.37) 6.99 (6.29 to 7.68) -0.61 (-1.25 to 0.02)

Values are means (95% CI). PWV, pulse wave velocity.

*P-value indicates the test of the dose-response trend.

https://doi.org/10.1371/journal.pone.0188424.t002
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Fig 3. Effect of vitamin D3 supplementation on arterial stiffness. Relative changes from baseline in

carotid-femoral pulse wave velocity (A) and carotid-radial pulse wave velocity (B) in response to 16 weeks of

monthly supplementation in the form of either placebo (n = 17), 18,000 IU of vitamin D3 (600 IU/day, n = 17),

60,000 IU of vitamin D3 (2,000 IU/day, n = 18), or 120,000 IU of vitamin D3 (4,000 IU/day, n = 18). The P-value

indicates the test of the dose-response trend. Data represent mean ± SD. *P < 0.05, NS = not significant.

https://doi.org/10.1371/journal.pone.0188424.g003
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P< 0.01) (Table 2 and Fig 3A), as the mean changes in carotid-femoral PWV across the four

treatment groups were 0.13 m/s (95% CI, -0.24 to 0.51 m/s) for placebo, 0.02 m/s (95% CI,

-0.34 to 0.38 m/s) for 600 IU/day group, -0.11 m/s (95% CI, -0.50 to 0.27 m/s) for the 2,000 IU/

day group, and -0.70 m/s (95% CI, -1.07 to -0.32 m/s) for the 4,000 IU/day group. Likewise, a

significant downward linear trend was observed for carotid-radial PWV (group x time,

P = 0.03) (Table 2 and Fig 3B), as the mean changes in carotid-radial PWV across the four

treatment groups were 0.24 m/s (95% CI, -0.45 to 0.92 m/s) for placebo, 0.09 m/s (95% CI,

-0.54 to 0.73 m/s) for 600 IU/day group, -0.57 m/s (95% CI, -1.20 to 0.07 m/s) for the 2,000 IU/

day group, and -0.61 m/s (95% CI, -1.25 to 0.02 m/s) for the 4,000 IU/day group. Post hoc

comparisons showed that the decreases in carotid-femoral PWV (-10.4% vs. -2.0%, respec-

tively) and carotid-radial PWV (-8.0 vs. -7.4%, respectively) from baseline to 16-weeks were

significantly greater in the 4000 IU/day group vs. 2000 IU/day group (both P� 0.05). The

results of the sensitivity analysis using multiple imputation models were similar to the miss-

ing-completely-at-random mixed model analysis (S1 Data).

In a secondary analysis adjusting for age, gender, BMI and season of study visit, the findings

for carotid-femoral PWV and carotid-radial PWV were similar to the models without covari-

ates (S2 Data). When we assessed the effect of vitamin D3 supplementation on blood pressure

after 16 weeks, there were no significant changes in systolic BP (P = 0.86) or diastolic BP

(P = 0.83) between treatment groups.

Discussion

To our knowledge, this is the first randomized controlled trial regarding dose-ranging vitamin

D supplementation on measures of arterial stiffness in overweight African-Americans with

vitamin D deficiency. The key finding from this study was that arterial stiffness was improved

by vitamin D3 supplementation in a dose-response manner.

It is hypothesized that vitamin D deficiency is linked to greater arterial stiffness, suggesting

that increasing vitamin D intake may improve arterial stiffness [15]. Few randomized clinical

trials, to date, have assessed the effect of vitamin D supplementation on arterial stiffness mea-

sured by PWV. Among the vitamin D and arterial stiffness clinical trials, the results have been

inconsistent [17]. Discrepancies may be attributed in part to differences in study design and

instruments used. Studies were unsuccessful in increasing vitamin D to the optimal range due

to giving one single dose of vitamin D at baseline [25], or utilizing low dose (<2000 IU/day)

[25–27].

Other possible reasons for study inconsistencies may be due, in part, to differences in study

duration, vitamin D administration, the vitamin D status of the study participants before and

after intervention, and adherence to the supplements. Marckmann et al. [28] showed no effect

of vitamin D on biomarkers of CVD including PWV, which could be attributed to the short

follow-up time (8 weeks). In the study by McGreevy and colleagues [25], their vitamin D inter-

vention was a relative short duration of 8-weeks; the vitamin D supplement was administered

intramuscularly rather than orally, which has better bioavailability [29]; and participants were

still vitamin D deficient (<20 ng/mL) after the intervention. It is postulated that, in vitamin D

deficient individuals, 12-weeks of vitamin D3 supplementation is needed to achieve optimal

vitamin D status [30]. Additionally, Larsen et al. [18] and Gepner et al. [31] reported that

PWV was not reduced probably due to recruiting participants with optimal vitamin D levels at

baseline.

African-Americans have lower vitamin D levels and greater arterial stiffness [1, 32, 33]. It

is noteworthy that African-Americans have higher CVD morbidity and mortality [6], which
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may be attributed to both arterial stiffness and vitamin D deficiency. The mechanism for ben-

eficial effects of vitamin D on arterial stiffness is unknown. However, one potential pathway

is via the renin-angiotensin-aldosterone system. For instance, animal studies using the vita-

min D receptor knock-out mouse have revealed that both high renin expression and angio-

tensin II synthesis can increase vascular tone and arterial stiffness [34, 35]. Other potential

hypotheses include vitamin D’s ability to suppress endothelin-induced vascular smooth mus-

cle cell proliferation, macrophages activation, and vascular calcifications [15]. Also, vitamin

D has immunomodulatory properties which modulate the acquired immune system by

reducing inflammation, suppressing T-cell proliferation, and reducing inflammatory cyto-

kines [36]. In this study and our prior investigation in African Americans [19], vitamin D

supplementation of 2,000 or 4,000 IU/day reduced arterial stiffness, as measured by carotid-

femoral PWV. Another important finding in our study was that the decrease in carotid-femo-

ral PWV was significantly greater in the 4,000 IU/day group (-10.4%) compared to the 2,000

IU/day group (-2.0%). This could be explained by the immunomodulatory capacity of differ-

ent doses of vitamin D as studies showed dose dependent responses of vitamin D on reducing

inflammation and cytokines synthesis [37–39]. It is important to note, however, that the

mean serum 25(OH)D concentrations after 16 weeks of supplementation were similar

between the 4,000 IU/day (34.8 ng/mL) and 2,000 IU/day (36.0 ng/mL) groups. It is possible

that the greater decrease in carotid-femoral PWV observed in the 4,000 IU/day group vs.

2,000 IU/day group after 16 weeks may reflect the higher serum 25(OH)D concentrations

detected in the 4,000 IU/day group (35.7 ng/mL) vs. 2,000 IU/day group (30.5 ng/mL) after 8

weeks. Therefore, it is plausible that circulating 25(OH) concentrations may need to be main-

tained at ~35 ng/mL or higher for longer than 8 weeks in order for advantageous effects on

arterial stiffness can be observed.

Our study has several strengths and limitations that need to be discussed. Strengths include

the following: double blind randomized controlled study design, supervised monthly dosing

administration to achieve 100% compliance, and the doses selected in this study were based on

the current Recommended Dietary Allowance (600 IU/day) and the tolerable upper intake

level (4,000 IU/day) by the Institute of Medicine [21]. Limitations should be acknowledged.

First, our sample size was relatively small, large RCTs are warranted to validate the findings.

Second, the participant recruitment was done in different seasons. However, we recruited par-

ticipants with suboptimal vitamin D status across all seasons and the results were not altered

after adjusting for seasons. Finally, the female distribution was higher in our sample compared

to male. However, the gender representation was not different among groups, and the result

did not differ after adjusting for gender as confounder.

In conclusion, vitamin D3 supplementation improves arterial stiffness in a dose-response

manner in overweight African-Americans with vitamin D deficiency. Larger trials are needed

to determine whether vitamin D3 supplementation reduces the risk of CVD events in at risk

populations.

Supporting information

S1 Data. Unadjusted mean changes from baseline in arterial stiffness measurements in

response to vitamin D supplementation in 4 groups.

(DOCX)

S2 Data. Adjusted mean changes from baseline in arterial stiffness measurements in

response to vitamin D supplementation in 4 groups.

(DOCX)

Vitamin D and arterial stiffness

PLOS ONE | https://doi.org/10.1371/journal.pone.0188424 December 7, 2017 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188424.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188424.s002
https://doi.org/10.1371/journal.pone.0188424


Acknowledgments

We thank the participants and their families for their commitment to this research.

Author Contributions

Conceptualization: Anas Raed, Jigar Bhagatwala, Haidong Zhu, Norman K. Pollock, Samip J.

Parikh, Ying Huang, Robyn Havens, Ishita Kotak, De-Huang Guo, Yanbin Dong.

Data curation: Anas Raed, Jigar Bhagatwala, Haidong Zhu, Norman K. Pollock, Samip J. Par-

ikh, Ying Huang, Robyn Havens, Ishita Kotak, De-Huang Guo, Yanbin Dong.

Formal analysis: Anas Raed, Jigar Bhagatwala, Norman K. Pollock, Yanbin Dong.

Funding acquisition: Haidong Zhu, Yanbin Dong.

Investigation: Anas Raed, Jigar Bhagatwala, Haidong Zhu, Norman K. Pollock, Yanbin Dong.

Methodology: Anas Raed, Jigar Bhagatwala, Norman K. Pollock, Yanbin Dong.

Project administration: Anas Raed, Samip J. Parikh, Ying Huang, Robyn Havens, Ishita

Kotak, De-Huang Guo.

Resources: Haidong Zhu, Norman K. Pollock, Yanbin Dong.

Software: Anas Raed, Haidong Zhu, Norman K. Pollock.

Supervision: Haidong Zhu, Yanbin Dong.

Validation: Anas Raed, Jigar Bhagatwala, Haidong Zhu, Norman K. Pollock, Ying Huang,

Robyn Havens, Ishita Kotak, De-Huang Guo, Yanbin Dong.

Visualization: Anas Raed, Haidong Zhu, Samip J. Parikh, Ying Huang, Robyn Havens, Ishita

Kotak, De-Huang Guo, Yanbin Dong.

Writing – original draft: Anas Raed, Jigar Bhagatwala, Haidong Zhu, Norman K. Pollock,

Samip J. Parikh, Ying Huang, Robyn Havens, Ishita Kotak, De-Huang Guo, Yanbin Dong.

Writing – review & editing: Anas Raed, Jigar Bhagatwala, Haidong Zhu, Norman K. Pollock,

Samip J. Parikh, Ying Huang, Robyn Havens, Ishita Kotak, De-Huang Guo, Yanbin Dong.

References
1. Dong Y, Pollock N, Stallmann-Jorgensen IS, Gutin B, Lan L, Chen TC, et al. Low 25-hydroxyvitamin D

levels in adolescents: race, season, adiposity, physical activity, and fitness. Pediatrics. 2010; 125

(6):1104–11. Epub 2010/05/05. https://doi.org/10.1542/peds.2009-2055 PMID: 20439594.

2. Martins D, Wolf M, Pan D, Zadshir A, Tareen N, Thadhani R, et al. Prevalence of cardiovascular risk fac-

tors and the serum levels of 25-hydroxyvitamin D in the United States: data from the Third National

Health and Nutrition Examination Survey. Arch Intern Med. 2007; 167(11):1159–65. https://doi.org/10.

1001/archinte.167.11.1159 PMID: 17563024.

3. Lee JH, O’Keefe JH, Bell D, Hensrud DD, Holick MF. Vitamin D deficiency an important, common, and

easily treatable cardiovascular risk factor? J Am Coll Cardiol. 2008; 52(24):1949–56. https://doi.org/10.

1016/j.jacc.2008.08.050 PMID: 19055985.

4. Pilz S, Dobnig H, Fischer JE, Wellnitz B, Seelhorst U, Boehm BO, et al. Low vitamin d levels predict

stroke in patients referred to coronary angiography. Stroke. 2008; 39(9):2611–3. https://doi.org/10.

1161/STROKEAHA.107.513655 PMID: 18635847.

5. Melamed ML, Muntner P, Michos ED, Uribarri J, Weber C, Sharma J, et al. Serum 25-hydroxyvitamin D

levels and the prevalence of peripheral arterial disease: results from NHANES 2001 to 2004. Arterios-

cler Thromb Vasc Biol. 2008; 28(6):1179–85. https://doi.org/10.1161/ATVBAHA.108.165886 PMID:

18417640

Vitamin D and arterial stiffness

PLOS ONE | https://doi.org/10.1371/journal.pone.0188424 December 7, 2017 11 / 13

https://doi.org/10.1542/peds.2009-2055
http://www.ncbi.nlm.nih.gov/pubmed/20439594
https://doi.org/10.1001/archinte.167.11.1159
https://doi.org/10.1001/archinte.167.11.1159
http://www.ncbi.nlm.nih.gov/pubmed/17563024
https://doi.org/10.1016/j.jacc.2008.08.050
https://doi.org/10.1016/j.jacc.2008.08.050
http://www.ncbi.nlm.nih.gov/pubmed/19055985
https://doi.org/10.1161/STROKEAHA.107.513655
https://doi.org/10.1161/STROKEAHA.107.513655
http://www.ncbi.nlm.nih.gov/pubmed/18635847
https://doi.org/10.1161/ATVBAHA.108.165886
http://www.ncbi.nlm.nih.gov/pubmed/18417640
https://doi.org/10.1371/journal.pone.0188424


6. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al. Heart disease and stroke

statistics-2015 update: a report from the american heart association. Circulation. 2015; 131(4):e29–

e322. https://doi.org/10.1161/CIR.0000000000000152 PMID: 25520374.

7. Pereira T, Correia C, Cardoso J. Novel Methods for Pulse Wave Velocity Measurement. J Med Biol

Eng. 2015; 35(5):555–65. https://doi.org/10.1007/s40846-015-0086-8 PMID: 26500469.

8. Palombo C, Kozakova M. Arterial stiffness, atherosclerosis and cardiovascular risk: Pathophysiologic

mechanisms and emerging clinical indications. Vascul Pharmacol. 2016; 77:1–7. https://doi.org/10.

1016/j.vph.2015.11.083 PMID: 26643779.

9. Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP. Prognostic implications of echocardiogra-

phically determined left ventricular mass in the Framingham Heart Study. N Engl J Med. 1990; 322

(22):1561–6. https://doi.org/10.1056/NEJM199005313222203 PMID: 2139921.

10. Glagov S, Vito R, Giddens DP, Zarins CK. Micro-architecture and composition of artery walls: relation-

ship to location, diameter and the distribution of mechanical stress. J Hypertens Suppl. 1992; 10(6):

S101–4. PMID: 1432307.

11. Moore JE Jr., Xu C, Glagov S, Zarins CK, Ku DN. Fluid wall shear stress measurements in a model of

the human abdominal aorta: oscillatory behavior and relationship to atherosclerosis. Atherosclerosis.

1994; 110(2):225–40. PMID: 7848371.

12. Zieman SJ, Melenovsky V, Kass DA. Mechanisms, pathophysiology, and therapy of arterial stiffness.

Arterioscler Thromb Vasc Biol. 2005; 25(5):932–43. https://doi.org/10.1161/01.ATV.0000160548.

78317.29 PMID: 15731494.

13. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, et al. Expert consensus

document on arterial stiffness: methodological issues and clinical applications. Eur Heart J. 2006; 27

(21):2588–605. https://doi.org/10.1093/eurheartj/ehl254 PMID: 17000623.

14. Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos JA, Cockcroft JR, et al. Recommenda-

tions for Improving and Standardizing Vascular Research on Arterial Stiffness: A Scientific Statement

From the American Heart Association. Hypertension. 2015; 66(3):698–722. https://doi.org/10.1161/

HYP.0000000000000033 PMID: 26160955.

15. Al Mheid I, Patel R, Murrow J, Morris A, Rahman A, Fike L, et al. Vitamin D status is associated with

arterial stiffness and vascular dysfunction in healthy humans. J Am Coll Cardiol. 2011; 58(2):186–92.

https://doi.org/10.1016/j.jacc.2011.02.051 PMID: 21718915.

16. Giallauria F, Milaneschi Y, Tanaka T, Maggio M, Canepa M, Elango P, et al. Arterial stiffness and vita-

min D levels: the Baltimore longitudinal study of aging. J Clin Endocrinol Metab. 2012; 97(10):3717–23.

https://doi.org/10.1210/jc.2012-1584 PMID: 22767638.

17. Rodriguez AJ, Scott D, Srikanth V, Ebeling P. Effect of vitamin D supplementation on measures of arte-

rial stiffness: a systematic review and meta-analysis of randomized controlled trials. Clin Endocrinol

(Oxf). 2016; 84(5):645–57. https://doi.org/10.1111/cen.13031 PMID: 26824510.

18. Larsen T, Mose FH, Bech JN, Hansen AB, Pedersen EB. Effect of cholecalciferol supplementation dur-

ing winter months in patients with hypertension: a randomized, placebo-controlled trial. Am J Hypertens.

2012; 25(11):1215–22. https://doi.org/10.1038/ajh.2012.111 PMID: 22854639.

19. Dong Y, Stallmann-Jorgensen IS, Pollock NK, Harris RA, Keeton D, Huang Y, et al. A 16-week random-

ized clinical trial of 2000 international units daily vitamin D3 supplementation in black youth: 25-hydroxy-

vitamin D, adiposity, and arterial stiffness. J Clin Endocrinol Metab. 2010; 95(10):4584–91. https://doi.

org/10.1210/jc.2010-0606 PMID: 20660028.

20. Bhagatwala J, Zhu H, Parikh SJ, Guo DH, Kotak I, Huang Y, et al. Dose and time responses of vitamin

D biomarkers to monthly vitamin D3 supplementation in overweight/obese African Americans with sub-

optimal vitamin d status: a placebo controlled randomized clinical trial. BMC Obes. 2015; 2:27. https://

doi.org/10.1186/s40608-015-0056-2 PMID: 26217542.

21. Ross AC. The 2011 report on dietary reference intakes for calcium and vitamin D. Public Health Nutr.

2011; 14(5):938–9. https://doi.org/10.1017/S1368980011000565 PMID: 21492489.

22. Harris RA, Pedersen-White J, Guo DH, Stallmann-Jorgensen IS, Keeton D, Huang Y, et al. Vitamin D3

supplementation for 16 weeks improves flow-mediated dilation in overweight African-American adults.

Am J Hypertens. 2011; 24(5):557–62. https://doi.org/10.1038/ajh.2011.12 PMID: 21311504

23. Rubin DB, Schenker N. Multiple imputation in health-care databases: an overview and some applica-

tions. Stat Med. 1991; 10(4):585–98. PMID: 2057657.

24. Schafer J. Analysis of Incomplete Multivariate Data. New York, NY: Chapman & Hall; 1997.

25. McGreevy C, Barry M, Davenport C, Byrne B, Donaghy C, Collier G, et al. The effect of vitamin D sup-

plementation on arterial stiffness in an elderly community-based population. J Am Soc Hypertens.

2015; 9(3):176–83. https://doi.org/10.1016/j.jash.2014.12.019 PMID: 25681237.

Vitamin D and arterial stiffness

PLOS ONE | https://doi.org/10.1371/journal.pone.0188424 December 7, 2017 12 / 13

https://doi.org/10.1161/CIR.0000000000000152
http://www.ncbi.nlm.nih.gov/pubmed/25520374
https://doi.org/10.1007/s40846-015-0086-8
http://www.ncbi.nlm.nih.gov/pubmed/26500469
https://doi.org/10.1016/j.vph.2015.11.083
https://doi.org/10.1016/j.vph.2015.11.083
http://www.ncbi.nlm.nih.gov/pubmed/26643779
https://doi.org/10.1056/NEJM199005313222203
http://www.ncbi.nlm.nih.gov/pubmed/2139921
http://www.ncbi.nlm.nih.gov/pubmed/1432307
http://www.ncbi.nlm.nih.gov/pubmed/7848371
https://doi.org/10.1161/01.ATV.0000160548.78317.29
https://doi.org/10.1161/01.ATV.0000160548.78317.29
http://www.ncbi.nlm.nih.gov/pubmed/15731494
https://doi.org/10.1093/eurheartj/ehl254
http://www.ncbi.nlm.nih.gov/pubmed/17000623
https://doi.org/10.1161/HYP.0000000000000033
https://doi.org/10.1161/HYP.0000000000000033
http://www.ncbi.nlm.nih.gov/pubmed/26160955
https://doi.org/10.1016/j.jacc.2011.02.051
http://www.ncbi.nlm.nih.gov/pubmed/21718915
https://doi.org/10.1210/jc.2012-1584
http://www.ncbi.nlm.nih.gov/pubmed/22767638
https://doi.org/10.1111/cen.13031
http://www.ncbi.nlm.nih.gov/pubmed/26824510
https://doi.org/10.1038/ajh.2012.111
http://www.ncbi.nlm.nih.gov/pubmed/22854639
https://doi.org/10.1210/jc.2010-0606
https://doi.org/10.1210/jc.2010-0606
http://www.ncbi.nlm.nih.gov/pubmed/20660028
https://doi.org/10.1186/s40608-015-0056-2
https://doi.org/10.1186/s40608-015-0056-2
http://www.ncbi.nlm.nih.gov/pubmed/26217542
https://doi.org/10.1017/S1368980011000565
http://www.ncbi.nlm.nih.gov/pubmed/21492489
https://doi.org/10.1038/ajh.2011.12
http://www.ncbi.nlm.nih.gov/pubmed/21311504
http://www.ncbi.nlm.nih.gov/pubmed/2057657
https://doi.org/10.1016/j.jash.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25681237
https://doi.org/10.1371/journal.pone.0188424


26. Breslavsky A, Frand J, Matas Z, Boaz M, Barnea Z, Shargorodsky M. Effect of high doses of vitamin D

on arterial properties, adiponectin, leptin and glucose homeostasis in type 2 diabetic patients. Clin Nutr.

2013; 32(6):970–5. https://doi.org/10.1016/j.clnu.2013.01.020 PMID: 23561637.

27. Dreyer G, Tucker AT, Harwood SM, Pearse RM, Raftery MJ, Yaqoob MM. Ergocalciferol and microcir-

culatory function in chronic kidney disease and concomitant vitamin d deficiency: an exploratory, double

blind, randomised controlled trial. PLoS One. 2014; 9(7):e99461. https://doi.org/10.1371/journal.pone.

0099461 PMID: 25006678.

28. Marckmann P, Agerskov H, Thineshkumar S, Bladbjerg EM, Sidelmann JJ, Jespersen J, et al. Random-

ized controlled trial of cholecalciferol supplementation in chronic kidney disease patients with hypovita-

minosis D. Nephrol Dial Transplant. 2012; 27(9):3523–31. https://doi.org/10.1093/ndt/gfs138 PMID:

22822092.

29. Romagnoli E, Mascia ML, Cipriani C, Fassino V, Mazzei F, D’Erasmo E, et al. Short and long-term vari-

ations in serum calciotropic hormones after a single very large dose of ergocalciferol (vitamin D2) or

cholecalciferol (vitamin D3) in the elderly. J Clin Endocrinol Metab. 2008; 93(8):3015–20. https://doi.

org/10.1210/jc.2008-0350 PMID: 18492750.

30. Vieth R, Chan PC, MacFarlane GD. Efficacy and safety of vitamin D3 intake exceeding the lowest

observed adverse effect level. Am J Clin Nutr. 2001; 73(2):288–94. PMID: 11157326.

31. Gepner AD, Ramamurthy R, Krueger DC, Korcarz CE, Binkley N, Stein JH. A prospective randomized

controlled trial of the effects of vitamin D supplementation on cardiovascular disease risk. PLoS One.

2012; 7(5):e36617. https://doi.org/10.1371/journal.pone.0036617 PMID: 22586483

32. Ruan L, Chen W, Srinivasan SR, Xu J, Sun M, Toprak A, et al. Relation of plasma homocysteine to arte-

rial stiffness in black and white young adults (from the Bogalusa Heart Study). Am J Cardiol. 2009; 103

(7):985–8. https://doi.org/10.1016/j.amjcard.2008.12.012 PMID: 19327427.

33. Heffernan KS, Jae SY, Wilund KR, Woods JA, Fernhall B. Racial differences in central blood pressure

and vascular function in young men. Am J Physiol Heart Circ Physiol. 2008; 295(6):H2380–7. https://

doi.org/10.1152/ajpheart.00902.2008 PMID: 18849329.

34. Li YC, Kong J, Wei M, Chen ZF, Liu SQ, Cao LP. 1,25-Dihydroxyvitamin D(3) is a negative endocrine

regulator of the renin-angiotensin system. J Clin Invest. 2002; 110(2):229–38. https://doi.org/10.1172/

JCI15219 PMID: 12122115

35. Al Mheid I, Patel RS, Tangpricha V, Quyyumi AA. Vitamin D and cardiovascular disease: is the evidence

solid? Eur Heart J. 2013; 34(48):3691–8. https://doi.org/10.1093/eurheartj/eht166 PMID: 23751422

36. Helming L, Bose J, Ehrchen J, Schiebe S, Frahm T, Geffers R, et al. 1alpha,25-Dihydroxyvitamin D3 is

a potent suppressor of interferon gamma-mediated macrophage activation. Blood. 2005; 106

(13):4351–8. https://doi.org/10.1182/blood-2005-03-1029 PMID: 16118315.

37. Zhang Y, Leung DY, Richers BN, Liu Y, Remigio LK, Riches DW, et al. Vitamin D inhibits monocyte/

macrophage proinflammatory cytokine production by targeting MAPK phosphatase-1. J Immunol.

2012; 188(5):2127–35. https://doi.org/10.4049/jimmunol.1102412 PMID: 22301548.

38. Rausch-Fan X, Leutmezer F, Willheim M, Spittler A, Bohle B, Ebner C, et al. Regulation of cytokine pro-

duction in human peripheral blood mononuclear cells and allergen-specific th cell clones by 1alpha,25-

dihydroxyvitamin D3. Int Arch Allergy Immunol. 2002; 128(1):33–41. https://doi.org/10.1159/

000058001 PMID: 12037399.

39. Giovannini L, Panichi V, Migliori M, De Pietro S, Bertelli AA, Fulgenzi A, et al. 1,25-dihydroxyvitamin D

(3) dose-dependently inhibits LPS-induced cytokines production in PBMC modulating intracellular cal-

cium. Transplant Proc. 2001; 33(3):2366–8. PMID: 11377561.

Vitamin D and arterial stiffness

PLOS ONE | https://doi.org/10.1371/journal.pone.0188424 December 7, 2017 13 / 13

https://doi.org/10.1016/j.clnu.2013.01.020
http://www.ncbi.nlm.nih.gov/pubmed/23561637
https://doi.org/10.1371/journal.pone.0099461
https://doi.org/10.1371/journal.pone.0099461
http://www.ncbi.nlm.nih.gov/pubmed/25006678
https://doi.org/10.1093/ndt/gfs138
http://www.ncbi.nlm.nih.gov/pubmed/22822092
https://doi.org/10.1210/jc.2008-0350
https://doi.org/10.1210/jc.2008-0350
http://www.ncbi.nlm.nih.gov/pubmed/18492750
http://www.ncbi.nlm.nih.gov/pubmed/11157326
https://doi.org/10.1371/journal.pone.0036617
http://www.ncbi.nlm.nih.gov/pubmed/22586483
https://doi.org/10.1016/j.amjcard.2008.12.012
http://www.ncbi.nlm.nih.gov/pubmed/19327427
https://doi.org/10.1152/ajpheart.00902.2008
https://doi.org/10.1152/ajpheart.00902.2008
http://www.ncbi.nlm.nih.gov/pubmed/18849329
https://doi.org/10.1172/JCI15219
https://doi.org/10.1172/JCI15219
http://www.ncbi.nlm.nih.gov/pubmed/12122115
https://doi.org/10.1093/eurheartj/eht166
http://www.ncbi.nlm.nih.gov/pubmed/23751422
https://doi.org/10.1182/blood-2005-03-1029
http://www.ncbi.nlm.nih.gov/pubmed/16118315
https://doi.org/10.4049/jimmunol.1102412
http://www.ncbi.nlm.nih.gov/pubmed/22301548
https://doi.org/10.1159/000058001
https://doi.org/10.1159/000058001
http://www.ncbi.nlm.nih.gov/pubmed/12037399
http://www.ncbi.nlm.nih.gov/pubmed/11377561
https://doi.org/10.1371/journal.pone.0188424

