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ABSTRACT
Background: Obese children are vulnerable to vitamin D deficiency
and impaired cardiovascular health; vitamin D replenishment might
improve their cardiovascular health.
Objectives: The aims were to determine, in vitamin D–deficient
overweight and obese children, whether supplementation with
vitamin D3 1000 or 2000 IU/d is more effective than 600 IU/d in
improving arterial endothelial function, arterial stiffness, central and
systemic blood pressure (BP), insulin sensitivity (1/fasting insulin
concentration), fasting glucose concentration, and lipid profile and
to explore whether downregulation of adipocytokines and markers
of systemic inflammation underlies vitamin D effects.
Methods: We conducted a randomized, double-masked, controlled
clinical trial in 225 10- to 18-y-old eligible children. Change in
endothelial function at 6 mo was the primary outcome.
Results: Dose–response increases in serum 25-hydroxyvitamin D
concentrations were significant and tolerated without developing
hypercalcemia. Changes at 3 and 6 mo in endothelial function,
arterial stiffness, systemic-systolic BP, lipids, and inflammatory
markers did not differ between children receiving 1000 or 2000 IU
vitamin D and children receiving 600 IU. Some secondary outcomes
differed between groups. Compared with the 600-IU group, central-
systolic, central-diastolic, and systemic-diastolic BP was lower at 6
mo in the 1000-IU group [−2.66 (95% CI: −5.27, −0.046), −3.57
(−5.97, −1.17), and −3.28 (−5.55, −1.00) mm Hg, respectively];
insulin sensitivity increased at 3 and 6 mo and fasting glucose
concentration declined at 6 mo (−2.67; 95% CI: −4.88, −0.46
mg/dL) in the 2000-IU group.
Conclusions: Correction of vitamin D deficiency in overweight and
obese children by vitamin D3 supplementation with 1000 or 2000
IU/d versus 600 IU/d did not affect measures of arterial endothelial
function or stiffness, systemic inflammation, or lipid profile, but

resulted in reductions in BP and fasting glucose concentration and
in improvements in insulin sensitivity. Optimization of children’s
vitamin D status may improve their cardiovascular health. This trial
was registered at clinicaltrials.gov as NCT01797302. Am J Clin
Nutr 2020;111:757–768.

Keywords: vitamin D deficiency, cholecalciferol, 25-
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Introduction
Vitamin D deficiency in children is associated with markers of

poor cardiometabolic health such as elevated blood pressure (BP)
and elevated fasting glucose concentrations (1–4). Furthermore,
low vitamin D concentrations are associated with markers of
subclinical arteriosclerosis, including arterial endothelial dys-
function (5) and increased arterial stiffness (6) that are predictors
for future cardiovascular events (7, 8). Obese children have
a higher risk of vitamin D deficiency, systemic inflammation,
and cardiometabolic risk factors (9–11). However, randomized
clinical trials (RCTs) (12, 13) have not shown conclusively
that vitamin D supplementation is associated with reductions
in cardiometabolic risk in children, likely due to variations
in study design and subject selection (14–16). We postulated
that vitamin D replenishment in obese children may improve
their overall cardiometabolic health through beneficial effects on
immunomodulation, vascular function, and glucose homeostasis.
Accordingly, we conducted a vitamin D RCT to 1) determine
whether administration of 1000 IU or 2000 IU vitamin D3/d
is more effective than 600 IU vitamin D3/d—the current RDA
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(17)—in improving endothelial function, arterial stiffness, central
and systemic BP, insulin sensitivity, and metabolic markers
(fasting glucose concentration and lipid profile) in vitamin D–
deficient overweight and obese children and 2) explore whether
downregulation of inflammatory mediators underlies the effects
of vitamin D on vascular and metabolic health. Our a priori
primary interest was in comparing each higher dose (1000 IU
and 2000 IU) with the lower dose (600 IU) at 6 mo. Our primary
outcome measure was change in brachial artery flow-mediated
dilation percentage (FMD%) at 6 mo. FMD% is a recognized
measure of endothelial function (18, 19).

Methods

Study design and participants

We conducted a double-masked, randomized, controlled
clinical trial of 600 versus 1000 versus 2000 IU of oral vitamin
D3 daily for 6 mo in 10- to 18-y-old overweight or obese vitamin
D–deficient children residing in Pittsburgh, Pennsylvania, during
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August 2013 through August 2018. Children were recruited
mainly from the Primary Care Center of Children’s Hospital of
Pittsburgh (CHP) of the University of Pittsburgh Medical Center
(UPMC). Our recruitment was aided by advertisements through
the University of Pittsburgh Clinical and Translational Science
Institute (CTSI) Pediatric PittNet, a practice-based research net-
work of 27 community pediatric practices in the Pittsburgh area.
The study was approved by the University of Pittsburgh Human
Research Protection Office. We obtained parental consents and
participants’ assent or consent prior to enrollment.

We screened 10- to 18-y-old overweight or obese children
(BMI ≥85th percentile) who were free of conditions or
treatments that could affect glucose homeostasis, BP, cholesterol
concentrations, or vitamin D and calcium metabolism. Eligible
participants were vitamin D–deficient (serum 25-hydroxyvitamin
D [25(OH)D] <20 ng/mL) and had normal serum calcium (10–
14 y: 8.8-10.8 mg/dL; ≥15 y, 8.4–10.2 mg/dL) during a screening
assessment and who had fasting glucose concentrations of <125
mg/dL and, in the case of postmenarchial girls, had a negative
urine pregnancy test at the time of randomization. For the purpose
of this study, serum 25(OH)D <20 ng/mL was defined as vitamin
D deficiency (20). Randomization and 3- and 6-mo follow-
up study visits and procedures were conducted at the CTSI
Montefiore Clinical and Translational Research Center (CTRC),
where all venipunctures and vascular tests were completed after
children had fasted for ≥8 h, except in 1 instance in which fasting
duration was 4 h.

Randomization and intervention.

Participants were stratified by race and obesity status and
randomly assigned, in blocks of 3, to receive either 600 IU
or 1000 IU or 2000 IU of vitamin D3 daily for 6 mo.
The study statistician generated the randomization list using
SAS software. Vitamin D3 tablets (Douglas Laboratories) were
identical in appearance and were dispensed in identical-looking
bottles. Masking and labeling of bottles were carried out by
the UPMC Investigation Drug Service research pharmacist.
Treatment assignments remained concealed to participants,
parents, and the investigators throughout the trial. Study tablets
were manufactured in 3 batches. The average vitamin D3 contents
of the 600-, 1000-, and 2000-IU tablets across the 3 batches,
analyzed as described previously (21), were 754, 1086, and
2142 IU, respectively. The average end-of-shelf-life vitamin D3

contents of the tablets in the second batch were 500, 888, and
1822 IU, respectively.

Compliance.

Compliance was assessed by tablet count at 3 and 6 mo and was
validated by an electronic medication event monitoring system
(MEMs 6 Track Cap; AARDEX).

Study measurements

Anthropometry, skin color, sunlight exposure, diet, activity,
and body composition.

Weight, height, and waist circumference (WC) were measured
3 times each and averaged at each visit. Sun-reactive skin type
and melanin index from forehead, underarm, and hand (22);
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self-assessed pubertal status (23); dietary intake of calcium, vi-
tamin D, and macronutrients (24–26); characteristics of sunlight
exposure (27); and physical activity were recorded at enrollment
(28, 29). At enrollment and at 6 mo, percentage of total body
fat, total body fat, total lean mass, and total bone mineral content
were assessed by DXA whole-body scan using a Discovery
Densitometer (Hologic, Inc).

Laboratory data, BP, endothelial function, and arterial stiffness
were obtained at enrollment and at 3 and 6 mo.

Laboratory analyses.

Serum concentrations of 25(OH)D, parathyroid hormone
(PTH), glucose, and lipids were measured at the UPMC Clinical
Chemistry Laboratory. Serum 25(OH)D was assayed by a LC–
tandem MS system as previously described (30). PTH was
measured using a chemiluminescent immunoassay with an
overall interassay CV of <5.5%; imprecision of this assay is
similar throughout the assay range of 3–2500 pg/mL. Plasma
adiponectin, leptin, insulin, and C-peptide were measured in
SA’s laboratory at CHP, as described previously (31, 32).
The 1/fasting insulin concentration was used as a surrogate
for insulin sensitivity as before (33). Plasma TNF-α, high-
sensitivity C-reactive protein (hsCRP), and IL-6 were measured
in ANV’s laboratory at CHP through a multiplex platform
using the Luminex system with previously validated protocols
(34–36).

Blood pressure.

Measurements were obtained by a CTRC vascular technician
prior to vascular health assessments, and after 10 min of
participant rest and acclimatization while supine, using a
CONTEC Medical Systems model CONTEC08A automated
digital oscillometric device (cuff 22–32 cm). Measurements were
taken 3 times, 1 min apart, and averaged. In a small subset of
extremely obese children, Welch Allyn Connex® Spot Monitor
automated digital oscillometric device with a GE Critikon Blood
Pressure Cuff Sensa-Cuf 2491 Large Adult Long (cuff: 31–40
cm) was used instead.

Endothelial function.

Brachial artery diameter was measured using a high-resolution
ultrasound machine (GE, Vivid 7; GE Healthcare) equipped with
a 9-L linear transducer preset to a dedicated vascular scanning
protocol. We then occluded brachial arterial flow at the upper
forearm using a 5-cm-wide occlusive cuff (Hokanson SC5)
inflated to a pressure of 50 mm Hg above the systolic BP or to
200 mm Hg, whichever was greater, by a rapid-release sphyg-
momanometer (Hokanson DS 400) for 5 min. Post-cuff-release
diameter measurements during the reactive hyperemic phase,
obtained at 60, 120, and 180 s, were used to calculate FMD%.

Arterial stiffness indices.

Carotid-femoral pulse-wave velocity (PWV), aortic
Augmentation Index at a heart rate of 75 beats/min (AIx-
75), and central systolic and diastolic BP were measured using

arterial tonometry (SphygmoCor CVMS V9, CPVH System,
model EM3; AtCor Medical).

Sample size and statistical analysis

Sample size.

Sample-size estimates were based on showing a clinically
important relative improvement by ≥25% in baseline FMD%
after 6 mo of vitamin D replenishment in children in the 1000-
and 2000-IU groups when compared with children in the 600-
IU group (2 comparisons: 600-IU group vs 1000-IU group; 600-
IU group vs 2000-IU group). We assumed that our participants’
baseline mean FMD% would be 6.5% with a SD of 2.6%, based
on previous studies in obese and overweight children (37–39).
A sample size of 67 in each treatment group at the end of the
trial would have 90% power (2-sided 2-sample comparison of
means, α = 0.05/2 = 0.025 adjusted for each high dose vs 600
IU at 6 mo) to detect a 25% relative improvement in FMD%
(37, 39). To provide for a projected drop-out rate of 20% by
the end of the trial, we proposed to recruit 252 children into
the trial. Midway through the study, the sponsor requested a
revised sample size based on recruitment, higher than expected
attrition, and project timeline. We projected to recruit ∼90%
of the original sample size based on the study timeline. With
n = 225, assuming 25% attrition, we would have 84% power
to detect the original hypothesized difference assuming the same
SD.

Statistical analysis

Analysis was based on intention-to-treat for all available data.
Participants were analyzed in the group to which they were
assigned regardless of adherence. For all continuous primary and
secondary outcomes, we used linear mixed models with group-
by-time interactions and constrained equal baselines using all
available data for each participant (baseline, 3 mo, 6 mo in the
outcome vector) accounting for repeated measures per participant
with compound symmetry (40–44). Use of these models assumes
data are missing at random. For the primary outcome at 6 mo, the
mean differences were calculated along with simultaneous 97.5%
CIs for comparisons of children receiving each of the higher
daily doses (i.e., 1000 and 2000 IU) with children receiving
600 IU (α = 0.05/2 = 0.025, corresponding to the α used for
the sample size analysis due to having 2 separate hypotheses
tested for a higher dose vs the control of 600 IU). Mean group
differences in the primary outcome at 3 mo and secondary
outcomes were calculated with 95% CIs that were not adjusted
for multiple comparisons. If the group-by-time interaction was
significant, we tested for differences in mean changes across the
3 groups stratified by time using overall F tests from the linear
mixed model and secondary tests of trend for those that were
significant (α = 0.05). All models controlled for randomization
covariates (race and obesity status). We used SAS software,
version 9.4.

Results
Participant flow through the clinical trial is shown in

Figure 1. We studied 225 overweight or obese vitamin
D–deficient children. Their mean ± SD age was 13.6 ± 2.3
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FIGURE 1 Participant flow through various stages of this randomized controlled clinical trial. AE, adverse event.

y, 35% were male, 94% were black, and their mean BMI
percentile was 95.8 ± 3.8. Mean serum 25(OH)D concentration
was 14.3 ± 3.7 ng/mL. Baseline characteristics of the treatment
groups were similar (Table 1). Attrition at 6 mo was overall
higher than expected (31%), ranging from 23% in the 2000-IU
group to 36% in the 1000-IU group (Fisher’s exact P = 0.15).
Characteristics of children who completed and who failed to
complete 6-mo follow-up visits were similar (Supplemental
Table 1).

Effects of vitamin D3 supplementation

Effect on 25(OH)D and PTH concentrations.

The data shown in Figure 2 demonstrate that vitamin D3

supplementation resulted in significant dose–response increases
in mean serum 25(OH)D concentrations at 3 and 6 mo. These
doses were tolerated without development of hypercalcemia.
Mean 25(OH)D concentrations increased to >20 ng/mL in each
of the 3 groups; the mean concentration reached >30 ng/mL
only in the 2000-IU group. PTH concentrations were significantly

lower than baseline concentrations at 3 mo in the 600-IU group,
at 6 mo in the 1000-IU group, and at 3 and 6 mo in the 2000-IU
group. Although the overall change in PTH concentrations was
significant (P < 0.0001), the changes in PTH concentrations over
time did not differ between the 3 treatment groups (group × time
interaction, P = 0.39).

Effect on primary and secondary outcomes.

Endothelial function and arterial stiffness. No differences were
observed in FMD%, PWV, and AIx-75 at 3 and 6 mo between
each of the higher-dose groups (1000 IU and 2000 IU) when
compared with the 600-IU group. Accounting for potential
nonignorable missingness did not change the FMD% findings
(clinicaltrials.gov identifier: NCT01797302; Study Protocol,
Section 9.5 Data Analysis) (Table 2).

Central and systemic BP. Changes in central-diastolic and
systemic-diastolic BP differed across groups, with lower means
in the 1000-IU group than in the 600-IU group at 6 mo.
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TABLE 1 Baseline characteristics of enrolled subjects1

All subjects (n = 225) 600 IU (n = 76) 1000 IU (n = 74) 2000 IU (n = 75)

Demographic characteristics
Male 78 (34.7) 22 (28.9) 29 (39.2) 27 (36.0)
Black 211 (93.8) 71 (93.4) 70 (94.6) 70 (93.3)
Hispanic 10 (4.4) 2 (2.6) 1 (1.4) 7 (9.3)
Age, y 13.6 ± 2.3 13.5 ± 2.3 13.5 ± 2.2 13.9 ± 2.4

Anthropometric measurements2

Weight, kg 80.4 ± 20.9 81.4 ± 23.7 79.4 ± 20.1 80.4 ± 18.8
Height, cm 162.1 ± 9.9 161.7 ± 10.0 162.1 ± 10.0 162.5 ± 9.8
BMI, kg/m2 30.3 ± 6.3 30.7 ± 6.9 30.0 ± 6.1 30.3 ± 5.8
BMI percentile 95.8 ± 3.8 95.8 ± 3.9 96.0 ± 3.4 95.6 ± 4.0
Percentage of 95th BMI percentile 113.4 ± 21.3 114.9 ± 22.6 112.7 ± 20.6 112.6 ± 20.7
Overweight (BMI 85th–<95th percentile) 75 (33.3) 23 (30.3) 24 (32.4) 28 (37.3)
Obese (BMI ≥95th percentile) 150 (66.7) 53 (69.7) 50 (67.6) 47 (62.7)

Tanner stage
I 7 (3.1) 3 (3.9) 2 (2.7) 2 (2.7)
II 20 (8.9) 6 (7.9) 8 (10.8) 6 (8.0)
III 41 (18.2) 12 (15.8) 14 (18.9) 15 (20.0)
IV 74 (32.9) 23 (30.3) 30 (40.6) 21 (28.0)
V 83 (36.9) 32 (42.1) 20 (27.0) 31 (41.3)

Skin type
I (easy burn, no tan) 3 (1.3) 0 (0) 2 (2.7) 1 (1.3)
II (easy burn, slight tan) 12 (5.3) 6 (7.9) 1 (1.4) 5 (6.7)
III (burn, then tan) 18 (8.0) 7 (9.2) 4 (5.4) 7 (9.3)
IV (no burn, good tan) 105 (46.7) 30 (39.5) 39 (52.7) 36 (48.0)
V (never burn, marked tan) 87 (38.7) 33 (43.4) 28 (37.8) 26 (34.7)

Melanin index
Forehead 57.4 ± 13.6 57.6 ± 13.9 57.8 ± 12.6 56.9 ± 14.3
Hand 61.3 ± 12.8 61.7 ± 13.3 61.8 ± 11.9 60.5 ± 13.1
Underarm 58.5 ± 12.5 58.5 ± 12.7 59.1 ± 12.1 57.8 ± 12.9

Summertime sunlight exposure
Duration >2 h 156 (69.3) 57 (75.0) 49 (66.2) 50 (66.7)
Sunscreen use, yes 34 (15.1) 8 (10.5) 15 (20.3) 11 (14.7)
Travel to sunny location, yes 31 (13.8) 10 (13.2) 7 (9.5) 14 (18.7)

Laboratory data
Calcium, mg/dL 9.7 ± 0.3 9.7 ± 0.3 9.8 ± 0.3 9.7 ± 0.3
Phosphorus, mg/dL 4.1 ± 0.6 4.2 ± 0.7 4.2 ± 0.7 4.0 ± 0.6
Albumin, g/dL 4.5 ± 0.2 4.5 ± 0.3 4.5 ± 0.2 4.5 ± 0.3
25(OH)D, ng/mL 14.3 ± 3.7 14.3 ± 4.3 14.4 ± 3.4 14.2 ± 3.5
PTH, pg/mL 49.8 ± 19.6 51.7 ± 20.6 45.7 ± 18.0 52.0 ± 19.9

Dietary intake
Calcium, mg/d 927 (643, 1339) 905 (701, 1287) 987 (647, 1374) 913 (599, 1391)
Vitamin D, IU/d 192 (122, 307) 192 (124, 288) 197 (121, 285) 189 (122, 331)
Calories per day 2232 (1653, 3303) 2352 (1685, 3311) 2334 (1610, 3141) 1984 (1639, 3267)
Protein, g/d 76.0 (57.6, 107.7) 78.4 (60.2, 109.6) 79.9 (55.9, 103.7) 71.9 (57.3, 123.0)
Fat, g/d 83.1 (61.5, 119.5) 85.1 (62.9, 124.5) 87.0 (60.4, 115.6) 74.7 (60.4, 122.1)
Saturated fat, g/d 26.0 (18.3, 35.8) 26.3 (18.3, 32.5) 27.0 (17.9, 36.6) 25.2 (18.4, 35.7)
Carbohydrates, g/d 299 (214, 441) 324 (221, 415) 312 (206, 440) 273 (212, 447)

Short food-frequency questionnaire
Calcium, mg/d 1120 (654, 1869) 1028 (651, 1846) 1156 (628, 1849) 1157 (663, 1893)
Vitamin D, IU/d 335 (157, 509) 333 (165, 510) 363 (154, 509) 350 (168, 493)

Physical activity
Active, h/wk 9.8 (4.9, 17.6) 12 (6, 18) 9 (5, 17) 9 (4, 17)
Sedentary, h/wk 44 (30, 65) 44 (30, 63) 44 (28, 70) 44 (30, 62)

1Values are n (%), mean ± SDs, or median (25th percentile, 75th percentile). 600 IU, n = 73; 1000 IU, n = 73; 2000 IU, n = 72 for melanin index
measures. 600 IU, n = 74; 1000 IU, n = 73; 2000 IU, n = 73 for dietary intake. 600 IU, n = 71; 1000 IU, n = 70; 2000 IU, n = 72 for short food-frequency
questionnaire. 600 IU, n = 75; 1000 IU, n = 73; 2000 IU, n = 75 for physical activity. PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D.

2Anthropometric data shown in Table 1 were obtained during screening visits.

Although the overall group × time interaction in central-
systolic BP was not significant, central-systolic BP differed
between the 1000-IU group and the 600-IU group at 6 mo,
with a lower mean in the 1000-IU group than in the 600-IU

group (mean difference: −2.66; 95% CI: −5.27, −0.046 mm
Hg; no adjustment for multiple comparisons). Between-group
differences in mean changes in systemic-systolic BP were not
significant.
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FIGURE 2 Within-group changes in mean concentrations of 25(OH)D and PTH from baseline (�) at 3 and 6 mo. Results are presented as means ± SEMs
in bar graphs. Adjusted within-group differences, corresponding P values, and tests for interaction were derived using linear mixed models with fixed effects
of group × time interaction, adjusting for race and obesity status (randomization stratification factors) and restricting baseline means to be equal. 25(OH)D:
group × time interaction, P < 0.0001; PTH: group × time interaction, P = 0.39. PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D.

Lipid profile. No between-group differences were detected in
mean changes in lipid profile indices.

Fasting glucose. No overall group × time interaction was
detected in fasting glucose concentrations. However, at 6 mo,
the mean fasting glucose concentration was lower in the 2000-IU
group than in the 600-IU group (mean difference: −2.67; 95% CI:
−4.88, −0.46 mg/dL; no adjustment for multiple comparisons).

Insulin sensitivity. No overall group × time interaction was
detected in insulin sensitivity (1/fasting plasma insulin concen-
tration). However, without adjustment for multiple comparisons,
the 2000-IU group had higher values than the 600-IU group
at 3 mo (mean difference: 0.014; 95% CI: 0.0015, 0.026)
and at 6 mo (mean difference: 0.015; 95% CI: 0.0019,
0.027).

Changes in anthropometry and body composition

Changes in BMI differed between groups. BMI was lower
in the 2000-IU group than in the 600-IU group at 6 mo.
No overall group × time interaction was detected in BMI z
score, WC, waist-to-height ratio, percentage of total body fat,
total body fat, total lean mass, or total bone mineral content.
However, without adjustment for multiple comparisons, WC
and total body fat were lower in the 2000-IU group than in

the 600-IU group at 6 mo (mean difference: −2.46 [95% CI:
−4.48, −0.44] cm and -1248.42 [95% CI: -2477.14, -19.70] g,
respectively).

Limiting the analyses only to black children did not make
the overall effect on the primary outcome and the significant
secondary outcome measures consistently stronger (data not
shown).

Exploratory measures of inflammation

No between-group differences were found in mean changes
in leptin, adiponectin, hsCRP, IL-6, and TNF-α at 3 and 6 mo
(Supplemental Table 2).

Compliance

Overall, 73% of prescribed tablets were taken at 3 and 6
mo. The proportions taken were validated through MEMs Cap
readings and were similar across the 600-IU versus the 1000-
IU versus the 2000-IU treatment groups at 3 mo [73% (n = 52)
vs 68% (n = 44) vs 77% (n = 50); P = 0.33] and 6 mo
[73% (n = 42) vs 73% (n = 40) vs 73% (n = 52); P = 0.94],
respectively.
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Adverse effects

The occurrence of adverse events did not differ between
treatment groups. Adverse effects possibly related to study
intervention consisted of nausea in 1 participant and abdominal
pain in 2 participants.

Discussion
We found that correction of vitamin D deficiency in overweight

and obese children by means of vitamin D3 supplementation
(1000 IU or 2000 IU/d vs 600 IU/d) did not affect measures
of arterial endothelial function or stiffness, lipid profile indices,
or systemic inflammation. However, vitamin D supplementation
resulted in reductions in BP and fasting glucose concentrations
and led to improvements in insulin sensitivity. Of note, we found
that BP was significantly reduced in the 1000-IU group but not in
the 2000-IU group.

Studies reporting the effect of vitamin D supplementation on
endothelial function and arterial stiffness in children are limited
(13, 45). Our failure to find an effect may indicate an actual
lack of effect, or failure to achieve a threshold concentration
of 25(OH)D required for affecting these indices, or variations
among participants in vitamin D metabolism or genetics affecting
pharmacokinetics or function of vitamin D (46, 47). Our findings
of the lack of effect of vitamin D supplementation on endothelial
function are consistent with those of an open-label trial by
Javed et al. (13). Dong et al. (45) conducted a 16-wk RCT
of 400 versus 2000 IU vitamin D3/d in 49 14- to 18-y-old
vitamin D–deficient black youth (BMI percentile: 64.7 ± 32.1).
In that trial, mean 25(OH)D concentrations increased from
13.4 ± 3.8 ng/mL to 23.9 ± 7.3 and 34.3 ± 12 ng/mL in the
400-IU and 2000-IU groups, respectively. Measures of arterial
stiffness improved in the 2000-IU group; no impact on BP
was found in either group. As noted earlier, our failure to
find an effect on arterial stiffness may have been the result
of the smaller increases in 25(OH)D concentration in our
trial.

Studies examining the effects of vitamin D on BP in children
also are limited (45, 48), and in adults they have yielded
inconsistent results, probably from differences in trial design
(49–53). In a study by Khayyatzadeh et al. (48) in 940 Iranian
girls aged 12 to 18 y old, once-weekly supplementation with
50,000 IU vitamin D3 for 9 wk increased their mean serum
25(OH)D concentration from 9.4 ± 8.8 to 36.4 ± 15.4 ng/mL
and reduced their diastolic BP, fasting glucose concentrations,
WC, and total- and LDL-cholesterol concentrations. In a subset
of 580 of the girls, increases in 25(OH)D concentrations
were associated with reductions in hsCRP concentrations (54).
Our findings on BP and glucose are consistent with these
earlier findings. In our study sample, the reductions in PTH,
improvements in insulin sensitivity, and possible downregulation
of the renin-angiotensin-aldosterone system (55, 56) may explain
the lowering of BP at 3 and 6 mo. Our findings of null
effects on CRP and other markers of systemic inflammation
could be ascribed to our trial’s relatively lower doses of
vitamin D intervention and smaller increases in 25(OH)D
concentrations. Our findings of reductions in central-systolic
BP and fasting glucose concentrations and improvements in
insulin sensitivity should be interpreted with caution given
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the lack of adjustment for multiplicity and considered as
hypothesis-generating and deserve further exploration for con-
firmation.

In a small 6-mo placebo-controlled trial among 35 overweight
and obese children aged 9 to 19 y, administration of 4000 IU
vitamin D3/d increased mean 25(OH)D concentration from 19.6
to 39.1 ng/mL and reduced fasting glucose concentrations and
insulin resistance, without an impact on inflammatory markers,
similarly to our findings (57).

In 2 RCTs conducted in, respectively, in 44 and 47 predomi-
nantly white 12- to 18-y-old obese children with 25(OH)D con-
centrations averaging ∼25 ng/mL, supplementation with 2000
IU vitamin D3/d for 12 wk increased 25(OH)D concentrations
to 31 and 27 ng/mL, respectively, but had no impact on glucose
homeostasis or on lipids (58, 59). Similarly, in a 12-wk RCT
among 323 black children and white children aged 9 to 13 y
(normal weight: 55%; mean 25(OH)D concentration: 28 ± 0.4
ng/mL) receiving 0, 400, 1000, 2000, or 4000 IU vitamin D3/d,
dose–response increases in 25(OH)D concentrations showed no
effect on insulin resistance (12). Higher representations of white
children and the inclusion of vitamin D–replete (25[OH]D >20
ng/mL) children in those studies (12, 58, 59), in contrast to
our study’s higher number of black children and inclusion only
of vitamin D–deficient children, may explain the contrasting
findings regarding glucose homeostasis between those studies
and our study.

Supplementation-induced changes in BMI, WC, and total body
fat at 6 mo in our cohort are clinically irrelevant, as there were no
changes in waist-to-height ratio, percentage of total body fat, or
total lean mass at 6 mo.

Our study had several strengths, such as the inclusion of
only vitamin D–deficient children; enrollment of a substantial
number of black children, a population at risk of both vitamin
D deficiency and cardiometabolic risk factors (11, 27, 60–62);
3 fixed doses of vitamin D3 intervention over 6 mo; utilization
of state-of-the-art tests of vascular health; and ascertainment of
body composition with DXA. Limitations of our study are the
relatively high rate of attrition (30%) and the relatively low rate of
pill-count–based compliance (73%), which could have impacted
the magnitude of increase in serum 25(OH)D concentrations and
the consequent responsive changes in our primary and secondary
outcome variables.

In conclusion, vitamin D3 supplementation (1000 or 2000
IU/d vs 600 IU/d) in overweight and obese vitamin D–deficient
children induced increases in 25(OH)D concentrations and
resulted in lowering of BP and fasting glucose concentration and
improvements in insulin sensitivity. Vitamin D supplementation
did not affect arterial endothelial function or stiffness. In the
VITAL (Vitamin D and omega-3 trial) study, supplementation
with 2000 IU vitamin D3/d for 5 y in adults aged ≥50 y
had no impact on cardiovascular events compared with placebo
(63). Notwithstanding the VITAL trial’s findings, our findings
suggest that vitamin D status optimization, through its beneficial
effects on BP and glucose homeostasis, may have a primary
preventive role in improving the long-term cardiovascular health
of overweight and obese children. Because our study sample
consisted mainly of black children, future studies should evaluate
the use of vitamin D supplementation as a strategy for addressing
racial disparities in cardiovascular disease.
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