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Abstract

Background: There is increasing interest in the extraskeletal effects of vitamin D, particularly in the obese state with

regard to the development of insulin resistance and diabetes.

Objective: The objective of the study was to determine the effect of 2 doses of cholecalciferol (vitamin D3)

supplementation on insulin action (Si) and pancreatic b-cell function in obese adolescents.

Methods:We performed a 12-wk double-blind, randomized comparison of the effect of vitamin D3 supplementation on Si

and b-cell function in obese Caucasian adolescents (body mass index > 95th percentile). The subjects were randomly

assigned to receive either 400 IU/d (n = 25) or 2000 IU/d (n = 26) of vitamin D3. Each subject underwent a 7-sample 75 g

oral glucose tolerance test, with glucose, insulin, and C-peptide measurements, to calculate Si and b-cell function as

assessed by the disposition index (DI), with use of the oral minimal model before and after supplementation. A total of 51

subjects aged 15.0 6 1.9 y were enrolled. Included for analysis at follow-up were a total of 46 subjects (20 male and 26

female adolescents), 23 in each group.

Results: Initial serum 25-hydroxyvitamin D [25(OH)D] was 24.0 6 8.1 mg/L. There was no correlation between 25(OH)D

concentrations and Si or DI. There was a modest but significant increase in 25(OH)D concentration in the 2000 IU/d group

(3.1 6 6.5 mg/L, P = 0.04) but not in the 400 IU/d group (P = 0.39). There was no change in Si or DI following vitamin D3

supplementation in either of the treatment groups (all P > 0.10).

Conclusions: The current study shows no effect from vitamin D3 supplementation, irrespective of its dose, on b-cell function or

insulin action in obese nondiabetic adolescents with relatively good vitamin D status. Whether obese adolescents with vitamin D

deficiency and impaired glucose metabolism would respond differently to vitamin D3 supplementation remains unclear and

warrants further studies. This trial was registered at clinicaltrials.gov as NCT00858247. J Nutr 2015;145:284–90.
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Introduction

Vitamin D deficiency is highly prevalent in children and
adolescents worldwide (1–4). Growing evidence suggests that
obesity is a major risk factor for vitamin D insufficiency and

deficiency in children and adolescents (5–10). Childhood obesity
predisposes people to insulin resistance, subsequent b-cell
failure, and ultimate development of type 2 diabetes (11–14).
There is increasing interest in the extraskeletal effects of vitamin
D, particularly in the obese state with regards to the develop-
ment of insulin resistance and diabetes. Circulating concen
tration of 25-hydroxyvitamin D [25(OH)D]11 is frequently
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considered to be an indicator of vitamin D nutritional status,
and several cross-sectional studies in children have reported
inverse correlations between 25(OH)D concentrations and
plasma glucose (15, 16) and surrogate markers of insulin
resistance, such as the HOMA-IR (17, 18). Interestingly, studies
in which hyperinsulinemic-euglycemic and hyperinsulinemic-
hyperglycemic clamp approaches were used could not find such
relations among 25(OH)D concentrations, glucose homeostasis,
or in vivo insulin secretion and action in obese, or across the
glucose tolerance groups, in children or youth (19, 20). A recent
systematic review underscores the lack of clear evidence of the
beneficial effects of vitamin D supplementation in improving
glycemia or insulin resistance in patients with normal or
impaired fasting glucose or diabetes (21).

Theoretic and mechanistic evidence implies that vitamin D
status may affect both insulin secretion and sensitivity (22). Such
a relation between vitamin D status and glucose homeostasis
may involve the expression of vitamin D receptors in pancreatic
b-cells, skeletal muscle, and adipose tissue (23, 24). These
nonskeletal effects of vitamin D may result from its autocrine/
paracrine actions in these insulin target tissues. Further, low
25(OH)D concentrations are also reported to be associated with
low HDL cholesterol concentrations in children (16).

It also remains less clear whether vitamin D supplementation
in obese, nondiabetic children can influence insulin action (Si) or
insulin secretion rates (ISRs). Therefore, given the inconsistencies
in the data on the relation between vitamin D status and insulin
sensitivity and the paucity of studies on the potential effects of
supplementation of vitamin D on Si and insulin secretion, there is
a need for further studies of obese adolescents. The objectives of
the present prospective, randomized, controlled study in obese
adolescents were to investigate 1) the relation between vitamin D
status and measures of insulin secretion and action by use of the
oral glucose tolerance test (OGTT) and oral minimal model
approach, and 2) the effect of 2 different doses of vitamin D3

supplementation (a low dose of 400 IU/d or a higher dose of
2000 IU/d) for 12 wk on concentrations of 25(OH)D and its effect
on insulin sensitivity and pancreatic b-cell function, derived from
an OGTT minimal model approach in obese children.

Methods

Participants. Obese but otherwise healthy adolescents aged 12–18 y

were recruited from 1 June 2009 through 31 May 2012. Subjects were

considered to be obese if their BMI was$ the 95th percentile for age and
gender, by use of age- and sex-specific BMI percentiles derived from

the 2000 CDC growth charts (25). Exclusion criteria included a serum

25(OH)D concentration > 100 mg/L; serum calcium concentration > 10.8

mg/dL; hepatic or renal disorders; type 1 or type 2 diabetes mellitus;
and malabsorption syndromes, such as celiac disease, as well as use of

glucocorticoids or antiseizure medications in the preceding 6 mo and

those subjects currently using multivitamin supplementation, insulin,
metformin, or oral hypoglycemic medications. In addition, subjects with

poor intravenous access were not enrolled. Informed consent and assents

were obtained from participants and parents. The study protocol was

approved by the Institutional Review Board at Mayo Clinic, Rochester,
MN, and is registered at clinicaltrials.gov as NCT00858247.

Study design. This 12-wk, randomized, prospective, double-blind

study consisted of 2 data collection points: at baseline and at 12 wk. A

balanced block randomization scheme, without any stratification
factors, was prepared by the study statistician and used for random

assignment. Participants, as well as investigators and associated research

and laboratory personnel, remained blinded to patient allocation until

after study completion.

Intervention. Subjects were randomly assigned to receive either 400 IU/d

or 2000 IU/d of cholecalciferol (vitamin D3) (BioTech Pharmacal) for a

period of 12 wk. Compliance was assessed at the 12-wk visit by counting
the number of pills remaining in the container.

Measurements. Weight, height, and blood pressure measurements
were taken with the use of standard protocols and equipment. After

$12 h of fasting, blood samples were drawn both at study entry and after

the 12-wk supplementation. All subjects also underwent a 3-h OGTT
at baseline and after the 12-wk supplementation. After subjects received

a 75 g oral glucose load, blood samples were obtained at 0, 10, 20, 30,

60, 90, 120, and 180 min for measurements of plasma glucose, C-peptide,

and plasma insulin concentrations.
Plasma and serum samples were placed on ice, centrifuged at 17503 g

for 15 min at 4�C, separated, and stored at 280�C until assayed.

Plasma glucose concentrations were measured with the use of a glucose

oxidase method (Yellow Springs Instruments); plasma insulin with the
use of a chemiluminescence assay (Access Assay; Beckman); plasma

C-peptide by radioimmunoassay (Linco Research) and serum 25(OH)D

by LC-tandem MS (LC-MS/MS) (26). An internally developed and
validated method in a single laboratory (MayoMedical Laboratories) was

used in order to ensure uniform measurements (26). The total 25(OH)D

concentration of each sample was calculated by summing the measured

values of 25-hydroxyergocalciferol and 25-hydroxycholecalciferol
[25(OH)D3]. Serum total cholesterol, HDL cholesterol, and TG concen-

trations were measured by an enzymatic colorimetric assay (Roche

Diagnostics). Non-HDL cholesterol was calculated as total cholesterol 2
HDL cholesterol. LDL cholesterol was calculated through use of the
following equation: LDL = Total cholesterol2 HDL cholesterol2 (TGs/5).

The HOMA-IR index was calculated as HOMA-IR = fasting serum

glucose in milligrams per deciliter 3 fasting insulin in micro units per
milliliter/405. The quantitative insulin sensitivity check index was

derived by use of the inverse of the sum of the logarithms of the fasting

insulin and fasting glucose: 1/log (fasting insulin in micro units per

milliliter) + log (fasting glucose in milligrams per deciliter).
Si was calculated from plasma glucose and insulin concentrations

measured during the 3-h OGTTwith the use of the oral glucose minimal

model (27–31). Si measures the overall effect of insulin on stimulating

glucose disposal and inhibiting glucose production. This index has been
validated against the euglycemic clamp, showing a correlation of 0.81

(P = 0.001) (28).

The b-cell responsivity indices were calculated from plasma glucose

and C-peptide concentrations measured during the OGTTwith the use of
the oral C-peptide minimal model incorporating age-associated changes

in C-peptide kinetics as measured by Van Cauter et al. (20). The calculation

of insulin secretion rate is essentially the calculation of C-peptide secretion
rate as previously described through use of standardized clearance rates

for C-peptide (20). The model assumes that b-cell responsiveness (ftotal)

is composed of 2 components: a dynamic component (fd), which is

proportionate to the rate of rise of glucose, and a static component (fs)
that represents the response to the increment in glucose above the basal

concentration (27, 29, 31).

The appropriateness of insulin secretion for the prevailing degree of

Si is assessed by calculating the total disposition index (DI), which
expresses b-cell responsivity for the prevailing Si (ftotal 3 Si).

Power calculation. In a similar experiment conducted in 14 adults with

type 2 diabetes, we previously observed an overall mean 6 SD change

in the DI of 120 6 138 � 10214 dL � kg21 � min21 � pmol21 � L21 (32).

Assuming similar variation in the changes from study 1 to study 2
(within-subject CV = 43% defined as the SD of the deltas divided by the

overall mean DI), 20 subjects per group would provide;80% power (at

a 2-sided 0.05 a level), to detect a difference in mean ΔDI values of
128 � 10214 dL � kg21 �min21 � pmol21 � L21 between groups (i.e., a 40%

difference in mean ΔDI values relative to the overall mean of 321 � 10214

dL � kg21 � min21 � pmol21 � L21 observed in the previous study) (32).

Such a difference would be clinically important in light of our previous
studies observing similar-size treatment effects for a pharmacologic

intervention (dipeptidyl peptidase-4 inhibition) (32). The present study

was powered to detect similar differences with 20 subjects per group.
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Study outcomes. The primary study outcome was the effect of vitamin

D3 supplementation on Si and pancreatic b-cell function (via DI) in obese

adolescents, derived from the 3-h OGTT. Secondary outcome measures
were changes in ISR and lipid profile (total cholesterol, TGs, and HDL

cholesterol).

Statistical analysis. Baseline data were descriptively summarized for
the 2 treatment arms. The relation between 25(OH)D concentrations

and other baseline measurements was assessed graphically with the

use of scatter plots. Depending on the distribution of the measure-

ments, correlations were estimated with the use of the Pearson or
Spearman rank correlation coefficients. Two separate analyses were

performed for each of the outcome measures. First, within each

treatment arm, the changes between the baseline and 12-wk
measurements were summarized and compared with the use of the

paired t test if the distributions were normally distributed; otherwise

the Wilcoxon signed rank test was used. Second, for each outcome,

the 12-wk measurements were compared between the 2 treatment
arms, based on an ANCOVA model, after adjusting for the cor-

responding baseline measurement. A logarithmic transformation was

applied to both the baseline and 12-wk measurements before fitting

the ANCOVA models. All tests were 2-sided and a was set at 0.05.
Analyses were performed by use of SAS version 9.2 software package

(SAS Institute). Values in the text were reported as means 6 SDs or

medians (IQR) as denoted.

Results

Baseline measurements. The Consolidated Standards Of
Reporting Trials flow diagram for this study is shown in Figure
1. Of the 57 subjects assessed for eligibility for the study, 6 had
to be excluded, leaving 51 subjects to be randomly assigned.
After excluding those who subsequently decided not to partic-
ipate (n = 3) or were found to have poor intravenous access for
purposes of OGTT (n = 1), 47 subjects received the vitamin D3

supplement (n = 24 in the 2000 IU/d arm and n = 23 in the
400 IU/d arm). Of these 47 subjects, 20 (42.6%) were male, aged
15.0 6 1.9 y (range: 12.7–18.7 y) (Table 1). The study cohort
consisted of predominantly (45 out of the total 47) postpubertal

(Tanner V) adolescents. The remaining 2 participants were in
Tanner stage II. The majority of the 47 subjects entered into the
study during the spring season (10 in the 400 IU/d group and
11 in the 2000 IU/d group), followed by summer (7 in each
treatment group), winter (4 in each treatment group), and fall
(2 in each treatment group). Serum 25(OH)D was 24.06 8.1 mg/L
and the 25(OH)D concentration was <30 mg/L for 37 (78.7%)
subjects. Among the 23 patients randomly assigned to 400 IU/d,
6 had 25(OH)D concentrations <20 mg/L and 1 subject had
a 25(OH)D concentration <12 mg/L. Among the 24 patients
randomly assigned to 2000 IU/d, 7 had 25(OH)D concentrations
<20 mg/L and 1 subject had a 25(OH)D concentration <12 mg/L.
A higher proportion of the patients randomly assigned to
400 IU/d were male, compared with the other treatment arm
(60.9% vs. 25.0%, P = 0.013). The rest of the baseline character-
istics of the randomly assigned patients were similar in the 2
treatment arms (Table 1). There was no correlation between
baseline measurements of 25(OH)D and indices of b-cell function,
insulin action, or lipids. The relations between the 25(OH)D and
the other markers were similar in the groups with 25(OH)D
concentrations <20 mg/L and $20 mg/L.

Follow-up measurements. One subject in the 2000 IU/d
group was lost to follow-up after the initial OGTT. Within each
treatment arm at follow-up (23 subjects in each group), the
changes between the baseline and 12-wk measurements were
evaluated (Table 2). BMI and weight did not change during the
study period in either group. There was a modest but statistically
significant increase in 25(OH)D concentration in the 2000 IU/d
arm (3.1 6 6.5 mg/L, P = 0.04), but not in the 400 IU/d group
(P = 0.39). Of note, only 4 participants in the 400 IU/d group and
6 participants in the 2000 IU/d group achieved 25(OH)D con-
centrations of at least 30 mg/L. There was an inverse relation
between increase in 25(OH)D concentrations and initial 25(OH)
D concentration in both treatment arms (Spearman correlation =
20.25 and20.60 in the 400 IU/d and 2000 IU/d treatment arms,
respectively).

No change in Si was noted within either group (P = 0.28 in
the 2000 IU/d arm and P = 0.81 in the 400 IU/d group); nor did it
change between groups (P = 0.12). Likewise, the DI did not
change within either group (P = 0.22 in the 2000 IU/d arm, P =
0.44 in the 400 IU/d group) nor did the DI differ between groups
(P = 0.20). No significant differences were observed for any of
the other measurements within each of the treatment groups
after supplementation, or between the 2 groups. Insulin secre-
tion rates did not differ between the 2 arms (Table 2).

Compliance could not be assessed in 8 subjects (5 in the
2000 IU/d group and 3 in the 400 IU/d group) because they did
not bring their pill bottles back for a pill count. In the 2000 IU/d
group, 1 subject missed 21 doses and another missed 24 doses,
whereas 6 subjects in the group were noted to have missed
between 2 and 6 doses of vitamin D3. In the 400 IU/d group,
5 subjects missed between 2 and 9 pills.

Discussion

The results of the current study suggest that, in Caucasian
adolescents with uncomplicated obesity, there is no independent
relation between plasma 25(OH)D concentrations and Si and
b-cell function as assessed by OGTT, with the use of the minimal
model approach. There was also no relation between 25(OH)D
concentrations and lipid profile in the obese adolescents studied.
Vitamin D3 supplementation for 12 wk enhanced circulating

FIGURE 1 Consolidated Standards of Reporting Trials Diagram:

Enrollment, random assignment, and follow-up of subjects. Vit,

vitamin.
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25(OH)D concentrations only in the cohort that received the
higher dose of 2000 IU/d. But the modest enhancement of
vitamin D status in this cohort of obese nondiabetic adoles-
cents with relatively good vitamin D status appears insufficient
to impart beneficial changes in Si, b-cell function, and lipid
variables.

The lack of an independent relation between 25(OH)D
concentrations and Si observed in the current study is in
agreement with the findings of Rajakumar and colleagues (19)
in healthy and obese white and black youth, in which in vivo
insulin sensitivity and b-cell function were measured by
hyperinsulinemic-euglycemic and hyperinsulinemic-hyperglycemic
clamp approaches. Additionally, de las Heras et al. (33) noted no
differences in plasma 25(OH)D between obese youth across the
spectrum of glucose tolerance from normal to prediabetes to type 2
diabetes. Of note, reports on the relation between 25(OH)D and
insulin resistance in children are mostly based on indices derived
from fasting insulin and glucose values, such as HOMA-IR and the
quantitative insulin sensitivity check index (34–38). The discrep-
ancy in data between these studies and our study may be due to
various factors, including differences in the methods of measure-
ment of insulin resistance or sensitivity and 25(OH)D (immuno-
assays vs. LC-MS/MS). Potential differences in the ethnicity and age
of the study population, geographic location, and spectrum of
weight status may also have contributed to this inconsistency.

Studies on the effect of vitamin D supplementation on
measurements of Si and secretion are scarce (19, 39, 40). Unlike
in other studies, we determined the effect of 2 different doses, a

low and a higher, of vitamin D3 supplementation on Si and b-cell
function as assessed by DI with the use of the OGTT minimal
model approach. Neither the low nor the higher dose of vitamin
D3 supplementation for 12 wk resulted in significant improve-
ments in measurements of Si and b-cell function. To our
knowledge, there are no published studies on the effect of
vitamin D3 supplementation on Si and disposition index in the
pediatric age group. Similar to our study, in overweight and
obese African American adults with prediabetes or early
diabetes, Harris et al. (39) also noted that supplementation
with 4000 IU/d vitamin D3 increased 25(OH)D concentrations
but had divergent effects on insulin secretion and sensitivity with
no overall effect on disposition index or glycemia. Belenchia
et al. (40), through the use of a placebo-controlled randomized
study in obese adolescents, also found no effect of vitamin D3

supplementation for 12 wk on fasting plasma glucose, fasting
insulin, and surrogate markers of insulin resistance. However,
they noted a decrease in fasting insulin and HOMA-IR at 6 mo
in the vitamin D3–supplemented group compared with placebo.
The doses and duration of vitamin D3 in our study were half of
that used in the study by Belenchia et al. (40). The increment in
circulating 25(OH)D concentrations in response to the supple-
mentation in our study was rather modest compared with the
increment in the other study. This may be related to relatively
normal 25(OH)D concentrations at baseline in our study
subjects, because the increment in 25(OH)D for a given dose
of vitamin D is known to be inversely related to the initial
concentration of 25(OH)D (39). There is no clear consensus on

TABLE 1 Comparison of baseline measurements between the 2 treatment groups1

Characteristic or Measurement
400 IU/d vitamin D3

(n = 23)
2000 IU/d vitamin D3

(n = 24)

Males,2 n (%) 14 (60.9) 6 (25.0)

Age at enrollment, y 15.0 6 1.9 15.1 6 1.9

BMI percentile 98.0 6 1.4 98.3 6 1.0

Body weight, kg 96.6 6 22.7 96.2 6 16.9

Height, cm 171 6 8.7 168 6 8.2

25(OH)D, μg/L 24.4 6 7.7 23.5 6 8.5

Subjects with 25(OH)D , 20 μg/L, n 6 7

Subjects with 25(OH)D , 12 μg/L, n 1 1

HOMA-IR3 3.8 6 1.8 4.7 6 4.8

QUICKI4 0.32 6 0.02 0.32 6 0.03

LDL cholesterol, mg/dL 93.3 6 29.2 92.0 6 19.8

HDL cholesterol, mg/dL 37.9 6 8.0 40.3 6 8.2

Non-HDL cholesterol, mg/dL 123 6 40.5 113 6 24.0

Total cholesterol, mg/dL 158 6 40.2 153 6 22.6

TGs, mg/dL 141 6 77.6 103 6 55.9

Fasting glucose, mg/dL 96.8 6 5.4 98.5 6 7.3

Fasting insulin,5 μIU/mL 15.9 6 7.6 18.7 6 16.8

Si,
6 1024 dL � kg21 � min21 � μU21 � mL21 8.4 6 6.1 12.3 6 16.5

Dynamic ISR,6 1029 min21 1339 6 625 1105 6 544

Total ISR,6 1029 min21 106 6 49 157 6 248

DI, 10214 dL � kg21 � min22 � pmol21 � L21 1314 6 929 2742 6 6253

1 Values are means 6 SDs, unless otherwise indicated. Glucose, insulin, and C-peptide were measured in plasma samples; 25(OH)D, total

cholesterol, HDL cholesterol, and TGs were measured in serum. DI, disposition index; ISR, insulin secretion rate; QUICKI, quantitative

insulin sensitivity check index; Si, insulin action; 25(OH)D, 25-hydroxyvitamin D.
2 Percentages are based on the chi-square test. The proportion of males was significantly different between the 2 treatment arms (60.9%

vs. 25.0%, P = 0.013). All other P values were .0.05.
3 HOMA-IR = fasting serum glucose in milligrams per deciliter 3 fasting insulin in micro units per milliliter/405.
4 QUICKI = 1/log(fasting insulin in micro units per milliliter) + log(fasting glucose in milligrams per deciliter).
5 n = 44 participants.
6 n = 42 participants for variables derived from the oral glucose tolerance test.
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the definition for optimal concentrations of circulating 25(OH)D.
However, Ashraf et al. (37) have proposed a cutoff of 15 mg/L
25(OH)D, below which vitamin D deficiency confers profound
negative effects on insulin sensitivity. Based on this cutoff, the
potential difference in the baseline 25(OH)D concentrations in
our study (23.5 mg/L) and that by Belenchia et al. (19.5 mg/L)
may also have contributed to disparity in the data from the 2
studies (40). The participants in our study were ethnically
homogeneous and consisted of predominantly Caucasians. The
association between vitamin D status and measures of insulin
resistance appears to be dependent on ethnicity. A significant
inverse correlation between 25(OH)D and hemoglobin A1c in
Caucasian adolescents, but not in African-Americans or His-
panics, has been reported (38).

Although studies on the effect of vitamin D3 supplementa-
tion on lipid variables in children and adolescents are limited,
the data from adult studies on its lipid-modulating effects are

divergent (26, 41). In the current study there was no
improvement in any of the lipid variables in either of the
groups. Future studies should shed more light on whether
correcting for vitamin D deficiency will in fact translate into
clinically meaningful improvements in lipid variables in
children and adolescents with a combination of vitamin D
deficiency and hyperlipidemia.

The study has several strengths and limitations that should be
considered when interpreting the data. We used the OGTTminimal
model approach, as opposed to other surrogate measures of insulin
resistance, such as insulin levels and HOMA-IR. The measurement
of 25(OH)D concentrations was performed with the use of the
LC-MS/MS technique. Further, we included 2 doses of vitamin D3

in a prospective randomized and double-blind fashion to under-
stand its potential dose effect on Si and b-cell function in obese
adolescents. A limitation of our study is the small sample size, which
decreases the power to detect small differences, if any, between

TABLE 2 Summary of changes within participants and comparisons between participants from the 400 IU/d group and the 2000 IU/d
group1

Measurement

Change (postsupplementation – presupplementation)
within each treatment group

Comparison of presupplementation
vs. postsupplementation2

400 IU/d vitamin D3 2000 IU/d vitamin D3 400 IU/d
vitamin D3, P value

2000 IU/d
vitamin D3, P value

Comparison between
the 2 arms,3 P valuen Value n Value

Weight, kg 23 21.1 6 2.8 23 21.6 6 3.4 0.2 0.1 0.7

BMI, kg/m2 23 0.2 6 0.9 23 20.3 6 1.3 0.4 0.44 0.3

25(OH)D, μg/L 21 0.8 6 4.2 23 3.1 6 6.5 0.39 0.04* 0.17

0.0 (21.0, 3.0) 5.0 (23.0, 8.0)

Fasting glucose, mg/dL 23 20.1 6 5.6 23 21.1 6 5.8 0.93 0.37 0.96

22.0 (24.0, 2.5) 21.0 (25.0, 2.0)

Fasting insulin, mIU/mL 21 0.2 6 5.7 21 20.4 6 17.8 0.67* 0.58* 0.96

21.0 (23.6, 2.9) 1.2 (22.8, 3.1)

HOMA-IR 21 0.01 6 1.3 21 20.3 6 4.9 0.98 0.67* 0.95

0.1 (21.3, 0.6) 0.4 (20.8, 0.7)

QUICKI 21 20.002 6 0.015 21 20.001 6 0.021 0.47 0.89 0.99

0 (20.009, 0.009) 20.004 (20.011, 0.006)

Si, 10
24 dL � kg21 � min21 �

μU21 � mL21

20 0.42 6 4.29 20 24.57 6 15.9 0.81* 0.28* 0.12

0.17 (21.46, 2.70) 20.60 (25.32, 1.10)

Dynamic ISR, 1029 min21 18 2165 6 457 18 79.3 6 751 0.14 0.66 0.48

2191 (2334, 221.6) 32.7 (2193, 603)

Static ISR, 1029 min21 18 1.2 6 26.1 18 21.4 6 29.7 0.85 0.58* 0.59

21.2 (213.1, 11.9) 1.9 (27.5, 15.1)

Total ISR, 1029 min21 18 21.0 6 46.9 18 275.8 6 269 0.61* 0.26* 0.61

29.5 (240.2, 22.5) 210.2 (250.6, 13.4)

DI, 10214 dL � kg21 �
min21 � pmol21 � L21

18 274 6 825 17 21865 6 6833 0.44* 0.22* 0.20

59.4 (2273, 579) 241.1 (2738, 178)

Total cholesterol, mg/dL 23 4.7 6 24.3 23 3.5 6 16.80 0.36 0.32 0.80

1.0 (212.0, 18.0) 0 (211.0, 14.0)

LDL cholesterol, mg/dL 23 4.6 6 22 23 1.3 6 15.6 0.33 0.69 0.65

2.0 (28.0, 16) 2.0 (214.0, 11.0)

HDL cholesterol, mg/dL 23 1.3 6 6.8 23 1.9 6 5.7 0.38 0.13 0.68

2.0 (24.0, 5.0) 1.0 (22.0, 7.0)

Non-HDL cholesterol, mg/dL 23 0.50 6 24.1 23 1.70 6 15.3 0.80* 0.61 0.99

1.0 (28.0, 10) 1.0 (211, 12.0)

TGs, mg/dL 23 24.70 6 56.7 23 1.7 6 43.5 0.69 0.85 0.40

21.0 (232, 36) 212.0 (220.0, 26.0)

1 Values are means 6 SDs or medians (IQRs). Glucose, insulin, and C-peptide were measured in plasma samples; 25(OH)D, total cholesterol, HDL cholesterol, and TGs were

measured in serum. DI, disposition index; ISR, insulin secretion rate; QUICKI, quantitative insulin sensitivity check index; Si, insulin action; 25(OH)D, 25-hydroxyvitamin D.
2 Evaluated with the use of the paired t test or Wilcoxon signed rank test (denoted by *).
3 Comparison of the postsupplementation values between each treatment arm, after adjusting for presupplementation differences, was made by fitting a 1-factor ANCOVA model

to the measurements after applying a logarithmic transformation.
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the 2 treatment arms. However, the data from the current study
should help in the design of future studies exploring potentially
small effects of vitamin D supplementation on b-cell function. The
obese adolescents in the current study had relatively adequate
vitaminD status with amean value of 24.4mg/L, i.e., almost 5mg/L
above the level that is considered tomeet the requirements of at least
97% of the North American population (40). The good vitamin D
status of the subjects is likely due to the fact that the participants
were Caucasians and the least number of subjects were recruited
during thewinter (6, 7). Although the participants in our studywere
obese, they had no signs of prediabetes and/or diabetes. Addition-
ally, the small increase in 25(OH)D concentration of 3.1 mg/L in the
group treated with 2000 IU/d of vitamin D3 compared with the
0.8 mg/L increase in the group treated with 400 IU/d may not be
sufficient for generating remarkable changes in insulin sensitivity.
This study, however, supports the need for higher doses of vitamin
D3 in obese adolescents for quantifiable outcomes (42). The poor
response to vitamin D3 supplementation in obese adolescents is
likely secondary to a greater degree of sequestration of lipid-soluble
vitamin D in their adipose tissue, as well as the potential differences
in vitamin D metabolism in the obese state (43, 44). The small
sample size precluded us from conducting subgroup analysis to
determine whether those with 25(OH)D concentrations <15 mg/L
or <20 mg/L had an improvement in any of the variables. The
number of patients recruited in each season was too small to allow
us to determine the effect of season on baseline 25(OH)D or
response to vitamin D3 supplementation. Further, the LC-MS/MS
method we used for the measurement of 25(OH)D could not
separate 3-epi-25(OH)D3 from regular 25(OH)D3. We could not
delineate the role of other potential confounders, such as sun
exposure, dietary intake of calcium and vitamin D, and physical
activity.

In conclusion, our data suggest that vitamin D supplemen-
tation, taken even at a dose of 2000 IU/d by nondiabetic and
vitamin D–replete obese adolescents for 12 wk, has no effect on
insulin sensitivity and pancreatic b-cell function, or on lipid
profile. Yet, future larger randomized controlled studies are
needed to address the effect of vitamin D supplementation in
sufficient dose and duration in severely vitamin D–deficient and
insulin-resistant adolescents. The potential relation between
vitamin D status and other obesity-related cardiometabolic risk
factors, and the effect of vitamin D supplementation in atten-
uating these risk factors, remain poorly understood in children
and adolescents.
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