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Abstract

The effect of vitamin D supplementation and caloric restriction (CR) on glycemic indices and
osteocalcin (OC) is not clear. In this randomized controlled double blind trial, we examined
whether vitamin D3 supplementation at 2500 1U/d (D) or placebo has differential effects on
markers of insulin sensitivity and bone turnover in overweight/obese postmenopausal women
during 6 weeks of caloric restriction (weight loss; WL, n = 39) compared to weight maintenance
(WM, n = 37). Seventy-six women (57 £ 6 years) completed this study and the WL groups lost 4 +
1% of body weight. Baseline serum 25-hydroxyvitamin D (250HD) was 24.8 + 5.6 ng/mL at
baseline; the rise was greatest in WL-D group (p < 0.05). There was an interaction between
vitamin D intake and weight on serum OC, insulin, glucose and markers of insulin sensitivity (p <
0.05). The change in OC was explained by changes in serum 250HD and insulin (model R 2 =
25.6%). Overall, vitamin D supplementation and CR influence serum osteocalcin levels and
modestly favor improvements in insulin sensitivity.
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1. Introduction

The effect of vitamin D on calcium metabolism and bone health are well established and
recommended dietary intakes (RDA) were established based on this outcome (IOM, 2011).
There are also numerous purported nonskeletal effects of vitamin D such as amelioration of
insulin resistance, cardiovascular disease, and neo-plastic diseases, but studies for these
outcomes either show inconsistent results or cannot establish a cause and effect relationship
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(IOM, 2011; Rosen et al., 2012). There is strong evidence for a role of calcitriol in the
synthesis and secretion of insulin in beta islet cells as shown in rodent and cell studies (Cade
and Norman, 1987; Norman et al., 1980; Pittas et al., 2007) and therefore, should influence
insulin sensitivity outcomes in diabetes. Several observational studies have shown that
serum 25-hydroxy-vitamin D (250HD) is inversely associated with the prevalence of
diabetes, although the associations remain inconclusive (Mitri et al., 2011; Seida et al.,
2014). Randomized studies using vitamin D supplementation in individuals without diabetes
show mixed results. Most studies indicate that vitamin D supplementation in persons with
established diabetes has no effect on insulin resistance (Kampmann et al., 2014), although
some studies show that vitamin D supplementation is associated with improvements in
parameters of glucose tolerance in patients without a prior diagnosis of diabetes (Belenchia
et al., 2013; Dutta et al., 2014). There are a few reasons that vitamin D supplementation may
attenuate insulin resistance, such as a paracrine effect to upregulate 1,25-hydroxyvitamin D
synthesis in the beta cell, or attenuate inflammation or fat infiltration in skeletal muscle, but
the mechanism is not clear (Muscongiuri et al., 2014).

Osteocalcin (OC) is a 5700 K da extracellular bone matrix Gla protein and a marker of bone
formation. Recent reports suggest that OC may influence the regulation of energy
metabolism and glucose homeostasis (Lee et al., 2007). The synthesis of OC and the
carboxylation of its glutamyl residues are dependent on vitamin K (Booth et al., 2013;
Gundberg et al., 2012). It has been shown that PTH and 1,25-dihydroxyvitamin D increase
the expression of OC (Carvallo et al., 2008; Jiang et al., 2004). In addition, lower 250HD
levels are associated with lower OC concentrations (Fonseca et al., 1988). The levels of OC
are low in subjects with glucose intolerance or in those at increased risk of type 2 diabetes
(Diaz-L6pez et al., 2013; Dobnig et al., 2006). Osteocalcin increases again with improved
glycemic control, whether this is achieved by medications or weight loss alone (Rosato et
al., 1998; Sayinalp et al., 1995). Multiple mechanisms have been proposed whereby OC may
influence insulin sensitivity, but it is still not clear (Ferron et al., 2008; Gower et al., 2013;
Lee et al., 2007).

Weight reduction leads to improvements in insulin sensitivity and causes alterations in bone
regulating hormones (Shapses et al., 2013). For example, it is well known that serum levels
of 250HD are low in obesity, and increase with weight loss (Ekwaru et al., 2014; Shapses et
al., 2013; Zittermann et al., 2014). Furthermore previous studies show that with a greater
and long-term weight reduction there is also a modest improvement in osteocalcin levels that
are associated with improved insulin sensitivity in both animal and human studies (Gower et
al., 2013; Lee et al., 2007). Because vitamin D increases gene expression of OC, arise in
serum 250HD due to weight loss and/or vitamin D supplementation may positively affect
OC and metabolic outcomes. To test this hypothesis, we used a randomized double-blind
controlled trial to examine whether vitamin D supplementation influences OC and other
markers of bone turnover and insulin sensitivity in older overweight/obese women during
short term caloric restriction or weight maintenance.
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2. Subjects and methods
2.1. Subjects

Postmenopausal women who reported no menstruation for at least 2 years prior to the study
were recruited. The inclusion/ exclusion criteria are described in the parent study (Shapses et
al., 2013) with primary outcome on calcium absorption. Participants (ages of 50-70 yrs)
were free from any disease states or medications known to influence bone metabolism or
glucose/insulin. Subjects were screened for serum 250HD levels and were excluded if levels
were >30 ng/mL, or had a fasting blood glucose >126 mg/dL. Other exclusion criteria
included abnormal creatinine clearance, blood urea nitrogen, calcium and phosphorus levels,
as described previously (Shapses et al., 2013). For patients who were taking thyroid
medications, a stable dose for the past 2 or more years was required for inclusion, and none
reported any change in medication when questioned during the intervention. Subjects
between BMI 25 and 40 kg/ m 2 were included. Before initiation of any study procedures,
subjects signed an informed consent approved by the Institutional Review Board at Rutgers
University and an external advisory board. This trial was registered at clinical trials.gov
(NCT00473031).

2.2. Study design

Postmenopausal women were enrolled in a 6 week intervention trial using a standard life
style modification program to lose weight (WL) or maintain weight (WM). Briefly, women
in the WL group followed a standard nutrition education and behavior modification weight-
reduction program with the goal to reduce energy by 500-600 kcal/day while maintaining
habitual exercise levels. Women in the WM group were asked to maintain their weight for 6
weeks and then offered a couple of free weight loss counseling sessions with the dietitian as
incentive to improve adherence during the maintenance period. Subjects were stabilized to
1.2 g calcium and 400 1U vitamin D/day, beginning 1 month prior to baseline measurements
using a multivitamin (NatureMade Multi 50+) and a calcium supplement without added
vitamin D (200 mg calcium citrate/tablet, Citracal, Bayer, NJ) as needed, based on dietary
intake, and continued throughout the intervention. The multivitamin contained 200 mg Ca,
10 ug (400 1U) vitamin D3, 10 pg vitamin K, 100 mg magnesium, and 48 mg phosphorus, in
addition to other standard micro-nutrients. The extra Ca supplement was only given if Ca
intake was less than 1.2 g from habitual dietary intake and the daily multivitamin/mineral
supplement. After baseline measurements, all subjects continued to take the multivitamin,
but were also randomly assigned in a double blind manner to either vitamin D3 supplements
(15,000 I1U) or matching placebos (Bio Tech Pharmacal, AR, USA) were given once weekly
for 6 weeks. Subjects in the higher vitamin D3 group averaged 2500 1U/d (2100 IU from
vitamin D3 supplement + 400 IU from multivitamin) and those in the placebo received 400
IU/d of vitamin D3 (placebo + 400 IU from multivitamin). This study was designed to
ensure that all participants received the RDA for vitamin D (at the time of the intervention),
and hence even the placebo group received a 400 1U supplement of vitamin D3. The higher
dose of vitamin D was calculated to raise serum 250HD levels to serum 250HD levels >30
ng/mL in this overweight/ obese population based on preliminary data in the laboratory. In
addition, this is consistent with recent estimations for the response of serum 250HD based
on a given vitamin D intake in the obese (Ekwaru et al., 2014; Zittermann et al., 2014).
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2.3. Weight, height and food records

Weight and height were measured with a balance beam scale and stadiometer, respectively
(Detecto, Webb City, MO). At each morning visit, weight was recorded with minimal
clothing. Food records were collected for at least 3 days during the month prior to the study,
and also during the study. In addition, a Ca and vitamin D food frequency questionnaire was
used to estimate intake at baseline. These data were analyzed and reported previously
(Shapses et al., 2013).

2.4. Blood and urine analysis

Fasting blood and urine samples were collected at baseline, and weeks 3 and 6. Serum and
urine were stored at =80 °C, in our laboratory until further analysis. Serum 250HD was
measured by radioimmunoassay (RIA) from Diasorin (DiaSorin, Stillwater, MI, CV <
12.5%). Our laboratory participates in a vitamin D external quality assessment scheme
(DEQAS) that monitors the performance of our 25(OH)D assay. Intact PTH was determined
by immunoradioassay (Scantibodies, Santee, CA, inter- and intra-assay CV < 6.8%). Bone
formation markers such as osteocalcin (BTI, Sloughton, MA, CV < 9%), pro-peptide of type
1 collagen (P1NP, Orion Diagnostica, Finland, CV < 10.2%), serum N-telopeptide of type |
collagen (NTx) (Scarborough, ME, USA with CV < 6.9%) and deoxypyridinoline (DPD,
CV < 10%) were measured in the urine by reverse-phase HPLC and fluorescence detection
and normalized for creatinine excretion. All CV are for the inter and intra assay differences
as reported in the assay kit. Serum insulin and glucose were measured using ELISA and
hexokinase reagent, respectively. Homeostatic model assessment (HOMA)-IR [glucose
(mg/dL) x insulin (UU/mL)/405] was used to estimate insulin resistance. The quantitative
insulin sensitivity check index (QUICKI) was calculated using the formula: 1/log fasting
insulin (UU/mL) + log (fasting glucose, mg/dL) as an index of insulin sensitivity.

2.5. Statistical analysis

The goal in this study was to determine whether vitamin D supplementation and weight loss
influence bone turnover and insulin sensitivity. Power analysis is based on a previous study
that showed changes in osteocalcin levels due to weight reduction (Riedt et al., Q9 2005).
Based on this study, in order to detect a moderate effect size for changes in osteocalcin
between groups, at a power of 80% power (alpha = 0.05), we needed at least 15 participants
per group. Additional participants were recruited to account for potential drop-outs in the
study. Differences between groups at baseline values were assessed by 1-way ANOVA. The
influence of treatment (D or placebo) and weight (WL or WM) on the hormones, bone
turnover markers and insulin sensitivity was measured using two-factor factorial ANOVA.
We further used race as a covariate in an analysis of covariance (ANCOVA) model . Post-
hoc analysis using Tukey's test was done when the model F ratio was significant. Multiple
regression analysis was performed with the change in OC as the dependent variable and
changes in insulin, glucose, 250HD and PTH as independent variables. SAS Statistical
Package (version 9.2; SAS Institute, Cary, NC) was used for the analysis. Values are
expressed as mean + SD. P values <0.05 were considered significant.
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3. Results

The mean age of the participants was 57 + 6 years and the BMI was 31 + 4 kg/m2. Fig. 1
shows the enroliment of participants in the study. The baseline characteristics of the
participants who completed this trial are given in Table 1. Women were primarily
Caucasians and the race distribution was different between groups, with 4 African
Americans (AA) in the D-WL group, 3 AA, 1 other and 1 Asian in the D-WM group, 1 AA
and 1 Hispanic (H) in the PI-WL group and 2 AA and 1 H in the PI-WM group. There was 1
participant with pre-diabetes in each group (WL-D, WM-D and WL-PI) except for 2 with
pre-diabetes in the WM-PI groups. At baseline, 23% of women had a serum 250HD < 20
ng/mL (ranging from 11.4 to 19.8 ng/mL), that were equally distributed between groups.
Compliance was monitored at weekly visits, using pill counts. Participants were asked to
bring back their pillboxes and we examined the number of remaining pills in the container.
There was no evidence of non-compliance to vitamin D or other supplements over the 6
weeks.

Women lost 6.9 + 2.6 kg in the WL group and -0.43 + 2.7 kg in WM group and with no
differences between vitamin D and PI groups (Table 1). There was a main effect of vitamin
D supplementation to increase serum 250HD, and post-hoc analysis indicated that the
greatest rise was in WL-D group (+32.4 £+ 23.5%) compared to other groups (p < 0.05) (Fig.
2). There were no differences in the change in PTH concentrations between the groups
(Table 1). Interestingly, markers of bone formation and resorption did not differ between
groups, except for OC concentrations. The interaction between vitamin D intakes and weight
change on serum OC was significant (p < 0.02). Serum OC concentrations did not change
significantly from baseline in any group. There was an interaction between vitamin D and
weight loss for insulin (p < 0.05) and glucose (p = 0.02) (Fig. 2), and for HOMA and
QUICKI (Table 1). For all glycemic indices, the decline in serum concentrations of insulin,
glucose, HOMA and QUICKI was greatest in the WL-D group compared to the WM-D
group (p < 0.05) (Table 1, Fig. 2).

A multiple regression analysis examining the relationship between changes in osteocalcin
and other variables is shown in Table 2. Changes in 250HD, PTH, insulin and glucose are
used as independent variables and OC as the dependent variable. The change in serum OC
was positively and negatively predicted by the change in 250HD and insulin, respectively
(model R? = 25.6%) and this was observed only during weight loss (Table 2).

4. Discussion

Vitamin D supplementation (2500 1U/d) compared to 400 1U/d had no effect on markers of
insulin resistance after a 6 week intervention in postmenopausal obese/overweight women.
However, the higher dose of vitamin D reduced serum glucose, insulin and HOMA in
women during caloric restriction. In addition, vitamin D supplementation compared to
placebo did not influence markers of bone turnover. This is consistent with findings that
weight loss increases bone turnover, but only under conditions of inadequate calcium intake
(Jensen et al., 2001; Riedt et al., 2005). The change in OC showed a positive association
with the change in serum 250HD and a negative trend with insulin and HOMA. The effects
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of vitamin D supplementation on markers of insulin sensitivity have not been consistent.
Similar to previous findings (Seida et al., 2014), these data indicate that short term vitamin
D supplementation did not improve insulin sensitivity in healthy women. However, we
found that the combination of vitamin D supplementation and caloric restriction
significantly influenced insulin sensitivity, and that this is partially explained by serum OC
that showed an interaction between groups.

Serum osteocalcin levels have traditionally been considered a marker of bone formation.
The vy-carboxylation of OC, a bone matrix GLA protein, is dependent on vitamin K, however
vitamin D increases transcription and gene expression of total OC (Patti et al., 2013).
Osteocalcin has been shown to have a positive role in glucose metabolism and to increase
with improved glucose control. This is possibly due to its role in inducing insulin production
by pancreatic [ cells and adiponectin secretion from adipocytes (Lee et al., 2007). Also, OC
has been shown to increase basal and insulin stimulated glucose transport in adipocytes
(Ferron et al., 2008). In animal models and cell studies, OC that is not y-carboxylated
(ucOC) is reported to affect glucose metabolism (Lee et al., 2007). In most clinical trials,
there is a consistent effect of total OC influencing glucose metabolism, although the role of
ucOC remains inconclusive (Booth et al., 2013; Diaz-Ldpez et al., 2013; Douglas et al.,
1995; Gower et al., 2013). It has been suggested that the discrepancy between studies may
be because the effect requires the presence of impaired glucose tolerance (Booth et al., 2013;
Gower et al., 2013). In addition, studies using vitamin K or warfarin that shift the ratio of
carboxylated OC and ucOC have no effect on glucose homeostasis (Gundberg et al., 2012).
This study was not designed to address this question. However, because vitamin K intakes
were similar in the 4 groups due to diet and supplementation (~90 ug/d), carboxylation of
OC should not have been influenced by differences in intake. In the current study, we
examined the role of vitamin D on total circulating OC since it is known to increase OC
gene expression (Stein et al., 1996). Others have shown that vitamin D supplementation
does not alter serum total OC (Je et al., 2011; Von Hurst et al., 2010) or ucOC
concentrations (O'Connor et al., 2010). In the current study, vitamin D supplementation also
had no effect on total OC under any of the conditions, although it correlates with changes
serum 250HD during caloric restriction.

The mechanism whereby vitamin D may be acting on OC is not clear, but 1,25(0OH),D3 has
shown to increase the gene expression of OC (Carvallo et al., 2008; Jiang et al., 2004). In
addition, vitamin D promotes osteoblast maturation, and OC is released by the mature
osteoblast (Stein et al., 1996). Other bone formation markers, PLNP and BAP, are released
during early phases of osteoblast cell cycle, while OC is released during later osteoblast
maturation. Therefore, since vitamin D mediates progression of osteoblast differentiation, it
is possible that it promotes OC synthesis in the more mature osteoblast (and OC synthesis)
without an effect on early markers (PINP) of osteoblast maturation. Our study does not
support the hypothesis that vitamin D supplementation increases serum levels of total OC,
although it influenced changes in OC during caloric restriction. It is interesting that only OC
and no other bone markers differed between groups. This supports the findings by other
researchers (Lee et al., 2007), that osteocalcin may be a unique marker of bone formation
due to its role in energy metabolism and also changing differently compared to other
markers of bone turnover. Other studies have shown that bone resorption markers Q10
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increase with weight loss (Shapses and Sukumar, 2012), but the absence of change here may
be due to the individualized calcium intake that met the recommended intakes.

Strengths and limitations of this study are the following. The study employs a randomized
double blinded approach to assess the influence of vitamin D supplementation and weight
loss on bone turnover markers and regulating hormones. Furthermore, the performance of
the 250HD assay in our laboratory is monitored using DEQAS, which is an international
quality assurance group. Furthermore, to avoid the influence of sun on 250HD measures,
these studies were carried out in the winter and early spring. Women who were enrolled in
the study were primarily Caucasians and the potential generalizability of the data may also
be a limitation, since and thus results may not apply to other ethnic groups. Another
limitation is that our study design did not include measuring undercarboxylated form of OC,
which has been shown to have an effect on glycemic indices in murine studies (Ferron et al.,
2008; Lee et al., 2007), and should be included in a future study that could further examine
the role of vitamin K in addition to vitamin D supplementation.

The effect of vitamin D supplementation on insulin resistance is significant when
overweight/obese individuals are losing weight. In contrast, vitamin D supplementation
alone or caloric restriction alone did not elicit an OC or glucose response. This may be
simply due to the attenuated rise in serum 250HD in the weight stable women compared to
those adhering to caloric restriction. Alternatively, it is possible that the change in OC is
additive with vitamin D treatment. In conclusion, this randomized controlled trial indicates
that vitamin D supplementation in healthy overweight/obese older women shows a modest
favorable effect on insulin sensitivity, but this is only significant in the presence of caloric
restriction.
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Participant flowchart for study. WL, weight loss; WM, weight maintenance. Eligibility for
this study required sample availability for glycemic indices and bone turnover markers
analysis that were secondary outcomes in for the original study design.
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Fig. 2.

Changes in serum 25-hydroxyvitamin D (250HD), insulin and glucose due to 6 week

Page 11

intervention with vitamin D supplementation. All groups received a multivitamin with 400
IU/d and were then randomized to 2500 1U vitamin D/day (D) or placebo (PI) in weight loss
(WL) and weight maintenance (WM) groups of postmenopausal women. The four groups
are WL-D (n = 19), WM-D (n = 20), WL-PI (n = 18) and WM-PI (n = 19). Values are mean
+ SEM. P values are shown for two-factor ANOVA for vitamin D (D or PI) and weight (WL

or WM).
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Table 1

Baseline characteristics and change in body weight, insulin sensitivity and bone turnover markers after 6

weeks with vitamin D3 supplementation or pIaceb01234567.

Baseline Weight loss change (%) \(lo\je)ight maintenance change VitD ~ Weight 1nteraction
b
WL-D(N=19) WL-PI(N= WM-D(N= WM-PI(N= Pvalue
20) 18) 19)
Weight (kg) 792+125 37+122 -3.9+1.12 —043+17° -01+16b 0.909  <0.001  0.4001
250HD(ng/mL) 248+56  324+235% 6.9+17.6%¢  17.0+21.7¢  4.1+157M <0001 0051 0172
PTH (pg/mL) 415+196 -2.8+308 1.5+439 -4.8+34.7 10.5 +27.2 0.2237  0.664  0.493
HOMA-1R 051+020 -188+26.028  46+28.7° 11.0+31.3° -0.75+33.9%  0.432 0.102 0.020
QUICKI 05+0.04  4.9+65° 0.02+ 4.7 —1.145.3P 1.4 +7.5% 0428 0118 0013
Osteocalcin (ng/mL) 8.4 £2.2 1.4£20.12 -135+1560 -83+16.7%% —42+147%  0.169 0.957 0.017
PINP (ug/L) 482+184 19+207 33+157 42+95 0.6+ 156 0789 0939 0508
NTx (BCE) 12.6+44 -58%225 -9.6+19.5 7.7+289 -3.9+26.6 0.198 0106 0513
DPD(nmol/mmol) 6426 1.5+36.6 0.4 £345 14.2+28.3 73359 0549 0166  0.732

1Values represent the mean + SD.

2Abbreviations: 250HD, 25-hydroxyvitamin D; PI, placebo; PTH, parathyroid hormone; NTx, N-telopeptide of type-1 collagen; DPD,
deoxypyridinium crosslinks/creatinine; PLNP, propeptide of type 1 collagen, HOMA: homeostatic model assessment, QUICKI : quantitative
insulin sensitivity check index.

Vitamin D3 includes 2 levels of intake (the vitamin D group received 15,000 1U once weekly from a supplement plus 400 1U/d from a
multivitamin equivalent to 2500 1U/d; the Placebo group received once weekly placebo tablet plus 400 IU vitamin D/d from a multivitamin).

Baseline values did not differ significantly between groups as assessed using a one way ANOVA and is presented as a combined mean for 4
groups.

P value is for a two-way factorial ANOVA for weight (WL/WM) * vitamin D (vit D/placebo) treatment. Post-hoc analysis (Tukey's test) was done
when the model F ratio was significant. Different superscripts in the same row indicate significant differences between groups.

6 . . )
All baseline blood samples were taken between January and February and all endpoint blood samples were taken between March and the first
week of April.

7An ANCOVA analysis was done using race as a covariate in the analysis. This analysis did not change any findings including significant findings

(OC =0.013), Ins 0.046, HOMA = 0.020, QUICKI = 0.015.
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Table 2
Multiple regression model for the change in serum osteocalcin levels and the relative influence of hormones

and glycemic indices in women over 6 weeks of caloric restriction™.

Osteocalcin Model R? (%) = 25.6

R2 Std B P
250HD 15.6 0.386 0.032
PTH 0.02 -0.016 0.927
Insulin 9.2 -0.339 0.062
Glucose 0.8 0.093 0.607

Abbreviations: 250HD, 25-hydroxyvitamin D; PTH, parathyroid hormone; Std B, standardized beta coefficient.

aThese data are for the women in the weight loss group (n = 39). There were no significant predictors for changes in osteocalcin in the weight
maintenance group (n = 37) or in the entire group (n = 76).
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