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The purpose of this review was to confirm a volumetric dilution of vitamin D in obesity. It was
based on the hypothesis that weight loss, particularly fat loss, would increase serum 25-
hydroxyvitaminD (25OHD) in the obese.We conducted a systematic review of the literature over
the last 21 years and included human trials that reported changes in 25OHD, weight, or body
composition after weight loss. Study arms were excluded if vitamin D was supplemented,
dietary intake exceeded 800 IU/d, or extreme sun exposure was reported. Eighteen of 23 trials
that met our criteria documented an increase in vitamin D status with weight loss.
Metaregression analyses indicated a marginally significant effect of weight loss on unadjusted
weightedmean difference of 25OHD (β = −0.60 [95% confidence interval {CI}, −1.24 to +0.04] nmol/
L; P = .06) and after adjustment for study quality (Jadad score ≥3) (β = −0.64 [95% CI, −1.28 to +0.01]
nmol/L; P = .05). The effect of percent fat mass on weighted mean difference of 25OHDwas also
marginally significant before (β = −0.91 [95% CI, −1.96 to +0.15] nmol/L; P = .08) and after
adjustment of study quality (β = −1.05 [95% CI, −2.18 to +0.08] nmol/L; P = .06). Collectively, these
outcomes support a volumetric dilution of vitamin D. The slopes of the respective regression
lines, however, indicate a smaller increase in 25OHD than would be expected from a direct
mobilization of stores into the circulation. Hence, sequestration of 25OHD and its conversion to
inactive metabolites would also play a role. Future studies could relate changes in body fat
compartments to the enzymatic regulation of 25OHD in response to weight loss.
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1. Introduction

Vitamin D and parathyroid hormone are essential for calcium
homeostasis and bone metabolism [1]. There is accumulating
evidence that vitamin D plays an important role in
extraskeletal health and diseases such as diabetes mellitus,
cancers, cardiovascular disease, and autoimmune disorders
[2-5]. Serum 25-hydroxyvitamin D (25OHD) is the best clinical
indicator of vitamin D status [1], and based on current cutoffs,
the prevalence of vitamin D insufficiency worldwide is high.
The escalating obesity crisis potentially contributes to this
increasing incidence of vitamin D insufficiency because obese
individuals have lower levels of 25OHD than their nonobese
counterparts [6-8]. In fact, inverse associations among body
weight, body mass index (BMI), and measures of body fatness
with vitamin D status have been found across the lifespan
[4,7,9,10]. Differences in 25OHD levels can be attributed to age,
race, geography, skin color, habitual clothing, and sun
exposure among other factors [11]. However, as vitamin D is
fat soluble, it is commonly considered that the lower levels in
the obese could also be due to uptake by adipose tissue (AT)
and its clearance from plasma.

Rosenstreich et al [12] were the first to propose that ATwas
the major storage site of vitamin D and that its release from
this tissue was quite slow. Based on the available evidence
from animals and man, Heaney et al [13] have confirmed that
the distribution of 25OHD was highest in fat mass (FM) (34%),
followed by serum (30%) and then muscle (20%). Worstman
et al [14] instead referred to “sequestration” of 25OHD for their
observation that ultraviolet B radiation resulted in a signifi-
cant increase in serum vitamin D3 in nonobese compared to
obese individuals. This implied that vitamin D “disappeared”
into AT and other tissues and was not immediately available
in plasma for further metabolic activity. Such a phenomenon
would account for the lower bioavailability of the vitamin in
the obese [14]; however, the mechanisms controlling the
deposition and release of vitamin D from AT are still
unknown [15].

Drincic et al [16], however, support the theory of volumet-
ric dilution, which implies that plasma levels of the vitamin
decrease as body size and hence fat stores increase. It follows
that, if fat stores decrease, there ought to be a greater return
of vitamin D into plasma resulting in increased vitamin D
status. In a cross-sectional study, Drincic et al [16] identified
body weight as the single strongest predictor of 25OHD levels,
followed by FM. Their best fitting model relating 25OHD and
body weight was a hyperbola, which indicated that body
weight explained 13% of the variance in 25OHD. A visual
inspection of the regression line shows that the slope is
steeper at a body weight less than 90 kg but gets progressively
shallower at higher body weights [16]. Hence, an obese
individual of 100 kg would need to lose a considerable amount
of weight to benefit from an appreciable increase in 25OHD.
The results of a clinical trial would support this interpretation
because categories of weight loss less than 15% of baseline
brought about increases of 5.3 to 8.3 nmol/L in 25OHD,
whereas above a value of 15%, there was more than a
doubling of this effect [17]. A caveat to such expectations
would be the extensive conversion of released vitamin D to
metabolites other than 25OHD, which would not be detected
by the specific 25OHD assay used (Fig. 1).

It is unclear how 25OHD is handled once taken up by
different body tissues such as AT and skeletal muscle. Both
tissues are metabolically active, and the vitamin D receptor
(VDR) is expressed in them [18,19]. Hence, a paracrine role in
these tissues may account for some of the sequestration
effect. Alternatively, if these tissues merely act as a store for
the vitamin, then a sizeable amount would be available for
release into plasma after tissue mobilization in response to
weight loss [20]. There is also the possibility that both
sequestration and volumetric dilution coexist in obese
individuals. In Fig. 1, we schematically depict the basis of
this review and the potential storage and release of 25OHD in
an obese individual during weight loss. We focused on the
larger stores of AT seen in overweight/obese individuals to
allow for the best chance for hypothesized effects. We also
negated the contribution from external sources of vitamin D
by excluding study armswith vitamin D supplementation and
those that reported excessive sunlight exposure during their
trials. In this systematic review, we embarked on the
hypothesis that weight loss without supplementary vitamin
D would result in an increase in plasma 25OHD. We
entertained the possibility that changes in 25OHD might be
explained by volumetric dilution effect, sequestration effects,
or other mechanisms (Fig. 1).

1.1. Systematic review

The aimof the searchwas to identify trialswithweight loss that
measured change in vitamin D status, but without vitamin D
supplementation. Accordingly, placebo arms of trials that used
vitamin D supplementation were included because we were
only interested in relating the change in the 2 variables. Studies
were identified through a systematic electronic search of
Web of Science and PubMed Central databases over the
period January 1994 to October 2015. One author (PP) conducted
the search using the following terms: vitamin D, vitamin
D-3, 25-hydroxy-vitamin D, 25-hydroxyvitamin D, serum 25-
hydroxyvitamin D, 1,25-dihydroxyvitamin D3, 25OHD, chole-
calciferol, 25-OH vitamin D, 25-hydroxycholecalciferol, or
serum 25OHD, and obese, overweight, caloric restriction,
weight loss, fat mass, fat free mass, body mass index, BMI, or
adipose tissue. Only articles published in the English language
were included.

At the identification stage, the abstract was read, and the
articles were selected, according to the following inclusion
criteria: human clinical trials, weight loss study (through
energy restriction, increased physical activity, or both),
measurement of weight loss or body composition, study or
placebo arm(s) without vitamin D supplementation, over-
weight/obese subjects, and change in serum 25OHD. Exclu-
sion criteria included the use of the following terms in the
abstract: vitamin D supplementation in all study arms,
vitamin D–enriched foods greater than 800 IU/d, animal
studies, gastric bypass/bariatric surgery studies, and dupli-
cates of the same article retrieved from the 2 different
databases. At the screening stage, the full text was read, and
articles were screened based on the following inclusion
criteria: change in serum 25OHD measured, included data



Fig. 1 – The potential pathways influencing 25OHD in obese individuals before and after weight loss. Solid lines in arrows
indicate established mechanisms; dashed lines in arrows indicate potential mechanisms.
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for at least 1 index of weight change, and weight loss as the
primary or secondary outcome. Articles were excluded if
vitamin D supplements were used, diets included foods
enriched with vitamin D to result in greater than 800 IU/d, or
extreme exposure to sunlight was indicated. Additional
studies were sourced by manually searching the reference
list and included 2 published studies from our laboratory
[21,22]. After eligibility was determined, all randomized
controlled trials (RCTs) were graded for their quality according
to the Jadad score, with values greater than or equal to 3,
indicating a high quality study [23], whereas 9 single-stranded
studies were graded as zero. The overall process is outlined in
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Protocols (PRISMA) [24] flow diagram (Fig. 2).

Data extraction was carried out by 1 investigator (PKP) on
an excel spreadsheet developed by the statistician (YZ).
Another investigator (MJS) cross-checked quality criteria
assessment and data entry. Any discrepancies were reviewed
and discussed. The change in mean and SD was calculated for
body weight, FM, fat free mass (FFM), or BMI, for studies that
provided only prevalues and postvalues. Where necessary,
vitamin D intake data were converted to international units
per day; and 25OHD status, to nanomoles per liter. Fat mass
was extracted as percentages; and FFM, as kilograms, as most
articles presented their data in this manner. All subjects were
overweight or obese at baseline; thus, FM (percentages) is an
appropriatemeasure during weight loss studies. Furthermore,
it is common to use FM (percentages) and FFM (kilograms) to
evaluate nutrition status [25].
2. Methods and materials

2.1. Statistical analysis

2.1.1. Meta-analysis main effects
Theprimary outcomewas the relationship of change invitamin
D status and change in weight/obesity status. The change in
vitamin D status was calculated as postvalue minus the
prevalue where a positive value implied an increase in the
25OHD status. Changes in the 4 main factors of interest in our
article, (i) weight (kilograms), (ii) BMI (kilograms per square
meter), (iii) FM (percentages), and (iv) FFM (kilograms), were also
calculated as postvalue minus the prevalue; hence, a negative
value implied a reduction in the 4main factors. Some RCTs had
multiple treatment arms. Each arm was included as a separate
study in the meta-analysis. Both fixed-effects and random-
effects meta-analysis models were carried out to obtain the
weighted mean difference (WMD) of vitamin D status based on
the studies included, to extrapolate results to the general
population. To test for heterogeneity and identify the potential
sources of heterogeneity, I2 statistics and Galbraith plot were
used. Potential publication and small sample size bias were
assessed by visual inspections of funnel plots and Egger test.

2.2. Confounders

Potential confounders considered for analyses were mean age
of subjects, percentage of females in each trial, duration of



Sc
re

en
in

g

Records identified
from Pubmed and Web of Science

(n = 3966).

Records excluded (n = 3920)
as duplicates (n = 52) and not
meeting criteria (n = 3868).

Records excluded as not
meeting criteria (n = 25).

Studies eligible and included
in tables for review (n = 23).

Studies included and data extracted
for meta-regression (n = 18).

Records screened by reading full
text (n = 48).

In
cl

ud
ed

E
lig

ib
ili

ty
Id

en
ti

fi
ca

ti
on

Studies excluded) for
insufficient data despite
author contact (n = 5).

Records identified
through other sources (n = 2).

Fig. 2 – PRISMA flow diagram for vitamin D status and weight loss.
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trial, vitamin D content in food (international units per day),
total vitamin D intake in trial (international units per day ×
duration of trial), and season [26,27]. In our experience, age
and sex (percentage of females) are potential confounders as
they worked in opposite directions in regard to the effect of
vitamin D supplementation on body weight [26]. In this
article, variations in 25OHD between sexes may be due to
differences in body composition, with women having a higher
percentage of FM [6,28]. Duration of intervention may make a
contribution to 25OHD because greater weight loss can be
expected over a longer intervention period [29]. An effect of
season is potentially intertwined with duration of study.
Weight loss studies commencing in winter and lasting over
summer may result in an increase in 25OHD due to season
that will confound the expected increase due to greater
weight loss [30]. However, we could not control for season as
this was stated in only 4 studies [22,31-33]. The trials included
in this review had also used a range of assays to measure
25OHD. These included radioimmunoassay (RIA) (n = 12),
chemiluminescence immune assays (CLIA) (n = 4), competi-
tive protein binding assays using rachitic rat kidney cytosol
(CBA) (n = 1), enzyme-linked immunosorbent assay (ELISA)
(n = 1), electrochemiluminescent immunoassay (ECLIA) (n =
1), liquid chromatography mass spectrometry (LC-MS) (n = 2),
and not reported (n = 2) (Table 1). Potential control for assays
was considered but was not carried out due to the limited
number of high-quality studies using the same technique (RIA
n = 6, CLIA n = 2, ELISA n = 1). Body composition techniques
also varied, including dual-energy x-ray absorptiometry
(DEXA) (n = 12), bioelectrical impedance analysis (BIA) (n =
6), skinfold thickness measurements, and equations (n = 2),
and 3 studies did not report their method. Because of the
variation in body composition techniques used and the
limited number of high-quality studies using the same

image of Fig.�2
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technique (DEXA n = 6, BIA n = 1), no subgroup analysis
was attempted.

2.3. Metaregression analysis

Separate unadjusted and adjusted random-effectsmetaregression
analyses were carried out to investigate the independent
contribution of the changes in the 4main factors on theWMD
of vitamin D status. A restricted maximum likelihood
estimation method with backward elimination regression
procedure was used in the metaregression analyses. Bubble
plot was obtainedwith the size of the “bubble” proportional to
the precision of the estimate for each of the 4 individual
factors. The metaregression analyses were conducted in 3
steps: (1) unadjusted; (2) adjusted for study quality where a
Jadad score was treated as a categorical variable (0 < 3, 1 ≥ 3);
and (3) further adjustment for age, percentage of females,
duration, and vitamin D in study diets (international units per
day). All data analyses were carried out by Stata version 12
(2011, Stata Statistical Software: Release 12; StataCorp LP,
College Station, TX, USA). P < .05 was considered as statisti-
cally significant.
3. Results

3.1. Systematic review

The search strategy generated 23 studies (14 RCTs and 9 single-
stranded studies) whose key features are presented in Table 1.
Of these studies, 12 were conducted in Europe [31-33,35-
37,39,41,43,46-48]; 5, in the United States [17,34,38,40,45]; 2, in
Canada [44,50]; 2, in Australia [21,22]; and 2, in the Middle East
[42,49]. The study settings were all outpatient studies in a
university setting or outpatient clinics. The 23 studies consisted
of 2085 participants, with 74% being female, ages ranging from
12 to 62 years and study duration from 2 weeks to 2 years. All
participants were overweight or obese at baseline. We found
that, in 17 of 23 eligible studies, a significant increase in 25OHD
was observed with a decrease in weight [17,31-33,36-39,
41-48,50], a decrease in BMI in 15 studies [11,31-33,36,37,39,41,
43-46,48-50], a decrease in percent fat mass (%FM) in 14 studies
[17,32,33,37-41,43-47,50], and a decrease in FFM in 4 studies
[32,38,44,46] (Table 1). Overall, 5 of these studies reported a
significant association (P < .05) between 25OHD and any index
of weight change [37,46-48,50], and 1 study reported a nonsig-
nificant association [43] (Table 1).

Nine of 23 trialswere assessed ashigh-quality studies (Jadad
≥3) and consisted of 1104 participants, with 80% being female,
ages ranging from 32 to 58 years [17,21,22,31,33,34,38,41,42]. Of
these 9 studies, a significant increase in 25OHD was observed
with a decrease in weight in 5 studies [17,33,38,41,42], a
decrease in BMI in 3 studies [17,33,41], a decrease in %FM in 4
studies [17,33,38,41], and a decrease in FFM in 1 study [38].

3.2. Metaregression analysis

Metaregression models were run unadjusted and adjusted for
the effect of the confounders. However, none of the
confounders was found to make a significant contribution to
the change in theWMD of vitamin D when tested individually
or in combination. We hence report the results obtained from
the unadjusted regression analyses on (1) all weight loss
studies (Table 2) and (2) adjusted for study quality (Table 3).

3.3. The effect of weight loss

The metaregression analysis for 34 arms of 17 weight loss
studies included 1522 subjects and a mean age of 45 years
[17,21,22,31-36,38,39,41,43-45,47,50]. The relationship favored
a marginally significant increase of 6.0 nmol/L (95% CI, −12.42
to +0.47) in the WMD of 25OHD for an average weight loss of
10 kg (P = .06) (Table 2). When adjusting for quality of study,
this association was close to significance (P = .05), with an
increase of 6.4 nmol/L (95% CI, −12.85 to +0.12) in WMD of
25OHD for weight loss of 10 kg (Table 3).

3.4. The effect of change in %FM

The metaregression analysis for 28 arms of 13 weight loss
studies included 1346 subjects, with a mean age of 44 years
[17,21,22,31-33,38,39,41,43-45,50]. Results were marginally sig-
nificant with an increase of 9.1 nmol/L (95% CI, −19.69 to +1.57)
in the WMD of 25OHD for a 10% loss in %FM (P = .08) (Table 2).
This result approached significance when analysis was
adjusted for quality of studies where an increase of 10.5 nmol/L
(95%CI, −21.87 to +0.85) in theWMDof 25OHD for a 10%decrease
in %FM (P = .06) was observed (Table 3).

3.5. The effect of change in BMI and FFM

The metaregression analyses failed to find any significant
relationship between the change in BMI and in FFM and the
WMD of vitamin D in all study arms even when adjusted for
quality of study (Tables 2 and 3).
4. Discussion

It is yet to be confirmed whether vitamin D is sequestered or
undergoes a volumetric dilution in obesity. We questioned
whetherweight loss in the absence of vitaminD supplementation
would increase circulating 25OHD. In this systematic review, 17 of
23 studies observed an increase in 25OHD with weight loss, but
only 5 of these studies reported a significant correlation coeffi-
cient between the 2 variables [37,46-48,50]. Our metaregression
analysis indicated a near significant association between
weight loss and increase in 25OHD, which suggested that, for
every 10 kg mean weight loss, there could be an average
increase of 6.0 nmol/L in the WMD of 25OHD (Table 2; Fig. 3).
When we adjusted the analysis for quality of study (with a
Jadad score of ≥3 indicative of high quality), the relationship
between change in weight and 25OHD was still near signifi-
cance with no major change in the regression slope (Table 3).
Hence, it would appear that body weight does contribute to a
volumetric dilution of 25OHD [16].

After energy restriction, FM loss is a major portion of
weight loss [51]. Although FFM is also lost, the precise amount



Table 1 – Human trials on weight loss and change in vitamin D status

First author,
year of
publication

Study details Jadad
score

Weight
loss
strategy

Vitamin D in
food (IU/d)

Increase in
vitamin D
status (nmol/L)

Decrease in
weight (kg)

Decrease in
BMI (kg/m2)

Decrease in
FM (%)

Decrease in
FFM (kg)

Assay

Ricci et al 1998 [34] Age: 60 y 4 ER NR No change Yes Yes Yes Yes RIA
Subjects: n = 30 (F)
Duration: 24 wk
Location: USA
Study type: RCT

Jensen et al 2001 [35] Age: NR 0 ER ER: 200
Control: 200

No change Yes Yes NR NR CBA
Subjects: n = 52 (F)
Duration: 24 wk
Location: Denmark
Study type: RCT

Cummings 2006 [22] Age: 53 y 3 ER ER: 78
Control: 78

No change Yes Yes Yes Yes RIA
Subjects: n = 29
(6 M, 23 F)
Duration: 12 wk
Location: Australia
Study type: RCT

Holecki et al 2007 [36] Age: 50 y 0 ER and
PA

NR Yes Yes Yes NR NR RIA
Subjects: n = 62 (F)
Duration: 12 wk
Location: Poland
Study type: Single-
stranded study

Reinehr et al 2007 [37] Age: 12 y 0 ER and
PA

ER and PA: 39 Yes Yes, and significantly
associated (r = −0.27;
P = .013)

Yes Yes NR CLIA
Subjects: n = 156 (79M, 77 F)
Duration: 1 y
Location: Germany
Study type: Single-
stranded study

Riedt et al 2007 [38] Age: 38 y 4 ER NR No change Yes NR Yes Yes RIA
Subjects: n = 31 (F)
Duration: 24 wk
Location: USA
Study type: RCT

Hoelcki et al 2008 [39] Age: 49 y 0 ER and
PA

ER and PA: NR No change Yes Yes Yes NR RIA
Subjects: n = 20 (F)
Duration: 12 wk
Location: Poland
Study type: RCT

Lucey et al 2008 [31] Age: 32 y 3 ER ER 1: 68
ER 2: 56
ER 3: 420
Control: 64

Yes (1 group)
Decrease (3 groups)

Yes Yes NR NR ELISA
Subjects: n = 276 (118M, 158 F)
Duration: 8 wk
Location: Iceland, Spain, Ireland
Study type: RCT
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A vian et al 2009 [40] Age: NR 0 ER NR Yes No change No change Yes NR NR
Subjects: n = 40 (12 M, 28 F)
Duration: 12 wk
Location: USA
Study type: Single-stranded study

O ga et al 2009 [32] Age: 27 y 1 ER ER 1: 128
ER 2: 260

Yes Yes Yes Yes Yes RIA
Subjects: n = 61 (F)
Duration: 2 wk
Location: Spain
Study type: RCT

C n She Ping-Delfos
20 [21]

Age: 57 y 3 ER, ER
and PA

ER 1: 83
ER 2: 129
ER 3 and PA: 131

No change Yes Yes Yes Yes RIA
Subjects: n = 43 (23 M, 20 F)
Duration: 12 w
Location: Australia
Study type: RCT

Z rmanetal 2009 [41] Age: 48 y 5 ER ER: 80 Yes Yes Yes Yes NR RIA
Subjects: n = 83 (22 M, 61 F)
Duration: 1 y
Location: Germany
Study type: RCT

Sh har et al 2010 [42] Age: 52 y 3 ER NR Yes Yes NR NR NR CLIA
Subjects: n = 126 (M, F)
Duration: 2 y
Location: Israel
Study type: RCT

T tzas et al 2010 [43] Age: 40 y 0 ER NR Yes Yes, and associated
(r = −0.367; P = .065)

Yes, and associated
(r = −0.376; P = .059)

Yes NR ECLIA
Subjects: n = 62 (F)
Duration: 20 wk
Location: Greece
Study type: Single-stranded study

Jo e et al 2011 [44] Age: 28 y 2 ER and
PA

ER and PA 1: 28
ER and PA 2: 392
ER and PA 3: 528

Yes (1 group)
No change (1 group)
Decrease (1 group)

Yes Yes Yes Yes (2 groups)
Decrease (1 group)

RIA
Subjects: n = 81 (F)
Duration: 16 wk
Location: Canada
Study type: RCT

M on et al 2011 [17] Age: 58 y 3 ER, ER
and PA,
PA

ER: 540
ER and PA: 538
PA: 595
Control: 447

Yes (1 groupa) Yes Yes Yes No CLIA
Subjects: n = 439 (F)
Duration: 1 y
Location: USA
Study type: RCT

V Loanetal 2011 [45] Age: 32 y 2 ER ER 1: 128
ER 2: 320

Yes (1 group)
No change (1 group)

Yes Yes Yes No change RIA
Subjects: n = 71 (21 M, 50 F)
Duration: 12 wk

(continued on next page)
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Table 1 (continued)

First author,
year of
publication

Study details Jadad
score

Weight
loss
strategy

Vitamin D in
food (IU/d)

Increase in
vitamin D
status (nmol/L)

Decrease in
weight (kg)

Decrease in
BMI (kg/m2)

Decrease in
FM (%)

Decrease in
FFM (kg)

Assay

Location: USA
Study type: RCT

Christensen et al
2012 [46]

Age: 62 y 0 ER ER: 382 Yes a Yes, and significantly
associated (r = −0.21;
P = .006)

Yes Yes, and significantly
associated (r = −0.16;
P = .03)

Yes CLIA
Subjects: n = 175 (33 M, 142 F)
Duration: 16 w
Location: Denmark
Study type: Single-stranded study

Damms-Machado
et al 2012 [47]

Age: 47 y 0 ER ER: 200 Yes a Yes NR Yes, and significantly
associated (r = −0.6369;
P < .0001)

NR RIA
Subjects: n = 32 (4 M, 28 F)
Duration: 12 wk
Location: Germany
Study type: Single-stranded study

Wamberget al 2013 [48] Age: 35 y 0 ER NR Yes Yes, and significantly
associated (%weight
loss) (r = 0.67; P = .005)

Yes, and signif ntly
associated (r = .67;
P = .005)

NR NR LC-
MSSubjects: n = 17 (9 M, 8 F)

Duration: 8 and 4 wk
maintenance
Location: Denmark
Study type: Single-stranded study

Albadah et al 2015 [49] Age: 32 y 0 ER NR Yes NR Yes NR NR NR
Subjects: n = 49 (M)
Duration: 12 wk
Location: Saudi Arabia
Study type: Single-stranded study

Ibero-Baraibar et al
2015 [33]

Age: 57 y 5 ER ER 1: 142
ER 2: 191

Yes (1 groupa) Yes Yes Yes NR RIA
Subjects: n = 47 (24 M, 23 F)
Duration: 4 wk
Location: Spain
Study type: RCT

Gangloff et al. 2015 [50] Age: 48 y 0 ER and
PA

NR Yesa Yes, and significantly
associated (r = −0.31;
P < .005)

Yes, and signif ntly
associated (r = .32;
P < .005)

Yes, and significantly
associated (r = −0.32;
P < .005)

NR LC-
MSSubjects: n = 103 (M)

Duration: 1 y
Location: Canada
Study type: Single-stranded study

Age indicates mean age. P < .05 was considered significant.
Abbreviations: ER, energy restriction; F, female; M, male; NR, not reported; PA, physical activity.
a Baseline 25OHD less than 50 nmol/L; after weight loss, it was greater than 50 nmol/L.
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Table 2 – Unadjusted metaregression of changes in weight and indices of body composition on vitamin D status

Outcome variable: WMD of vitamin D status Variable Estimated coefficient β 95% CI P

The effect of weight loss
Model 1 Change in weight (kg) −0.60 −1.24, 0.04 .06

Constant −0.30 −4.24, 4.79 .90
The effect of decrease in BMI
Model 2 Change in BMI (kg/m2) −0.13 −4.67, 4.41 .95

Constant 2.40 −6.98, 11.78 .60
The effect of %FM loss
Model 3 Change in FM (%) −0.91 −1.96, 0.15 .08

Constant 2.34 −1.22, 5.89 .18
The effect of FFM loss
Model 4 Change in FFM (kg) 1.28 −1.25, 3.81 .30

Constant 4.68 1.29, 8.07 .01

P < .05 was considered significant.
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could vary with protein intake and/or increased physical
activity [52], with both generally retarding loss of FFM. As both
FM and FFM are major stores for the vitamin [13], we
examined the effect of changes in these compartments on
circulating 25OHD.

Fourteen of 23 studies observed that, with a loss in %FM,
there was an increase in 25OHD [17,32,33,37-41,43-47,50] with
3 of these studies indicating a significant correlation coeffi-
cient between the 2 variables [46,47,50]. Metaregression
analysis found that decreases in %FM were not significantly
related to increases in 25OHD, on examination of the total
data set (Table 2). When adjusted for quality of trials, this
relationship between %FM loss and increase in 25OHD
became marginally significant (Table 3; Fig. 4). The lack of
statistical significance may have arisen not only from the
smaller number of studies reporting %FM (28 study arms) and
the smaller sample size (n = 1346) but also from the larger
spread of effects. The β coefficient suggested that, with a 10%
loss in%FM, themean increase in 25OHDwould be 10.5 nmol/L;
however, the 95% CI were large at 21.8 to −0.8 nmol/L. The
amount of vitamin D available in AT is approximately 103
Table 3 –Metaregression of changes in weight and indices of
quality

Outcome variable: WMD of vitamin D status Variable

The effect of weight loss
Model 1 Change in weig

Jadad score (0,
Constant

The effect of decrease in BMI
Model 2 Change in BMI

Jadad score (0,
Constant

The effect of %FM loss
Model 3 Change in FM (

Jadad score (0,
Constant

The effect of FFM loss
Model 4 Change in FFM

Jadad score (0,
Constant

Jadad score: 0 = 0 < 3; 1 = 1 ≥ 3. P < .05 was considered significant.
nmol/kg [13] and represents a sizeable store in an obese person.
Based on this, a 10% decrease in %FM should have resulted in a
much greater increase in 25OHD than predicted by the β
coefficient. There are a few potential reasons that may explain
our observations.

The detection of changes in 25OHD and %FM loss would be
influenced by the sensitivity of the various methods used in
these trials. There is substantial interlaboratory variation in
detecting 25OHD [53]. Binkley et al [53] observed that there
could be up to a 2-fold difference between laboratories
assaying the same sample with the same technique. Similar-
ly, body composition techniques have limitations in their
calibration, accuracy, and precision [54] dependent on the
type of technique used (BIA vs DEXA vs skinfold measure-
ment) [54,55] or within models of the same machine [56].
Dual-energy x-ray absorptiometry is considered to be the
criterion standard for body composition; however, variations
of up to 6% have been found between instruments from the
same manufacturer [57,58]. Moreover, BIA and the skinfold
technique appear to be more accurate in nonobese subjects,
so there could be substantial variation in the studies of obese
body composition on vitamin D status adjusted for study

Estimated coefficient β 95% CI P

ht (kg) −0.64 −1.28, 0.01 .05
1) 1.57 −2.71, 5.86 .46

−0.84 −6.22, 4.55 .75

(kg/m2) −0.17 −4.77, 4.42 .93
1) 0.82 −4.82, 6.46 .76

1.88 −8.28, 12.04 .70

%) −1.05 −2.18, 0.08 .06
1) 1.43 −2.45, 5.31 .45

1.04 −3.97, 6.05 .67

(kg) 2.11 −0.55, 4.77 .11
1) 5.30 −1.35, 11.96 .11

1.07 −4.56, 6.69 .69
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Fig. 3 – Relationship between change in weight (kilograms)
and change in vitamin D status (WMD). Bubble plot of fitted
metaregression line; the size of the bubbles is proportional to
the precision of the estimate; WMD, weighted mean differ-
ence (nanomoles per liter) in vitamin D status.
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subjects included in this review [31,32,37,39-41,43,47]. Overall,
it is possible that changes in 25OHD due to fat loss and
changes in %FM may not have been appropriately detected.

A second reason for the small increase in 25OHD on %FM
loss is that once takenup intoAT, 25OHD is releasedvery slowly
back into circulation. The lattermay protect the individual from
large sudden increases of a potentially toxic nutrient, while
acting as a store in times of need [12]. Another further
possibility is a negative feedback loop where higher circulating
1,25 dihydroxyvitamin D3 (1,25(OH)2D3) in obesity disables the
production of 25OHD [59,60]. The mechanism that controls this
slow release is uncertain; however, if this is true, then the
shorter duration studies in this review may not detect this
return of 25OHD. Importantly, vitamin D is involved in both
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Fig. 4 – Relationship between change in FM (percentages)
and change in vitamin D status (WMD). Bubble plot of fitted
metaregression line; the size of the bubbles is proportional to
the precision of the estimate; WMD, weighted mean differ-
ence (nanomoles per liter) in vitamin D status.
paracrine and autocrine actions in AT [61]. A nuclear VDR is
expressed in AT [62], and most tissues that express VDR also
contain the enzyme CYP27B1 for conversion of the circulating
metabolite, 25OHD to 1,25(OH)2D3. Adipose tissuehas the ability
to synthesize and degrade vitamin D for autocrine and
paracrine use, such as in adipogenesis, lipid metabolism, and
inflammation in obesity [19,63]. The expanded AT in obesity
may hence engender an increased requirement of 25OHD,
resulting in less return to the circulation after weight loss.

We now know that there is extensive metabolic conver-
sion of vitamin D in storage depots. Adipose tissue is a
dynamic endocrine organ, containing a variety of hydroxylase
enzymes. These include the hydroxylase to convert cholecal-
ciferol to 25OHD to 1,25(OH)2D3, as well as the catabolic 24-
hydroxylase for degradation of calcitrol to calcitroic acid, and
25OHD to 24,25(OH)2D3 to 1-desoxycalcitroic acid, the major
metabolite of 25OHD [19,48,64]. Calcitroic acid and 1-
desoxycalcitroic acid are excreted through the bile into feces
[65], with limited amounts found in the urine [66]. These
metabolites are eliminated from the system and would not be
detected in studies that only sampled the plasma compart-
ment. In addition, there are emerging data to indicate that
enzyme expression also varies with fat depots (subcutaneous
vs visceral) and degrees of fatness (lean vs obese) [48]. Our
current understanding is that lean and obese have similar
expression of the enzyme CYP27A1 that converts 25OHD to
1,25(OH)2D3 and similar expression of CYP24A1 that degrades
25OHD to calcitroic acid [64]. However, in response to weight
loss, obese subjects show an elevation of the catabolic 24-
hydroxylating enzyme, CYP2J2 [48], which results in several
(almost 30) inactive metabolites [19,64]. Some of these include
1,24,25(OH)3D3, 24-oxo, and/or 23-hydroxy groups [65] which
represent pathways for vitamin D elimination [1]. Overall,
many of these factors would be operative at the same time
during weight loss and would go some way in explaining the
smaller increase in 25OHD observed in this review. Perhaps,
as Rosenstreich et al [12] opined, this slow return of 25OHD
acts to protect against vitamin D toxicity that may occur if a
flood of the nutrient became available during weight loss.

There are now many studies that show a positive
relationship between 25OHD and muscle mass, growth, and
strength/function [67-69]. This would suggest that higher
vitamin D status may improve muscle mass and function,
relative to those who are vitamin D insufficient. As FFM is a
major store for the nutrient, we assumed that during weight
loss, mobilization of the protein mass would contribute to an
increase in 25OHD. However, we did not obtain a significant
relationship between FFM loss and vitamin D status (Table 3).
In fact, the slope of the regression line was in the opposite
direction to that hypothesized (Table 3; Fig. 5). Because most
studies reviewed showed a small to moderate decrease in
FFM, our interpretation would be that a loss in FFM decreased
circulating 25OHD. We acknowledge that this was a nonsig-
nificant outcome but the slope was similar or greater than
that obtained with %FM (Table 3; Fig. 4). Could this observa-
tion suggest that the expected positive relation between
vitamin D status and muscle mass [67] is possibly bidirec-
tional? Such a phenomenon could have negated the rise in
25OHD seen with loss of %FM (Fig. 4) and perhaps explain why
the slope of weight loss change predicted was lesser than that
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obtained with %FM (Table 3). It is unclear why a loss in FFM
should decrease 25OHD. Fat free mass is composed of lean
tissue (mainly skeletal muscle) and bone mineral content. As
bone mass is also lost during energy restriction, vitamin D
may prevent the expected decrease in fractional bone mass
that occurs with weight loss [70]. There is good cross-talk
between muscle and bone and AT and bone [70]. So, a
decrease in 25OHD or a less than expected increase may
also indicate diversion from plasma to other tissues during
weight loss.

To the best of our knowledge, there are no other
systematic reviews that have specifically addressed our
question. Hence, we are unable to compare our results to the
existing literature. Our search of the literature was over a long
interval but covered only 2 prominent databases. We identi-
fied 23 studies, of which only 9 were quality studies with a
sample size of 1104. Hence, our metaregression analysis may
be limited by adequate numbers, despite contacting the
authors of all studies for additional information. Seasonality
of 25OHD can amount to 17 nmol/L [30,71] and have a major
confounding on the stated outcomes. We were unable to
control for this confounder in our analysis because season of
start and completion was only mentioned in 3 studies.
Moreover, there was a range of assays used in these studies
as well as a range of body composition techniques that would
have influenced our outcomes.

Longer duration trials of good quality (Jadad ≥3) of at least 6
months duration, which target a substantial amount of
weight loss (~20% fat loss), are required. Such data would
cement the clinical relevance of weight loss in normalizing
vitamin D status of the obese individual. Adipose tissue is an
active endocrine organ, expressing numerous receptors
including vitamin D [19,72], and vitamin D is required for
normal formation and function of AT [73-76]. Hence, what
happens to vitamin D status before and after weight loss is
important. Further investigation into vitamin D concentration
in AT of obese subjects before and after weight loss may
provide an insight into the amount of vitamin D and its
metabolites at a cellular level. Wamberg et al [48] have
provided some pioneering data in the area of vitamin D
hydroxylation and catabolizing enzymes in AT. These data
need validation in future trials as they provide an under-
standing of the dynamic influence of AT on vitamin D
metabolism. Furthermore, trials on vitamin D need to report
detailed body compositional changes, including body fat
distribution. Dual-energy x-ray absorptiometry is now global-
ly available and changes in android:gynoid fat can be
reported, although more sophisticated determinations of
subcutaneous and visceral AT changes based on computed
tomography or magnetic resonance imaging scans would be
worthwhile inclusions. Lastly, there is a need to report the
concentrations of inactive compounds of vitamin D metabo-
lism in both urine and serum. This would assist the
evaluation of how much of the vitamin is unavailable for
metabolism during weight loss.

In conclusion, this systematic review provides good
evidence for an inverse relationship between weight and fat
loss and 25OHD in obesity. Although overall in support of a
volumetric dilution phenomenon in obesity, the review
cannot discount a sequestration effect and possibly extensive
degradation of 25OHD after weight loss.
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