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Context: The relationship between 25-hydroxyvitamin D [25(OH)D] and obesity and type 2 diabetes
is not completely understood. Vitamin D receptor (VDR) expression in adipose tissue (AT) is related
to obesity and might be regulated by 1,25-dihydroxyvitamin D3 [1,25(OH)2D3].

Objective: To analyze serum 25(OH)D and VDR gene expression in AT according to body mass index
(BMI) and glycemic status and the effect of 1,25(OH)2D3 on AT according to BMI.

Design and Patients: Two cohorts were studied: 1) 118 subjects classified according to their BMI
(lean, overweight, obese, or morbidly obese [MO]) and their glycemic status (normoglycemic [NG]
and prediabetic and diabetic [P&D]); and 2) 30 obese subjects (BMI � 30 kg/m2) classified as NG and
P&D. VDR gene expression was analyzed during preadipocyte differentiation and in vitro stimu-
lation with 1,25(OH)2D3 of AT explants from donors with different BMI values.

Setting: University Hospital.

Main Outcome Measures: Serum 25(OH)D, parathyroid hormone (PTH), and AT VDR gene
expression.

Results: 25(OH)D levels were lower in P&D than NG subjects, significantly so in the lean and MO
groups (P � .05). 25(OH)D levels correlated negatively with homeostasis model of assessment for
insulin resistance (HOMA-IR) (r � �0.200; P � .032) and glucose (r � �0.295; P � .001), but not with
BMI. VDR gene expression was higher in MO than in the other BMI groups (P � .05). 1,25(OH)2D3

increased VDR gene expression in AT from obese patients (P � .05) but not from lean subjects.

Conclusions:25(OH)DlevelsarediminishedinP&DcomparedtoNGsubjects, independentlyofBMI,andare
closelyrelatedtoglucosemetabolismvariables,suggestingthatvitaminDdeficiencyisassociatedmorewith
carbohydrate metabolism than with obesity. Moreover, AT has a different response to 1,25(OH)2D3 de-
pending on the degree of obesity. (J Clin Endocrinol Metab 100: E0000–E0000, 2015)
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Vitamin D (VD) deficiency has been associated with
obesity and diabetes (1–4), although some have

found no clear relationship between these variables (5, 6).
Most studies that have so far examined 25-hydroxyvita-
min D [25(OH)D] levels according to body mass index
(BMI) failed to consider whether the participants were or
were not diabetic (3, 7), which is noteworthy because most
obese patients have altered glucose metabolism (8). This
should be considered to discern whether VD deficiency is
related to obesity by itself or whether it is a consequence
of altered carbohydrate metabolism.

25(OH)D is hydroxylated to produce 1,25-dihy-
droxyvitamin D3 [1,25(OH)2D3], the biologically active
form (9). 1,25(OH)2D3 interacts with the VD receptor
(VDR), which acts as a transcription factor (9).

VDR is highly expressed in preadipocytes from obese
subjects (10), but it is unknown whether its expression
during adipogenesis differs depending on BMI, and al-
though total adipose tissue (AT) gene expression has been
related to obesity (10, 11), its possible relation with dia-
betes has not yet been studied. The relationship between
VDR in AT and obesity might be mediated by VD, since
previous studies suggested a regulation of VDR gene ex-
pression and adipogenesis by 1,25(OH)2D3 (11, 12) but
did not analyze whether the effect of 1,25(OH)2D3 on AT
differs depending on the degree of obesity.

Thus, the aim of this study was to analyze serum
25(OH)D and VDR gene expression in AT according to a
range of BMI values and the glycemic status of the
participants. Additionally, we studied the effect of
1,25(OH)2D3 on AT explants according to the degree of
obesity.

Subjects and Methods

Subjects
Cohort 1 comprised 118 participants recruited at the Uni-

versity Hospital (Malaga, Spain) classified according to their
BMI as morbidly obese (MO; BMI � 40 kg/m2), obese (BMI �
30–40 kg/m2), overweight (BMI � 25–30 kg/m2) or lean (BMI �
25 kg/m2) (13) and to their glycemic profile as normoglycemic
(NG) (fasting glucose levels � 100 mg/dL, and homeostasis
model of assessment for insulin resistance [HOMA-IR; described
below] � 3.5) or prediabetic and diabetic (P&D; fasting glucose
levels � 100 mg/dL) (14). Cohort 2 comprised 30 obese patients
(BMI � 33.5–58.4 kg/m2) recruited at the Hospital Universitari
Dr Josep Trueta (Girona, Spain). The participants gave written
informed consent, and the study was reviewed and approved by
the Ethics and Research Committee (see Supplemental Data).

Before surgery and after an overnight fast, blood samples
were obtained, and serum and plasma were separated for bio-
chemical determinations. Visceral AT (VAT), used to study gene
expression and perform AT explant cultures, was obtained dur-
ing bariatric surgery in the MO patients or during hiatal hernia

surgery or cholecystectomy in the lean, overweight, or obese
subjects from cohort 1. For cohort 2, VAT and sc AT (SAT), used
to study gene expression, were obtained during elective surgical
procedures (cholecystectomy, abdominal hernia, or gastric by-
pass). The AT samples were washed in physiological saline, im-
mediately frozen in liquid nitrogen, and maintained at �80°C
until analysis.

Laboratory measurements
Plasma glucose, cholesterol, triglycerides, and high-density

lipoprotein cholesterol were measured in a Dimension autoana-
lyzer (Dade Behring Inc) by enzymatic methods (Randox Labo-
ratories Ltd); insulin was measured by RIA (BioSource Interna-
tional); and leptin and adiponectin were measured by ELISA
(DSL and DRG Diagnostics, respectively). Low-density lipopro-
tein cholesterol was calculated from the Friedewald equation
(13), and the HOMA-IR was calculated as follows: HOMA-IR �
fasting insulin (�IU/mL) � fasting glucose (mmol/L)/22.5 (8,
13). Serum 25(OH)D and PTH levels from cohort 1 were deter-
mined by ELISA (Immundiagnostik and DRG Diagnostics, re-
spectively) and for cohort 2 by electrochemiluminescence im-
munoassay (Modular Analytics E170; Roche Diagnostics).

Human preadipocyte differentiation
Visceral and sc human preadipocytes isolated from both

obese (BMI � 30 kg/m2) and lean (BMI � 25 kg/m2) donors were
purchased from Zen-Bio Inc and cultured (�40 000 cells/cm2) as
described in the Supplemental Data.

AT explant culture
VAT from three NG healthy MO donors and three NG

healthy lean donors was cut into 5- to 10-mg pieces and treated
as described in detail in the Supplemental Data.

RNA isolation and real-time quantitative PCR
Total RNA isolation and cDNA synthesis were performed as

described (13). Gene expression was assessed by real-time PCR
using an Applied Biosystems 7500 Fast Real-Time PCR (see Sup-
plemental Data).

Statistical analysis
The sample size was determined with the ENE 3.0 statistical

program (GlaxoSmithKline). To detect differences for 25(OH)D
concentrations of 25%, at least 12 subjects per group were required
for the study (� risk � 0.05; power � 0.8). Comparisons between
the study groups were made with ANOVA and Duncan’s post hoc
tests in cohort 1. Student’s t test was used for comparisons between
the groups in cohort 2 and for in vitro analysis. Pearson’s (cohort 1)
or Spearman’s (cohort 2) correlation analyses were used to study
variable associations. Statistical significance was set at P � .05.
Analyses were performed with SPSS 15.0 (SPSS Iberica).

Results

The biochemical and anthropometric characteristics of
each study group are summarized in Table 1.

Serum 25(OH)D levels were significantly higher in NG
than in P&D in lean and MO subjects. Significant differ-
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ences between BMI were only found when the glycemic
status was also different (Figure 1A). There were no sig-
nificant differences in PTH levels between NG and P&D
subjects with the same BMI. However, PTH levels were
significantly lower in NG overweight subjects than in
P&D obese patients (Figure 1B).

Serum 25(OH)D levels correlated negatively with both
plasma glucose levels (r � �0.295; P � .001) and
HOMA-IR (r � �0.200; P � .032). A trend was found
toward a negative correlation between serum 25(OH)D
and PTH levels (r � �0.135; P � .144). There were no
significant correlations with BMI.

The VAT VDR gene expression was significantly
higher in both NG and P&D MO subjects compared to the
other groups with a lower BMI and tended to be higher in
P&D than in NG subjects in the overweight and obese
groups (Figure 1C). VAT VDR gene expression correlated
positively with BMI (r � 0.343; P � .000) and leptin (r �
0.331; P � .004) and tended to correlate with insulin levels
(r � 0.146; P � .145).

Multiple linear regression analysis showed that glucose
level was the only variable independently associated with
serum 25(OH)D levels. The only variable that remained
significantly associated with VAT VDR gene expression
was BMI (Supplemental Table 1).

These results were confirmed with an independent co-
hort, as described in Supplemental Table 2. In this second
cohort, VAT and SAT PPAR� mRNA levels were in-
versely associated with VDR mRNA levels (r � �0.493,
P � .007; and r � �0.430, P � .014, respectively). VAT

Cidec/fat-specific protein 27 (FSP27) correlated nega-
tively with VDR mRNA levels (r � �0.463; P � .015).

In vitro experiments showed that VDR gene expression
was significantly higher in visceral preadipocytes from
obese subjects than from lean subjects during the differ-
entiation process, but no differences were found during sc
preadipocyte differentiation (Figure 1, E and F).

Moreover, 1,25(OH)2D3 stimulation significantly in-
creased VDR gene expression in AT explants from MO
subjects. However, no effect on VDR mRNA levels was
observed in AT explants from lean donors (Figure 1D).

Discussion

The results of this study show that low 25(OH)D levels are
associated with diabetes, independently of BMI. We also
found that AT VDR gene expression is higher in MO pa-
tients compared to subjects with a lower BMI and ex-
plored for the first time its relationship with glucose me-
tabolism. Our results also suggest that AT from MO
subjects has a different response to 1,25(OH)2D3 com-
pared to AT from lean subjects.

Recent years have seen increasing studies concerning
the association between 25(OH)D levels and both obesity
and diabetes, with these conditions found to lead to lower
25(OH)D levels (2–4). Nevertheless, the results are some-
times contradictory, and the roleofVDin thedevelopment
of obesity is still not completely understood (1, 5). A num-
ber of confounding factors, such as ethnicity, nutritional

Table 1. Anthropometric and Biochemical Variables of the Study Groups (Cohort 1)

Lean Overweight Obese Morbidly Obese

PNG P&D NG P&D NG P&D NG P&D

n 15 16 18 13 13 16 12 15
Age, y 47.00 � 14.02 53.69 � 15.99 47.83 � 12.68 58.08 � 10.99 52.08 � 16.97 53.00 � 13.96 45.25 � 8.52 48.43 � 10.50 .230
% Male/

female
60/40 62.5/37.5 55.6/44.4 53.8/46.2 46.2/53.8 37.5/62.5 50/50 40/60 .831

BMI, kg/m2 23.79 � 1.24a 24.08 � 1.06a 27.61 � 1.37b 27.17 � 1.25b 33.57 � 3.24c 33.47 � 3.08c 50.60 � 6.71d 51.06 � 5.57d �.001
Waist, cm 83.97 � 7.87a 90.13 � 7.60a,b 92.06 � 4.94a,b 95.08 � 8.12b 108.23 � 9.10c 107.25 � 10.79c 132.70 � 14.20d 144.36 � 19.0e �.001
Insulin,

pmol/L
56.95 � 16.32a 80.70 � 55.91a,b 51.39 � 25.77a 77.78 � 38.96a,b 59.03 � 21.53a 106.81 � 44.59b 85.15 � 37.22a,b 200.15 � 121.47c �.001

Glucose,
mmol/L

4.66 � 0.57a 6.00 � 0.39b 4.99 � 0.68a 6.95 � 1.04c 5.01 � 0.28a 7.14 � 2.08c 4.92 � 0.35a 6.87 � 1.89c �.001

HOMA-IR 1.66 � 0.48a 3.08 � 2.07a,b 1.62 � 0.91a 3.51 � 2.20b,c 1.90 � 0.70a,b 4.76 � 2.01c 2.66 � 1.05a,b 8.48 � 4.57d �.001
Cholesterol,

mmol/L
5.18 � 0.98a,b,c 5.55 � 0.77a,b 5.00 � 0.74b,c 5.81 � 0.88a 5.19 � 1.04a,b,c 5.82 � 1.24a 4.65 � 0.95c 4.95 � 0.75b,c .008

Triglycerides,
mmol/L

1.08 � 0.46a 1.79 � 1.04b 1.16 � 0.48a 1.57 � 0.55a,b 1.36 � 0.49a,b 1.75 � 0.74b 1.38 � 0.63a,b 1.61 � 0.51a,b .016

HDL-C,
mmol/L

1.42 � 0.43 1.28 � 0.31 1.38 � 0.30 1.33 � 0.41 1.42 � 0.18 1.39 � 0.41 1.18 � 0.28 1.16 � 0.29 .276

LDL-C,
mmol/L

3.25 � 0.68a,b 3.49 � 0.72a 3.12 � 0.63a,b 3.65 � 0.89a 3.18 � 0.96a,b 3.60 � 0.82a 2.69 � 0.91b 2.99 � 0.58a,b .042

SBP, mm Hg 124.00 � 14.24 129.13 � 19.35 126.22 � 14.63 133.38 � 22.39 127.46 � 21.86 141.50 � 22.21 129.00 � 21.59 137.50 � 17.9 .197
DBP, mm Hg 73.87 � 9.46 76.63 � 11.68 75.22 � 12.60 80.85 � 10.49 79.62 � 13.34 81.81 � 10.63 83.33 � 10.76 80.92 � 8.89 .231
Leptin, ng/mL 8.86 � 10.56a 16.92 � 18.11a 13.32 � 14.89a 14.36 � 6.55a 13.36 � 7.15a 27.31 � 9.89b 63.87 � 27.84c 70.64 � 30.16c �.001
Adiponectin,

ng/mL
19.32 � 13.55a 10.59 � 6.24b 11.99 � 3.62b 8.55 � 4.72b 7.97 � 2.79b 10.74 � 6.62b 9.84 � 3.54b 6.55 � 2.24b .007

Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic
blood pressure. Values are presented as means � SD unless otherwise stated.
a,b,c,d Groups not sharing any superscript letters are significantly different (P � .05) according to ANOVA (Duncan’s post hoc test).
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status, or sun exposure, have been proposed to be involved
in these inconsistent results (15). Furthermore, obesity is
a major risk factor for diabetes (16). In fact, obesity to-
gether with VD insufficiency interact synergistically to in-
fluence the risk of insulin resistance (2, 16, 17). Despite
this, most studies dealing with BMI and VD compared
healthy lean subjects with obese patients displaying an
impaired glucose metabolism or omitted data about this
aspect, which makes it difficult to discern whether the low
25(OH)D levels were really associated with obesity or
rather with glycemic status (3, 7).

The major strength of this study is that it is the first
cross-sectional study to compare serum 25(OH)D simul-
taneously between a wide range of BMI values taking into
account whether the subjects were P&D or NG. This ap-
proach, avoiding the interaction between obesity and di-
abetes, showed that the P&D patients had the lowest se-
rum 25(OH)D levels, and most interestingly, there were
no differences between BMI groups with the same glyce-

mic status. Our results agree with
previous studies finding an indepen-
dent association between VD defi-
ciency and diabetes or prediabetes
after adjusting for BMI (4, 16, 18).
This association is supported by
biological evidence showing that VD
influences pancreatic �-cell function
directly by binding to VDR or indi-
rectly by the role of VD in regulating
extracellular calcium level and cal-
cium flux through the �-cell (4).

Recent studies have shown a role
for AT in VD metabolism. Recipro-
cally, VD has multiple effects on the
physiology of adipocytes and AT (9–
11, 19). Animal studies support this
hypothesis that VD and VDR might
be involved in the development of
obesity and diabetes (19).

Human studies have shown higher
mRNA VDR levels and lower mRNA
levels of genes involved in lipid process-
ing in the AT of MO patients compared
to lean subjects (11, 13). In agreement
with these studies, we found an inverse
relationshipbetweenVDRandgenesin-
volved in AT physiology. Furthermore,
we studied for the first time whether
VDRgeneexpression inATwasrelated
to diabetes, finding a trend toward a
higher VDR gene expression in P&D
compared to NG subjects.

In vitro studies have shown that
1,25(OH)2D3 influences VDR gene expression and adi-
pogenesis (14). However, no previous studies have ana-
lyzed whether the effect of 1,25(OH)2D3 on AT differs
according to BMI. Our results showed that VDR gene
expression during adipogenesis is higher in visceral prea-
dipocytes from obese than from lean subjects, which
agrees with the higher VDR mRNA levels in AT from MO
subjects. Furthermore, we demonstrated that the previ-
ously described up-regulation of AT VDR expression in-
duced by 1,25(OH)2D3 (10, 12) only happens in obesity,
with no response in lean subjects. This agrees with an
intervention study with nonobese healthy subjects show-
ing that VD supplementation had no effect on the expres-
sion of genes related to fat metabolism in AT (20).

Further studies will be necessary to understand the
physiological consequences of the different AT response to
1,25(OH)2D3, depending on the degree of obesity and its
relevance in clinical practice, as well as to confirm the role
of VDR in diabetes.

Figure 1. A and B, Serum 25(OH)D (A) and PTH (B) levels in the study groups from cohort 1. C,
VDR mRNA expression in the study groups from cohort 1. D, VDR mRNA expression in visceral AT
explants cultured with a range of 1,25(OH)2D3 concentrations or vehicle (control) from morbidly
obese subjects (MO) and lean subjects. E and F, VDR mRNA expression in sc (E) and visceral (F)
human preadipocytes during adipogenic differentiation. Values are expressed as means � SD.
White circles, BMI � 25 kg/m2; black squares, BMI � 30 kg/m2. Groups not sharing any
superscript letters are significantly different (P � .05) according to ANOVA (Duncan’s post hoc
test). *, P � .05 between different BMI. 	, P � .05 compared to control.
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A limitation of this study was that P&D patients were
classified in the same group. This was due to the notable
difficulty in finding lean diabetic subjects. Moreover, the
cross-sectional nature of the study did not allow establishing
a temporal association or causality.

In conclusion, 25(OH)D levels showed a close relation-
ship with variables related to glucose metabolism, sug-
gesting that VD deficiency is associated more with carbo-
hydrate metabolism than with obesity. Additionally, AT
VDR gene expression might also be related to glucose
metabolism disorders, and AT has a different response to
1,25(OH)2D3 depending on the degree of obesity.
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