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Insulin-sensitizing effects of vitamin D repletion
mediated by adipocyte vitamin D receptor:
Studies in humans and mice
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Swati Jain 1, Shobhit Bhansali 1, Sylvia Kehlenbrink 4, Peng Guo 1, Evan D. Rosen 5,6, Preeti Kishore 1,7,
Meredith Hawkins 1,*,7
ABSTRACT

Objective: Adipose tissue inflammation and fibrosis appear to contribute to insulin resistance in obesity. Vitamin D receptor (Vdr) genes are
expressed by adipocytes, macrophages, and fibroblasts, all of which could potentially play a role in adipose tissue inflammation and fibrosis. As
vitamin D has been shown to have direct anti-inflammatory effects on adipocytes, we determined whether specific vitamin D receptor-mediated
effects on adipocytes could impact adipose tissue inflammation and fibrosis and ultimately insulin resistance.
Methods: We examined the effects of repleting vitamin D in 25(OH)D-deficient, insulin resistant, overweight-to-obese human subjects (n¼ 19).
A comprehensive assessment of whole-body insulin action was undertaken with stepped euglycemic (w90 mg/dL) hyperinsulinemic clamp
studies both before and after the administration of vitamin D or placebo. Adipose tissue fibrosis and inflammation were quantified by real-time rt-
PCR and immunofluorescence in subcutaneous abdominal adipose tissue.
To determine whether vitamin D’s effects are mediated through adipocytes, we conducted hyperinsulinemic clamp studies (4 mU/kg/min) and
adipose tissue analysis using an adipocyte-specific vitamin D receptor knockout (VDR-KO) mouse model (adiponectin-Cre þ VDRþ/fl) following
high-fat diet feeding for 12 weeks.
Results: 25(OH)D repletion was associated with reductions in adipose tissue expression of pro-inflammatory and pro-fibrotic genes, decreased
collagen immunofluorescence, and improved hepatic insulin sensitivity in humans. Worsening trends after six months on placebo suggest
progressive metabolic effects of 25(OH)D deficiency. Ad-VDR-KO mice mirrored the vitamin D-deficient humans, displaying increased adipose
tissue fibrosis and inflammation and hepatic insulin resistance.
Conclusions: These complementary human and rodent studies support a beneficial role of vitamin D repletion for improving hepatic insulin
resistance and reducing adipose tissue inflammation and fibrosis in targeted individuals, likely via direct effects on adipocytes. These studies
have far-reaching implications for understanding the role of adipocytes in mediating adipose tissue inflammation and fibrosis and ultimately
impacting insulin sensitivity.

� 2020 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Adipose tissue regulates numerous physiological processes, and its
expansion in obese humans is associated with disrupted metabolic
homeostasis, insulin resistance, and type 2 diabetes mellitus (T2D) [1].
Adipose tissue expansion in obesity is accompanied by adipose tissue
dysfunction characterized by adipocyte hypertrophy and hyperplasia,
increased inflammation, impaired extracellular matrix remodeling, and
upregulation of pro-fibrotic signaling pathways mediated by fibroblasts
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together with altered secretion of adipokines [2e6]. Obesity is also
characterized by increased macrophage infiltration into fat tissue,
which is another important source of adipose-derived pro-inflamma-
tory factors [7e10]. An inter-relationship among adipose tissue
inflammation, adipose fibrosis, and insulin resistance has been
established in rodents [11] and may also be relevant in humans
[9,12e15].
Low 25-hydroxyvitamin D [25(OH)D] levels are associated with glucose
intolerance, insulin resistance, metabolic syndrome, and increased risk
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of T2D development [16e18], although the causal effects of vitamin D
deficiency on these conditions have yet to be clearly established. The
prevalence of vitamin D deficiency has increased globally, with an
estimated 1 billion people worldwide qualifying as vitamin D deficient
(defined as a 25(OH)D level of less than 20 ng/ml or 50 nmol/L [19,20])
or insufficient (defined as a 25(OH)D level of 21e29 ng/ml or 52e
72 nmol/L). Of note, a recent large clinical trial demonstrated that
vitamin D repletion reduced the risk of developing T2D by 62% in
individuals with initial vitamin D levels <12 ng/ml [21]. Adipose tissue
is a reservoir for vitamin D in humans, and adipose 25(OH)D content
appears to correlate to 25(OH)D plasma levels [22e24]. Vitamin D
receptor (Vdr) genes are expressed by adipocytes, macrophages, and
fibroblasts [25e31], all of which could potentially play a role in adipose
tissue inflammation and fibrosis. Vitamin D has inhibitory effects on
adipose tissue inflammation and on leukocyte infiltration both in vivo
and in vitro, in part by upregulating the expression of anti-microbial
peptides such as LL-37 [32]. 1,25(OH)2D inhibits the nuclear factor
kappa light-chain-enhancer of activated B cells (NF-kB) signaling
pathway, which in turn leads to decreased release of interleukin-8 (IL-
8), monocyte chemoattractant protein-1 (MCP-1), and IL-6 by human
preadipocytes and MCP-1 by human adipocytes [33,34]. Recent
studies have shown that vitamin D reduces hepatic and renal fibrosis
by suppressing TGF-b-SMAD signal transduction [3,31,35e37]. As
vitamin D has been shown to have direct anti-inflammatory effects on
adipocytes [28,38], we hypothesized that vitamin D could mediate
beneficial effects on adipose tissue inflammation and fibrosis by
working through adipocyte vitamin D receptors. Therefore, studying an
adipocyte-specific Vdr knockout model, we determined whether spe-
cific vitamin D receptor-mediated effects on adipocytes could impact
adipose tissue inflammation and fibrosis and ultimately insulin
resistance.
The objectives of the present study were to evaluate the effects of two
levels of vitamin D repletion (to 30 ng/ml and greater than 50 ng/ml,
respectively) on insulin sensitivity and adipose tissue biology in over-
weight or obese insulin-resistant humans with vitamin D deficiency
and conduct parallel rodent studies establishing the impact of adipo-
cyte vitamin D signaling on systemic glucose metabolism. Distinct from
prior research into vitamin D repletion in humans, the current studies
employed a placebo-controlled dose- and duration-dependent study
design at different vitamin D repletion levels and state-of-the art
stepped hyperinsulinemic clamps to separately quantify hepatic vs
peripheral insulin sensitivity.

2. MATERIALS AND METHODS

2.1. Experimental design: human studies
This randomized, double-blind, placebo-controlled study examining
the dose-dependent effects of vitamin D repletion on insulin sensitivity
and adipose tissue biology in individuals at risk of T2D was conducted
at the Clinical Research Center of the Albert Einstein College of
Medicine (Einstein) in the Bronx, New York. The study was approved by
Einstein’s Institutional Review Board, and all of the participants pro-
vided written informed consent. The inclusion criteria included 19
(N ¼ 19) overweight or obese (BMI range 25e39 kg/m2) participants
with insulin resistance by homeostasis model assessment-estimated
insulin resistance (HOMA-IR � 3.0) and 25-hydroxyvitamin D levels
less than 20 ng/ml who were randomly assigned to receive vitamin D3
or a placebo matched in taste and appearance once a week for up to
6e8 months. The exclusion criteria included a history of diabetes,
major psychiatric disorders on medication, HIV/AIDS, cancer,
sarcoidosis, alcohol or substance abuse, Cushing’s syndrome, primary
2 MOLECULAR METABOLISM 42 (2020) 101095 � 2020 Published by Elsevier GmbH. This is
hyperparathyroidism, nephrolithiasis, pregnancy or breast-feeding,
regular visits to a tanning salon, hypercalcemia or hypocalcemia,
uncontrolled hypertension, any chronic illness requiring medication
other than arthritis, hypertension and hyperlipidemia, and a positive
urine toxicology screen at any of the visits.
The participants were recruited through print advertisements begin-
ning in March 2009. Potential participants underwent screening first by
telephone and then via an in-person clinical visit. The study flow di-
agram is shown in Figure 1A, which indicates the number of subjects
who needed to be screened to identify the study population based on
BMI, HOMA-IR, and 25(OH)D criteria. A detailed medical history and
physical examination, routine clinical biochemistry, and electrocar-
diogram were performed at the clinical visit. The participants were
screened for vitamin D deficiency (25(OH)D < 20 ng/ml). Serum
25(OH)D levels were measured using a Diasorin chemiluminescent
assay (Diasorin, Stillwater, MN, USA). Measuring 25(OH)D levels is
more clinically applicable as it is stable with a longer half-life (15e50
days) than 1,25(OH)D with a half-life of 15 h [39,40]. The subjects’
baseline characteristics are included in Supplementary Table 1.
The enrolled participants were instructed to maintain their body weight
and usual diet and exercise lifestyle for the study duration. The par-
ticipants were assigned an intervention (either vitamin D or placebo)
that was logged and dispensed by the hospital pharmacy in a manner
that kept the research team and participants blinded. The randomi-
zation sequence used in this study was created following a biostatistics
consultation and was kept in a secure, password-protected file that
was only accessed by the study coordinator and research pharmacist.
The subjects in the treatment arm were given weekly doses of vitamin
D3 (Ddrops Company, Woodbridge, ON, Canada) to reach a target level
of 30 ng/ml (second visit) during the first three months of treatment
and thereafter continued on weekly vitamin D3 doses until a level of at
least 50 ng/ml (third visit) was achieved. The vitamin D3 dose was
calculated based on the formula “change in serum 25(OH)D
levels ¼ 44.5 x vitamin D dose (in mg/kg/day)” as reported by Barger-
Lux et al. [41]. The last study visit and subject follow-up was
concluded by September 2015. Four patients in the vitamin D group
and one patient in the placebo group were not analyzed during the third
clamp due to loss of intravenous access during the study, inability to
achieve target vitamin D levels, weight loss, and unsuccessful at-
tempts to reach the patient.

2.1.1. Euglycemic stepped hyperinsulinemic pancreatic clamp
studies
Euglycemic stepped hyperinsulinemic clamp studies were conducted
in the vitamin D-deficient participants at baseline [25(OH)D
level < 20 ng/ml] and after repletion to two different 25(OH)D levels
[level Ix 30 ng/ml (second visit), and level IIx 50 ng/ml (third visit)]
(Figure 1B,C). Euglycemic stepped hyperinsulinemic clamp studies
were also performed in the placebo group at baseline and two different
time points based on the expected time necessary for vitamin D
repletion, and monthly screening visits were conducted to check their
vitamin D levels. On the day of the study, the participants presented to
the Clinical Research Center (CRC) at 8:00 a.m. after an overnight fast.
Two intravenous cannulas were established, one for infusions and
another for blood sampling in a dorsal vein of the opposite arm. A
primed continuous infusion of [6,6-2H2] glucose (bolus 200 mg/m2 for
3 min) was started at t ¼ 0 min, followed by continuous infusion of
2 mg/min/m2 for the entire study. From 0 to 120 min, basal insulin
infusion rates were maintained at 15 mU/m2/min. From 120 to
240 min, insulin infusion rates were increased to 30 mU/m2/min to
mimic physiologic hyperinsulinemia (the clamp’s “low-insulin” step),
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Figure 1: Identification and treatment of humans with vitamin D deficiency and insulin resistance. (A) Recruitment process. (B) Schematic Vitamin D repletion protocol for
both vitamin D and placebo groups. (C) Vitamin D concentrations at the three clamp study visits in both groups.
and insulin infusion rates were then further increased to 80 mU/m2/
min for 240e360 min (the clamp’s “high-insulin” step) as previously
described [9,42]. Fixed levels of glucoregulatory hormones were
maintained throughout the 360 min clamp studies using somatostatin
infusion (250 mg/h) and replacement of glucagon (0.6 ng/kg/min) and
growth hormone (3 ng/kg/min). Euglycemia (w90 mg/dl) was main-
tained by a variable infusion of 20% dextrose (the specific activity of
infused dextrose was maintained equivalent to the plasma glucose-
specific activity by adding D-[6,6-2H2] glucose to the infusate), and
plasma glucose levels were measured every 5 min for the study
duration. Blood samples were obtained at hourly intervals to determine
the plasma levels of insulin, C-peptide, glucagon, cortisol, lactate, free
fatty acids (FFA), and glycerol. Samples for D-[6,6-2H2] glucose de-
terminations were obtained every 15 min during the steady-state
periods (t ¼ 180e240 and 300e360 min). At the end of the study,
all of the infusions except dextrose were stopped at t ¼ 360 min. To
avoid hypoglycemia, dextrose infusion was continued for w30 min
after the completion of the study. The participants were given a
standard meal and had their plasma glucose concentrations checked
for an additional w1 h before being discharged home.

2.1.2. Analytical procedures
2.1.2.1. Plasma hormones and substrates. Plasma glucose levels
were measured using a Beckman glucose analyzer (glucose oxidase
method; Fullerton, CA, USA). Plasma insulin, C-peptide, glucagon, and
cortisol concentrations were measured by radioimmunoassay at the
Diabetes Research Center Hormone Assay Core as previously reported
MOLECULAR METABOLISM 42 (2020) 101095 � 2020 Published by Elsevier GmbH. This is an open acce
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[42]. Plasma lactate, free fatty acids, and glycerol were measured
using spectrophotometric techniques.

2.1.2.2. Glucose turnover. 6,6-2H2 glucose concentrations were
measured by gas chromatography mass spectrometry (GCMS) as
previously described [43]. Rates of glucose appearance (Ra) and
glucose disappearance (Rd, or glucose uptake) were calculated using
Steele’s steadyestate equation [44]. Rates of endogenous glucose
production (EGP) were determined by subtracting the rates of glucose
infusion from the tracer-determined Ra. Data for glucose turnover,
plasma hormones, and substrate concentrations represent the mean
values during the final 60 min of the clamp’s low-insulin phase
(t ¼ 180e240 min) and the final 60 min of the clamp’s high-insulin
phase (t ¼ 300e360 min).

2.1.2.3. Adipose tissue studies. At t ¼ 60 min of the clamp studies,
adipose tissue biopsies were obtained from the periumbilical region. A
small 0.25-cm periumbilical cutaneous incision was made under local
anesthesia (1% lidocaine), and 1e2 g of adipose tissue was obtained
by aspiration [45]. Biopsy specimens (w300 mg) were homogenized
immediately in TRIzol reagent (Invitrogen Technologies) on ice at the
bedside to inhibit any RNAase activity and subsequently stored
at �80 �C for future real-time RT-PCR analysis.

2.1.2.4. Adipose tissue separation. Adipose tissue samples from all
the participants were immediately washed at least three times with
saline. The samples were then digested with collagenase type 1
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(0.05 g per 30 mL of Hanks Balanced Salt solution with 4% BSA;
Worthington Biochemical) for 30 min at 37 �C with intermittent
shaking, followed by extensive washing with Dulbecco’s phosphate-
buffered solution depleted of magnesium and calcium (Mediatech).
The adipocytes were separated from the stromal-vascular fraction
(SVF) by centrifugation at 3,000 rpm for 10 min. Macrophages were
isolated from the SVF using CD14þ antibody-coated magnetic
Dynabeads (Dynal Biotech) following the manufacturer’s protocol. The
adipose tissue samples and macrophages were washed with PBS,
stored in TRIzol, and analyzed by real-time RT-PCR.

2.1.2.5. Quantitative real-time RT-PCR. Total RNA was extracted
from the adipose tissue samples and macrophages following the
protocol of a Qiagen RNeasy Mini kit (Cat# 74104). A SuperScript III
First-Strand Synthesis System (Life Technologies, Cat# 18080051)
was used to synthesize first-strand cDNA, the real-time RT-PCR
template. As previously described [15], to verify that the relative
expression value of the housekeeping gene provided an accurate
reflection of cDNA loading, we first correlated the relative expression
values of three housekeeping genes [glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and ribosomal proteins 19 (RPL19) and
18S], B2M, and beta-actin with each other and the geometric mean
of the three values. Pearson’s correlation coefficients were consis-
tently �0.92, indicating that the expression of the five genes pro-
vided a reasonably accurate reflection of cDNA loading. GAPDH was
chosen as the housekeeping gene to be included in every RT-PCR
reaction because it was consistently expressed among the various
cell types and study conditions [15]. Gene expression of inflammatory
factors (TNF ¼ tumor necrosis factor alpha, IL-6 ¼ interleukin-6,
iNOS¼ inducible nitric, and PAI-1 ¼ plasminogen activator inhibitor-
1), pro-fibrotic factors (TGFB1 ¼ transforming growth factor beta 1,
HIF1A ¼ hypoxia-inducible factor-1 alpha, COL1,5,6 ¼ collagen I, V,
and VI, respectively, MMP7 ¼ matrix metalloproteinase-7, and
TSP1 ¼ thrombospondin 1), and VDR target genes in the adipose
tissue samples (DUSP10 ¼ dual-specific phosphatase 10,
TRAK1 ¼ trafficking protein, kinesin binding 1, NRIP1 ¼ nuclear
receptor interacting protein 1, and THBD ¼ thrombomodulin) were
determined by quantitative real-time RT-PCR using the specific
protocol for LightCycler (Roche Diagnostics, Indianapolis, IN, USA) as
previously described [42]. Primers used for the VDR target genes [46]
and pro-fibrotic genes were as follows: (DUSP10: forward
GAGGCTTTTGAGTTCATTGAG, reverse ATCCGAGTGTGCTTCATC;
TRAK1: forward AGATCACACACCTGCTATCGC, reverse GTATTGGG-
CATGGTTTTGTTCC; NRIP1: forward TGGAATGCAGTCATCCATGT,
reverse CTGGTTCAGGACCTGTTGGT; THBD: forward GACCTTCCT-
CAATGCCAGTC, reverse GCCGTCGCCGTTCAGTAG; TSP-1: forward
TCAGGACCCATCTATGATAAAACCTA, reverse TCAGGTCAGAGAAGAA-
GAACACATTTC; MMP-7: forward AGCCAAACTCAAGGAGATGC,
reverse ACTCCACATCTGGGCTTCTG; collagen 6a: forward
GACCTCGGACCTGTTGGGT, reverse TACCCCATCTCCCCCTTCAC;
collagen 5a: forward GATTGAGCAGATGAAACGG, reverse
CCTTGGTTAGGATCGACCC; collagen 1a: forward TACAGCGT-
CACTGTCGATG, reverse TCAATCACTGTCTTGCCCCAG; HIF1A: forward
TGCATCTCCATCTCCTACCC, reverse CGTTAGGGCTTCTTGGATA; and
TGF-b1: forward AACCGGCCTTTCCTGCTTCTCA, reverse
CGCCCGGGTTATGCTGGTTGTA). Reaction conditions were as follows:
40 cycles of denaturation at 95 �C for 2 s, annealing at 60 �C for 5 s,
and elongation at 74 �C for 12 s and 82 �C for 3 s. Results are
expressed as the relative change by determining the ratio of the
genes of interest a given individual 2 and 5 h after IL infusion vs SAL
4 MOLECULAR METABOLISM 42 (2020) 101095 � 2020 Published by Elsevier GmbH. This is
infusion corrected for the relative expression of GAPDH in the same
pair of samples. To calculate the mRNA copy number, we generated
standard curves for GAPDH and the genes of interest using plasmid
standards with known concentrations. Melting curves were used to
determine the specificity of the gene products, which were subse-
quently confirmed by running the PCR products on agarose gels. All
the reactions were performed at least three times [15].

2.1.2.6. Endotrophin immunofluorescence staining. Adipose tissue
was prepared for immunofluorescence staining in the following
manner. Formalin-fixed, paraffin-embedded adipose tissue samples
were cut into 5 mm sections, deparaffinized in xylene, and rehydrated
through a series of decreasing concentrations of ethanol. After regular
antigen retrieval, the sections were incubated with rabbit polyclonal
anti-endotrophin antibody (kindly provided by Professor Philipp
Scherer, UT Southwestern Medical Center) [47] diluted at 1:500 (v/v)
for 1 h at room temperature. After incubation with primary antibodies,
the sections were repeatedly rinsed with PBS and incubated for 1 h at
room temperature with Alexa Fluor 568 donkey anti-rabbit IgG (Mo-
lecular Probes, Cat# A10042, dilution 1:250 (v/v)) as the secondary
antibody. All of the antibodies were diluted in Dako Ready-to-use
Antibody Diluent (Cat# S080981-2). Incubation steps were carried
out with Dako Auto Stainer Plus. Negative control slides were run in
parallel with positive slides by applying rabbit IgG isotype control
antibody (Cat# 02-6120) diluted at the same protein concentration as
the antibody. The sections were sealed with ProLong Gold Antifade
Mountant (Cat# 36935) with 4’ 6-diamidino-2-phenylindole (DAPI).
The slides were digitally scanned on a 3DHISTECH Panoramic 250
Whole Slide Scanner (3DHISTECH, Budapest, Hungary). They were
taken with a multi-color LED source Lumencor Spectra with a 20X/0.8
air objective. A low-noise high-speed 5.5 megapixel scientific CMOS
camera (PCO, edge 4.2 m, PCO Inc.) was used for image acquisition.
The exposure time of each channel was selected to avoid saturation
and maintained constant for all of the slides. The acquisition software
Panoramic Scanner automatically stitched the individual field of view of
the tissues, creating one image. The HistoQuant module from
QuantCenter software (3DHISTECH, Budapest, Hungary) was used for
the analysis. The criteria for segmentation of positive signals were
extensively tested and selected based on user inspection. After the
criteria were established, the analysis parameters were maintained
constant for all of the slides.

2.1.2.7. Collagen VI immunofluorescence staining. Adipose tissue
was prepared for immunofluorescence staining in the following
manner. Formalin-fixed, paraffin-embedded adipose tissue samples
were cut into 5 mm sections, deparaffinized in xylene, and rehydrated
through a series of decreasing concentrations of ethanol. The sections
were pretreated with Dako Cytomation Target Retrieval Solution pH 9.0
buffer (Cat# S236884-2). The sections were incubated with rabbit
polyclonal anti-collagen VI antibody (Abcam, Cat# 6588, dilution 1:250
(v/v)) for 1 h at room temperature. After incubation with primary an-
tibodies, the sections were repeatedly rinsed with PBS and incubated
for 1 h at room temperature with Alexa Fluor 568 donkey anti-rabbit
IgG (Molecular Probes, Cat# A10042, dilution 1:250 (v/v)) as the
secondary antibody. All the antibodies were diluted in Dako Ready-to-
use Antibody Diluent (Cat# S080981-2). The incubation steps were
carried out with Dako Auto Stainer Plus. Negative control slides were
run in parallel with positive slides by applying rabbit IgG isotype control
antibody (Cat# 02-6120) diluted at the same protein concentration as
the antibody. The sections were sealed with ProLong Gold Antifade
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Mountant (Cat# 36935) with 4’ 6-diamidino-2-phenylindole (DAPI).
Subsequent scanning, imaging, and analysis of the slides were per-
formed as previously described.

2.1.2.8. Hydroxyproline assay. A hydroxyproline kit (Catalog #K226-
100, BioVision, Milpitas, CA, USA) was used to measure the hy-
droxyproline levels in the human adipose tissue following the protocol
provided by BioVision. The plates were read using an Enspire Multilabel
Reader from the Einstein Biomarker Analytic Research Core Facility.
Then 100 ml of distilled H2O was added for every 10 mg of tissue,
which was homogenized with an ultrasonic probe homogenizer. Then
100 ml of 10 N concentrated NaOH was added to 100 ml of the sample,
which was heated at 120 �C for 1 h. Following alkaline hydrolysis, the
vials were placed on ice to cool briefly, then 100 ml of 10 N concen-
trated HCl was added to neutralize the residual NaOH. The vials were
vortexed and centrifuged at 10,000�g for 5 min to pellet any insoluble
debris following hydrolysis. The samples were placed on a heating
plate at 65 �C for evaporation, then chloramine-T concentrate was
added to the wells and they were incubated at room temperature for
20 min. Then 50 ml of developer solution was added to each well and
incubated at 37 �C for 5 min, and 50 ml of DMAB concentrate solution
was added to each well and incubated at 65 �C for 45 min. The
absorbance of all the samples was measured at 560 nm (OD 560) in
endpoint mode. The plates were read using the Enspire Multilabel
Reader from the Einstein Biomarker Analytic Research Core Facility.

2.2. Experimental design: adipose VDRKO mice
Adipocyte-specific VDR knockout (Ad-VDRKO) mice were generated by
breeding mice with the VDR gene flanked by loxP sites (gift of David
Gardner, UCSF) with mice expressing the Cre recombinase under the
control of the adiponectin promoter [48]. The resulting Adipoq-
Cre:Vdrfl/fl mice were intercrossed to generate mice with loxP-flanked
VDR alleles with and without Cre recombinase, and the latter served as
littermate controls. The mice were maintained on a C57BL/6 back-
ground and housed in a pathogen-free facility with a 12 h lightedark
cycle and free access to water and irradiated rodent chow.
Seven wild-type (WT) and six adipose-specific vitamin D receptor (VDR)
knockout (KO) mice were fed a high-fat diet (HFD) (58 kcal% fat w/
sucrose, D12331; Research Diets, New Brunswick, NJ, USA) for 12
weeks from 6 weeks of age. The mice were housed in a temperature-
and humidity-controlled environment (light cycle 6:00 a.m. to 6:00
p.m.). All of the procedures were approved by the Beth Israel
Deaconess Medical Center and Vanderbilt University Institutional Ani-
mal Care and Use Committee. Body composition was determined using
ECHO-MRI.

2.2.1. Hyperinsulinemic-euglycemic clamps (mice)
One week before performing the hyperinsulinemic-euglycemic
clamps, carotid artery and jugular vein catheters were surgically
placed for sampling and infusions. The mice were fasted for 5 h and
then clamped as previously described [49]. The clamp was initiated
at t ¼ 0 min with a continuous insulin infusion (4 mU/kg/min) for 2 h.
Primed continuous infusions of [3-3H]glucose (1.5 m Ci bolus, 50 n Ci/
min infusion) were administered to assess glucose uptake and pro-
duction. [3-3H]glucose (0.06 m Ci/mL) was added to the glucose
infusate to clamp both arterial glucose and glucose-specific activity.
At 120 min, a 5 m Ci bolus of 14C-2-deoxyglucose was administered
to assess the tissue-specific glucose metabolic rate (Rg). Arterial
glucose levels were monitored every 10 min to provide feedback for
adjusting the glucose infusion rate (GIR) (50% dextrose þ [3-3H]
glucose). Erythrocytes were replaced to prevent a decline in
MOLECULAR METABOLISM 42 (2020) 101095 � 2020 Published by Elsevier GmbH. This is an open acce
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hematocrits with repeated blood sampling. [3-3H]glucose kinetics
were determined at �10 min and from 80 to 120 min. Blood was
collected at 2, 5, 15, 25, and 35 min after injection to measure the
disappearance of [14C]2-DG from the plasma. At t ¼ 155 min, the
mice were anesthetized with pentobarbital and the tissues were
freeze-clamped for subsequent analyses. Whole-body glucose
appearance (Ra) and endogenous glucose production (EGP), a
measure of hepatic glucose production, were calculated as described
using non-steady-state equations [49]. Radioactivity of [3-3H]
glucose, [14C]2DG, and [14C]2DG-6-phosphate were determined by
liquid scintillation counting. EGP was determined by subtracting the
GIR from the total Ra. The glucose metabolic index (Rg) was calcu-
lated as previously described [50]. Plasma insulin was determined by
ELISA. Plasma non-esterified fatty acids (FFAs) and tissue tri-
glycerides were measured spectrophotometrically.

2.2.2. Hydroxyproline assay in rodents
Tissue hydroxyproline content was measured by assessing 4-
hydroxyproline levels using a Hydroxyproline Calorimetric Assay kit
from BioVision (Cat# K555-100, BioVision). One hundred milligrams
of epididymal WATs were homogenized in distilled water and then
mixed with 12 N of HCl at 120 �C for 3 h. After centrifugation at
10,000�g for 3 min, the supernatants were dried, incubated with
chloramine-T at room temperature for 5 min, and then incubated with
p-dimethylaminobenzaldehyde (DMAB) for 90 min at 60 �C. The
absorbance was measured at 560 nm using a microplate reader
(SpectraMax i3, Molecular Devices) as suggested by the manufac-
turer. Hydroxyproline content was normalized to the total protein
measured by a BCA Assay (Cat# 23227, Pierce BCA Protein Assay kit,
Thermo Fisher Scientific).

2.3. Statistical analysis
Several glucose metabolism parameters were measured in each
subject, with the primary endpoint being the percent change in
endogenous glucose production (EGP) during the final hour of the
clamp’s “low-insulin” (30 mU/m2/min) step as a measure of the
insulin-sensitizing effects of vitamin D. Peripheral glucose uptake (Rd)
was examined as a secondary endpoint. The results are expressed as
mean � standard error of the mean. The data were tested for normal
distribution using the ShapiroeWilk test. Differences between the
study groups (vitamin D and placebo groups) were assessed using a
two-sample t-test. Paired Student’s t-tests were used to compare the
baseline and endpoint measures within the groups. For the mouse
clamps, Student’s t-tests or two-way ANOVA followed by Tukey’s post
hoc tests were conducted. All the human and rodent data are pre-
sented as mean � standard error of the mean. P < 0.05 was
considered significant for all of the analyses. Statistical analysis of the
data over time was performed using the Statistical Package for the
Social Sciences 11.5 software (SPSS Inc., Chicago, IL, USA).

2.4. Sample size
Our main endpoint measurement was the percent change in endog-
enous glucose production (EGP) during the final hour of the clamp’s
low-insulin phase. The null hypothesis was that the percent change in
EGP would be the same in both groups (vitamin D and placebo). The
EGP rates were 1.64� 0.6 and 1.03� 0.5 mg/kg/min at baseline and
following vitamin D repletion, respectively, in our preliminary studies.
The sample size calculation was based on a 2-sided, paired t-test
assuming a mean difference in EGP of 0.61, a standard deviation of
0.5, and no change with placebo. This resulted in a sample size of 8
per group to reach a power of 80%.
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3. RESULTS

3.1. Identification and treatment of humans with vitamin D
deficiency and insulin resistance
Following a recruitment process, 19 obese non-diabetic, insulin-
resistant (HOMA-IR > 3) subjects with 25(OH)D levels < 20 ng/ml
were enrolled in the study (Figure 1A). Of these, 11 subjects were
randomized to the treatment group (vitamin D) and eight received
placebo in a double-blinded study design (Figure 1B). The baseline
subject characteristics, including age, weight, height, body mass index
(BMI), fasting plasma glucose and insulin levels, HOMA-IR, and 25(OH)
D levels were similar in the two groups at the first (baseline) visit
(Supplementary Table 1). In the group that received vitamin D treat-
ment, the average weekly vitamin D dose was 38,107 � 3,185 IU.
Vitamin D repletion significantly increased serum 25(OH)D levels,
successfully attaining target levels within w3 months for the second
visit and w6 months for the third visit (Figure 1C). All the participants
in both study groups were initially vitamin D deficient. Serum 25(OH)D
levels remained consistently reduced over the same six-month period
in the placebo group (Figure 1C).

3.2. Vitamin D improves hepatic insulin sensitivity in vitamin D-
deficient insulin-resistant humans
To determine whether vitamin D repletion would improve insulin action
in insulin-resistant individuals, a comprehensive study of whole-body
Figure 2: Clamp studies in humans. (A) Stepped hyperinsulinemic euglycemic clamp p
group and (C) placebo group per each visit. (D) Average glucose level during two steady s
each clamp per each visit for vitamin D and placebo group. (G) Endogenous glucose pr
represented as means � SEM. *p < 0.05; * ¼ significantly different.
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insulin action was undertaken with stepped euglycemic (w90 mg/
dL) hyperinsulinemic clamp studies (Figure 2A) both before and after
the administration of vitamin D or placebo (Figure 1B). Specifically, a
low-insulin phase (w60 uU/ml) was used to optimally study hepatic
insulin sensitivity, while peripheral glucose uptake was maximized
during a high-insulin phase (w400 uU/ml). Steady-state dynamics
were attained during these two phases in all of the studies as
demonstrated by comparable atom percent excess (APE) during these
phases of the vitamin D (Figure 2B) and placebo studies (Figure 2C)
and by comparable glucose levels during these two phases for both the
vitamin D (Figure 2D) and placebo studies (Figure 2E). There was a
trend toward a small increase in GIR in the treatment group, consistent
with the decrease in EGP (Supplementary Fig. 1A). Given the high
variability, this did not achieve significance. There were no changes in
the placebo group (Supplementary Fig. 1B and C).
Comparable plasma levels of insulin (Figure 2F), C-peptide, glucagon,
cortisol, lactate, free fatty acids, and glycerol were attained at the three
phases of the euglycemic stepped hyperinsulinemic clamp studies:
basal, during the “low-insulin” phase (120e240 min), and during the
“high-insulin” phase (240e360 min) (Supplementary Table 2A and B).
Repletion of vitamin D levels to the therapeutic range resulted in a
significant improvement in hepatic insulin sensitivity. Endogenous
glucose production (EGP) during the clamp studies’ low-insulin phase
decreased at both the second and third visits compared to the first visit
baseline, with no significant difference in EGP between the second and
rotocol. (B) Average atom percent excess (APE) during two steady states for vitamin D
tates for vitamin D group and (E) placebo group per each visit. (F) Insulin levels during
oduction (EGP) and (H) glucose uptake (GU) during the three clamp studies. Data are
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third visits (Figure 2G). Intriguingly, in the placebo group, there were
upward trends in EGP from the baseline (first visit) to the third visits
(Figure 2G), such that EGP was 37% higher following 6 months of
placebo administration than with optimal vitamin D replacement
(p ¼ 0.04). However, neither level of vitamin D repletion affected
peripheral glucose uptake (GU) (Figure 2H). Taken together, these
findings may suggest that vitamin D deficiency over a longer period of
time could be associated with worsening hepatic insulin resistance,
and that this hepatic insulin resistance can be improved by vitamin D
repletion.

3.3. The expression of pro-inflammatory genes (whole fat and
adipose tissue macrophages) is reduced after vitamin D repletion
We next investigated the effects of vitamin D administration on adipose
tissue inflammation. The expression of the pro-inflammatory genes
TNF, IL-6, iNOS, and PAI-1 was significantly reduced in the peri-
umbilical subcutaneous adipose tissue following vitamin D repletion
into the normal range (Figure 3A). Interestingly, the expression of the
same pro-inflammatory factors in the adipose tissue macrophages
also decreased to a similar degree (Figure 3B). Only a few pro-
inflammatory gene markers in either whole fat or adipose tissue
macrophages were significantly reduced when the vitamin D levels
increased from the second to third visits (Figure 3A,B). In the placebo
group, no significant differences were observed from the first (base-
line) visit, although there was a trend toward the elevated expression of
some pro-inflammatory genes at the end of the 6-month study period
Figure 3: Adipose tissue gene expression of pro-inflammatory markers in humans.
and (B) adipose tissue macrophages for vitamin D group. (C) Fold decreases in gene
macrophages for placebo group. Data are represented as means � SEM. *p < 0.05; * ¼
inducible nitric, PAI-1 ¼ plasminogen activator inhibitor-1.
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(Figure 3C,D). These results suggest that vitamin D administration has
significant modulatory effects on the gene expression of inflammatory
proteins within adipose tissue.

3.4. Vitamin D repletion reduces the expression of pro-fibrotic
genes in adipose tissue
Given the metabolic importance of adipose fibrosis, the gene expres-
sion of various pro-fibrotic factors was examined to determine the
effects of vitamin D on adipose tissue fibrosis. After vitamin D repletion
tow30 ng/ml, the expression of the pro-fibrotic genes TGFB1, HIF1A,
COL1,5,6 (collagen I, V, and VI), and MMP7 decreased in the whole fat
(Figure 4A). Vitamin D repletion to w50 ng/ml was associated with
reduced gene expression of only some of these pro-fibrotic factors
(Figure 4A). In the placebo group, no significant differences were
observed except for HIF1A from the first to second visits, although
there was a trend toward worsening adipose tissue fibrosis at the end
of the 6-month study period (Figure 4B). These results suggest that
vitamin D repletion has modulatory effects on the expression of pro-
fibrotic genes in adipose tissue.
As a quantitative indicator of the overall collagen tissue content, we
assayed the hydroxyproline content of whole adipose tissue and found
that it significantly decreased after vitamin D repletion [51]
(Figure 4C,D). To further determine the effect of vitamin D repletion on
adipose tissue fibrosis, we assessed immunofluorescence staining for
endotrophin and collagen VI. Endotrophin is a cleavage product of
collagen VI in adipose tissue that is involved in fibrosis and
(A) Fold decreases in gene expression of various pro-inflammatory markers in whole fat
expression of various pro-inflammatory markers in whole fat and (D) adipose tissue
significantly different. TNF ¼ tumor necrosis factor alpha, IL-6 ¼ interleukin-6, iNOS ¼
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Figure 4: Adipose tissue gene expression of pro-fibrotic markers in humans. (A) Fold decreases in gene expression of various pro-fibrotic markers in whole fat samples from
vitamin D group and (B) placebo group. (C) Adipose tissue hydroxyproline concentration in mg per mg of protein and in (D) mg per mg of tissue. Data are represented as means �
SEM. *p < 0.05; * ¼ significantly different. TGFB1 ¼ transforming growth factor beta 1, HIF1A ¼ hypoxia-inducible factor-1 alpha, COL1,5,6 ¼ Collagen I, V, VI respectively,
MMP7 ¼ matrix metalloproteinase-7, TSP1 ¼ thrombospondin1.
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inflammation; human studies revealed a strong upregulation of
endotrophin in the adipose tissue of diabetic human patients [52e54].
Endotrophin intensity was found to be significantly decreased by
approximately 50% in the vitamin D group at the second visit with no
further decrease at the third visit, whereas in the placebo group, there
was no significant difference between the three visits (Figure 5A,B). In
the vitamin D group, there was also a significant reduction in collagen
VI immunofluorescence by 19% from the first (baseline) visit to the
second visit, with no further reduction from the second to third visits
(Figure 5C,D), consistent with the change in gene expression. In the
placebo group, collagen VI immunofluorescence did not significantly
change throughout the study period, although there was a trend toward
worsening of adipose tissue fibrosis at the third visit compared to the
baseline when the subjects remained vitamin D deficient for 6 months
(Figure 5C,D).

3.5. Expression profiling of primary vitamin D receptor target genes
We examined the expression of four primary VDR target genes in the
adipose tissue samples: nuclear receptor interacting protein 1 (NRIP1),
thrombomodulin (THBD), dual-specific phosphatase 10 (DUSP10), and
trafficking protein kinesin binding 1 (TRAK1) as representative exam-
ples. NRIP1, THBD, and DUSP10 gene expression significantly
increased from the first to second visits (p ¼ 0.003, p ¼ 0.03, and
p ¼ 0.04, respectively) (Supplementary Fig. 2). There was also a trend
toward the increased expression of TRAK1 from the first to the second
8 MOLECULAR METABOLISM 42 (2020) 101095 � 2020 Published by Elsevier GmbH. This is
visits (p ¼ 0.06) (Supplementary Fig. 2). These findings are consistent
with the results of a study in which vitamin D was repleted over a similar
time course, indicating that these genes can serve as biomarkers for
vitamin D3 response in adipose tissue of human subjects [46].

3.6. Generation and characterization of an adipocyte-specific
vitamin D receptor-deficient mouse model (Ad-VDRKO mice)
Since adipocytes express the vitamin D receptor (Vdr) and may
modulate adipose tissue inflammation and fibrosis [55,56], we hy-
pothesized that the observed actions of vitamin D were mediated
through the VDR in adipocytes. Therefore, we next examined the
impact of adipose-specific vitamin D receptor knockout on hepatic
insulin resistance and adipose tissue inflammation and fibrosis. Con-
firming the efficiency of adipocyte-specific VDR deletion, Vdr mRNA
levels decreased by approximately 81% in the epididymal white adi-
pose tissue (eWAT) and 84% in the inguinal white adipose tissue
(iWAT) of the Ad-VDRKO compared with WT control mice (Figure 6A)
and trended lower in the brown adipose tissue (p¼ 0.067). In contrast,
Vdr expression was not reduced in the kidney, intestine, heart, or liver
(Figure 6A). Following 12 weeks of high-fat diet (HFD) feeding, there
were no differences in body weight, percentage lean mass, or adiposity
between the wild-type (WT) and adipose-specific vitamin D receptor
(VDR) knockout (KO) mice (Figure 6B,C, and D). The WT and Ad-VDRKO
mice also did not differ with respect to fasting plasma triglycerides
(Figure 6E).
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Figure 5: Adipose tissue immunofluorescence staining in humans. (A) Endotrophin immunofluorescence relative to baseline at each clamp visit in both vitamin D treatment
group and placebo group. (B) Endotrophin immunofluorescence: representative images at each clamp visit in both vitamin D treatment group and placebo group. (C) Collagen VI
immunofluorescence relative to baseline at each clamp visit in both vitamin D treatment group and placebo group. (D) Collagen VI immunofluorescence in vitamin D and placebo
group. Data are represented as means � SEM. *p < 0.05; * ¼ significantly different from the first visit (1st visit).
3.7. Ad-VDRKO mice on a high-fat diet develop adipose tissue
inflammation and fibrosis
We next determined whether and how Ad-VDRKO would impact adi-
pose tissue inflammation and fibrosis. As expected, the expression of
several pro-inflammatory genes, including Tnf, iNOS, Serpine1 (PAI-1),
Mcp-1 and Adgre1 (F4/80) was significantly higher in adipose tissue of
Ad-VDRKO mice compared to WT mice, with a trend toward higher
expression of Il6 in the former (Figure 6F). Additionally, the expression
of pro-fibrotic genes TGFB1, Col6A (collagen VI), and THBS1 (TSP1) in
fat was significantly higher in the adipose tissue of the Ad-VDRKO mice
compared to the WT mice, with an upward trend in collagen I in the
former (Figure 6G). These data suggest that modulating the VDR within
the adipocytes may regulate adipose tissue inflammation and fibrosis.
As observed in the human studies, adipose tissue hydroxyproline
content increased in the Ad-VDRKO mice compared to the WT mice
[57] (Figure 6H,I).

3.8. Ad-VDRKO mice on a high-fat diet exhibit increased hepatic
insulin resistance
The impact of adipocyte VDR ablation on systemic glucose metabolism
was then examined. To delineate the contributions of individual tissues
to insulin action in this model, hyperinsulinemic-euglycemic clamps
were performed on WT and Ad-VDRKO mice. Euglycemia was
MOLECULAR METABOLISM 42 (2020) 101095 � 2020 Published by Elsevier GmbH. This is an open acce
www.molecularmetabolism.com
maintained (w120 mg/dl) throughout the clamp studies, and the in-
sulin concentrations increased to comparable levels in both groups.
The WT and Ad-VDRKO mice did not differ with respect to fasting
plasma insulin, FFA concentrations, and arterial glucose levels
(Figure 7A,B, and C). Additionally, circulating FFAs were suppressed in
all of the groups, suggesting equivalent insulin-induced suppression of
lipolysis.
The glucose infusion rate (GIR) necessary to maintain euglycemia
trended lower in the Ad-VDRKO mice for most of the time points during
the clamp (Figure 7D), suggestive of insulin resistance. Endogenous
glucose production (EGP) and rates of glucose disappearance (Rd) did
not differ between the WT and Ad-VDRKO mice under basal conditions
(Figure 7E,F). EGP was markedly higher in the Ad-VDRKO mice
compared to the WT mice during the insulin clamp (Figure 7E). This
indicates diminished suppression of EGP by insulin in the Ad-VDRKO
mice, that is, increased hepatic insulin resistance. However, there
was no difference in Rd between the WT and Ad-VDRKO mice under
clamped conditions (Figure 7F).
In addition to hepatic insulin resistance, there were trends toward
reduced skeletal muscle and adipose tissue glucose uptake
(decreased Rg) in the Ad-VDRKO mice, with small but significant re-
ductions in perigonadal adipose glucose uptake (Figure 7G). In
contrast, tissue-specific Rg was no different between the Ad-VDRKO
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Figure 6: Adipose tissue gene expression of pro-inflammatory and pro-fibrotic markers in adipose-specific vitamin D receptor knockout mice. Seven wild type (WT) and
six adipocyte-specific vitamin D receptor knockout (Ad-VDR KO) mice were fed a high-fat diet (HFD) for twelve weeks from 3 weeks of age. (A) VDR gene expression was
significantly decreased in white adipose tissue (eWAT) and inguinal white adipose tissue (iWAT) of Ad-VDR KO compared to WT mice but VDR expression was not reduced in brown
adipose tissue (BAT), kidney, intestines, heart or liver. (B) Body weight (BW) of WT and Ad-VDR KO mice fed with HFD for 12 weeks. (C) After 12 weeks on the HFD, percentage lean
mass, and (D) adiposity did not differ between WT and Ad-VDR KO mice. (E) WT and Ad-VDR KO mice were not different with respect to basal fasting plasma triglycerides. (F)
Adipose tissue expression of pro-inflammatory and (G) pro-fibrotic genes in WT and Ad-VDR KO mice. (H) Adipose tissue hydroxyproline concentration in mg per mg of protein tissue
and in (I) mg per gram of tissue. Tnf ¼ tumor necrosis factor alpha, Il6 ¼ interleukin-6, iNos ¼ inducible nitric oxide synthase, Serpine1 (PAI-1) ¼ plasminogen activator inhibitor-
1, Mcp-1 ¼ monocyte chemoattractant protein-1. Tgfb1 ¼ transforming growth factor beta 1, Col1A ¼ Collagen I, Col6A ¼ Collagen VI, Mmp7 ¼ matrix metalloproteinase-7,
Thbs1 (Tsp1) ¼ thrombospondin1, Adgre1 ¼ F4/80. Data are represented as means � SEM. *p < 0.05.
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and WT mice in gastrocnemius, vastus lateralis, subcutaneous adipose
tissue, soleus, brown adipose tissue, heart tissue, and brain, sug-
gesting that adipocyte VDR is not a critical determinant of insulin action
in these tissues (Figure 7G,H). Taken together, these results indicate
that vitamin D exerts effects on hepatic insulin sensitivity through its
effects on adipose tissue.

4. DISCUSSION

Using a parallel design in rodents and humans, these studies are the
first to comprehensively delineate the effects of vitamin D on systemic
insulin sensitivity and adipose tissue inflammation and fibrosis. This
prospective, randomized, double-blinded placebo-controlled study
showed significant improvement in hepatic insulin sensitivity following
vitamin D repletion in vitamin D-deficient, insulin-resistant humans in
concert with reduced adipose tissue expression of pro-inflammatory
and pro-fibrotic genes as well as direct adipose tissue markers of
fibrosis. Further elevations of serum vitamin D levels above the normal
target range were not associated with additional improvements. Of
note, there was a worsening trend in hepatic insulin sensitivity and
adipose tissue fibrosis and inflammation in the placebo group over the
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course of 6 months, suggesting that vitamin D deficiency over a long
period of time could be associated with worsening hepatic insulin
resistance. Importantly, adipocyte-specific VDRKO mice on a high-fat
diet phenocopy the vitamin D deficient humans, exhibiting increased
adipose tissue fibrosis, inflammation, and hepatic insulin resistance,
suggesting that vitamin D modulates insulin sensitivity via specific
effects on adipocytes.
The VDR is expressed in several insulin-responsive metabolic tissues,
including the liver, skeletal muscle, and adipose tissue. Adipose
tissue-derived inflammatory factors, which increase in proportion to
the degree of adiposity, are believed to contribute to insulin resistance
[6]. Adipocytes have been shown to initiate and/or sustain a pro-
inflammatory response within adipose tissue [15,56]. This is consis-
tent with the demonstrated regulatory role of the adipocytes, potentially
through peroxisome proliferator-activated receptor-g (PPAR-g) to
modulate adipose tissue inflammation and systemic insulin sensitivity
[55]. It was recently determined that certain adipocyte progenitors
modulate obesity-induced white adipose tissue fibrogenesis and are
therefore associated with loss of metabolic fitness [58].
As inflammation impairs insulin sensitivity, it was likely that reduced
adipose tissue inflammation and fibrosis observed in our studies
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Figure 7: Clamp studies in mice. At 12 weeks of age wild type (WT) and adipocyte-specific vitamin D receptor knockout (Ad-VDR KO) mice underwent hyperinsulinemic-
euglycemic clamps. Mice were fasted 5 h before the onset of the hyperinsulinemic-euglycemic clamps. WT and Ad-VDR KO mice were not different with respect to (A) basal insulin,
and (B) basal plasma free fatty acids (FFA). (A) Insulin concentrations was raised to comparable levels in both WT and Ad-VDR KO mice during the clamps. (B) Circulating FFA were
suppressed in all groups during the clamps. (C) Baseline arterial glucose levels. (D) The glucose infusion rates (GIR) in the venous catheter needed to maintain euglycemia in WT
and Ad-VDR KO mice. (E) Endogenous glucose production (EGP), a marker of hepatic glucose production, in WT and Ad-VDR KO mice, determined by administration of [6-6 H]
glucose during the steady-state period of the insulin clamp. (F) Whole-body disappearance (Rd) were determined during the steady-state period of the insulin clamp. (G, H) Tissue-
specific 2-DG uptake (Rg) after the insulin clamp in the gastrocnemius (Gastroc), vastus lateralis (Vastus L.), paragonadal adipose tissue (PG AT), subcutaneous adipose tissue
(SubQ AT), soleus, brown adipose tissue (Brown AT), heart tissue and brain in WT and Ad-VDR KO mice. Data are represented as means � SEM. *p < 0.05.
contributed to improving hepatic insulin sensitivity. Consistent with the
current research, there is a substantial body of rodent studies linking
adipose tissue inflammation with insulin resistance, particularly of the
liver [59]. Activation of hepatic inflammatory pathways involving IKK-b
and NF-kB by adipocyte-derived cytokines has been shown to cause
hepatic insulin resistance, suggesting a connection between adipose
(particularly visceral) inflammation and hepatic insulin resistance
[31,60].
Despite the improvements in adipose tissue inflammation and fibrosis
in the current studies, peripheral insulin sensitivity measured by GU did
not change. Of note, increasing adiposity does not appear to activate
inflammatory cascades in skeletal muscle as it does in adipose tissue
and the liver [59]. This may suggest why hepatic, but not peripheral,
insulin sensitivity was associated with adipose tissue inflammation and
fibrosis in both the human and rodent studies. Vitamin D deficiency is
associated with increased circulating matrix metalloproteinase (MMP-
2 and MMP-9) and C-reactive protein (CRP), which were shown in a
few studies to be reduced by vitamin D supplementation [61e63].
Additionally, the active form of vitamin D [1,25(OH)2D] may restrain
macrophage cytokine production by suppressing the NF-lB inflam-
matory pathway [64]. Vitamin D is a fat-soluble vitamin that is stored in
MOLECULAR METABOLISM 42 (2020) 101095 � 2020 Published by Elsevier GmbH. This is an open acce
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adipose tissue and therefore could exert important paracrine effects
within this tissue [65,66]. Thus, these studies in adipocyte-specific
VDRKO mice point to important effects of vitamin D on adipose tis-
sue, with systemic metabolic sequelae.
Along with our observation of significant reductions in adipose tissue
inflammation, normalizing vitamin D levels led to a significant reduc-
tion in adipose tissue fibrotic gene expression and collagen (by
immunofluorescence), while the placebo group trended toward a
worsening of these parameters over six months of continued vitamin D
deficiency. Complementary findings of increased adipose tissue
fibrosis markers were observed in the Ad-VDRKO mice. Pathological
expansion of adipose tissue in obesity results in inflammation, fibrosis,
and insulin resistance [67]. To the best of our knowledge, this is the
first study establishing a connection between vitamin D deficiency and
adipose tissue fibrosis and among the first to make a connection
between adipose tissue fibrosis and insulin resistance in humans [12e
14,68]. There is substantial evidence in rodents that adipose tissue
fibrosis is linked to metabolic dysfunction, further supported by the
current findings in Ad-VDRKO mice [13,14,69,70]. PPARg agonists
and adiponectin both reduce adipose tissue fibrosis, inflammation, and
insulin resistance [4]. With the activation of vitamin D receptors and
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inhibition of the TGF-b/SMAD signaling pathway [3,35e37], it is likely
that vitamin D repletion can prevent the development of adipose tissue
fibrosis and offer additional metabolic benefits.
Discrepancies in the results of previous human studies investigating
the relationship between vitamin D and insulin resistance highlight the
need for carefully designed research with measurement of serum
25(OH)D levels before and after adequate dosing. This is particularly
noteworthy given a recent clinical trial in which administering vitamin D
to 2,423 pre-diabetic participants, the vast majority of whom were
vitamin D replete, did not impact progression to T2D [21]. Of note, in
those subjects with initial vitamin D levels <12 ng/ml, vitamin D
repletion reduced the hazard ratio of developing T2D to 0.38 (CI: 0.18
to 0.80) [21]. The lack of benefit in the Pittas study from increasing
mean vitamin D levels from 27.7 to 54.3 ng/ml is consistent with the
lack of further benefit of raising vitamin D levels to w50 ng/ml in the
current study. Furthermore, there is a clear need for more sensitive
metabolic measures [71e73] as used in the current research. Some
studies have shown no effect of vitamin D supplementation on insulin
sensitivity [74e77]. This includes a meta-analysis of prospective
randomized clinical trials [77] employing HOMA-IR, which is recog-
nized to have limitations as a longitudinal measure of insulin sensitivity
[78]. Conversely, several studies showed positive associations be-
tween serum vitamin D levels and peripheral insulin sensitivity in both
pre-diabetic and T2D subjects [79,80]. Four out of six cross-sectional
studies using euglycemic stepped hyperinsulinemic clamps, consid-
ered the gold standard for measuring insulin sensitivity, showed
positive associations between vitamin D levels and insulin sensitivity in
non-diabetic subjects [81e86]. Prospective studies also revealed
beneficial effects of vitamin D supplementation on insulin sensitivity
[87,88], including a meta-analysis of prospective cohort studies
[17,89,90]. Intriguingly, prospective studies comparing euglycemic-
hyperinsulinemic clamps at baseline and after 12 and 24 weeks of
vitamin D supplementation noted improved insulin sensitivity in obese
insulin-resistant subjects [91,92] but not in T2D subjects [74], sug-
gesting that the established metabolic defects of T2D are not easily
reversed by vitamin D repletion.
Further elevations in serum vitamin D levels above the normal range
were not associated with additional improvements in inflammatory and
fibrotic markers nor with further improvement in EGP or increases in
VDR-related gene expression. Our findings are consistent with those of
Pittas et al. in which increasing vitamin D levels from 27.7 to 54.3 ng/
ml failed to impact the progression to type 2 diabetes [21]. This
suggests that increasing vitamin D levels above normal/replete levels
is not associated with further metabolic benefits. Additionally, in our
study, not all of the subjects included in the first visit completed the
third visit; hence, separate analyses were conducted to compare the
first vs second and first vs third visits. The reduced sample number at
the third visit might explain instances in which there was significant
improvement at the second but not third visit.
Our results may appear to be at odds with our prior work demon-
strating that the VDR promotes insulin resistance in cultured adipo-
cytes [93]. In those studies, the VDR was shown to be induced by both
dexamethasone and TNF-a, and knockdown of the VDR protected
against the development of insulin resistance induced by those agents.
Conversely, the overexpression of the VDR in adipocytes caused
reduced insulin-stimulated glucose uptake, yet the addition of vitamin
D did not affect insulin action [93]. Although the reasons for the
discrepancy between those in vitro studies and the in vivo work pre-
sented herein are not entirely clear, we speculate that the effects of
vitamin D/VDR on fibrosis and inflammation, not modeled in the culture
system, would predominate over any direct effects of the VDR on
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adipocyte insulin action. An additional potential limitation is that our
study lacked sufficient power to detect potential sex- or ethnicity-
specific 25(OH)D thresholds or doseeresponse relationships. It is
unclear how long the corrective effects of vitamin D would last post-
treatment. Finally, these results cannot be extrapolated to patients
with diabetes, because such subjects were excluded.

5. CONCLUSIONS

In summary, increasing vitamin D concentrations in the normal range
improved hepatic insulin resistance and reduced adipose expression of
pro-inflammatory and pro-fibrotic genes in concert with diminished
tissue fibrosis markers. These findings were accentuated by the
worsening trends in insulin resistance and adipose tissue fibrosis
observed following 6 months of uncorrected vitamin D deficiency.
Further elevations in vitamin D concentrations had no additional impact
on metabolism or adipose tissue characteristics. Importantly, parallel
rodent studies demonstrated that adipocyte-specific depletion of the
vitamin D receptor induced adipose tissue inflammation and fibrosis as
well as worsened hepatic insulin resistance, suggesting that the latter
could be attributed to the effects of vitamin D on adipose tissue. Thus,
correcting vitamin D deficiency in targeted individuals may have
favorable metabolic effects and could potentially offer substantial
public health benefits given the magnitude of the global obesity
epidemic. These studies have far-reaching implications for under-
standing the role of adipocytes in mediating adipose tissue inflam-
mation and fibrosis, ultimately impacting insulin sensitivity.
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