J Lipid Atheroscler. 2021 May;10(2):130-144

https://doi.org/10.12997/jla.2021.10.2.130
PISSN 2287-2892-eISSN 2288-2561

Journal of
Lipid and
Atherosclerosis

Review

‘ '.) Check for updates

The Role of Vitamin D in Adipose
Tissue Biology: Adipocyte
Differentiation, Energy Metabolism,
and Inflammation

Chan Yoon Park (2,' Sung Nim Han © 23

'Department of Physiology, University of Ulsan College of Medicine, Seoul, Korea

’Department of Food and Nutrition, College of Human Ecology, Seoul National University, Seoul, Korea
3Research Institute of Human Ecology, College of Human Ecology, Seoul National University, Seoul, Korea

Received: Oct 26, 2020
Revised: Jan 7, 2021
Accepted: Jan 29, 2021

Correspondence to

Sung Nim Han

Department of Food and Nutrition, College of
Human Ecology, Seoul National University, 1
Gwanak-ro, Gwanak-gu, Seoul 08826, Korea.
E-mail: snhan@snu.ac.kr

Copyright © 2021 The Korean Society of Lipid
and Atherosclerosis.

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Chan Yoon Park
https://orcid.org/0000-0002-8597-7210
Sung Nim Han
https://orcid.org/0000-0003-0647-2992

Funding

This work was funded by a grant from the
National Research Foundation (NRF) of Korea
(NRF-2018R1D1A1BO70491).

Conflict of Interest
The authors have no conflicts of interest to
declare.

Author Contributions

Conceptualization: Park CY, Han SN; Writing
- original draft: Park CY, Han SN; Writing -
review & editing: Han SN.

https://e-jla.org

ABSTRACT

Adipose tissue is composed of diverse cell types and plays a major role in energy homeostasis
and inflammation at the local and systemic levels. Adipose tissue serves as the main site

for vitamin D storage and is among the most important extraskeletal targets of vitamin

D which can modulate multiple aspects of adipose tissue biology. Vitamin D may exert
inhibitory or stimulatory effects on adipocyte differentiation depending on cell type, stage
of differentiation, and the treatment time point. Moreover, vitamin D controls energy
metabolism in adipose tissue by affecting fatty acid oxidation, expression of uncoupling
proteins, insulin resistance, and adipokine production. Adipose tissue inflammation can
have a significant impact on the metabolic disorders often associated with obesity, and
vitamin D can modulate the inflammatory response of immune cells and adipocytes within
the adipose tissue. This review discusses the role of adipose tissue in vitamin D metabolism,
as well as the regulatory role of vitamin D in adipocyte differentiation, adipose tissue energy
metabolism, and inflammation, thereby providing insights into the importance of vitamin D
in adipose tissue biology.

Keywords: Vitamin D; Adipose tissue; Metabolism; Inflammation

INTRODUCTION

Adipose tissue is composed of various cell types including adipocytes (preadipocytes

and mature adipocytes), immune cells (including macrophages, natural killer [NK] cells,
and T cells), fibroblasts, smooth muscle cells, and endothelial cells.! Adipose tissue plays
an important role as an energy reservoir, a modulator of energy homeostasis, and an
endocrine organ. Therefore, adipose tissue is no longer considered an inert storage organ,
and is instead now recognized as a critical player in whole-body energy metabolism and
inflammation, with significant implications for chronic diseases.

The role of vitamin D in calcium homeostasis and bone health is widely acknowledged.

However, the extraskeletal actions of vitamin D emerged as a topic of interest due to its
reported impact on cancer, cardiovascular diseases, diabetes, obesity, and immune and
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inflammatory responses. Adipose tissue is one of the major extraskeletal targets of vitamin D.
The expression of the vitamin D receptor (VDR) gene and vitamin D-metabolizing enzymes in
adipocytes and immune cells suggests that vitamin D can have a significant impact on adipose
tissue biology. VDR gene expression has been reported in white and brown adipose tissue in
mice and 3T3-L1 adipocytes.>

This review focuses on the role of adipose tissue in vitamin D metabolism and the role

of vitamin D in adipocyte differentiation, energy metabolism in adipose tissue, and
inflammation in adipose tissue, thereby providing insights into the importance of vitamin D
in adipose tissue biology.

VITAMIN D STORAGE AND METABOLISM IN ADIPOSE
TISSUE

Vitamin D is a fat-soluble vitamin that can be either obtained from the diet or synthesized
from 7-dehydrocholesterol in the skin via exposure to ultraviolet (UV)-B light.? Dietary
vitamin D is absorbed in the upper small intestine with other dietary lipids through passive
diffusion.*” However, recent studies have demonstrated that cholesterol transporters such as
scavenger receptor class B type I (SR-BI), cluster of differentiation 36 (CD36), and Niemann—
Pick Cl-Like 1 (NPC1-L1) are also involved in vitamin D transport across the enterocyte.®*° The
absorbed vitamin D is incorporated into chylomicrons and secreted into the lymph."*> When
adipose tissue and skeletal muscle uptake chylomicron lipids, a fraction of vitamin D is taken
up by these tissues as well; however, the specific mechanism by which vitamin D is stored

in adipose tissue has not been elucidated. Moreover, few studies have directly quantified
vitamin D levels in adipose tissue.” Most early studies identified adipose tissue as a major
vitamin D storage organ by indirectly measuring the radioactivity of radiolabeled vitamin D3
in adipose tissue.*!® When rats were given 5 pg of vitamin D3 per day for 12 days, the tissue
with the highest concentration of vitamin D was the kidney, followed by adipose tissue,
blood, and the liver. After deprivation of vitamin D, radioactivity disappeared rapidly in the
first 3 weeks in most tissues (blood, liver, and kidney). In contrast, the radioactivity of the
adipose tissue did not decrease nearly as substantially after 80 days.”” Heaney et al.”® reported
the tissue distribution of vitamin D based on previous studies that measured vitamin D

levels in human tissues, as well as high-performance liquid chromatography measurements
in pigs fed with approximately 2,000 IU of vitamin D per day. Despite the limitations of
quantifying vitamin D levels in tissues from different species, vitamin D has been found to
be predominantly stored in adipose tissue as cholecalciferol (vitamin D3), but has also been
found in muscle and liver tissues. Using liquid chromatography-mass spectrometry (LC-MS),
Piccolo et al.” demonstrated that total body fat loss (13%) after 12 weeks of caloric restriction
did not significantly affect 25-hydroxyvitamin D (25[OH]D) concentrations in human
subcutaneous fat and serum; therefore, the authors suggested increasing dietary vitamin

D intake or vitamin D synthesis from the skin to improve vitamin D levels instead of weight
loss. After long-term supplementation with a high dose of vitamin D3 (20,000 IU/week) for
3-5 years, the median vitamin D3 concentration in the abdominal subcutaneous tissue was
more than six times higher in the supplemented group than in the placebo group (209 vs. 32
ng/g tissue).* Simultaneously, 25(OH)D3 concentrations in serum and fat showed a modest
but significant difference between the supplemented and placebo groups. The median
concentrations of serum 25(OH)D3 and fat 25(OH)D3 were 99 nmol/L and 3.8 ng/g tissue in
the supplemented group and 62 nmol/L and 2.5 ng/g tissue in the placebo group, respectively.
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Therefore, subcutaneous fat appeared to store a large amount of vitamin D3. In addition
to LC-MS quantification, Malmberg et al.! implemented time of flight secondary ion mass
spectrometry (TOF/SIMS) to measure vitamin D3, 25(OH)D3, and 1,25-dihydroxyvitamin
D3 (1,25[OH],D3) levels in human adipose tissue. Using this approach, the authors
demonstrated that vitamin D3 and its metabolites were located in adipocyte lipid droplets.

The storage of vitamin D in adipose tissue is considered as one of the main factors explaining
the association between vitamin D deficiency and obesity. Obese subjects exhibited vitamin
D insufficiencies (serum 25[OH]D concentrations between 20-30 ng/mL) and deficiencies
(serum 25[OH]D concentrations below 20 ng/mL), and serum 25(OH)D levels showed
negative correlations with body mass index and body fat mass.?** According to the results of
a meta-analysis,” the prevalence of vitamin D deficiency was 35% and 24% higher in obese
and overweight persons, respectively, than in normal-weight subjects. When obese subjects
were exposed to UV-B light or supplemented with 50,000 IU vitamin D, the increase in serum
25(OH)D levels was lower than that of the normal-weight group. Therefore, it was suggested
that vitamin D sequestration in body fat might decrease its bioavailability.*® In contrast,
Drincic et al.** proposed “volumetric dilution” as the reason for the low serum 25(OH)D
concentration in obese persons, meaning that the distribution of cholecalciferol in serum
and body fat depends on body size. An inverse association between serum 25(OH)D levels
and body weight was explained via a hyperbolic model, and not by quantifying tissue vitamin
D levels. In fact, only a few studies have directly quantified vitamin D levels in adipose

tissue to evaluate differences between obese and non-obese patients.?*® The total amount

of cholecalciferol (ng) in the adipose tissue of obese humans and mice was greater than that
of normal-weight controls; however, vitamin D concentrations (ng/g of fat tissue) did not
vary significantly. These findings support the volumetric dilution hypothesis as the primary
cause of vitamin D deficiency in obese subjects, rather than the hypothesis of sequestration of
vitamin D in body fat.”

Adipose tissue plays an important role as a vitamin D storage site. Moreover, 1,25(OH),D, the
bioactive form of vitamin D, is involved in adipocyte differentiation and immune responses.
Although the liver and kidney are the primary tissues involved in vitamin D metabolism (e.g.,
25-hydroxylation of vitamin D to 25(OH)D and 1-hydroxylation of 25(OH)D into 1,25(0OH),D),
both 25-hydroxylase (CYP27A1)* and 1-hydroxylase (CYP27B1)* are expressed and active in
3T3 L1 pre-adipocytes, subcutaneous adipose tissue (SAT), and visceral adipose tissue (VAT)
in rats and humans.* Additionally, VDR expression has been observed in 3T3-L1 adipocytes,*
as well as in human pre-adipocytes and differentiated adipocytes.? Therefore, vitamin D

can regulate the transcription of many target genes in adipose tissue via the interactions
between 1,25(OH),D and VDRs, both through endocrine mechanisms and through autocrine
and paracrine mechanisms. The absorption and activation process of dietary vitamin D is
depicted in Fig. 1.

MODULATION OF ADIPOCYTE DIFFERENTIATION BY
VITAMIN D

Adipogenesis is a highly controlled 2-step process in which the sequential induction

of transcription factors regulates the expression of adipocyte-specific markers and the
expression of lipogenic genes increases fatty acid synthesis. First, fibroblast-like cells
such as mesenchymal stem cells are committed to the adipocyte lineage and become pre-
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protein; LPL, lipoprotein lipase; PTH, parathyroid hormone; SR-B1, scavenger receptor class B type 1.

adipocytes. In the second step, pre-adipocytes differentiate into mature adipocytes by
undergoing growth arrest, accumulating lipids, and becoming insulin-responsive.**** During
adipogenesis, several transcriptional factors regulate and activate a sequential series of gene
expression.® This cascade begins with the early and transient expression of CCAAT/enhancer-
binding protein (C/EBP) B and C/EBPS. This leads to the induction of nuclear receptor
peroxisome proliferator-activated receptor y (PPARY) and C/EBPa, as critical transcriptional
regulators of adipogenesis, followed by triglyceride (TG) accumulation resulting from the
enhanced expression of various genes associated with adipocyte phenotypes, including

fatty acid binding protein (FABP4), acetyl CoA carboxylase (ACC), lipoprotein lipase (LPL),
glucose transporter 4 (GLUT4), and fatty acid synthase (FASN or FAS).*® PPARy and C/EBPa are
necessary for adipogenesis, as well as for maintaining the differentiated state of adipocytes.”

Many previous studies have reported that 1,25(OH),D, the active form of vitamin D, regulates
adipocyte differentiation by binding to the nuclear VDR with high affinity. The VDR gene

is expressed in 3T3-L1 cells,*® human mammary pre-adipocytes and adipocytes,>** and
human SAT and VAT.* VDR expression has been observed in the earliest stages of 3T3-L1
adipocyte differentiation (during the first 4 hours of insulin, dexamethasone, and 3-isobutyl-
l-methylxanthine treatment).>**° In line with these findings, when 1,25(0OH),D-VDR

forms a heterodimer with retinoid X receptor (RXR), the resulting complex can regulate

the expression of various genes in adipocytes by binding with the vitamin D response
element. Lipid accumulation was reduced in VDR knockdown 3T3-L1 cells. Additionally,
VDR knockout mice exhibited enhanced energy expenditure, reduced body fat mass, and
resistance to high-fat diet (HFD)-induced obesity,*** suggesting that the 1,25(0OH),D-VDR
signaling pathway plays a role in adipogenesis. However, contradictory results have been
reported regarding the role of 1,25(OH),D and VDR in adipocyte differentiation. Table 1
summarizes the in vitro effects of 1,25(OH),D on adipocyte differentiation and adipogenesis.
Most studies that used 3T3-L1 mouse pre-adipocytes consistently reported that 1,25(OH),D
inhibited adipocyte differentiation by reducing lipid accumulation and decreasing the
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Table 1. Effects of in vitro 1,25(0H),D treatment on adipocyte differentiation and adipogenesis
Cell type or species Treatment dose (duration) Effects References
1,25(0H),D inhibits adipocyte differentiation
3T3-L1 preadipocytes 1 UM (0-40 hours) - Repressed up-regulated protein expression of PPARy2 Hida et al.®
373-L1 preadipocytes 0.01, 0.1, 1,10, 100 nM - Lipid accumulation and the expression of PPARY, Jietal.®®
(6,12 hours, 1-10 days) C/EBPaq, - FABP4 and SCD-1 were inhibited
- No change in C/EBPp and C/EBPS gene expression levels
373-L1 preadipocytes 0.01, 0.1,1,10, 100 nM - Blocks 373-L1 cell differentiation into adipocytes (C/EBPa.and  Kong and Li*
(24, 28, 72 hours) PPARY upregulation) in a dose-dependent manner
373-L1 preadipocytes 10nM (1,2, 4, 6,12 hours, - Down-regulating both C/EBPJ} mRNA expression and protein ~ Blumberg et. al.”
1,2, 4, 5 days) levels
- Up-regulation of ETO (C/EBP co-repressor)
373-L1 preadipocytes 10 nM (2, 4, 6 days) - Inhibited lipid droplet formation and the expressions of Lee etal.®

Primary porcine preadipocytes
Human breast preadipocyte

373-L1 preadipocytes

1,25(0H),D promotes adipocyte differentiation
Human pre-adipocyte, primary mouse

preadipocytes

Human adipose-derived mesenchymal

progenitor cells

Human preadipocyte SGBS cells

Mesenchymal stem cells isolated from bone

marrow of pig

adipocyte maker protein, FABP4, PPARy and C/EBPa.
- Inhibited downregulation of WNT/B-catenin pathway
0.1nM-1pM (2, 4, 6, 8 days) - Suppressed the expression of PPARy, RXR, LPL, SREBP mRNA  Zhuang et al.*®

100 nM (7, 14 days) - Reduced intracellular triglyceride on day 7 but not on day 14 Ching et al.*
- Dose and time dependent inhibition of adipogenesis Nimitphong et al.””
0.1,10 nM (14 days) - Increased the expression of PPARy, FABP, LPL, SREBP mRNA  Nimitphong et al.”
10,100 nM (7 days) and TG accumulation
10 nM (7, 14 days) - Promoted lipid accumulation and enhanced the expression of Narvaez et al.*®
FABP4, FASN, and PPARY
10, 100 nM (24 hours) - Induced VDR, CEBPa, and CEBPJ expression in the Felicidade et al.*

preadipocyte stage
- Upregulated CEBPa during adipogenesis
10,100 nM (3, 6, 9,12 days) - Increased PPARY, LPL, AP in dose dependent manner Mahajan and Stahl*°

1,25(0H),D, 1,25-dihydroxyvitamin D; PPAR, peroxisome proliferator-activated receptor; C/EBP, CCAAT/enhancer-binding protein; FABP, fatty acid binding protein;
RXR, retinoid X receptor; LPL, lipoprotein lipase; SREBP, sterol regulatory element-binding protein; TG, triglyceride; VDR, vitamin D receptor; SGBS, Simpson-

Golabi-Behmel syndrome.
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expression of genes related to lipogenesis, including PPARG and CEBPA.***% Both primary
porcine pre-adipocytes* and human breast adipocytes® cultured with 1,25(OH),D3 exhibited
reduced lipid accumulation or downregulation of the expression of PPARG, RXRA, and other
adipogenesis-related genes. The differentiation of human mammary pre-adipocytes was
inhibited both by 1,25(OH),D3 and 25(OH)D3.* However, several studies using human pre-
adipocytes demonstrated that 1,25(OH),D promoted the differentiation of pre-adipocytes
into mature adipocytes.**° Nimitphong et al.* demonstrated that 25(OH)D or 1,25(0OH),D
treatment enhanced adipogenesis in human and mouse preadipocytes by increasing TG
accumulation and expression of PPARG, FABP, LPL, and SREBP. In contrast, 1,25(OH),D had
the opposite effect in mouse 3T3-L1 cells. The authors concluded that the aforementioned
differences between human primary preadipocytes and 3T3-L1 cell outcomes might be
attributed to the differences in the stage of differentiation of each cell type. For instance,
primary adipocytes, which showed increased adipogenesis after 1,25(OH),D treatment, were
at a more advanced stage of differentiation than the 3T3-L1 cells. Moreover, these different
outcomes may have also been due to methodological differences related to the time-point
of1,25(OH),D treatment and variation in VDR expression during adipocyte differentiation.®
VDR was shown to be expressed in the earliest stages of 3T3-L1 adipocyte differentiation

and decreased with adipocyte maturation®; thus, exposing 3T3-L1 cells to 1,25(0OH),D3 at an
early stage of differentiation is crucial for the expected inhibitory effect on adipogenesis.*#>!
Although 1,25(OH),D treatment decreased the expression of C/EBPB and PPARYy in 3T3-

L1 cells, it is possible that vitamin D can promote adipogenesis because CYP27B1 and

VDR downregulation by 1,25(OH),D treatment can decrease the response to vitamin D in
adipocytes.®® Nonetheless, the exact mechanisms behind the different effects of vitamin D on
adipogenesis must be further clarified.
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REGULATION OF ENERGY HOMEOSTASIS BY VITAMIN D

Adipose tissue is among the major contributors to energy homeostasis. White adipose tissue
stores excess energy as TG using fatty acids taken up from circulating TG in chylomicrons and
very-low-density lipoprotein (VLDL) and/or fatty acids synthesized in the adipose tissue via de
novo lipogenesis. When the body requires energy, white adipose tissue releases fatty acids to be
used as an energy source by other organs, as well as glycerol for gluconeogenesis.! Brown adipose
tissue (BAT) is involved in thermogenesis. Cold exposure promotes fat uptake and stimulates the
expression of uncoupling protein 1 (UCP1) in BAT, which leads to heat generation.”

The regulation of energy metabolism by adipose tissue is orchestrated by several hormones
and adipokines. Insulin stimulates glucose uptake into adipose tissue through GLUT4,

and GLUT4 expression regulates the expression of carbohydrate response element binding
protein (ChREBP), a glucose-responsive transcription factor that regulates fatty acid
synthesis and glycolysis.>* Leptin, which is mainly produced in adipose tissue, is another
important hormone for energy homeostasis. Leptin signals the brain to decrease food
intake, increases energy expenditure through sympathetic nerve activity, and stimulates
thermogenesis by increasing UCP1 in BAT. Leptin also affects glucose and lipid metabolism
by suppressing gluconeogenesis, increasing peripheral glucose uptake, inhibiting de novo
lipogenesis, and stimulating lipolysis and fatty acid oxidation.> Adiponectin, which is

also produced in adipose tissue, increases glucose uptake by skeletal muscle, decreases
gluconeogenesis in the liver, and stimulates fatty acid oxidation and glucose utilization in
skeletal muscle and the liver.*

The importance of vitamin D in the regulation of energy metabolism is supported by
previously published experiments on Vdrknockout and overexpression models.” Vdrknockout
mice exhibited a reduction in adipose tissue mass, lower serum leptin levels, and higher
food intake than wild-type mice. Similar effects were observed in mice unable to generate
1,25(0OH),D due to a lack of Cyp27b1 expression.” These results strongly imply that vitamin
D is an important regulator of lipid storage in adipose tissue. Targeted expression of human
VDR in mouse adipocytes resulted in higher body weight, fat mass, and leptin levels despite
no differences in food intake. This increase in fat mass was mainly due to reduced fatty acid
oxidation and lipolysis in the adipose tissue. Moreover, the expression of genes involved in
lipolysis (e.g., Atgl and Hsl) and energy utilization (e.g., Cpt, Ucp, Hk, and Pk) was lower in
human VDR transgenic mice.*®

Vitamin D appears to affect energy metabolism in several different ways. Vitamin D
supplementation has been reported to enhance fatty acid oxidation.” Lower weight gain and
adipose tissue mass were observed in mice fed with an HFD supplemented with vitamin D
(15,000 IU/kg diet), which was due to increased energy expenditure and the preferential use
of lipids as an energy source. The expression of genes involved in energy metabolism, fatty
acid oxidation, and mitochondrial biogenesis—including Ppara, Pgc-la, Pgc-1b, Cptlb, Mcad,
Lcad, and Pdk4—were upregulated in BAT and muscle upon vitamin D supplementation.
However, when pregnant rats were subcutaneously injected with vitamin D3 (1 pg/kg/d),

the expression of various lipogenic genes, including Fas, Scdl and Accl, in adipose tissue was
reduced. Additionally, the regulators of lipogenic enzymes were differentially modulated by
vitamin D, as Pparg and Insig2 mRNA levels were increased by vitamin D injection, but there
was no difference in Srebplc and Cebpa expression between vitamin D-treated and control
rats.®® Vitamin D has been reported to affect insulin secretion and sensitivity. For instance,
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vitamin D supplementation improved insulin sensitivity in healthy subjects and type 2
diabetes patients.® Vitamin D is a potential modulator of depolarization-induced insulin
secretion via the regulation of intracellular Ca* levels in pancreatic -cells.®* Moreover,
vitamin D can modulate adipokine secretion. For example, 1,25(OH),D stimulates adipose
leptin production in a VDR-dependent manner, as it led to markedly increased mRNA
expression and secretion of leptin in cultures of adipose tissues obtained from wild-type
mice, but not from VDR-null mice.®® However, previous studies reported inconsistent results
regarding the effect of vitamin D on adiponectin production. For example, no significant
effect 0f1,25(0OH),D was found on the adiponectin expression of differentiated human
adipocytes.® In contrast, when overweight/obese and vitamin D-deficient adults received
vitamin D supplementation for 16 weeks, there was a greater increase in adiponectin and
leptin in the vitamin D group than in the placebo group after adjustment for baseline values,
season, sun exposure, and dietary vitamin D intake.® Nonetheless, adiposity should also be
considered when interpreting the effects of vitamin D on leptin and adiponectin levels in
human and animal models, as obesity is often associated with vitamin D deficiency and levels
of leptin and adiponectin are closely associated with fat mass.*

MODULATION OF INFLAMMATION BY VITAMIN D IN
ADIPOSE TISSUE

Adipose tissue functions as an endocrine organ that secretes more than 260 adipokines.®’
Obesity causes adipose tissue enlargement through hyperplasia (i.e., an increase in the
number of adipocytes) and hypertrophy (i.e., an increase in adipocyte size). ® In obese
individuals, hypertrophic adipocytes exhibit necrotic cell death and local hypoxia, which
induces inflammation, followed by increased secretion of monocyte chemoattractant protein
(MCP)1, interleukin (IL)-6, IL-1B, resistin, and tumor necrosis factor alpha (TNF-a).
Moreover, dietary lipids bind to toll-like receptors (TLR2 and TLR4) on adipocytes and
macrophages, thereby activating the nuclear factor (NF)-«kB signaling pathway and promoting
the expression of inflammatory cytokines.”” Upregulation of pro-inflammatory cytokines
induces adipose tissue inflammation by recruiting monocytes/macrophages into the

adipose tissue, and activating them toward the pro-inflammatory M1 type.” Furthermore,
infiltration of other immune cells, including CD8" T cells, neutrophils, and NK cells, precedes
macrophage accumulation and contributes to macrophage activation.” In the adipose tissue
of obese subjects, the secretion of pro-inflammatory cytokines, including IL-1B, IL-6, and
MCP4, is increased by both adipocytes and macrophages that reside within the adipose
tissue. Macrophages account for more than 50% of immune cells in obese adipose tissue,

but constitute fewer than 10% of immune cells in lean adipose tissue.” Low-grade chronic
adipose tissue inflammation is a significant risk factor for metabolic diseases including
insulin resistance and type 2 diabetes.

Given that both adipocytes and macrophages express VDR and CYP27B1, 1,25(0OH),D or
25(OH)D can control inflammatory responses in adipose tissue. The anti-inflammatory
effects of vitamin D on monocytes/macrophages are supported by consistent results from in
vitro studies (Table 2). Most of these studies reported that 1,25(OH),D reduced the expression
and secretion of pro-inflammatory cytokines from monocytes/macrophages in a dose-
dependent manner through several mechanisms. First, vitamin D modulates the expression
of pro-inflammatory cytokines by regulating TLRs, innate immune pattern recognition
receptors, which enable the recognition of the pathogen-associated molecular patterns
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Table 2. Effects of in vitro 1,25(0H),D treatment on inflammatory responses in monocytes/macrophages

Cell type

Treatment dose (duration) Effects Reference

Human monocyte (PBMC)

PBMC

PBMC

Murine macrophage cells (P388D1)
Human monocytic THP-1 cells
Mouse stromal vascular cell

PBMC

0.01-100 nM (12, 24, 48, 72 hours) - Reduced TLR2, TLR4 protein and mRNA Sadeghi et al.”

- Inhibited NF-xB/RelA translocation

100 nM (24, 48, 72 hours) - Down-regulated TLR2, TLR4, and TLR9 expression Dickie et al.”

- Decreased IL-6 production

0.1-10 nM (24 hours) - Decreased IL-6 and TNF-o production Zhang et al.”™®

- Increased MKP-1

100 nM (16 hours preincubation) - Decreased NF-kB-p65 protein levels in the nucleus Cohen-Lahav et al.”

« Increased NF-kB-p65 protein levels in the cytosol
- Increased IkBa protein levels in cytosol

10 nM (24 hours) - Decreased IL1B, IL-6, and TNF-a. levels Villaggio et al.”
10 nM (24 hours) - Decreased IL-6 and MCP-1 levels Park et al.””

- Increased DuspT and IkBa expression
48 hours after 1,25(0H),D3 - Decreased proinflammatory cytokines (TNF-a, IL-1a,  Neve et al.®°
Stimulation (107-10"" M) IL-1B, and IL-6) production

1,25(0H),D, 1,25-dihydroxyvitamin D; PBMC, peripheral blood mononuclear cell; TLR, Toll-like receptor; NF, nuclear factor; IL, interleukin; TNF, tumor necrosis
factor; MKP-1, MAPK phosphatase-1; MCP, monocyte chemoattractant protein.

https://e-jla.org

(PAMPs) produced by microorganisms or damage-associated molecular patterns (DAMPs)
derived from dead cells or tissue injury.® 1,25(OH),D3 downregulates the protein and mRNA
levels of TLR2 and TLR4 in human monocytes in a time- and dose-dependent manner,
followed by a reduction of IL-6 and TNF-a levels.”*” However, this downregulation of TLR2
and TLR4 by vitamin D was inhibited when a VDR antagonist was added, indicating that

the immunomodulatory effect of 1,25(OH),D on TLR is VDR-dependent.™ TIr2 expression
was also decreased by 1,25(0OH),D treatment in adipose tissue-resident immune cells.”
Second, vitamin D inhibits the NF-kB and MAPK signaling pathways, which are downstream
of TLR-mediated pathways. 1,25(OH),D inhibits NF-«B activation by blocking NF-kB/RelA
nuclear translocation and upregulating the expression of IkBa, which is a potent NF-kB
inhibitor.”7*72828 Additionally, 1,25(OH),D upregulates MAPK phosphatase-1 (MKP-1), which
inactivates MAPK signaling via inhibition of p38 activation. A putative VDR binding site has
been identified in human and mouse MKP-1 promoters.”

Table 3 summarizes a selection of studies that have investigated the effects of in vitro vitamin
D treatment on inflammatory responses. The in vivo effects of vitamin D supplementation

on adipose tissue inflammation are listed in Table 4. Whether vitamin D decreases the
secretion of pro-inflammatory cytokines by adipocytes is not known conclusively, as previous
studies using 3T3-L1 and human adipocytes have reported contradictory results. The mRNA
expression of pro-inflammatory cytokines including IL-6, IL-8, MIF, and CD14, and the
protein levels of M-CSF, MIP, IL-6, and MCP-1 were increased by treating human adipocytes
and differentiated 3T3-L1 cells with 10 nM 1,25(OH),D3.4# In contrast, other studies using
human adipocytes and 3T3-L1 cells reported that vitamin D (10-100 nM of 1,25[OH],D)
treatment inhibited IL-6, MCP-1, and IL-1 production and inactivated NF-xB by inducing
IxBa.® %8 Although the reasons for these contradictory results are not clear, pre-incubation
of adipocytes with 1,25(0OH),D for 24 or 48 hours before inflammatory stimuli (e.g., TNF-o
or IL-18) may have mediated the anti-inflammatory activity of vitamin D. Consistent with

the anti-inflammatory mechanisms of vitamin D in monocytes/macrophages, vitamin D
regulates NF-kB and MAPK signaling in adipocytes. 1,25(OH),D suppressed the activation

of NF-«B signaling by increasing IkBa expression and reducing p65 phosphorylation and
inhibited MAPK signaling by upregulating MAPK phosphatase expression (Duspl and Duspl0)
and downregulating phosphorylated p38 MAPK and phosphorylated Erk1/2 in pre-adipocytes
and differentiated adipocytes.”5-88
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Table 3. Effects of in vitro (or ex vivo) 1,25(0H),D treatment on inflammatory responses in preadipocyte/adipocyte
Cell type Treatment (dose, duration) Effects Reference
Differentiated 373-L1 cells and human 10 nM (48 hours) - Increased /l6 and Tnfo expression in 3T3-L1 Sun and Zemel®*
adipocytes - Increased IL6 and IL8 expression in human adipocytes
Differentiated 3T3-L1 cells (co-cultured with 10 nM (48 hours) - Increased CD74, MIF expression in human adipocytes ~ Sun and Zemel®
RAW 264.7 cell) and human adipocytes - Increased Mcsf, Mcp, Tnfa, Il6, and McpT expression

in 3T3-L1
Preadipocytes isolated from human 100 nM (24, 48 hours) - Reduced CCL2 expression Lorente-Cebrian et
subcutaneous WAT - Reduced MCP-1 and adiponectin production al.®
3T3-L1 cells (co-culture with RAW 264.7 cell) 1,10, 100 nM (24 hours) - Decreased IL-6, MCP-1, IL-Tb mRNA levels Marcotorchino et al.®®
and human preadipocytes - Decreased IL-6, MCP-1 production
Human preadipocytes derived from 10 nM (24 hours) - Reduced production of MCP-1, IL-8 and IL-6 Gao et al.”
subcutaneous adipose tissue - Inactivated NF-kB by upregulation of IkBa
Human preadipocytes differentiated to mature 0.01, 10 nM (48 hours) - Reduced MCP1, IL8, RANTES, IL6, and IL1f expression  Ding et al.®®
adipocytes
3T3-L1 cells, human adipocytes 1,100 nM (48 hours) - Decreased chemokine mRNA levels in 3T3-L1 and Karkeni et al.®
human adipocyte
Mouse epididymal adipose tissue 0.1,1,10, 100 nM (24, 48 - Reduction of leptin secretion and mRNA levels Kong et al.®®
hours)

Human visceral adipose tissue 100 nM (12 hours) - Alleviated oxidative stress in VAT and vascular lonica et al.*®

preparations and also improved the vascular function

1,25(0H),D, 1,25-dihydroxyvitamin D; MIF, macrophage inhibitory factor; MCSF, macrophage colony-stimulating factor; MCP, monocyte chemoattractant protein;
IL, interleukin; NF, nuclear factor; VAT, visceral adipose tissue.

Table 4. Effects of in vivo vitamin D supplementation on adipose tissue inflammation

Animal model Treatment (dose, duration) Effects Reference
Swiss mice HFD supplemented with 1,25(0H),D3 (0.05 mg/kg of diet) for 4 - Decreased IL-6 protein levels in epididymal adipose Lira et al.”
weeks during 8 weeks feeding tissue
C57BL/6J mice Gavage with cholecalciferol (15,000 1U/kg of body weight) for 4 days - Limited LPS-induced inflammatory responses Karkeni et
HFD (45% fat) supplemented with cholecalciferol (3,000 1U/kg of - Reduction of chemokine (Ccl2, Ccl5) and M1 macrophage  al.®
body weight) for 10 weeks markers
C57BL/6J mice HFD (45% fat) supplemented with cholecalciferol (10,000 or 25,000 - Lower Mcp-1, Rantes expresion Park et al.”
1U/kg diet) for 13 weeks - No difference in immune cell population in adipose tissue
Wistar rats ND or HFD for 4 months, then gavaged with 500 1U/kg/d for 5 weeks - Lower TNF-a.and MCP-1 levels in adipose tissue Farhangi et
homogenate al.”?
C57BL/6J mice High-fat/high-sucrose diet supplemented with 15,000 IU/kg - Lower expression of chemokine (Mcp1, Ccl5) mRNA levels Marziou et
cholecalciferol for 15 weeks - No difference in adipocyte size al.*
Yucatan female 4,500-5,500 IU of vitamin D3/per day for 12 months - Higher M2 macrophages in EAT Gunasekar
microswine - Lower TNF-a, MCP-1 positive cells in EAT etal.”*
Sprague- 0.3 pg/kg/TIW of 1,25(0H),D3 by gastric gavage for 10 weeks - Lower MCP-1, IL-6, and TNF-a production by adipocytes ~ Su et al.*
Dawley rats from mesenteric adipose tissue

HFD, high-fat diet; 1,25(0H),D3, 1,25-dihydroxyvitamin D3; IL, interleukin; LPS, lipopolysaccharide; ND, normal diet; TNF, tumor necrosis factor; MCP, monocyte
chemoattractant protein; EAT, epicardial adipose tissue; TIW, three times per week.

Furthermore, dietary vitamin D supplementation can modulate low-grade chronic

adipose tissue inflammation induced by obesity. In vivo animal studies have consistently
demonstrated the anti-inflammatory effects of vitamin D supplementation (Table 4). Vitamin
D supplementation not only decreased the production of pro-inflammatory cytokines

(IL-6, IL-1B, and TNF-a) and chemokines (CCL2, CCL5, CXCL10, and CXCL11), but also
regulated the recruitment of immune cells into adipose tissue.”®?*% Mice fed with an HFD
supplemented with cholecalciferol (3,000 IU/kg of body weight) exhibited a decrease in M1
type macrophages and T cells in the adipose tissue when compared with mice fed an HFD
with 300 IU of cholecalciferol/kg body weight.®

CONCLUSION

Current studies strongly support the significant impact of vitamin D on multiple aspects
of adipose tissue biology. However, the specific roles of vitamin D remain inconclusive and
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sometimes controversial. For instance, VDR knockout mice exhibited a lower fat mass;

nonetheless, vitamin D supplementation or 1,25(OH),D injection led to similar effects. The

effects of vitamin D on adipocyte differentiation and adipogenesis have also not yet been
fully elucidated, and inconsistent results have been reported depending on cell types, stage
of cell differentiation, and the time point at which vitamin D was administered. The anti-

inflammatory effects of vitamin D are more consistent, as most studies (with only a few

exceptions) have demonstrated that vitamin D reduces the production of proinflammatory

mediators. Therefore, in order to expand the clinical implications of vitamin D for chronic

diseases associated with adipose tissue dysfunction, more studies are needed to clarify the
aforementioned discrepancies in vitamin D research, establish a causal relationship between
vitamin D levels and adipose tissue function, and elucidate the mechanisms by which vitamin
D modulates adipose tissue biology.
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