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Abstract

Objective: The adipose tissue-liver axis is a major regulator of the pathogenesis of non-alcoholic
fatty liver disease (NAFLD). Retinoic acid signaling plays an important role in development and
metabolism. However, little is known about the role of adipose retinoic acid signaling in the
development of obesity-associated NAFLD. In this work, we aimed to investigate whether and
how retinoic acid receptor alpha (RARa) regulated the development of obesity and NAFLD.

Methods: RARa expression in adipose tissue of ab/ab or ob/ob mice was determined. Rara™
mice and adipocyte-specific Rara™~ (Rara”*%~~) mice were fed a chow diet for one year or
high fat diet (HFD) for 20 weeks. Primary adipocytes and primary hepatocytes were co-cultured.
Metabolic regulation and inflammatory response were characterized.

Results: RARa expression was reduced in adipose tissue of ab/ab or ob/ob mice. Rara”%~~
mice had increased obesity and steatohepatitis (NASH) when fed a chow diet or HFD. Loss of
adipocyte Rara induced lipogenesis and inflammation in adipose tissue and the liver and reduced
thermogenesis. In the co-culture studies, loss of Rara in adipocytes induced inflammatory and
lipogenic programs in hepatocytes.

Conclusions: Our data demonstrate that RARa in adipocytes prevents obesity and NASH via

inhibiting lipogenesis and inflammation and inducing energy expenditure.
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Introduction

Methods

There has been a significant increase in the obesity rate in the last 50 years. It is currently
the second leading cause of preventable death in the United States and represents a
significant global health concern (1, 2). Obesity has been associated with many health
risks, including a spectrum of liver abnormalities known as nonalcoholic fatty liver

disease (NAFLD), which encompasses nonalcoholic fatty liver (NAFL) and non-alcoholic
steatohepatitis (NASH). Adipose tissue secretes various hormones such as adipokines,
cytokines, and metabolites. Under over-nutritional conditions, pathological remodeling of
adipose tissue results in increased secretion of toxic fatty acids and inflammatory cytokines
while reducing the secretion of anti-inflammatory adipokines, such as adiponectin, which
may in turn have deleterious effects on the pathogenesis of obesity-associated NAFLD.

Vitamin A deficiency is often associated with insulin resistance and obesity. An inverse
correlation is observed between obesity and vitamin A status in people with obesity (3, 4).
Multiple studies on patients have shown an inverse relationship between serum retinol levels
and the severity of NAFLD (5-7). Vitamin A exerts its functions through active metabolites
— all-trans retinoic acid (AtRA) and 9-cis retinoic acid (9-cis-RA) which activate the nuclear
hormone receptors retinoic acid receptors (RARa, RAR, and RARy) and retinoid X
receptors (RXRa, RXRp, and RXRYy), respectively (8, 9). RARSs heterodimerize with RXR
and bind to the DNA motifs known as retinoic acid response elements (RARES) to regulate
the expression of genes involved in cell growth, differentiation, and metabolism (10). Lee

et al. have previously observed that adipocyte-specific over-expression of dominant-negative
RARa increases insulin intolerance and hepatic steatosis in chow-fed mice supplemented
with Vitamin A (11). However, the underlying mechanism remains to be determined. In
addition, it is unclear whether genetic ablation of adipocyte RARa and/or a high fat diet
(HFD) have similar effects or an effect on NASH development.

In this report, we show that adipose RARa was reduced in genetically obese mice. We
then investigated the effect of genetic ablation of adipocyte RARa on the development of
obesity and NAFLD in mice fed a chow diet or HFD. Our data show that adipocyte RARa
is essential for protecting against obesity and NASH by regulating energy expenditure and
lipogenesis.

Mice and diets

C57BL/6J mice (cat # 000664), ob/ob mice (cat # 000632) and db/db mice (cat # 000697)
were purchased from the Jackson Laboratories (JAX; Bar Harbor, ME). The floxed Rara
(Rara™"™) mice on a C57BL/6 background were generously gifted by Dr. Yasmine Balkaid
(NIH/NIAID) and have been described previously by Dr. Chambon and colleagues (12).
Rara™ mice were crossed with Adiponectin (Adipoq) cre mice (strain # 010803) from JAX
to generate germline adipocyte-specific Rara™~ (Rara”*%~~) mice and control littermates
(Rara™ mice). All mice were housed in ventilated microisolator cages with Aspen shred
bedding and nestlets and paper huts, and in a temperature and humidity-controlled room
with a 12-h light/12-h dark cycle under pathogen-free conditions. Mice were randomly
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assigned for studies, and were fasted for 5-6 hours during the light cycle prior to euthanasia.
Plasma and tissues such as liver, epididymal white adipose tissue (eEWAT), inguinal white
adipose tissue (iWAT), and brown adipose tissue (BAT) were collected. All the animal
experiments were approved by the Institutional Animal Care and Use Committee at
Northeast Ohio Medical University (NEOMED), and all the procedures were in accordance
with the ARRIVE guidelines. No animals were excluded. Eight-week-old male mice were
used and fed with a high fat diet (HFD) containing 60% fat (cat # D12492 from Research
Diets, New Brunswick, NJ) for 20 weeks or a chow diet for one year.

3T3L1 cells were purchased from ATCC and were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum and 1% antibiotic and
antimycotic. Adipogenesis was induced as detailed in the Supplementary Information.

Body composition analysis and energy expenditure

Mouse body fat mass was measured by Echo-MRI-700 (Echo Medical Systems, Houston,
TX). Oxygen consumption, carbon dioxide production, heat production, and physical
activity were determined in a Comprehensive Lab Animal Monitoring System (CLAMS)
using Columbus Instruments hardware and Oxymax software (Columbus Instruments,
Columbus, OH), as detailed previously (13). In brief, mice underwent an acclimation
period, and over 50 hours measurement of energy expenditure was determined using an
eight-chamber system. Each run included two genotypes with four mice per group.

Quantitative real-time PCR

RNA was extracted using TRIzol reagent and real-time PCR was performed as detailed in
Supplementary Information.

Western blot assays

Western blot assays were performed using lysates from tissues or primary adipocytes.
Samples were homogenized in a solution containing 50 mM Hepes (pH 7.5), 137 mM NacCl,
1 mM MgCl,, 1 mM CaCly, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 2 mM
EDTA, 1% Nonidet P-40, 1 mM PMSF and complete protease and phosphatase inhibitor
mixture (Fisher Scientific) and then incubated at 4°C for 30 minutes. After centrifugation

at 15,000 x g for 30 min, the supernatant was removed, and protein concentration was
determined. Proteins were separated on SDS/PAGE and transferred to a nitrocellulose
membrane. Antibodies against acetyl-CoA carboxylase (ACC) (cat # 3662), phospho-AMP-
activated protein kinase (PAMPK) (cat # 2535), AMP-activated protein kinase (AMPK) (cat
# 2603), phospho-hormone sensitive lipase (pHSL) (cat # 45804), hormone-sensitive lipase
(HSL) (cat # 4107), adipose tissue triglyceride lipase (ATGL) (cat # 2138), uncoupling
protein 1 (UCP1) (cat # 14670), phospho serine/threonine kinase 1 (pAKT) (cat # 4060),
total AKT (cat # 9272), cleaved caspase 3 (Cat # 9661), total caspase 3 (Cat # 9662),
phospho-Smad2/3 (Cat # 8828), or total Smad2/3 (Cat # 5678) were purchased from Cell
Signaling Technology (Boston, MA). The antibody against sterol regulatory element-binding
protein 1 (SREBP-1) (cat # NB600-582) was purchased from Novus (Centennial, CO).
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Retinoic acid receptor alpha (RARa) (cat # sc-515796) antibody was purchased from

Santa Cruz Biotechnology (Dallas, TX). The antibody against tubulin (cat # ab4074) was
purchased from Abcam (Waltham, MA). The anti-tubulin antibody was used at a 1:5000
dilution, and other primary antibodies were used at a 1:1000 dilution. Western blot images
were collected by the Amersham Imager 680. Quantification of immunoblots was performed
using ImageJ.

Analysis of AST, ALT, and lipid levels

Plasma AST and ALT levels were determined using Infinity reagents from Thermo
Scientific. For the hepatic lipids, about 100 mg of liver was homogenized in methanol,

and lipids were extracted in chloroform/methanol (2:1 v/v) as described previously (14).
Hepatic triglyceride levels were quantified using Infinity reagents from Thermo Scientific
(Waltham, MA). Plasma and hepatic non-esterified free fatty acids (NEFA) were determined
using a kit from Wako Chemicals USA (Richmond, VA).

Analysis of hepatic hydroxyproline, reactive oxygen species, and DNA fragmentation

Hepatic hydroxyproline level was quantified using a kit from Cell BioLabs (cat # STA675).
Hepatic reactive oxygen species (ROS) were measured using the OxiSelect In Vitro
ROS/RNS Assay kit (cat # STA-347) from Cell Biolabs according to manufacturer’s
instructions. Liver DNA fragmentation (e.g., apoptosis) was determined using a terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit (cat # ab206386) from
Abcam according to manufacturer’s instructions.

Oil Red O (ORO), hematoxylin and eosin (H&E) or Picrosirius red staining

Liver and adipose tissues were fixed in 10% formalin, embedded in paraffin, and stained
with H&E. The adipocyte size was calculated using ImageJ. Liver sections were also stained
with Picrosirius red. For Oil Red O staining, liver tissues were fixed in 10% formalin and
embedded in OCT and stained with Oil Red O. Images were acquired using an Olympus
microscope.

F4/80 Immunohistochemical staining

Immunohistochemical staining of F4/80 in the formalin-fixed liver and WAT tissues was
used for immunohistochemical staining of F4/80 (Abcam, cat # ab6640) was performed
using Immunocruz ABC Staining Kit (cat # sc-2018) and DAB Peroxidase Substrate Kit
(\Vector Laboratories, Inc., Burlingame, CA) according to the manufacturer’s instructions.
The F4/80 antibody was purchased from Abcam (cat # ab6640). F4/80-positive area (%) was
quantified using Image Pro (Media Cybernetics)

Ex vivo lipolysis assay

Lipolysis in white adipose tissue (WAT) was measured using the method described
previously (15). About 50-60 mg inguinal fat pads were incubated for 2 hours at 37 °C

in 2% fatty acid-free BSA with or without 10 um isoproterenol. After inactivation at 65 °C
for 10 min, glycerol release was determined using a kit from Sigma (cat # MAK117-1KT)
and non-esterified free fatty acids (NEFAS) were determined using reagents from Wako
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Chemicals (cat # 995-34791/991-34891). The basal lipolysis at 0 h and induced lipolysis
rates at 2 h were normalized to proteins.

Glucose or insulin tolerance tests

Glucose tolerance test (GTT) was performed after mice were fasted overnight followed by
intraperitoneal injection of 2 g/kg glucose. Insulin tolerance test (ITT) was performed after
mice were fasted for 6 h followed by intraperitoneal injection of 0.8 U/kg insulin. Blood
glucose levels were measured using a glucometer at the indicated time points.

Isolation of stromal vascular fraction (SVF) and differentiation into adipocytes

Primary pre-adipocytes were isolated from WAT and BAT of Rara™ and Rara%~~ mice
as previously described with some modifications and differentiated into mature adipocytes

(16). Detailed information on SVF isolation and adipocyte differentiation is provided in the
Supplementary Information.

Primary peritoneal macrophage isolation

Primary peritoneal macrophages were isolated as described previously (17). Briefly, mice
were injected i.p. with sterile 4% Brewer’s thioglycolate medium. After 4 days, peritoneal
macrophages were isolated from the peritoneal cavity using cold phosphate-buffered saline
(PBS). Macrophages were separated after centrifugation and resuspended in cell culture
medium.

De novo lipogenesis in adipocytes

Primary pre-adipocytes that underwent induction of adipogenesis were incubated in serum-
free DMEM in a 6-well plate for 2 hours, and then incubated for 2 hours in the presence

of 0.5 pCi 14C-acetate (PerkinElmer) plus 10 uM cold acetate. After washing twice with
PBS, cells were collected in 0.1 N HCI. Lipids were extracted in 500 pl of 2:1 chloroform/
methanol (v/v). The radioactivity in the lipid layer was determined by scintillation counting
and normalized to protein levels.

Microplate-based respirometry

Cellular oxygen consumption was measured at 37 °C with an XFe24 Extracellular Flux
Analyzer as previously published (18). Primary preadipocytes were isolated and plated on
an XFe24 cell culture microplate. Detailed information on respirometry and UCP-dependent
respiration is presented in Supplementary Information.

Primary hepatocyte isolation and co-culture

Mouse primary hepatocytes were isolated and co-cultured with mature adipocytes as
described (19). Mice were anaesthetized by intraperitoneal injection of xylazine/ketamine.
The portal vein was cannulated with a 23-gauge plastic cannula. Mouse livers were

perfused with Hank’s Balanced Salt Solution (HBSS, 14170112, Thermo Fisher Scientific).
Subsequently, livers were perfused with HBSS with calcium and magnesium (14025092,
Thermo Fisher Scientific) containing 0.8 mg/mL collagenase (Clostridium histolyticum type
IV, Sigma, St. Louis, MO). Primary hepatocytes were released and collected in a 50-mL
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centrifuge tube. After centrifugation at 50 x g for 3 minutes and washing with DMEM, cells
were cultured in DMEM plus 10% FBS in collagen-coated PTFE- membrane inserts of 0.4
UM pore size (Cat # 3493, Corning). The inserts were placed in 6-well plates containing
mature adipocytes (3T3L1 cells with induced adipogenesis). 6 hours after plating primary
hepatocytes the medium was replaced with new medium. After 48 hours of plating, the
primary hepatocytes were collected for downstream experiments.

Enzyme-linked immunosorbent assay (ELISA)

Plasma levels of TNFa (Cat # 900-M54) and MCP1 (Cat # 900-M126) were measured using
ELISA kits from Peprotech. Plasma adiponectin (cat # MRP300) and IL-1p (Cat# DY401)
levels were measured using ELISA kits from R&D Biosystems.

Promoter-luciferase assays

The pGL3-Ucpl-2.3kb plasmid was obtained from Dr. Laurent VERGNES (20) (University
of California Los Angeles, Los Angeles, CA) and the pGL3-Adipg-3kb plasmid was
provided by Dr. Jianhua Shao (University of California San Diego, La Jolla, CA). 3T3L1
cells were transfected with the pGL3 luciferase plasmid and CMV-B-galactosidase plasmid
together with CMV-Null or CMV-RARa plasmids, and treated with either vehicle or 2 yM
of AM580 (an RARa specific agonist) overnight. Luciferase activity was assayed using
Bright-Glo luciferase assay system (Promega) and normalized to B-galactosidase activity.

Hepatic fatty acid composition

Briefly about 160 mg liver was homogenized in methanol and lipids were extracted in
chloroform/methanol (2:1 v/v) as described previously (14). Detailed information on hepatic
fatty acid composition is presented in Supplementary Information.

Hepatic de novo palmitate and triglyceride (TG) synthesis

Rara™ and Rara”*?~~ mice were given an HFD for 12 weeks. During the last week, the
mice were given 8% 2H,0 in the drinking water. Detail information on hepatic de novo
palmitate and TG synthesis is presented in the Supplementary Information.

Statistical analysis

Sample size was calculated based on our previous studies and power analysis. All data were
expressed as mean + SEM. Statistical significance was analyzed using unpaired student
t-test or analysis of variance (ANOVA, for more than two groups) (GraphPad Prism, CA).
Analysis of covariances (ANCOVA) for the indirect calorimetry study was carried out
using CalR through the website (https://CalRapp.org/) as described (21). Differences were
considered statistically significant at A<0.05.

Results

Adipocyte RARa deficiency exacerbates HFD-induced obesity

A previous report showed that RARa mRNA was reduced by 56% in subcutaneous adipose
tissue of obese people (22). In genetically obese 0b/0b mice, RARa protein levels in WAT
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or BAT were reduced by >70% (Figure 1A-B). Similar results were observed in genetically
obese db/db mice (Figure 1C-D). Our data also show that in addition to adipocytes, RARa
was also expressed in the stromal vascular fraction (SVF) and macrophages to higher or
comparable levels (Figure 1E).

To address the role of adipose RARa in metabolism, we generated Rara”*?~/~ mice and

the control littermates (Rara™" mice) by crossing Rara™ mice with Adipog-Cre mice,
which were then fed an HFD for 20 weeks. Rara”*%~~ mice had increased body weight and
obesity (Figure 2A), increased body fat content and eWAT and iWAT weight (Figure 2B),
enlarged adipocyte size in eWAT and iWAT (Figure 2C-D), and increased perilipin 1 (Plin)
expression in WAT (Figure 2E). In pre-adipocytes isolated from Rara”?~~mice, Plin1 and
Plin3 mRNA levels were also significantly increased (Figure 2F). Thus, the gene expression
data support the finding of the enlarged adipocytes in Rara”*?~~ mice.

Adipocyte RARa. deficiency reduces energy expenditure and UCP-dependent
thermogenesis

Impaired energy metabolism is known to contribute to obesity. To define the role of
adipocyte RARa in energy metabolism, at the 161 week of HFD we performed indirect
calorimetry experiments using CLAMS. The loss of adipocyte RARa led to decreased
energy expenditure (Figure 3A, left and right panels) and expression of genes involved in
thermogenesis, including uncoupled protein 1 (Ucpl), Ucp2, Ucp3, PR domain containing
16 (Prdm16), and peroxisome proliferator-activated receptor -y coactivator la (Pgcla)
(Figure 3B). Western blot assays showed that Rara*%~~ mice had a >50% reduction in
UCP1 and phospho-AKT (pAKT) protein levels in BAT (Figure 3C). There was no change
in respiratory exchange ratio (RER), activity or food intake (Figure SLA-B). In addition,
loss of adipocyte RARa increased glucose intolerance but had little impact on insulin
tolerance (Figure 3D).

We next determined oxygen consumption rate (OCR) using a Seahorse XFe24 Flux
Analyzer in primary brown adipocytes via the sequential injection of oligomycin,
isoproterenol, FCCP, and antimycin (Figure 3E, left panel). We included isoproterenol in the
injections as it stimulates lipolysis to release free fatty acids (FFAs), which in turn increase
UCP1-mediated leak respiration (23). Loss of RARa reduced UCP-dependent OCR by
86% (Figure 3E, right panel), highlighting an important role of RARa in regulating UCP1
expression. In 3T3L1 cells, treatment with AM580, a specific RARa agonist, significantly
increased Ucpl promoter-luciferase activity (Fig 3F). Together, the data of Figure 3 suggest
that loss of adipocyte RARa increases obesity likely through impairing UCP-mediated
thermogenesis.

Adipocyte RARa deficiency exacerbates HFD-induced hepatic lipid accumulation through
inducing lipogenesis

Obesity-associated NAFLD is one of the most common liver diseases. On an HFD,
Rara”%~~ mice had elevated levels of hepatic triglycerides (TG) and non-esterified fatty
acids (NEFA) (Figure 4A, left and middle panels). Analysis of fatty acid composition by
GC-MS showed that Rara”*%~~ mice had increased C14:0, C16:0, C16:1, C18, C18:1,
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C18:2, C18:3, C20:0, and C20:4 fatty acid levels (Figure 4A, right panel). Histological
staining showed that Rara”*?’~~mice had increased lipid accumulation in the liver (Figure
4B). gRT-PCR studies showed that hepatic genes involved in lipogenesis or fatty acid

uptake were induced, including sterol regulatory element-binding protein 1c (Srebpic), fatty
acid synthase (Fasn), acetyl-CoA carboxylase 2 (Acc2), and fatty acid translocase (Cd36)
(Figure 4C). In addition, plasma NEFA levels were increased by 2.3 fold in Rara”*%~~ mice
(Figure 4D). In contrast, there was no change in hepatic cholesterol, plasma TG or plasma
cholesterol levels (Figure SIC-D). In addition, hepatic genes involved in fatty acid oxidation
(Ppara, Ppars, Mcad, Cptl, Cpt2, Pgcla), Chrebp, or phosphorylated AMPK levels were
unchanged (Figure S1E-F).

We also measured hepatic de novo lipogenesis by giving mice heavy water followed

by GC-MS analysis. Consistent with the changes in hepatic gene expression, loss of
adipocyte RARa increased hepatic palmitate and triglyceride synthesis by 143% and 225%,
respectively (Figure 4E).

Finally, we investigated the direct crosstalk between adipocytes and hepatocytes in a co-
culture study involving primary adipocytes and primary hepatocytes. Our data showed that
loss of RARa in adipocytes induced Srebplc, Accl, AccZ, Cd36, Plin2, Plindand Cidea
expression in hepatocytes (Figure 4F), indicating that adipocyte RARa has a profound
impact on the expression of hepatocytic genes involved in lipogenesis, fatty acid uptake
and lipid droplet formation. Taken together, our data suggest that loss of adipocyte RARa
induces hepatic lipid accumulation likely by inducing hepatic lipogenesis.

Adipocyte RARa deficiency exacerbates HFD-induced non-alcoholic steatohepatitis

Rara”%~~ mice have FFA accumulation in the liver (Figure 4A), which may cause
lipotoxicity and the progression of NAFLD. Consistent with this hypothesis, Rara A%/~
mice had elevated plasma levels of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) (Figure 5A) and hepatic levels of reactive oxygen species (ROS)
(Figure 5B). Rara”*?~~mice also had increased hepatic hydroxyproline levels (Figure 5C),
liver fibrosis, DNA fragmentation (Figure 5D-E), and monocyte/Kupffer cell accumulation
(Figure 5F-G). DNA fragmentation is a key feature of apoptosis, and apoptosis and
inflammation play a key role in NAFLD progression (24, 25). In line with these findings,
hepatic mRNA levels of collagen type 1, alpha 1 (Co/1al) and CollaZ (Figure 5H) as well
as phosphorylated SMAD2 and SMAD?2 and cleaved caspase 3 levels (Figure 51-J) were
significantly induced. Thus, loss of adipocyte RARa promotes NASH development likely by
inducing ROS production and liver injury/apoptosis.

Loss of adipocyte RARa promotes obesity and NASH in aged chow-fed mice

The data of Figures 2-5 were collected from HFD-fed mice. We also investigated whether
similar observations could be seen in aged mice. In 12-month-old, chow-fed mice, loss

of adipocyte RARa led to increased obesity, reduced thermogenesis, unchanged activity,
increased lipogenesis in WAT (Figure S2A-F), and increased NASH development (Figures
S2A-F and S3A-F). Thus, our data indicate that adipocyte RARa is essential for protecting
against obesity-associated NAFLD.
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Adipocyte RARa inhibits lipogenesis and adiponectin signaling in adipocytes

Fatty acid influx from adipose tissue into hepatocytes plays a key role in the pathogenesis of
NAFLD. In adipose tissue of HFD-fed Rara”*?~~ mice, lipogenic genes (Srepblc, fatty acid
synthase (Fasn), Accl, Acc2, Scdl) were significantly induced, adipose triglyceride lipase
(Atg)) was unchanged, and adiponectin (Adipog) and hormone-sensitive lipase (Hs/) were
repressed (Figure 6A). Adiponectin may function through activating AMP-activated protein
kinase (AMPK) (26, 27). Indeed, in both WAT and BAT of Rara”*%~~ mice, phosphorylated
AMPK (pAMPK) levels were significantly reduced (Figure 6B). Plasma adiponectin levels
were also reduced (Figure 6C). Transient transfection studies showed that RARa induced
adiponectin promoter activity (Figure 6D), suggesting that RARa regulates adiponectin
gene transcription directly.

In primary adipocytes, loss of RARa significantly induced mRNA levels of lipogenic genes,
including Srebpic, Fasn, Accl, and Acc2 (Figure 6E). Western blot assays showed that loss
of RARa in primary adipocytes reduced pAMPK levels and induced SREBP1C and ACC
protein levels whereas phospho-HSL or ATGL protein levels were unchanged (Figure 6F—
G). Consistent with the changes in gene expression, loss of RARa had no effect on lipolysis
(Figure 6H), but increased de novo lipogenesis by >2 fold in primary adipocytes (Figure 6l).
Thus, loss of adipocyte RARa enhances the release of FFAs from adipose tissue likely by
inducing lipogenesis in adipose tissue (Figure 6) and inhibiting thermogenesis (Figure 2).

Adipocyte RARa. deficiency exacerbates low-grade chronic inflammation

Hypertrophic adipocytes may release inflammatory cytokines that may in turn contribute to
NASH development. Therefore, we investigated whether the loss of RARa in adipocytes
caused chronic inflammation. Rara”*%~~mice had increased expression of inflammatory
genes in adipose tissue (Figure 7A) or the liver (Figure 7B), including tumor necrosis
factor alpha ( 7nfw), interleukin 1 beta (//-1p), transforming growth factor beta ( 7g#3) and/or
monocyte chemoattractant protein (Mcpl). Plasma levels of TNFa, IL-1B, and MCP1 were
also significantly increased (Figure 7C). Immunostaining of WAT with an F4/80 antibody
showed that Rara”*?~~mice had more crown-like structures (Figure 7D), suggesting more
macrophage infiltration. In addition, primary adipocytes lacking Rara also had increased
Tnfa and TgiB expression (Figure 7E). Co-culture of primary adipocytes with primary
hepatocytes led to increased expression of Mcpland TgfB (Figure 7F). Thus, loss of
adipocyte RARa may directly cause hepatic inflammation.

Discussion

In this report, we used a genetic mouse model to demonstrate that adipocyte RARa plays
an essential role in preventing the development of obesity and NAFLD in both aged mice
or HFD-fed mice. Mechanistically, adipocyte RARa inhibits de novo lipogenesis (DNL)
and inflammation and induces thermogenesis, which in turn affects the development and
progression of NAFLD. Since adipose RARa expression is reduced in obese mice, the
reduced RARa expression in adipose tissue may contribute to the development of obesity-
associated NAFLD.
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Lipolysis in adipose tissue is known to play a key role in raising plasma FFA levels during
fasting or insulin resistance. However, our data show that adipose RARa does not regulate
insulin resistance or the expression of key lipolytic genes (ATGL, HSL) or lipolysis in vitro
or ex vivo, suggesting that lipolysis may not play a major role in raising plasma FFA levels
in Rara”%~~mice. Nonetheless, lipolysis may contribute to the elevated plasma FFA levels
and NAFLD phenotype if adiposity and insulin resistance are aggravated in Rara”\%~/~
mice. Our data suggest that loss of adipocyte RARa leads to increased lipogenesis and
reduced thermogenesis, which may account for the increase in plasma FFA levels.

Our in vivo, in vitro, and co-culture studies suggest that adipocyte RARa. prevents the
development and progression of NAFLD likely via reducing FFA influx into hepatocytes
and low-grade inflammation. Reduced adiponectin signaling due to weight gain has

been shown to cause NASH (28). Although plasma adiponectin levels are reduced in
Rara”?~'~ mice, hepatic pPAMPK levels or genes involved in fatty acid oxidation (FAO)
are unchanged, suggesting that adiponectin signaling may not regulate NASH development
directly. Nonetheless, adipose adiponectin-AMPK signaling is impaired in Rara”*?~~ mice,
which may contribute to the increased lipogenesis in adipose tissue. The influx of FFAs
from adipose tissue, together with systemic low-grade inflammation and increased hepatic
DNL likely due to delayed glucose clearance, may cause lipotoxicity, ROS production, and
apoptosis in the liver of Rara”*?~/~mice, leading to the development and progression

of NAFLD. We have previously shown that loss of RARa in hepatocytes induces
hepatosteatosis via inhibiting lipid droplet formation and inducing fatty acid uptake (29).
Thus, adipocyte RARa and hepatocyte RARa regulate the development of hepatosteatosis
via distinct mechanisms.

Adipocyte RARa regulates plasma fatty acid levels likely via inhibiting de novo lipogenesis
(DNL) and inducing thermogenesis. In adipocytes of Rara”*?’~~mice, the impaired
adiponectin-AMPK pathway may account, at least in part, for the increased DNL. RARa
regulates adiponectin and UCP1 promoter activities, suggesting a direct regulation of these
two genes. It is likely that other mechanisms are also involved in RARa-regulated DNL and
thermogenesis in adipose tissue.

In summary, we have demonstrated that adipocyte RARa plays a protective role in
preventing obesity and NAFLD by inhibiting lipogenesis and inflammation and by inducing
thermogenesis. Given that RAR signaling is relatively conserved between humans and
mice, targeting adipocyte RARa may provide a novel approach to treat obesity and obesity-
associated NAFLD. Nonetheless, only male mice were used in the current study, which is
one of the study limitations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Importance
What is already known?

. Retinoic acid signaling plays an important role in development and
metabolism

. Hepatic RARa inhibits the development of NAFLD.

. Macrophage RARa inhibits the development of atherosclerosis.
What does this study add?

. Adipose RARa is reduced in ab/db or ob/ob mice.

. Adipocyte RARa protects against obesity and steatohepatitis

. Adipocyte RARa inhibits lipogenesis and inflammation and induces
thermogenesis

How might these results change the direction of research?

. Our studies suggest that activation of adipocyte RARa signaling may help to
prevent obesity and steatohepatitis.
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Figure 1. Adipose RARa levels are reduced in ob/ob or db/db mice
(A-B) RARa protein levels in white adipose tissue (WAT) and brown adipose tissue

(BAT) of ob/ob mice were analyzed by Western blot assays (A) and then quantified (B)

(n=6 per group) (C-D) RARa protein levels in WAT and BAT of ab/db mice (n=6 per
group). (E) mRNA levels of Rara in white adipocytes, stromal Vascular fraction (SVF),

and macrophages in two-month-old C57BL/6J male mice were quantified (n=8). Data are
expressed as mean+SEM. Statistical analysis was performed using a 2-tailed, unpaired #test.
*£<0.05, **P<0.01 versus controls
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Figure 2. Adipocyte RARa deficiency exacerbates HFD-induced obesity
(A-E) Rara™" mice and Rara”*%~'~ mice were fed a high fat diet (HFD) for 20 weeks

(n=10). (A) Representative images of mice (left panel) and body weight (right panel) at
20 weeks. (B) Body fat content at indicated time points (left panel) and epididymal white
adipose tissue (eWAT) weight (left) or inguinal WAT (iWAT) weight (right) at 20 weeks.
(C) Representative H&E staining of eWAT (top panel) and iWAT (bottom panel). (D)
Adipocyte size of eWAT (left panel) and iIWAT (right panel). (E) mRNA levels in WAT.
(F) Primary adipocyte stem cells were isolated from Rara™" mice and Rara”*?~~ mice.
Following induction of adipogenesis, MRNA levels were quantified (n=6). Scale bars in
C: 100 um. Data are expressed as mean+SEM. Statistical analysis was performed using
a 2-tailed, unpaired ttest in A, B (right panel), D-F, or two-way ANOVA with Sidak’s
multiple comparisons in B (left panel). */£<0.05, **P<0.01 versus controls
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Figure 3. Adipocyte RARa deficiency decreases energy expenditure and UCP-dependent
thermogenesis

(A-D) Rara™" mice and Rara*?~~ mice were fed a high fat diet (HFD) for 20 weeks
(n=10). Hourly energy expenditure (EE) over 50 hours (left panel) and the average energy
expenditure during the light and dark cycles (right panel) at 16 weeks were determined
(A). mRNA levels (B) and protein levels (C) in BAT were determined. Glucose tolerance
test (GTT) (left panel) was performed and area under curve of GTT and insulin tolerance
test (ITT) was calculated (right panel) (D). In (C), pAKT and total AKT levels in BAT
were measured 15 minutes after mice were injected with insulin (n=7). (E) Primary brown
adipocytes were isolated from Rara™" mice and Rara”%~/~ mice. Oxygen consumption
rate (OCR) was determined after treatment with indicated chemicals (left panel), and
UCP1-dependent OCR was quantified (right panel) (n=6). (F) A 2.3-kb UcpI promoter-
luciferase construct together with CMV-Null or CMV-RARa. was transfected into 3T3-L1
cells, and then treated with either vehicle or AM580 (a RARa-selective agonist) for 24 h
(n=6). Relative luciferase units (RLU) were determined. Data are expressed as mean£SEM.
Statistical analysis was performed using a 2-tailed, unpaired #test in A (right panel), B,
D-F, or two-way ANOVA with Tukey’s multiple comparison tests (A, left panel). */<0.05,
**p<0.01, versus controls
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Figure 4. Adipocyte RARa deficiency exacerbates HFD-induced lipid accumulation through
increasing lipogenesis

(A-D) Rara™" mice and Rara”*?%~~ mice were fed a high fat diet (HFD) for 20

weeks (n=10). Hepatic TG levels (left panel), NEFA levels (middle panel), and fatty

acid composition (right panel) were determined (A). Liver sections were stained with
hematoxylin and eosin (H&E) staining (top panel) or Oil red O (ORO) (lower panel)

(B). Hepatic mMRNA (C) and plasma NEFA (D) levels were analyzed. (E) Rara™ mice
and Rara”*%~/~ mice were fed an HFD for 12 weeks and also given heavy water (n=6—
8). Newly synthesized hepatic palmitate (left panel) and TG (right panel) levels were
determined. (F) Primary hepatocytes isolated from C57BL/6J mice were co-cultured with
primary adipocytes isolated from Rara™ mice and Rara”*?%~~ mice for 48 hours (n=6),
and mRNA levels were determined. Scar bars in B equal to 20 pm. Data are expressed as
mean+SEM. Statistical analysis was performed using a 2-tailed, unpaired #test. *£<0.05,
**p<0.01 versus controls
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Figure 5. Adipocyte RARa deficiency exacerbates HFD diet-induced non-alcoholic

steatohepatitis

Rara™" mice and Rara”*%~'~ mice were fed a high fat diet (HFD) for 20 weeks (n=10).

(A) Plasma transaminase levels. (B) Hepatic ROS levels. (C) Hepatic hydroxyproline levels.
(D) Liver sections stained with Picrosirius red (top panel) or subjected to TUNEL assays
(bottom panel). (E) Hepatic cells with DNA fragmentation (%). (F-G) Liver sections were
stained with an F4/80 antibody (F) and F4/80-positive areas (%) were quantified (G). (H)
Hepatic mRNA levels. (I1-J) Hepatic protein levels were analyzed by Western blot assays

(1) and then quantified (J). In (D), arrows point to cells with DNA fragmentation, and scale
bars equal to 20 um. In (F), arrows point to F4/80-positive cells, and scale bars equal to 50
pum. Data are expressed as mean+SEM. Statistical analysis was performed using a 2-tailed,

unpaired £test. *<0.05, **£<0.01 versus controls
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Figure 6. Adipocyte RARa regulates lipogenesis and adiponectin signaling in adipocytes
(A-C) Rara™ mice and Rara”*%~'~ mice were fed a high fat diet (HFD) for 20 weeks

(n=10). mRNA levels in WAT (A) and protein levels in WAT and BAT (B, left and right
panels) were determined. Plasma adiponectin levels (C) and adiponectin promoter activity
(D; n=6) were analyzed. (E-G) Primary adipocyte stem cells were isolated from Rara ™"
mice and Rara”*?~~mice. After adipogenesis was induced, mRNA (E) and protein (F-G)
levels were determined (n=6-8). (H) Lipolysis in adipose tissue of Rara™ mice and
Rara”?~'~ mice was determined in the presence or vehicle or 10 uM isoproterenol for 2

h (n=6-8). (1) De novo lipogenesis was performed in primary adipocyte stem cells in the
presence of 14C-acetic acid (n=6). Data are expressed as mean+SEM. Statistical analysis
was performed using a 2-tailed, unpaired #test. *P<0.05, **/<0.01 versus controls
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Figure 7. Adipocyte RARa deficiency exacerbates HFD-induced low-grade chronic inflammation
(A-D) Rara™ mice and Rara”*?~~ mice were fed a high fat diet (HFD) for 20 weeks
(n=10). mRNA levels in WAT (A) or the liver (B) as well as plasma inflammatory

cytokine levels (C) were determined. The crown-like structure (CLS) in the WAT was

shown after staining with an F4/80 antibody (D). (E) Primary adipocyte stem cells were
isolated from Rara™ mice and Rara”*?~~mice, and mMRNA levels were determined after
adipogenesis was induced (n=7-8). (F) Primary hepatocytes isolated from C57BL/6 mice
were co-cultured for 48 h with primary adipocytes isolated Rara™ mice and Rara”%~/~
mice, and mMRNA levels were determined (n=6). Scale bars in D equal to 50 um. Data are
expressed as mean+SEM. Statistical analysis was performed using a 2-tailed, unpaired #test.
*£<0.05, **P<0.01 versus controls
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