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Abstract

Aims: Increased hepatic oxidative stress and inflammation is the main cause of exacerbating nonalcoholic
steatohepatitis (NASH). Retinoic acid-related orphan receptor oo (RORo) regulates diverse target genes asso-
ciated with lipid metabolism, and its expression level is low in the liver of patients with NASH. Here, we
investigated the role of ROR« in regulating hepatic oxidative stress and inflammation. Results: First, cholesterol
sulfate (CS), an agonist of ROR«, lowered oxidative stress that was induced by 1.5 mM oleic acid in the primary
cultures of hepatocytes. Second, exogenously introduced RORe or CS treatment induced the mRNA level of
antioxidant enzymes, superoxide dismutase 2 (SOD2) and glutathione peroxidase 1 (GPx1), through the ROR«
response elements located in the upstream promoters of Sod2 and GpxI. Third, ROR« significantly decreased
reactive oxygen species levels and mRNA levels of tumor necrosis factor o (TNFo) and interleukin-1 that were
induced by lipopolysaccharide or TNF« in Kupffer cells. Finally, the administration of JC1-40 decreased the
signs of liver injury, lipid peroxidation, and inflammation in the MCD diet-induced NASH mice. Innovation
and Conclusion: We showed for the first time that RORa and its ligands protect NASH in mice by reducing
hepatic oxidative stress and inflammation. Further, the molecular mechanism of the protective function of
RORa against oxidative stress in the liver was revealed. These findings may offer a rationale for developing

therapeutic strategies against NASH using ROR« ligands. Antioxid. Redox Signal. 21, 2083-2094.

Introduction

NONALCOHOLIC FATTY LIVER DISEASE is becoming more
common worldwide, possibly because of the increasing
incidence of human obesity (24). Nonalcoholic steatohepa-
titis (NASH) is closely associated with the metabolic com-
plications as a result of overnutrition, including obesity and
insulin resistance (22). Simple steatosis can be reversed
without specific therapy; however, in some cases, it pro-
gresses to NASH, which involves fibrosis and inflammation
and can progress further to cirrhosis. Indeed, NASH ranks as
one of the major causes of cirrhosis, behind hepatitis C and
alcoholic liver disease (3). A two-hit model has been pro-
posed in the pathogenesis of NASH (8). The first insult is
hepatic steatosis that is associated with the accumulation of
lipid droplets containing triglycerides in the liver arising
from an imbalance between lipid synthesis and export in

hepatocytes. The second hit consists of oxidative stress, in-
flammation, cell death, and fibrosis. In particular, increased
oxidative stress and chronic inflammation are key features of
NASH, which distinguish steatohepatitis from simple stea-
tosis (9, 19). Kupffer cells are resident macrophages that
regulate liver immunity and inflammation on exposure to
reactive oxygen species (ROS) (42). Increased ROS induce
the activation of inflammatory transcription factor nuclear
factor-kappa B (NF-xB) and enhance the production of
proinflammatory cytokines such as tumor necrosis factor o
(TNFa) in macrophages (10).

Retinoic acid-related orphan receptor « (RORa; NRI1F1)
belongs to the nuclear hormone receptor superfamily that
regulates diverse target genes associated with metabolic ho-
meostasis (13). RORa binds to ROR response elements
(RORE¢5) in the promoter of target genes as a monomer on
the monomeric half-site core 5-AGGTCA-3" motif or as a
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Innovation

We showed for the first time that retinoic acid-related
orphan receptor « (RORo) and its ligands decreased
intracellular reactive oxygen species level, lipid perox-
idation, and expression of inflammatory cytokines,
eventually leading to attenuation of nonalcoholic steato-
hepatitis (NASH). ROR« increased mRNA levels of su-
peroxide dismutase 2 (SOD2) and glutathione peroxidase
1 (GPx1) in the primary hepatocytes and Kupffer cells
through activation of the ROR response elements in the
promoters, providing the mechanism for how ROR« can
protect against oxidative stress. Further, the administra-
tion of a synthetic ligand, JC1-40, confirmed the protective
role of ROR« in an MCD diet-induced NASH model in
mice. These findings may offer a rationale for developing
therapeutic strategies against NASH using ROR« ligands.

homodimer on Rev-DR2 sites of direct repeats with the half
site separated by 2 bps. Cholesterol derivatives, including
cholesterol sulfate (CS), act as endogenous ligands that fit in
the ligand-binding pocket of RORu (14, 15). ROR« has been
implicated in the regulation of diverse lipid and cholesterol
metabolic pathways in both experimental animals and human
patients. Staggerer mice (RORo*€®), displaying C-terminal
deletions and dysfunction of ROR«, show changed metabolic
homeostasis through alterations in the expression of a number
of genes, such as those encoding lipin-2, acetyl-CoA carbox-
ylase, and peroxisome proliferator-activated receptor (PPAR)y
(16). Recently, we demonstrated that RORo has dual func-
tions, in that it activates AMP-activated protein kinase
(AMPK) and represses liver X receptor o (LXRa), thereby
effectively suppressing hepatic lipid accumulation (18). Sev-
eral thiourea derivatives, including JC1-40, were demonstrated
as activating ligands of ROR« that induced activation of
AMPK (28). Importantly, the administration of JC1-40 in mice
dramatically attenuated hepatic steatosis (18). Further, an ob-
servation that hepatic expression level of ROR« is significantly
decreased when liver injury progresses to steatosis and stea-
tohepatitis in human patients suggests that RORo may have a
protective function against progression to NASH (27).
Earlier studies suggested that ROR« has a protective function
against oxidative stress. ROR« activated the expression of an-
tioxidant enzymes such as glutathione peroxidase 1 (GPx1) and
peroxiredoxin 6 in cultured mouse neurons, thereby exhibiting a
neuroprotective effect against oxidative stress that was medi-
ated by f-amyloid, C,-ceramide, or hydrogen peroxide (H,0,)
(2). The treatment of melatonin, a putative ligand of RORg,
reduced the level of oxidative damage and indications of neu-
rodegeneration with increased ROR« levels in the brain of mice
(5, 17, 38). Although these studies suggested a potential pro-
tective role of ROR« in NASH, its function in regulating oxi-
dative stress and inflammation in fatty liver diseases has not
been studied. Here, we report that RORa suppressed oxidative
stress by the induction of the antioxidant enzymes, superoxide
dismutase 2 (SOD2) and GPx1, and decreased the expression of
proinflammatory cytokines in the liver. Further, the thiourea
derivative JC1-40 significantly ameliorated hepatic injury in-
duced by a methionine/choline-deficient (MCD) diet in mice,
further supporting the role of RORw in the control of oxidative
stress under conditions of an oversupply of fatty acids. This
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offers a rationale for developing therapeutic strategies against
NASH using ROR« ligands.

Results

Activation of RORw. lowers intracellular ROS level
and lipid peroxidation in hepatocytes

Since oxidative stress is one of the main causes of NASH,
we first tested whether RORo would affect intracellular ROS
level in the primary cultures of hepatocytes obtained from
male Sprague-Dawley (SD) rats. To induce metabolic oxi-
dative stress, we employed long-chain free fatty acids such as
oleic acid (OA), stearic acid, and palmitic acid, which in-
crease mitochondrial ROS generation and subsequent mito-
chondrial dysfunction (21, 43). The extent of intracellular
ROS formation was assayed by fluorescence spectrometry of
2’,7’-dichlorodihydrofluorescein (DCF) after the incubation
of cells with H,DCF-diacetate (H,DCFDA) and stimulation
with long-chain fatty acids. Since H,DCFDA is a probe that
localizes cytosolically, increased fluorescence may represent
the level of ROS derived from damaged mitochondria by
increased superoxide after exposure to fatty acids (25).
Treatment with 1.5mM OA increased the ROS-induced
fluorescence emission; however, it was decreased to basal
level by cotreatment with 20 uM CS, an activator of ROR«
(Fig. 1A). We observed similar results when hepatocytes were
treated with stearic acid or palmitic acid (Supplementary
Fig. S1A; Supplementary Data are available online at www
Jiebertpub.com/ars). The anti-oxidative function of CS was
comparable with a known anti-oxidant, epigallocatechin gal-
late (EGCG) (Supplementary Fig. S1B) (29). The level of
antioxidant cofactor glutathione (GSH) was decreased after
free fatty acid treatment, but it was restored to the control level
by overexpression of RORa (Supplementary Fig. S1C). When
the expression of RORa was silenced by RNA interference, CS
did not decrease the OA-induced ROS level, indicating that the
protective effect of CS against oxidative stress was ROR«
dependent (Fig. 1B and Supplementary Fig. S2).

RORu enhances the transcriptional expression
of SOD2 and GPx1

Intracellular ROS is efficiently scavenged by the catalytic
function of antioxidant enzymes such as SOD, GPx, thior-
edoxin, peroxiredoxin, and catalase, and the ubiquitously
present antioxidant GSH (19, 23). To elucidate the molecular
mechanism of the anti-oxidative function of ROR«, we ex-
amined whether expression levels of these enzymes were
altered after the activation of RORx. Among these antioxi-
dant enzymes, we found that mRNA levels of SOD2 and
GPx1 were significantly elevated by CS treatment (Fig. 2 and
Supplementary Fig. S3). SOD2, also called manganese su-
peroxide dismutase, is considered one of the most important
antioxidant enzymes that scavenge superoxide directly in the
mitochondrial matrix (23). GPx1 is a selenocysteine-containing
antioxidant enzyme that catalyzes H,O,—the product of SOD2
action—to H,O (23). The treatment of CS increased the
protein level of ROR« as previously observed (17, 18). Si-
milarly, protein levels of SOD2 and GPx1 were increased by
CS at less than 1 uM (Fig. 2A). The transduction of adeno-
virus (Ad)-RORu also induced the expression of SOD2 and
GPx1 (Fig. 2A). The enzymatic activity of SOD2 was
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FIG. 1. RORa lowers intracellular ROS level. (A) Pri-
mary cultures of rat hepatocytes were treated with 1.5 mM
OA and/or 20 uM CS for 24 h as indicated. (B) Otherwise,
hepatocytes were transfected with si-ROR« for 24 h, and
treated with 1.5 mM OA and/or 20 uM CS for 24 h. At the
end of treatment, cells were stained with 20 uM H,DCFDA
and visualized by fluorescence microscopy (left). The fluo-
rescence intensity was quantified (right). BSA represents
1% BSA supplement alone as control. White bars represent
20 um. The data represent meanzstandard deviation of
three independent experiments. *p <0.05 versus BSA with
vehicle; *p<0.05 versus OA with vehicle. BSA, bovine
serum albumin; CS, cholesterol sulfate; H,DCFDA, H,
2’7’-dichlorodihydrofluorescein-diacetate; OA, oleic acid,;
RORua, retinoic acid-related orphan receptor o; ROS, reac-
tive oxygen species.

increased after either CS treatment or Ad-mediated expres-
sion of ROR« (Fig. 2B). The treatment of free fatty acids
repressed GPx activity, whereas it was restored by the in-
fection of Ad-RORu (Fig. 2B). The CS treatment did not
reduce the OA-induced ROS level when SOD2 and GPx1
were silenced, confirming the involvement of these enzymes
in the protective function of RORo against oxidative stress
(Fig. 2C). In addition, the CS-mediated inductions of SOD2
and GPx1 protein were abolished when RORa was knocked
down, indicating that the CS effect was mediated by ROR«
(Fig. 2D).

mRNA levels of SOD2 and GPx1 were largely increased
after treatment of CS or infection of Ad-RORo, suggesting that
expression of these enzymes was controlled by ROR« at the
transcription level (Fig. 2E). To further characterize the tran-
scriptional induction, promoters of the human Sod2 and the
human Gpx/ were analyzed (41). The activities of reporter
encoding the Sod2 promoter (—3318 to + 104 bp) or the Gpx1
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promoter (— 3460 to + 618 bp) were significantly induced after
CS treatment or overexpression of RORa, which were similar
to that obtained after EGCG treatment (Supplementary Fig.
S4). We identified putative RORa binding sites located in the
5’-upstream promoters by in silico analysis (6). Deletion
mapping studies showed that losing the first and the second
ROREs in the 5-upstream of Sod2 promoter and the first
RORE in the 5’-upstream of GpxI promoter abolished the
responsiveness to RORa (Fig. 2F). Indeed, chromatin immu-
noprecipitation (ChIP) analysis revealed that RORo and
coactivator p300 bound to the RORE2 and the ROREI in the
Sod?2 promoter and GpxI promoter, respectively, in the pres-
ence of CS, indicating that these ROREs were functional to
induce transcriptional activation of the genes (Fig. 2G).

Activation of RORu. lowers intracellular ROS
level and expression of proinflammatory
cytokines in Kupffer cells

Activated Kupffer cells play an essential role in the pro-
gression of NASH by contributing to an increased production
of proinflammatory cytokines and hepatic injury (9, 42). We
observed that the treatment of lipopolysaccharide (LPS) or
TNFo increased ROS level in the primary Kupffer cells (Fig.
3A). Similar to the observation obtained from the primary
hepatocytes, the LPS- or TNFo-induced ROS levels were
largely diminished by treatment with CS (Fig. 3A). Treat-
ment with CS or infection of Ad-ROR« increased mRNA
levels of SOD2 and GPx1 in the Kupffer cells (Fig. 3B, C).
The changes of SOD2 level was also confirmed at the protein
level using immunofluorescence staining (Fig. 3D). Con-
sistently, the infection of Ad-RORu significantly suppressed
the expression of TNFo-induced proinflammatory cytokines
such as TNFu itself and interleukin (IL)-1/ in Kupffer cells,
suggesting that suppression of ROS level by RORa may
cause a decrease in the expression level of these cytokines
(Fig. 3E). The activation of NF-xB induced by TNFa was
largely decreased by pretreatment with CS or overexpression
of RORw in RAW 264.7 (Fig. 3F). This result suggests that
RORoa-induced inhibition of the inflammatory responses is
also associated with the disturbance of NF-kB signaling
pathway in the Kupffer cells.

A synthetic RORu. ligand, JC1-40, protects
against progression of NASH in the MCD-diet
mouse model

Previously, we reported that a synthetic thiourea com-
pound JC1-40 activates the transcriptional function of ROR«
and attenuates hepatic steatosis via activation AMPK and
inhibition of LXRo (18, 28). Here, we further demonstrated a
direct binding of JC1-40 to ROR« using surface plasmon
resonance (SPR) technique; Kp value was evaluated as
0.9 uM from the sensorgram (Fig. 4A). Treatment with JC1-
40 showed the similar effects of RORa transduction or CS
treatment in that it decreased the ROS levels that were in-
duced by OA treatment (Fig. 4B). It increased mRNA levels
of Sod2 and Gpxl, which were abolished after the trans-
fection of si-RORo (Fig. 4C). Consistently, the promoter
activities of Sod2 and Gpxl were increased by JC1-40
treatment (Fig. 4D). Together, these results further confirmed
the protective function of RORo against oxidative stress and
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FIG. 2. RORua increases expression of SOD2 and GPx1. (A) Primary cultures of hepatocytes were treated with indicated
concentrations of CS (left) or infected by Ad-GFP or Ad-ROR« for 24 h (right). The expression levels of protein were
measured by western blotting (fop) and the band intensities were quantified (bottom). The data represent mean * standard
deviation of three independent experiments. *p < 0.05 versus vehicle treatment or Ad-GFP infection. (B) Hepatocytes were
either treated with 20 uM CS or infected by Ads for 24 h. The enzyme activity of SOD2 in whole cell lysates was measured
(top). Hepatocytes were infected by Ad-GFP or Ad-RORe, and treated with 0.5 mM FFA mixture. The enzyme activity of
GPx in whole cell lysates was analyzed (bottom). *p<0.05 versus Ad-GFP or vehicle treatment; *p<0.05 versus FFA
treatment with Ad-GFP infection (n=3). (C) Hepatocytes were transfected with si-SOD2 and si-GPx1 and treated with
1.5mM OA and/or 20 uM CS for 24 h. At the end of the treatment, cells were stained with 20 uM H,DCFDA and examined
by confocal fluorescence microscopy. The fluorescence intensity was quantified. BSA represents 1% BSA supplement alone
as a control. The data represent mean * standard deviation of three independent experiments. *p <0.05 versus BSA with
vehicle. (D) Hepatocytes were transfected with si-RORo and then treated with 20 uM CS for 24 h. The expression levels of
protein were measured by western blotting (fop), and the band intensities were quantified (bottom). The data represent
mean + standard deviation of three independent experiments. *p <0.05 versus si-GFP with vehicle treatment. (E) Hepato-
cytes were treated with indicated concentrations of CS (left) or infected by Ad-GFP or Ad-ROR« for 24 h (right). The
mRNA levels were measured by qRT-PCR. The data represent mean + standard deviation of three independent experiments.
*p<0.05 versus vehicle or Ad-GFP. (F) Schematic representation of the human Sod2 promoter and the human GpxI
promoter with the putative RORo response elements shown as red boxes (left). HepG2 cells were transfected with the
deleted Sod2 or GpxI promoter-Luc reporters with EV or p3XFLAG7.1-RORw (right). The data represent mean + standard
deviation of three independent experiments. *p <0.05 versus EV. (G) Schematic representation for ChIP assay (left and
top). HepG2 cells were treated with 20 uM CS for 24 h. DNA fragments that contain flanking region of the ROREs on the
Sod2 or GpxI promoter were immunoprecipitated with the anti-RORa or anti-p300 antibodies and then amplified by PCR
(left and bottom), and the band intensities were quantified (righf). The data represent mean + standard deviation of three
independent experiments. *p <0.05 versus vehicle treatment. EV, empty vector; Ad, adenovirus; ChIP, chromatin immu-
noprecipitation; GFP, green fluorescence protein; GPx1, glutathione peroxidase 1; qRT-PCR, quantitative real-time poly-
merase chain reaction; ROREs, ROR response elements; SOD2, superoxide dismutase 2.
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FIG. 2.

proposed a potential therapeutic application of the compound
targeting NASH.

Therefore, finally, we examined the effect of JC1-40 in the
progression of NASH in vivo using the MCD-diet mouse
model. First of all, the levels of indicators of hepatic injury—
serum glutamic pyruvic transaminase (GPT) and glutamic
oxaloacetate transaminase (GOT)—were significantly de-
creased after JC1-40 treatment (Supplementary Fig. S5A).
The administration of JC1-40 for 3 weeks dramatically
reduced the size and number of droplets that formed in
the MCD diet fed liver (Fig. 5A). Consistently, hepatic
triglyceride levels were significantly decreased after the ad-
ministration of JC1-40 (Fig. 5B). The markers of lipid per-
oxidation, malondialdehyde (MDA) and 4-hydroxynonenal
(4-HNE), markedly decreased by JC1-40 treatment when
examined by ELISA and immunohistochemistry, respec-
tively, indicating that hepatic lipid peroxidation was pre-
vented by JC1-40 (Fig. 5B, C). Similar to the results obtained
in vitro, the hepatic levels of mRNA as well as proteins for
SOD2, GPx1, and RORa were increased in JC1-40-treated
mice in both the MCD- and the methionine-choline suffi-
cient (MCS)-diet-fed control groups (Fig. 5D, E). The data
obtained from the periodic acid-Schiff with diastase (PAS-
D) staining and the immunohistochemistry of the macro-
phage-specific marker F4/80 showed that the administration
of JC1-40 largely lowered the number of total macro-
phages in the liver (Fig. 6A, B). Consistently, the hepatic
mRNA and protein levels of F4/80, TNFu, and IL-1f
were significantly decreased after the administration of
JC1-40 in the MCD-diet fed mice (Fig. 6C and Supplementary
Fig. S6).
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Discussion

Oxidative stress generated by mitochondrial dysfunction is
a critical cause of liver injury in the ‘“‘two-hits’’ scenario of
NASH (8). Oversupply of nutrients might induce the exces-
sive production of mitochondrial superoxide that can be ef-
fectively converted into H,O, by SOD2. Indeed, nonpeptidyl
mimics of SOD2 decreased the generation of superoxide and
inhibited lipid peroxidation, thereby exhibiting beneficial
effects against NASH (20). However, transgenic mice over-
expressing SOD2 showed enhanced susceptibility to the
MCD-induced NASH when mitochondrial GSH was de-
pleted, underscoring a key role of H>O, scavenging by GPx in
protecting against NASH (35). Here, we showed that ROR«
decreased the ROS level by increasing the activities of ROS-
scavenging enzymes such as SOD2 and GPx1 (Figs. 1 and 2).
The expression levels of RORo and SOD2 are significantly
decreased in the livers of NASH patients and the hepatic
levels of RORa and GPx1 are positively correlated in these
patients, supporting a significance of our findings in human
(Supplementary Fig. S7) (1). Previously, we showed that
ROR« induces activation of AMPK, which increases fatty
acid f-oxidation and represses hepatic lipogenesis (18). In-
triguingly, activation of AMPK also induces expression of
multiple anti-oxidant enzymes, including SOD2, GPx, and
peroxiredoxin via multiple mechanisms (40). However, when
expression of AMPK was knocked down by transfection of
si-AMPK, the degree of CS- or JC1-40-induced expression of
SOD2 and GPx1 was not affected, indicating that the anti-
oxidative function of RORa is mainly AMPK independent
but rather dependent on the direct bindings on the promoters
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FIG.3. RORa decreases ROS level in Kupffer cells. (A) Kupffer cells were treated with 10 ng/ml LPS and/or 20 uM CS
for 24 h. Otherwise, Kupffer cells were treated with 20 uM CS for 18 h, and were further treated with 30 ng/ml TNF« for an
additional 6 h. At the end of the treatment, cells were stained with 20 uM H,DCFDA and examined by confocal fluorescence
microscopy. Nuclei were stained by DAPI for control (leff). The fluorescence intensity was quantified (right). Yellow bars
represent 20 um. The data represent mean = standard deviation (n=3). *p<0.01 and ***p<0.001 versus vehicle alone;
#p <0.05 versus LPS alone or TNFq alone, respectively (B, C) Kupffer cells were treated with 20 uM CS (B) or infected by
Ad-GFP or Ad-RORa (C). The mRNA level was analyzed by qRT-PCR. The data represent mean + standard deviation
(n=3). *p<0.05 versus vehicle or Ad-GFP. (D) Kupffer cells were treated with 20 uM CS. The expression of SOD2 was
visualized by immunofluorescence (left), and the fluorescence intensity was quantlﬁed (right). The nuclei were stained by
DAPI for control. Yellow bars represent 20 um. *p <0.05 versus IgG with vehicle;*p <0.05 versus o« —SOD2 with vehicle
(E) Kupffer cells were infected by Ad-GFP or Ad-RORw, and treated with 30 ng/ml TNFo for 6 h. The mRNA levels of
cytokmes were measured by qRT-PCR. The data represent mean * standard deviation (n=3). *p <0.05 versus Ad-GFP
alone; #p<0.05 versus Ad-GFP with TNFa. (F) RAW 264.7 cells were transfected with pNF-xB-Luc and were co-
transfected with F-RORo. Otherwise, cells were treated with 20 uM CS for 18 h. Cells were further treated with TNFa for an
additional 6h. *p<0.05 versus vehicle; *p<0.05 versus vehicle with TNFx (n=3). The data represent mean + standard
deviation (n=3). LPS, lipopolysaccharide; TNFo, tumor necrosis factor o.

of these genes as shown in Figure 2 (Supplementary Fig. S8).
Therefore, both functions of ROR« in inducing multiple an-
tioxidant enzymes and in attenuating hepatic steatosis
through activation of AMPK may effectively contribute to
protection of the liver against NASH.

Kupffer cells have been implicated in the pathogenesis of
various liver diseases, including viral hepatitis, steatohepa-
titis, and liver fibrosis (9). These cells secrete various cyto-
kines, including TNFo and IL-1f, on exposure to LPS,
adipokines, and oxidative stress, which induce hepatic in-
flammatory signaling in autocrine and paracrine mechanisms
(42). A growing volume of evidence supports the role of
Kupffer cells in hepatic lipid metabolism. Huang et al. and
Tosello-Trampont et al. showed that TNFx released from
Kupffer cells played an important role in inducing hepatic
steatosis and insulin resistance and further determined a
crucial phase in NASH development (11, 34). Kupffer cells
induced hepatic triglyceride storage, at least partially,
through the secretion of IL-1f, which, in turn, repressed
PPARu activity (33). Further, treatment with saturated FAs
activated the inflammasome, which cleaves pro-IL-1f into
secreted IL-1f in hepatocytes, which amplified the inflam-
mation loop by activating liver mononuclear cells (7). To-

gether, these results suggest that TNFo and IL-1/ produced
by Kupffer cells might integrate the first *‘hit” to the second
one that accelerates the progression of NASH. ROR« atten-
uates hepatic triglyceride accumulation via the activation of
AMPK and the suppression of LXRa and its lipogenic target
genes (18). In addition, here, we demonstrated that ROR«
repressed the production of TNFax and IL-1 in Kupffer cells
(Fig. 3), indicating that RORo might disrupt the vicious cycle
of steatosis connecting to steatohepatitis.

Many researchers have endeavored to find appropriate
therapeutic strategies for patients with NASH. So far, acti-
vating agonists of PPARs such as Wy-14,643 and rosiglita-
zone have been tested for their effectiveness in diminishing
the symptoms of NASH (12, 39). However, the trials have not
yet been successful, because the clinically applied PPAR
agonists, rosiglitazone and pioglitazone, have several side
effects such as edema, increased adiposity, liver toxicity,
myocardial infarction, and heart failure (30, 31). Recently,
the identification of ligands for RORo has expanded the
search for synthetic ligands (32). The synthetic ligand
SR1078 that is a specific RORa/y agonist was identified
through modifying an analog of TO901317, an inverse ago-
nist of ROR« with a relatively wide spectrum of specificity
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(36). However, its function in regulating physiological me-
tabolisms remains elusive. Here, we demonstrated that JC1-
40 directly binds the ligand-binding domain of ROR« (Fig.
4A), which indicates JC1-40 to be an activating agonist of
RORua. Based on our findings, JC1-40 decreased the free fatty
acid-induced intracellular ROS levels in the hepatocytes,
extent of lipid peroxidation, and production of proin-
flammatory cytokines in a mouse model of NASH (Fig. 6D).
In addition, when liver sections obtained from the MCD-
diet-fed mice were examined for collagen deposition by Sirius
red staining, JC1-40 treatment dramatically reduced collage-
nous fibrosis. Consistently, the transcription levels of pro
collal, a precursor of collagen type I, and transforming growth
factor § (TGFJ), a fibrogenic mediator secreted from Kupffer
cells, were significantly lowered by JC1-40 in the liver of
MCD diet-fed mice (Supplementary Fig. S9). Together, these
results further suggest that JC1-40 could contribute to devel-
oping clinically suitable ROR« agonists which could be useful
in preventing and curing NASH.

Materials and Methods
Cell culture and reagents

Hepatocytes and Kupffer cells were isolated from 7- to 10
week-old, male SD rats (Charles River Laboratories, Wil-
mington, MA) by perfusion of the liver using collagenase
type IV (Sigma-Aldrich, St Louis, MO) (9). The cell pellet
containing hepatocytes was plated onto collagen-coated
plates with Williams Medium (Invitrogen, Carlsbad, CA) that
was supplemented with 10% fetal bovine serum (FBS),

0.01% insulin, and 0.004% dexamethasone. For the isolation
of Kupffer cells, nonparenchymal sufficient supernatant was
centrifuged in 50%/25% percoll (GE Healthcare, Waukesha,
WI). The layer containing Kupffer cells was plated with
RPMI 1640 (Hyclone, Logan, UT) with 10% FBS. The purity
of Kupffer cells exceeded 85% when estimated by immu-
nocytochemistry using CD68 antibody (Serotec, Oxford,
United Kingdom). HepG2 and RAW 264.7 were obtained
from American Type Culture Collection (ATCC, Rockville,
MD) and cultured in Dulbecco’s modified Eagle’s medium
(Hyclone) that was supplemented with 10% FBS. The cells
were grown in an incubator with 5% CO, and 95% air at
37°C.

CS, an activator of ROR«a, and OA, a mono-unsaturated
fatty acid, with 98% and 99% purities, respectively, were
purchased from Sigma-Aldrich. The synthesis and prepara-
tion of JC1-40, an agonistic ligand of ROR«, were previously
reported (18, 28).

Plasmids, si-RNA, recombinant Ad,
and transient transfection

The human Sod2 promoter reporters were either kindly
provided by Dr. Yong Xu (University of Kentucky, Lex-
ington, KY) or constructed by conventional recombinant
procedures (41). The GpxI promoters encoding regions of
—3460 to +628 and —3004 to +628, relative to the tran-
scription start site, were amplified by PCR and cloned into
BgllI/Hind1lI site of the pGL3-basic vector. FLAG-tagged
RORu, and the recombinant Ads encoding ROR« or green
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fluorescence protein (GFP), that is, Ad-RORo or Ad-GFP,
were previously described (17, 18). The small interference
RNA (si-RNA) duplex targeting rat RORe (5’-UACGUGU
GAAGGCUGCAAGGGC-3") and control nonspecific si-
RNA were synthesized from Shamchully Pharm, Co., Ltd
(Seoul, Korea). The si-RNA targeting rats SOD2 and GPx1
were purchased from Sigma-Aldrich. The transient trans-
fection to the primary hepatocytes was carried out using Li-
pofectamine 2000 (Invitrogen).

Western blotting, immunofluorescence
staining, and ChIP analysis

Western blotting was carried out as previously described
using specific antibodies against RORa (Thermo Scientific,
Waltham, MA), SOD2 (Milipore, Billerica, MA), GPx1

(Santa Cruz Biotechnology, Santa Cruz, MA), or a-tubulin
(Calbiochem, La Jolla, CA) (18). The band intensity was
quantified by image J software (http://rsb.info.nih.gov) and
normalized by that of «-tubulin. Immunofluorescence stain-
ing was performed with a specific antibody against SOD2
(Milipore) and the Alexa Fluor 488-conjugated secondary
antibody (Invitrogen). ChIP assay was performed as previ-
ously described using specific primers (Supplementary Table
S1) (18). The band intensity was quantified by image J
software and normalized by that of the input.

Quantitative real-time polymerase chain reaction

Total RNA was isolated using Easy-Blue reagents (IN-
tRON Biotechnology, Seoul, Korea) according to the man-
ufacturer’s protocol. The concentration and purity of RNA
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periodic acid-Schiff with diastase.

were assessed in NanoDrop® ND 1000 UV-Vis Spectro-
photometer (Thermo Scientific). About 1.5-2.0 ug RNA was
reverse transcribed into cDNA wusing 0.06ng random
hexamer in the first strand buffer containing 10 mM dithio-
threitol, 0.5 mM oligo dNTP, and 200 U murine myeloleu-
kemia virus reverse transcriptase (Invitrogen). Quantitative
real-time polymerase chain reaction (QRT-PCR) experiments
were performed using an ABI StepOnePlus™ Real-time PCR
system (Applied Biosystem, Foster City, CA). Reactions
were performed in 10 ul volumes, which included 37.5-50 ng
cDNA, 5pmols of each primer, and SYBR® Green PCR
Master Mix. Primer sequences are listed in Supplementary
Table S2. Conditions for amplification were 95°C for 10 min,
followed by 40 cycles of 95°C for 15, and 60°C for 1 min.
Relative rnRNA level of target gene was estimated by the
equation 2”2 (ACt = Ct of target gene minus Ct of f-actin).
Fold inductions in the mRNA level of genes were presented
with a level of the control group set as 1 (4).

Measurement of intracellular ROS level

Primary cultures of hepatocytes were seeded in a 12-well
plate and grown for 18h. After the complete medium was
changed to FBS-free medium for starvation, cells were
treated with 1.5mM OA that was conjugated with bovine
serum albumin (BSA). Stock solutions of 1.5 mM fatty acid
were prepared in culture medium containing 1% fatty acid-
free BSA, and they were conveniently diluted in culture

medium to obtain the desired final concentrations. Kupffer
cells were treated with 10ng/ml LPS (Sigma-Aldrich) for
24 h or 30 ng/ml TNFu (Sigma-Aldrich) for 6 h. Intracellular
ROS levels were estimated using H,DCFDA (Invitrogen), an
oxidation-specific fluorogenic probe that exhibits reactivity
after conversion into its hydrophilic derivative DCFH, to-
ward many oxidizing compounds. Although DCFH, has very
low activity toward H,0,, it can facilitate oxidation indi-
rectly via peroxidase-metal catalyzed reactions and heme
reactions (37). At the end of the treatment, culture media was
removed, cells were washed with phosphate-buffered saline
(PBS), and incubated in PBS containing 20 uM H,DCFDA
for 20 min at 37°C. The fluorescence of cells was examined
by an LSM700 confocal microscope (excitation wavelength
at 488 nm; Carl Zeiss, New York, NY). The fluorescence
intensity was quantified by image J software and normalized
by the number of cells in the field.

Ligand binding analysis using SPR of BlAcore

For the recombinant protein production in Escherichia coli,
the pET21a*-GST-ROR«-His was transformed to B21 (DE5)
cells, grown at 37°C in LB medium, and induced with 0.5 mM
isopropyl f-p-1-thiogalactopyranoside for 6 h at 30°C. The
supernatant of bacteria lysates was loaded to Ni*-NTA resin
(Qiagen, Valencia, CA) for His-tag affinity column chro-
matography. After a wash with the buffer containing 50 mM
Tris-HCI (pH 8.0), 100 mM NaCl, and 50 mM imidazole, the
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resin-bound glutathione S-transferase (GST)-RORa-His pro-
teins were eluted by increasing the concentration of imidazole
from 250 to 500 mM. The purified GST-RORw-His proteins
were dialyzed and eluted with PBS-T buffer containing
137mM NaCl, 2.7mM KCI, 8.1mM Na,HPO,, 1.8mM
KH,PQy, and 0.1% Tween 20.

SPR experiments were performed by using a BIAcore
3000 system (GE Healthcare). The GST-RORo-His proteins
were immobilized onto the CMS5 sensor chip (GE Health-
care). JC1-40 was dissolved in PBS-T with 0.01% DMSO,
injected at a flow rate of 30 ul/min. Affinity constants (Kp)
were derived using the nonlinear fitting with the simple 1:1
Langmuir binding model by the BIA evaluation 3.1 software
(Biacore AB, Uppsala, Sweden).

Animals, treatments, and histological analysis

All animal experiments were conducted in accordance
with the guidelines of Seoul National University Institutional
Animal Care and Use Committee. Male, 8-week-old C57BL/
6 mice were obtained from Charles River Laboratories and
housed in an air-conditioned room at a temperature of 22°C—
24°C and a humidity of 37%-64%, with a 12-h light/dark
cycle. Mice were fed for 4 weeks with an MCD diet or an
MCS diet that served as a control (Dyets, Inc., Bethlehem,
PA). The animals were fed with an iso-caloric diet, and the
nutritional compositions of the MCS and MCD diets are
shown in Supplementary Table S3. After 1 week of diet
feeding, JC1-40, suspended in 0.5% carboxymethyl cellu-
lose, was dosed by oral gavage with 5 and 10 mg/kg/day for 3
weeks. At the end of the experiments, mice were fasted for
12 h. After the animals were sacrificed, their livers were re-
moved. The information on body weight and liver weight was
provided as Supplementary Figure S5B. A cross-section of
the left lobe of the liver was collected and fixed in 10%
neutral-buffered formalin. The fixed liver tissues were dehy-
drated, embedded in paraffin, sectioned to 3 um thicknesses,
and processed for hematoxylin and eosin (H&E) staining or
histopathological examinations. Macrophages in the liver
sections were stained by either the diastase/periodic acid-
Schiff method or immunohistochemistry using F4/80 anti-
bodies. 4-HNE, a biological marker of lipid peroxidation, was
stained using specific antibodies (JalCA, Shizuoka, Japan). In
addition, the expression of proinflammatory cytokines, TNFa
and IL-1f (Santa Cruz Biotechnology), was analyzed by im-
munohistochemistry, as previously described (26).

Measurement of enzyme activity of SOD2 and GPx

Primary hepatocytes were seeded in a six-well plate and
incubated overnight. Cells were infected by Ad-GFP, Ad-
RORu«l, or treated with CS for 24 h. The activity of SOD2
was measured using the SOD assay kit (Cayman Chemical,
Ann Arbor, MI). The addition of 3 mM potassium cyanide
that inhibits Cu/Zn SOD and extracellular SOD results in the
detection of only SOD2 activity. The activity of GPx was
measured using the Bioxytech™ GPx-340 assay kit (Oxi-
sresearch, Portland, Oregon).

Measurement of triglyceride, GSH, and MDA

Amounts of MDA and GSH were assessed using the
Bioxytech MDA-586 assay kit and Bioxytech GSH/GSSG-
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412 assay Kkit, respectively (Oxisresearch). Triglyceride
concentration was measured using the EnzyChrom™ Tri-
glyceride Assay Kit (Bio Assay Systems, Hayward, CA).

Statistics

All values were expressed as means * standard deviation.
Statistical analysis was performed using nonparametric
Mann—Whitney U test for simple comparisons or Kruskal—
Wallis ANOVA for multiple comparisons. p<0.05 was
considered statistically different.
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Abbreviations Used

4-HNE = 4-hydroxynonenal
Ad = adenovirus
AMPK = AMP-activated protein kinase
BSA =bovine serum albumin
ChIP = chromatin immunoprecipitation
CS = cholesterol sulfate
DCF = 2’,7’-dichlorodihydrofluorescein
EGCG = epigallocatechin gallate
FBS = fetal bovine serum
GFP = green fluorescence protein
GOT = glutamic oxaloacetate transaminase
GPT = glutamic pyruvic transaminase
GPx1 = glutathione peroxidase 1
GSH = glutathione
GST = glutathione S-transferase
H,DCFDA = H,DCF-diacetate
H,0, =hydrogen peroxide
H&E = hematoxylin and eosin
IL = interleukin
LPS =lipopolysaccharide
LXRo =liver X receptor o
MCD = methionine-choline deficient
MCS = methionine-choline sufficient
MDA = malondialdehyde
NASH = nonalcoholic steatohepatitis
NF-kB = nuclear factor-kappa B
OA =oleic acid
PAS-D = periodic acid-Schiff with diastase
PBS = phosphate-buffered saline
PPAR = peroxisome proliferator-activated receptor
qRT-PCR = quantitative real-time polymerase
chain reaction
RORua =retinoic acid-related orphan receptor o
ROREs =ROR response elements
ROS =reactive oxygen species
SD = Sprague Dawley
si-RNA = small interference RNA
SOD2 = superoxide dismutase 2
SPR = surface plasmon resonance
TGFp = transforming growth factor f§
TNFo = tumor necrosis factor o




