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Introduction: Nonalcoholic steatohepatitis (NASH) is largely driven by the dysregulation of
liver metabolism and inflammation. Bile acids and their receptor Farnesoid X receptor (FXR)
play a critical role in the disease development. Here, we investigated whether INT-767, the
newly-identified dual FXR/TGRS agonist, can protect rat from liver injury during NASH.
Materials and methods: NASH model was established by feeding the male SD rats with
high-fat diet for 16 weeks. INT-767 was given by gavage to NASH rats from week 13 to
week 16. At the end of 16 weeks, liver and serum were harvested, and bile acids, glucose and
lipid metabolism, liver injury and histological features were evaluated.

Results: INT-767 treatment significantly alleviates high-fat caused liver damage characterized
with lipid accumulation and hepatic infiltration of immune cells. INT-767 robustly restores the
lipid, glucose metabolism to normal level, attenuates insulin resistance through upregulating
FXR level and reverting the dysregulation of its target genes in liver metabolism. Molecularly
INT-767 also attenuates the pro-inflammatory response by suppression of TNF-a and NF-xB
signaling pathway.

Conclusion: INT-767 may be an attractive candidate for a potential novel strategy on the
treatment of NASH.

Keywords: farnesoid X receptor agonist, nonalcoholic steatohepatitis, INT-767, transmembrane
G protein-coupled receptor 5

Introduction
Nonalcoholic fatty liver disease (NAFLD) has emerged as the leading cause of chronic
liver disease in the world. The clinical-histological spectrum of NAFLD includes two
major phenotypes, namely nonalcoholic fatty liver and nonalcoholic steatohepatitis
(NASH), the latter being associated with a relatively greater risk of cirrhosis and
hepatocellular carcinoma. It is known that insulin resistance, lipotoxicity, oxidative
stress and inflammatory factor represent important risk factors for the development of
NASH, yet the exact mechanisms controlling the disease pathogenesis remain largely
undefined and will require novel therapeutic approaches to prevent the transition from
NAFLD to NASH. A promising new approach along these lines is based on recent
discoveries of the key role played by bile acids (BAs) in regulating liver and metabolic
homeostasis by activating various receptors, including farnesoid X receptor (FXR)
and transmembrane G protein-coupled receptor 5 (TGR5).!?

FXR is a nuclear receptor transcription factor encoded by nuclear receptor
subfamily 1, group H, member 4 (NR1H4), which is mainly expressed in the liver,
intestine and kidney. It regulates, directly or through the orphan nuclear receptor small
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heterodimer partner (SHP), a wide variety of target genes
critically involved in the control of BAs, lipid, and glucose
homeostasis, and in the regulation of immune responses.>™
TGRS is a member of the G protein-coupled receptor
(GPCR) superfamily and the subsequent elucidation of its
potential roles in mammalian physiology greatly supported
the concept that BAs are signaling molecules with actions in
tissues beyond those of the enterohepatic circulation.® TGRS
is widely distributed and expressed by adipocytes, sinusoidal
endothelial cells, bile duct epithelial cells and Kupffer cells,
with broad physiological and pathophysiological implica-
tions.” A recent study showed that pharmacological activation
of TGRS elicited anti-atherogenic effects by reducing mac-
rophage inflammation and lipid uptake.® Given the impact of
FXR and TGRS signaling on lipid and glucose metabolism,
modulators of these receptors and/or agents that influence
endogenous BAs levels could have beneficial therapeutic
effects in NASH. Although several FXR agonists have been
actively tested as therapeutic agents for a variety of chronic
and metabolic diseases,”* the effect of the newly identified
dual FXR/TGRS agonist, 60.-ethyl-3a,70,23-trihydroxy-24-
nor-5B-cholan-23-sulfate sodium salt (INT-767), in NASH
treatment is still elusive.

In this study, we demonstrated that simultaneous activa-
tion of FXR/TGRS5 with a dual agonist INT-767 improved
NASH histological features including alleviation of serum
levels of alanine aminotransferase (ALT), aspartate amin-
otransferase (AST), hyperlipidemia and endotoxin, as well
as restoration of normal glucose and lipid metabolism in a rat
model of NASH. It was also observed that gene expressions
related to BAs export was upregulated, while BAs synthesis,
glucose and lipid metabolism, and inflammatory factor were
downregulated, which shed new light on the underlying
molecular mechanisms in NASH. These findings underscore
the critical roles played by the FXR pathways in the patho-
genesis of NASH and provide the proof of concept that FXR
pathway could be a potential therapeutic target for NASH.

Materials and methods

Ethics statement

Investigation has been conducted in accordance with the
ethical standards and according to the Declaration of Helsinki
and according to national and international guidelines and
has been approved by the Institutional Review Board of
Tongji Medical College, Huazhong University of Science
and Technology. Animal protocol was approved by the
Institutional Animal Care and Use Committee of Tongji
Medical College, Huazhong University of Science and

Technology and all experiments were conducted in accor-
dance with the Guide for the Care and Use of Laboratory
Animals published by the Association for Assessment and
Accreditation of Laboratory Animal Care.

Reagents

INT-767 was from Intercept Pharmaceuticals Inc. (New York,
NY, USA). The primary antibodies against FXR, and B-actin
were from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).
Anti-rabbit [gG HRP-linked antibody was from Cell Signaling
Technologies (Danvers, MA, USA). Anti-TGRS antibody was
purchased from LifeSpan BioSciences, Inc. (Seattle, WA,
USA). Pre-stained protein molecular weight marker was from
Fermentas Life Sciences, (Thermo Fisher Scientific, Waltham,
MA, USA). The bicinchoninic acid protein assay kit and Super-
Signal West Pico chemiluminescent substrate kit were pur-
chased from Pierce Biotechnology (Thermo Fisher Scientific).
Polyvinylidene fluoride (PVDF) membranes and Whatman
paper were from EMD Millipore (Billerica, MA, USA). High
fat diets (HFD) (60% of calories derived from fat) and chow
diets (10% of calories derived from fat) were purchased from
Research Diets Inc. (New Brunswick, NJ, USA). The multi-
species GLP-1 total ELISA kit and rat insulin ELISA kit were
purchased from Merck Millipore (Billerica, MA, USA).

Animal model and experimental design
Male Sprague Dawley rats (20010 g) were offered by the
Experimental Animal Center of Tongji Medical College,
Huazhong University of Science and Technology. Rats were
housed in a temperature, humidity and ventilation-controlled
vivarium, kept on a 12-h light/dark cycle. Forty-eight rats
were randomly divided into 3 groups: normal chow diets con-
trol group (NC group), HFD model group with DMSO treat-
ment (vehicle group) and HFD model group with INT-767
treatment (INT-767 group). Throughout the 16 weeks, the
NC group was fed with normal chow diet while the other two
groups were fed with HFDs. In the last 4 weeks (weeks 13—16),
NC group and vehicle group were given DMSO by gavage
once daily, while INT-767 group was treated with INT-767
(20 mg/kg in DMSO) by gavage once daily. All rats were
sacrificed, and samples were collected at the end of study.

Blood and tissue sampling

Heparinized blood samples were collected after puncture of the
aorta, spun at 3,500 rpm for 10 min, frozen in liquid nitrogen
and stored at —80°C. One part of liver tissue sample was placed
in 10% neutral-buffered formalin for histological evaluation
and others were frozen in liquid nitrogen and stored at —80°C
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for Western blot (WB) analysis and quantitative reverse-tran-
scription polymerase chain reaction (RT-qPCR) analysis.

Biochemical measurements in liver tissue

and serum

Liver homogenate malondialdehyde (MDA) and free fatty
acids (FFAs) were detected with commercial analysis kits
obtained from the Jiancheng Institute of Biotechnology
(Nanjing, China). The concentrations of ALT, AST, glucose,
total cholesterol (TC), triglyceride (TG), low-density lipopro-
tein (LDL), and high-density lipoprotein (HDL) in the serum
were measured by the Abbott Aeroset automatic analyzer
(Abbott Laboratories, Abbott Park, IL, USA). Levels of insu-
lin resistance were determined using the homeostasis model
assessment of insulin resistance (HOMA-IR) (insulin resis-
tance = fasting glucose mmol/L X fasting insulin WU/mL/22.5).

Histopathology examination

Liver tissues were fixed in 4% paraformaldehyde in
0.1 M phosphate buffer at room temperature overnight. The
paraffin-embedded tissue sections (4 um) were stained with
hematoxylin and eosin (H&E) according to the standard
protocol. Blinded liver samples were scored by two separate
pathologists for NASH severity as previously described.'*

Assessment of bacterial translocation

Plasma endotoxin level was measured by the endpoint chro-
mogenic limulus amebocyte lysate (LAL QCL1000) test,
per manufacturer’s instruction (Lonza, Basel, Switzerland).

Western blot analysis

Total tissue was prepared in RIPA buffer (Cell Signaling
Technology), followed by separation in 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to PVDF membranes. The membranes were
probed with antibodies specific for FXR and TGRS. Immu-
noreactive proteins were visualized using a SuperSignal
West Pico (Thermo Fisher Scientific, Waltham, MA, USA)
chemiluminescent substrate kit. The relative protein levels
were normalized to B-actin.

RNA isolation and RT-gPCR analysis

The relative expression of FXR, SHP, CYP7A1, BSEP,
SREBP-1c¢, PEPCK, G6Pase, TNF-a and NF-xB were
determined by RT-qPCR. Total RNA was isolated with
TRIzol™ (Thermo Fisher Scientific, Waltham, MA, USA)
reagent according to the manufacturer’s instructions. RNA
purity and concentration were determined by electrophoresis

Table | Primers used in RT-qPCR analysis

Accession Gene Primer (5'>3’)
number gene
bank
NM_017008.4 GAPDH (F) GCTGAGTATGTCGTGGAG
GAPDH (R) TCTTCTGAGTGGCAGTGAT
NM_021745.1 FXR (F) TGAGCGTCTACAGCGAAAGTG
FXR (R) GGGATGGTGGTCTTCAAATAAG
NM_057133.1 SHP (F) ATCTCTTCTTCCGCCCTGTC
SHP (R) AGGTTTTGGGAGCCATCAAG
NM_012942.2 CYP7Al (F) GCAAAACCTCCAATCTGTCAT
CYP7Al (R) GCTTCAAACATCACTCGGTAAC
NM_031760.1 BSEP (F) CGTGCTTGTGGAAGAAGTTG
BSEP (R) GGGAGTAGATGGGTGTGACTG
AF286469 SREBP-1c (F) CAAGTGCTGCAGGAAACTGA
SREBP-1c (R) CATGGCCTTGTCAATGGAAC
NM_198780.3 PEPCK (F) CTGCCTCTCTCCACACCATT
PEPCK (R) GCCTTCCACAAACTTCCTCA
NM_013098.2 GéPase (F) TCCGTGCCTCTGATAAA
GéPase (R) CCACGAAAGATAGCGAGA
NM_012675.3 TNF-a (F) GAAAAGCAAGCAACCAGCCA
TNF-o (R) CGGATCATGCTTTCCGTGCTC
NM_001276711.1 NF-xB (F) TCTTCAACATGGCAGACGAC
NF-xB (R) CTCTCTGTTTCGGTTGCTCT

Abbreviations: F, forward primer; R, reverse primer; RT-qPCR, quantitative
reverse-transcription polymerase chain reaction.

and BioPhotometer (Eppendorf AG, Hamburg, Germany).
One microgram of total RNA was converted to cDNA using
the ExScript™ RT reagent kit (TaKaRa, Shiga, Japan). Quan-
titative real-time PCR was performed on a LightCycler PCR
Instrument (Hoffman-La Roche Ltd, Basel, Switzerland)
and using SYBR green as the detection fluorophore. The
housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal control, and gene
specific mRNA expression was normalized against GAPDH
expression. Primer sequences are summarized in Table 1.

Statistical analysis

Data are expressed as the mean = SE. Statistical analyses
were performed using analysis of variance (ANOVA) or the
Kruskal-Wallis test as appropriate. If statistical significance
was established, Duncan’s multiple comparison test was used
to determine which data sets were significantly different.
Statistical analyses were performed using GraphPad Software
Inc., (La Jolla, CA, USA).

Results
INT-767 improved NASH histological
features in high-fat diet induced

rat models
There is a need to create animal models that recapitulate the
physiology, histology and manifestation seen in humans
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Figure | Histological analysis of NASH model with INT-767 treatment.

Notes: Liver tissue from different groups was processed following standard procedure and stained with H&E. The bar stands for 100 um. (A) Stained liver section of the
NC group; (B) stained liver section of the VC group; (C) stained liver section of the INT group. Magnification |00x.
Abbreviations: NASH, nonalcoholic steatohepatitis; NC, normal chow diets control group; Ve, vehicle group; INT, INT-767 group.

with NASH. Current NASH animal models have certain
limitations such as requiring specific gene knockout and/or
unphysiologically dietary manipulations, failure of reproduc-
ing the insulin resistance or liver histology typical of human
NASH. In our study, we established a rat model using HFD to
induce NASH, assessed by liver section histological analysis.
Compared to NC group (the normal chow diets control
group), severe cytoplasmic vacuoles in the hepatocytes and
inflammation were observed in the vehicle group (HFD
model group with DMSO treatment), which was confirmed
by H&E staining of the liver sections (Figure 1A, 1B). But
no obvious lipid droplets and inflammatory infiltration were
seen in the INT-767 group (HFD model group with INT-767
treatment) (Figure 1C). Moreover, based on unbiased patho-
logical assessment, steatosis and inflammation scores in
the INT-767 group are significantly lower than those in the
vehicle group (¥>=10.17, P <0.01 and > =21.21, P <0.01,
respectively).

Effect of INT-767 on bile acid metabolism

As BAs’ metabolism has been indicated to play a crucial role
in the pathogenesis of NASH. FXR-knockout (FXR-KO) has

T>> 2.0 1
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& 00 L |

Figure 2 Effects of INT-767 on bile acid metabolism.

been reported to accelerate the development of NASH in low-
density lipoprotein receptor (LDLR) deficient background,
even without HFD,"® suggesting FXR’s important role in
pathogenesis of NASH. To examine whether FXR itself was
also regulated in response to HFD, liver homogenates were
subject to WB analysis. As shown in Figure 2A, compared
with the NC group, the vehicle group showed dramatically
reduced levels of both FXR and TGRS protein in the liver
homogenates, and the quantification of WB analysis which
was included at the right panel (Figure 2A). This result sug-
gested that key regulators of BA metabolism through FXR
and TGRS was suppressed in HFD-induced NASH model.
Strikingly, INT-767 treatment completely reverted the sup-
pression of FXR and TGRS protein levels observed in the
vehicle group. We next investigated the change of the down-
stream target genes of FXR in BAs metabolism. As shown in
Figure 2B, FXR mRNA was confirmed to be downregulated in
the vehicle group, while INT-767 treatment recovered its level
to the extent that it exceeded that of the NC group. The similar
pattern was observed for the genes activated by FXR such as
SHP and bile salt export pump (BSEP) which promote the
transport of BAs. On the contrary, cytochrome P450 family 7

B 4 Hhk
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= 34 )
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4
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GE, il *k o sokk '—|
ES
% N ,_ly—\ [ r—‘
o
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FXR SHP

CYP7A1 BSEP

Notes: (A) Liver homogenates were resolved on SDS-PAGE and followed by WB analysis with antibodies indicated. (B) RT-qPCR analysis of liver homogenates from each

group with indicated primers. *<<0.05; *¥p<<0.01; ***<0.001.

Abbreviations: FXR, farnesoid X receptor; TGR5, transmembrane G protein-coupled receptor 5; NC, normal chow diets control group; Ve, vehicle group; INT, INT-
767 group; SHP, small heterodimeric partner; CYP7AI, cytochrome P450 family 7 subfamily A member |; BSEP, bile salt export pump; RT-qPCR, quantitative reverse-
transcription polymerase chain reaction, SDS-PAGE, sodium dodecyl sulfate -polyacrylamide gel electrophoresis; WB, Western blot.
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subfamily A member 1 (CYP7AL1), the rate-limiting enzyme
for cholesterol synthesis, showed the opposite pattern since
it was suppressed by SHP. These results indicated that INT-
767 treatment led to enhanced BAs transport and reduced
BAs synthesis.

Effects of INT-767 on insulin resistance

and glucose metabolism

We next examined the insulin resistance and glucose
metabolism which have been reported as another important
aspect of NASH.!® Insulin resistance was clearly observed
in the vehicle group compared to the NC group (Figure 3A),
and INT-767 could significantly recover the sensitivity
of insulin, using the HOMA-IR. Glucagon-like peptide-1
(GLP-1) is an incretin that increases insulin sensitivity, aids
glucose metabolism and achieves its roles by binding to its
specific receptor (GLP-1R) on human hepatocytes.!” Con-
sistently, lower level of GLP-1 was observed in the vehicle
group compared to the NC group, while INT-767 treated
group showed increased level of GLP-1 (Figure 3B). From
Figure 3C, we also found that two important enzymes of
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-
6-phosphatase (G6Pase) were upregulated in the vehicle

>

HOMA-IR
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Figure 3 Effects of INT-767 on insulin resistance and glucose metabolism.

group compared to the NC group. INT-767 treated group
showed reduced levels of both enzymes to those found in
normal controls.

Effects of INT-767 on lipid metabolism

We next examined the lipid metabolism which is the core
program of NASH. As shown in Figure 4 (A-D), hyper-
lipidemia was observed in the vehicle group compared to the
NC group, by measuring TC, TG, LDL and FFAs. Enhanced
lipid oxidation and associated oxidative stress as indicated
by MDA level was found in the vehicle group compared to
the NC group. INT-767 treatment could significantly reduce
the hyperlipidemia but had no significant effect on HDL and
MDA (Figure 4E and F), suggesting that downregulation of
total cholesterol by INT-767 was largely mediated by the
reduction of LDL and had little effect on lipid peroxidation.
Lipid overflow as well as de novo lipogenesis (DNL) seem
to be the key points of hepatocyte accumulation of lipids.'*
One key transcription factor in DNL is sterol regulatory
element-binding protein-1¢ (SREBP-1c¢).!” The result of RT-
qPCR showed that SREBP-1c mRNA was induced in the
vehicle group compared to the NC group, and downregulated
by INT-767 treatment (Figure 4G).

w
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Notes: (A, B) Liver homogenates and total serum were collected and measured with established method and instrument. (C) RT-qPCR analysis of liver homogenates from

each group with indicated primers. ¥p<<0.05.

Abbreviations: HOMA-IR, homeostasis model assessment of insulin resistance; NC, normal chow diets control group; GLP-1 (pM), glucagon-like peptide-1 (pmol/L);
PEPCK, phosphoenolpyruvate carboxykinase; GéPase, glucose-6-phosphatase; RT-qPCR, quantitative reverse-transcription polymerase chain reaction.
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Figure 4 Effects of INT-767 on lipid metabolism.
Notes: (A—F) Liver homogenates and serum from each group were subject to standard analysis. (G) RT-qPCR analysis of liver homogenates from each group with indicated primers.

*
p<<0.05.
Abbreviations: TC, total cholesterol; TG, triglyceride; LDL, low-density lipoprotein; FFAs, free fatty acids; NC, normal chow diets control group; HDL, high-density

lipoprotein; MDA, malondialdehyde; SREBP-Ic, sterol regulatory element-binding protein |c; RT-gPCR, quantitative reverse-transcription polymerase chain reaction.

INT-767 alleviates the pro-inflammatory showed elevated level of ALT and AST (Figure 5A and B)
response and liver damage in NASH which represented liver damage, as well as endotoxin level
To investigate further the mechanism of INT-767, we exam- ~ suggesting the leakage of intestine bacteria component
ined the liver inflammatory response associated with liver ~ into liver (Figure 5C). INT-767 treatment could signifi-
damage. Compared with the NC group, the vehicle group  cantly reverse the increase of these factors. The underneath
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Figure 5 Effects of INT-767 on inflammation and immune function.
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Notes: INT-767 alleviated the pro-inflammatory response and liver damage in NASH. (A—C) Serum from each group was analyzed for ALT, AST, endotoxin levels by
standard procedure. (D) RT-qPCR analysis of liver homogenates from each group with indicated primers. *p<<0.05; **p<<0.01.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; NC, normal chow diets control group; TNF-0, tumor necrosis factor-o; NF-kB, nuclear

factor-xB; RT-qPCR, quantitative reverse-transcription polymerase chain reaction.

mechanism could be explained by downregulation of the
pro-inflammatory cytokine tumor necrosis factor-o. (TNF-ot)
by INT-767 as shown in Figure 5D. Meanwhile, nuclear
factor-kB (NF-xB), the upstream modulator of TNF-a., was
also found to be reduced in the INT-767 treatment group.

Discussion
In this study, we demonstrate a significant improvement
of liver injury in HFD-induced rat model of NASH treated
with the dual FXR/TGRS agonist INT-767. We also reveal
a critical role of FXR/TGRS activation in regulating hepatic
gluconeogenesis (GNG), lipogenesis and hepatic inflamma-
tion to maintain metabolic homeostasis in the liver. INT-767
induces FXR and TGRS gene expression and influences
NASH development and progression at multiple levels. Our
data support that INT-767 could be a novel FXR agonist with
therapeutic effect in NASH.

FXR regulates BA synthesis by cholesterol catabolism.
In the liver, the classic BAs synthetic pathway begins with
hydrolysis of cholesterol to 7o-hydroxycholesterol by the
microsomal enzyme CYP7AI, the rate-limiting step of
classic BAs synthesis. This study showed that INT-767
strongly inhibited CYP7A1 expression in the classic BAs
synthesis pathway and increases SHP which is a direct FXR

target gene in the liver and a suppressor of CYP7A1,%0?!
collectively leading to less BA toxicity. FXR-mediated
gene suppression occurs through the novel pathway of SHP
induction, a member of the nuclear receptor superfamily that
binds to and interferes with the positive regulation of gene
expression by other nuclear receptors including liver receptor
homolog-1 on the target gene such as CYP7A1. INT-767
directly activates the expression of BSEP that transports BAs
from the liver to the gall bladder. FXR coordinates the biliary
secretion of BAs, cholesterol and phospholipids to form
micelles in the canaliculus. This process increases cholesterol
solubility and prevents BAs toxicity to the bile duct epithelial
cells.?? Furthermore, this process decreases intracellular
concentrations of BAs in hepatocytes, thereby alleviating
BAs toxicity.? It is now established that the protective role
of FXR against BAs toxicity can be largely attributed to its
function in BAs synthesis, transport and excretion.
Treatment with the INT-767 inhibited insulin resistance in
a rat NASH model, indicating that FXR activation promotes
insulin sensitivity. FXR-KO mice have demonstrated impaired
glucose disposal and signs of peripheral insulin resistance.*
Pang et al have shown that impaired FXR signaling pathway
results in insulin resistance and elevated hepatic glucose
production.”® PEPCK is a well-known vital enzyme that
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catalyzes a crucial step of GNG in the hepatocytes. Our study
has shown that INT-767 decreases expression of the PEPCK.
Besides PEPCK, INT-767 also down-regulated the expression
of G6Pase, which is a key enzyme responsible for glucose
release from hepatocytes to blood in circulation. Altogether,
FXR activation plays a key role in inhibiting hepatic GNG
and hepatic glucose output. TGRS signaling is also involved in
glucose homeostasis by inducing the release of GLP-1. Treat-
ment with the INT-767 increased the expression of TGRS and
the level of GLP-1. In addition to reducing plasma glucose
level, Kumar et al have shown that activation of TGRS on
pancreatic beta cells stimulates insulin release through a cyclic
adenosine monophosphate (cAMP) and calcium-dependent
mechanism.? All of these actions of TGRS, are of importance
to pharmacology since TGRS agonists could improve the
glucose tolerance as well as liver and pancreatic function.
Our study demonstrates that INT-767 decreased serum
levels of TC, TG and FFAs, revealing the crucial role of FXR
in lipid metabolism. FXR deficiency drives pathologic mani-
festations of NASH, including macrosteatosis, hepatocyte
ballooning and inflammation in a mouse model of hyperc-
holesterolemia induced by HFD feeding in LDLR-deficient
mice.!’ Thus, a combination of FXR deficiency and HFD
appears to represent a risk factor for NASH development,
further suggesting that FXR activation may be beneficial in
the treatment of NASH. Consistent with these data, FXR
activation by INT-767 downregulates SREBP-1c via a
pathway involving the atypical nuclear receptor SHP thereby
reducing expression of several genes involved in DNL.
Importantly, we also demonstrated INT-767 could decrease
the serum level of LDL in the rat NASH model likely due
to downregulation of SREBP-1c. Moreover, lipoprotein
profile analysis showed reduced very low density lipoprotein
and LDL in LDLR-deficient mice treated with INT-767.7
FXR also acts on reverse cholesterol transport and HDL
metabolism by decreasing apolipoprotein Al, increasing
scavenger receptor B1 and cholesteryl ester transfer protein
expression, thus increasing HDL-C clearance and lowering
plasma HDL-C levels in vivo.?% In this study, the reduc-
tion of HDL observed in INT-767 treatment group was not
significant compared with the vehicle group. Although FXR
is reported to regulate the clearance of HDL-C, the level of
HDL is closely related to HDL synthesis, different subtypes
of HDL and their transport in the body. Other pathways may
be responsible and detailed mechanism is yet to be elucidated.
Similar to HDL, INT-767 does not improve the level of
MDA in a rat NASH model. FXR-dependent induction of
peroxisome proliferator-activated receptor-c. is involved
in mitochondrial and peroxisomal fatty acid B-oxidation,

thereby shifting hepatic metabolism towards lipid oxidation.
MDA is a product of lipid peroxidation through multiple
signaling pathways including c-Jun N-terminal kinases (JNK)
pathway,*® while FXR could simply be one of the regulators
of lipid peroxidation.

In addition to glucose and lipid metabolism, FXR also
has anti-inflammatory function in the liver, mainly by the
suppression of NF-kB and TNF-a signaling pathway. In
murine model of NAFLD, FXR agonist GW4064 treatment
reduced hepatic pro-inflammatory cytokine expressions.’!
Our study also found activation of FXR by INT-767 allevi-
ated hepatic inflammation induced by endotoxin in a rat
NASH model fed with HFD as reflected by reduced serum
levels of ALT and AST. Moreover, activation of TGRS in
Kupfter cells appears to induce potent anti-inflammatory
effects through inhibition of nuclear translocation of NF-xB
and the suppression of TNF-o..*? In addition, this same group
showed that pharmacological activation of TGRS in bone
marrow-derived macrophages, reduced lipopolysaccha-
ride-induced chemokine production by a mechanism that
required AKT-dependent activation of mTOR complex 1
(mTORCT1), which stimulated production of the dominant-
negative CCAAT/enhancer binding protein isoform, liver
inhibitory protein.** Yoneno and colleagues demonstrated
that TGRS activation prevented phosphorylation of c-Fos in
a cAMP-dependent manner, through which they proposed
to contribute to the inhibition of macrophage activation.**
Collectively, INT-767 exerts anti-inflammatory activities
and reduces HFD-induced inflammation by downregula-
tion of NF-kB and TNF-o via the possible mechanism of
macrophage inhibition.

In conclusion, we demonstrate that dual activation of
FXR and TGRS has a beneficial impact on the development
of NASH. The dual FXR/TGRS agonist INT-767 decreases
liver steatosis and inhibits hepatic inflammation in a rat model
of NASH. Taken together, this study suggests that INT-767
may be an attractive candidate for a potential novel strategy
on the treatment of NASH.
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