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Tropifexor-Mediated Abrogation of

Steatohepatitis and Fibrosis Is Associated

With the Antioxidative Gene Expression
Profile in Rodents

Eloy D. Hernandez,! Lianxing Zheng,2 Young Kim,! Bin Fang,1 Bo Liu,! Reginald A. Valdez,>® William F. Dietrich,’

Paul V. Rucker,! Donatella Chiane]]i,ljames Schmeits,! Dingjiu Bao,IJocelyn Zoll,! Claire Dubois,* Glenn C. Federe,’
Lihao Chen,? Sean B.Joseph,l’s Lloyd B. Klickstein,’ John Wialker,! Valentina Molteni,' Peter McNamara,' Shelly Meeusen,’
David C. Tully,6 Michael K. Badman,? Jie Xu,! and Bryan Laffitte™

Farnesoid X receptor (FXR) agonism is emerging as an important potential therapeutic mechanism of action for
multiple chronic liver diseases. The bile acid-derived FXR agonist obeticholic acid (OCA) has shown promise in a
phase 2 study in patients with nonalcoholic steatohepatitis (NASH). Here, we report efficacy of the novel nonbile
acid FXR agonist tropifexor (LJN452) in two distinct preclinical models of NASH. The efficacy of tropifexor at
<1 mg/kg doses was superior to that of OCA at 25 mg/kg in the liver in both NASH models. In a chemical and
dietary model of NASH (Stelic animal model [STAM]), tropifexor reversed established fibrosis and reduced the
nonalcoholic fatty liver disease activity score and hepatic triglycerides. In an insulin-resistant obese NASH model
(amylin liver NASH model [AMLN]), tropifexor markedly reduced steatohepatitis, fibrosis, and profibrogenic gene
expression. Transcriptome analysis of livers from AMLN mice revealed 461 differentially expressed genes follow-
ing tropifexor treatment that included a combination of signatures associated with reduction of oxidative stress,
fibrogenesis, and inflammation. Conclusion: Based on preclinical validation in animal models, tropifexor is a prom-
ising investigational therapy that is currently under phase 2 development for NASH. (Hepatology Communications

2019;3:1085-1097).

onalcoholic fatty liver disease (NAFLD) is a
hepatic manifestation of the metabolic syn-
drome and is becoming an epidemic; its preva-
lence in Western countries ranges from 20% to 33%.?
Approximately 2% to 3% of patients with NAFLD
progress to nonalcoholic steatohepatitis (NASH), which
is characterized by lipid accumulation in the liver

(steatosis), hepatocellular inflammation (steatohepatitis),
injury (ballooning), and fibrosis, which may eventually
lead to cirrhosis, hepatocellular carcinoma (HCC), and
liver-related mortality. > NASH is the most rapidly
increasing etiology among patients wait listed for liver
transplant and is expected to become the leading indi-
cation for liver transplantation in the near future.>?

Abbreviations: Acta2, a-smooth muscle actin; Aifl, allograft inflammatory factor 1; ALT, alanine aminotransferase; AMLN, amylin liver
nonalcoholic steatohepatitis model; ANOVA, analysis of variance; AST; aspartate aminotransferase; BSEP, bile salt export pump; Cel2, chemokine
(C-C motif) ligand 2; CD, clusters of differentiation; COL1A1, collagen, type I, alpha 1; CYP, cytochrome P450; DEG, differentially expressed
gene; EC50, half~-maximal effective concentration; FGF, fibroblast growth factor; FXR, farnesoid X receptor; HEE, hematoxylin and eosin;
HFED, high-fat diet; IBA1, ionized calcium-binding adaptor molecule 1; mRINA, messenger RNA; NAFLD, nonalcoholic fatty liver disease;
NAS, nonalcoholic fatty liver disease activity score; NASH, nonalcoholic steatohepatitis; OCA, obeticholic acid; gRT-PCR, quantitative real-time
polymerase chain reaction; RINAseq, RNA sequencing; SHP, small heterodimer partner; STAM, Stelic animal model; STZ, streptozotocin; TIMP]I,
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There is a clear lack of effective therapies targeting the
underlying pathophysiology, symptoms, and complica-
tions of NASH, and as its global prevalence continues
to rise, therapies that can reduce the progression to cir-
rhosis are urgently needed.”)

The farnesoid X receptor (FXR) is an attractive ther-
apeutic target for NASH® due to its role as a master
metabolic regulator and sensor of elevated bile acid
levels.®” FXR is expressed in the liver, intestine, and
kidneys(lo) and is activated by bile acids. "2 FXR ini-
tiates homeostatic responses to control bile acid levels
by inducing genes involved in basolateral bile acid
efflux, conjugation, detoxification, and renal excretion. ¥
In addition, FXR reduces hepatic bile acids by down-
regulating expression of genes involved in hepatic bile
acid uptake and synthesis through small heterodimer
partner (SHP)™ in the liver."™ Some of the effects of
FXR are indirectly mediated by inducing the ileal enter-
okine fibroblast growth factor 15 (FGF15) in rodents
and FGF19 in humans. In the liver, FGF19 inhib-
its gluconeogenesis, stimulates glycogen synthesis, and
regulates bile acid synthesis through down-regulation
of cytochrome P450 family 7 subfamily A member 1
(CYP7A1) expression in an SHP-dependent manner. ™

Several studies point toward a benefit of FXR as
a therapeutic target for NASH.®® In patients with
NAFLD, hepatic FXR expression is down-regulated
and its levels are inversely correlated with disease sever-

ity.1” FXR-null mice display increased levels of hepatic
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inflammation and fibrosis.’®'” FXR agonism protects
against the development of inflammation and fibrosis in
various rodent models of liver disease.?>*? FXR acti-
vation also reduces lipogenesis and promotes fatty acid
p-oxidation,® thereby reducing hepatic steatosis.**>®)

A phase 2 study with the bile acid-derived FXR
agonist obeticholic acid (OCA) provided clini-
cal validation for FXR agonists as therapies for
NASH.®” In the FXR Ligand Obeticholic Acid in
NASH Treatment (FLINT) trial, 35% of patients
treated with OCA showed improvement in fibro-
sis compared with 19% of patients with placebo;
however, OCA caused significant elevation in low-
density lipoprotein cholesterol and reduction in high-
density lipoprotein cholesterol. Furthermore, pruritus
was more common in patients treated with OCA (23%)
compared to patients with placebo (6%),%® possibly
due to off-target activation of cell surface G protein-
coupled bile acid receptor 1 (GPBAR1) by OCA or
its metabolites.* "

Novel nonbile acid FXR agonists, which retain effi-
cacy while lacking activity on GPBAR1, may reduce
side effects and provide promising treatment options
for NASH. Hence, these results have stimulated the
search for effective nonbile acid FXR agonists. Here,
we report the efficacy of tropifexor (the most Jootent
FXR agonist undergoing clinical investigation®") in
preclinical models of NASH and provide new insights

into its potentially beneficial molecular mechanisms.
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Materials and Methods
TEST SUBSTANCES

For in witro assays, tropifexor was dissolved in
dimethyl sulfoxide (DMSO) followed by intermediate
dilutions in Williams’ E medium (Life Technologies)
to obtain final concentrations (1x) with 0.1% DMSO.
For animal experiments, tropifexor was formulated in
0.5% methylcellulose/0.5% Tween 80 in water, and
OCA was formulated in a 20% polyethylene glycol
300, 30% tocopheryl polyethylene glycol (10%), 50%

water solution.

IN VITRO EXPERIMENTS

Cryopreserved human hepatocytes (CellzDirect,
Life Technologies) were cultured for 24 hours and then
incubated with compounds or vehicle for 48 hours.
RNA was isolated using the RNeasy 96 kit (Qiagen).
RNA was isolated from frozen tissues homogenized
in TRIzol (Invitrogen) and used for gene expres-
sion analysis. Expression of FXR target genes was
analyzed by quantitative real-time polymerase chain
reaction (QRT-PCR) using the SuperScript III One-
Step RT-PCR System on the 7900HT from Applied
Biosystems with the following settings: 1 cycle of
52°C for 25 minutes, 1 cycle of 95°C for 10 min-
utes, and 40 cycles of 95°C for 15 seconds and 60°C
for 1 minute. The primer pairs and probes used are

described in Supporting Table S1.

ANIMAL EXPERIMENTS

Experimental protocols were approved by the local
Animal Care and Use Committee and were in com-
pliance with Animal Welfare Act regulations and U.S.
regulations (Guide for the Care and Use of Laboratory
Animals).

Experiments in the Stelic animal model (STAM)
were performed at SMC Laboratories (Tokyo,
Japan). Briefly, 2-day-old male C57BL/6] mice were
injected with streptozotocin (STZ) and placed on
a high-fat diet (HFD) from weeks 4 to 12 (HFD-
32; CLEA Japan, Tokyo, Japan). From weeks 9 to
12, STAM mice received 0.03, 0.1, or 0.3 mg/kg of
tropifexor; 25 mg/kg of OCA; or corresponding vehi-
cles once a day (qd). The animals were maintained
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in a specific-pathogen-free facility under controlled
conditions of temperature (23°C + 2°C), humidity
(45% + 10%), lighting (12-hour artificial light and
dark cycles; light from 8:00 am to 8:00 pm), and air
exchange. A high pressure was maintained in the exper-
imental room to prevent contamination of the facility.
The animals were housed in transparent polymer X
(TPX) cages (CLEA Japan) with a maximum of four
mice per cage. Hematoxylin and eosin (H&E)-stained
sections were evaluated for the NAFLD activity score
(NAS) according to defined criteria.®? Total lipid
extracts were isolated from livers of treated mice®® by
homogenizing in chloroform—methanol (2:1 volume
[vol]/vol) and incubating overnight at room tempera-
ture. After washing with chloroform—methanol-water
(8:4:3 vol/vol/vol), the extracts were air dried and
dissolved in isopropanol. Liver triglycerides were
measured using the Triglyceride E-test (Wako Pure
Chemical Industries, Ltd., Japan).

A separate model for diet-induced NASH (amylin
liver NASH model [AMLN]) was employed as
described by Trevaskis et al.%¥ Male C57BL/6 mice
approximately 6 weeks of age were maintained on a
high-fat (40% kcal; Primex), high-fructose (22% by
weight), and high-cholesterol (2% by weight) diet
(D09100301; Research Diets, Inc., New Brunswick,
NJ) for 26 weeks to induce NASH. Control animals
received a low-fat diet (10% kcal) with no fructose or
cholesterol (D09100304; Research Diets). From week
26, animals received tropifexor (0.1, 0.3, or 0.9 mg/kg)
or OCA (25 mg/kg) qd orally for 4 weeks. Collagen
type I alpha 1 (Co/1al) and tissue inhibitor of metal-
loproteinase 1 (7impl) messenger RNA (mRNA)
were analyzed by qRT-PCR.

HISTOPATHOLOGY

Liver sections were fixed in 4% paraformaldehyde
for 48 hours for histopathologic analysis. Liver dam-
age and collagen deposition were assessed by H&E
staining and picrosirius red staining, respectively. In
the diet-driven NASH model, liver sections were
stained with Masson trichrome stain (Sigma-Aldrich,
St Louis, MO) and for ionized calcium-binding
adaptor molecule 1 (IBA1; 019-19741; Wako). Image
analysis was performed with a positive pixel count
algorithm using Aperio software (Aperio, Inc., Vista,
CA).
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RNA SEQUENCING

Livers from AMLN mice were used for RNA
sequencing (RNAseq). RNAseq reads in FASTQ_
format were aligned to the mouse genome (mm10)
using STAR 2.5.1. Counts for each gene were
quantified and normalized across all samples using
Cuffnorm, version 2.2.1.5% Differentially expressed
genes (DEGs) were identified by Cuffdiff with the
following cutoffs unless specified otherwise: log2
fold change >1 or <-1, false discovery rate <5%,
and reads per kilobase per million >1 in at least one
treatment group. Gene ontology analysis was per-
formed, following which RNAseq data were depos-
ited into the Gene Expression Omnibus database
(accession number GSE129389).

STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad
Prism 5.02 (GraphPad Software, San Diego, CA).
For efficacy studies in diet-driven NASH models,
analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison posttest was used to deter-
mine specific differences between treated and vehicle
groups.

Results

TROPIFEXOR IS A HIGHLY
POTENT AGONIST OF THE BILE
ACID RECEPTOR FXR

We previously reported the discovery and optimi-
zation of the highly potent and selective FXR agonist
tropifexor (Fig. 1A).®V Tropifexor showed a half-
maximal effective concentration (EC;y) in the sub-
nanomolar range in several functional assays, including
an assay measuring the interaction of FXR with ste-
roid receptor coactivator 1 (SRC1; mean EC., 0.20
nM) and a transcriptional activity assay measuring the
promoter activity of a canonical FXR target gene, bile
salt export pump (BSEP; EC, 0.26 nM; Fig. 1A). In
agreement with its high potency in the biochemical
and cell-based assays, tropifexor induced the expression
of BSEP and SHP at concentrations as low as 0.1 nM
in human primary hepatocytes (Fig. 1B). Furthermore,
in vivo target engagement by tropifexor was confirmed

by induction of FXR target genes in the liver (Shp
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and Bsep) and ileum (Shp and Fgf15) and an increase
in circulating FGF15 protein.m) Taken together, these
data demonstrate that tropifexor is an orally bioavail-
able potent FXR agonist that is able to regulate FXR

in the liver and intestine, both iz vitro and in vivo.

TROPIFEXOR REDUCES HEPATIC
STEATOSIS, INFLAMMATION,
AND FIBROSIS IN MICE WITH
NASH

We evaluated the ability of tropifexor to improve
the characteristic pathophysiologic features of NASH
in two distinct mouse models. The first is an insu-
lin-deficient model in which diabetes was induced
by an early injection of STZ followed by feeding
an HFD from weeks 4 to 12 (STAM model). After
NASH was established at week 9, some animals were
killed as the disease comparator group (baseline)
whereas the remaining mice were treated with vehicle,
tropifexor, or OCA (Fig. 2A). Compared with normal
mice, STAM mice showed a marked increase in NAS,
liver triglyceride levels, and percentage of fibrotic areas
(Fig. 2B-D). At week 12, NASH control (untreated
animals) or vehicle-treated animals did not display sig-
nificant differences from the baseline group. Treatment
with tropifexor showed a significant decrease in NAS
at doses 0.1 and 0.3 mg/kg due to reductions in all
three components of NAS (steatosis, lobular inflam-
mation, and hepatocyte ballooning; Fig. 2B). Steatosis
improvement was demonstrated by histopathol-
ogy and reduction in liver triglycerides (Fig. 2B,C).
Importantly, these changes were observed relative to
the baseline group, indicating a regression in NASH
from the baseline (Fig. 2B-D).

The percentage of sirius red-positive areas within
liver sections was higher in STAM mice relative to
normal mice, demonstrating the presence of pericellu-
lar fibrosis in both baseline and NASH control groups.
Mice treated with tropifexor showed a statistically
significant dose-dependent reduction of the fibrotic
areas in comparison with those of the baseline group
(Fig. 2B,D), indicating regression of the fibrotic phe-
notype of NASH by tropifexor. It is noteworthy that
a high concentration of OCA (25 mg/kg) did not
result in a significant decrease in liver triglycerides
but tended toward reduction in NAS (P > 0.05).
Additionally, serum cholesterol levels were reduced
with tropifexor but not with OCA (Fig. 2E).
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FIG. 1. Tropifexor regulates FXR target genes in human hepatocytes. (A) Chemical structure of tropifexor. (B) Tropifexor dose
dependently induced the expression of FXR target genes SHP and BSEP in primary human hepatocytes. Data are representative of
three independent experiments using hepatocytes from three independent donors. Values are displayed as mean + SEM; n=3.*P<0.05

versus vehicle using one-way ANOVA with Dunnett’s test.

Because many individuals with NASH are obese
and diabetic, we evaluated the effects of tropifexor in
an obese insulin-resistant model of NASH. NASH
was established in mice by feeding a high-trans fat,
high-fructose, and high-cholesterol diet (AMLN)
for 26 weeks®® followed by compound treatment for
4 weeks (Fig. 3A). Consistent with results from the
STAM model, tropifexor could resolve liver inflam-
mation, steatosis, and fibrosis in the therapeutic mode
in this diet-driven model of NASH (Fig. 3). Markers
of liver damage alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were elevated in
NASH mice compared to control animals that were
fed with a low-fat diet. Tropifexor-treated NASH
mice showed a dose-dependent reduction of ALT
and AST relative to vehicle-treated controls (Fig. 3B).
Importantly, the mid-level dose of tropifexor normal-
ized ALT and AST levels to that of control animals,
whereas the high dose reduced ALI/AST to an even
greater extent. By contrast, vehicle- and OCA-treated
mice showed similar plasma levels of ALT and AST
in NASH mice. This finding agrees with reports that
showed that OCA failed to reduce the levels of cir-
culating liver enzymes in HFD-fed rodent models of
NASH.®%37

Liver histology analysis showed that the key pheno-
typic NASH features found in vehicle-treated NASH
mice (i.e., steatosis and ballooning) were completely
reverted by tropifexor at 0.3 and 0.9 mg/kg doses
(Fig. 3C). Dose-dependent reduction in steatosis by

tropifexor was further confirmed by quantification of
liver triglycerides (Fig. 3E), with no statistically sig-
nificant differences in hepatic cholesterol levels in any
of the treated groups (data not shown).

In addition to steatosis, vehicle-treated NASH
groups displayed significant hepatic inflammation, as
shown by the staining of macrophages and Kupffer cells
(ionized calcium-binding adapter molecule 1 [IBA1]-
positive cells; Fig. 3D). In these groups, macrophages
form the characteristic crown-like structures described
in human and rodent NASH livers.® Interestingly,
hepatic crown-like structures were completely elimi-
nated in the livers of mid- and high-dose tropifexor-
treated NASH mice but not in OCA-treated mice
(Fig. 3D). Quantification of IBAl1-positive staining
turther confirmed reduction of inflammation by tropi-
fexor that was normalized to the same level of the
control diet group with the 0.3-mg/kg and 0.9-mg/kg
tropifexor dose groups (Fig. 3E).

Consistent with other studies, the AMLN diet
induced hepatic fibrosis in this model of NASH®*3¢
(Fig. 3C,E). Trichrome staining showed that tropif-
exor strongly abrogated collagen deposition in the
liver (Fig. 3C,E) and dramatically reduced mRNA
levels of the canonical profibrogenic markers Co/lal
and Timpl (Fig. 3F). Notably, mice treated with a
high dose of OCA (25 mg/kg) showed only a slight
reduction in steatosis and hepatic triglyceride con-
tent as well as a minor reduction in inflammation and
IBA1-positive crown-like structures. Consequently,
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FIG. 2. Tropifexor ameliorates NASH-like symptoms in the STAM model. (A) Schematic representation of induction of STAM
disease in mice. Normal group represents animals that received neither STZ nor high fat and were killed at week 9; baseline group
represents animals that developed the disease up to week 9 and were killed before treatment initiation. NASH control group represents
animals that developed the disease up to week 9 but were killed at week 12 without receiving either vehicle or drug. NASH treatment
groups include animals that developed the disease up to week 9 and were treated from weeks 9 to 12 with tropifexor (0.03 to 0.3 mg/kg),
OCA (25 mg/kg), or respective vehicles. (B) NAFLD activity score, hepatic triglycerides, and sirius red-positive areas were significantly
reduced with tropifexor treatment (n = 7). Values are represented as mean + SEM. *P < 0.01, **P < 0.001, and ***P < 0.0001 compared
to vehicle control by one-way ANOVA with Dunnett’s test. (C) H&E-stained and (D) sirius red-stained (without counterstain) liver
sections from control or STAM disease animals show improvement in liver damage and fibrosis with tropifexor treatment, respectively.
(E) Plasma cholesterol levels were significantly reduced in tropifexor-treated mice only at the 0.3-mg/kg dose but were not significantly
reduced in OCA-treated STAM mice. Values are represented as mean + SEM. *P < 0.01 compared to vehicle control by one-way
ANOVA with Dunnett’s test. Abbreviations: TG, triglyceride; w, weeks.

extracellular matrix deposition and fibrosis were also
slightly reduced in OCA-treated mice. These results
are consistent with reports in which OCA alone was
not able to completely reduce steatosis, inflammation,
and fibrosis in AMLN-fed mice.”%")

Taken together, both STAM and AMLN in vivo
studies demonstrate that tropifexor has the potential
to markedly improve NASH through reduction of

liver steatosis, inflammation, and fibrosis.

TROPIFEXOR ABROGATES
INFLAMMATION AND FIBROTIC
SIGNATURES AND INDUCES
THE ANTIOXIDANT GENE
EXPRESSION PROFILE IN NASH
LIVERS

In order to obtain insights into the molecular mech-
anism of tropifexor, we performed a genome-wide tran-
scriptome analysis of livers from vehicle-, tropifexor-,
and OCA-treated AMLN mice. Interestingly, the
gene signature regulated by tropifexor was found to be
broader than that of OCA, with tropifexor not only
regulating >90% of the DEGs by OCA but also show-
ing a specific tropifexor gene signature. We defined a
NASH signature comprising 588 DEGs by compar-
ing livers of vehicle-treated NASH mice relative to
normal mice (Fig. 4A; Supporting Fig. S1, left panel).
Gene ontology analysis confirmed that proinflamma-
tory and fibrotic pathways were up-regulated whereas
pathways involved in steroid and lipid biosynthesis
were down-regulated in NASH livers. In line with
amelioration of the NASH phenotype with tropifexor
and consistent with the histology results in AMLN
mice, RNAseq confirmed that dysregulation of NASH
genes was largely reversed with mid-dose (0.3 mg/kg)
or high-dose (0.9 mg/kg) tropifexor and only partially

reverted by OCA. Furthermore, tropifexor was able to
revert proinflammatory and fibrotic NASH signatures
in a dose-dependent manner (Fig. 4A), whereas OCA
at 25 mg/kg only had a weak effect on NASH genes,
consistent with its modest effect on the NASH phe-
notype in the AMLN model (Fig. 3).

Interestingly, we also identified 461 additional
DEGs in response to tropifexor treatment (Fig. 4;
Supporting Fig. S1, right panel). Because these genes
had similar expression levels in normal and NASH
mice (data not shown), they may not be directly
responsible for the NASH phenotype. Instead, they
could belong to pathways indirectly contributing
to the amelioration of the NASH phenotype. Gene
ontology analysis suggested that the tropifexor sig-
nature genes belonged to pathways involved in the
reduction of oxidative stress, lipid metabolism, and
regulation of cell death (Fig. 4A). Notably, OCA only
showed weak effects on these genes.

RNAseq results were validated using qRT-PCR by
analyzing the expression of select genes belonging to
different biological processes (Fig. 4B). Tropifexor dose
dependently up-regulated antioxidant genes glutathi-
one S-transferase o4 and glutathione S-transferase 03
and down-regulated the oxidative stress marker Cyp2el.
Tropifexor also dose dependently suppressed the expres-
sion of the canonical fibrotic markers Co/lal, a-smooth
muscle actin (4cza2),and TimpI and reduced the expres-
sion of several proinflammatory genes, such as allograft
inflammatory factor 1 (4ifZ), chemokine (C-C motif)
ligand 2 (Cc/2), and clusters of differentiation 86 (C486),
to the levels found in normal livers.

Discussion
The prevalence of NAFLD and NASH has

increased over recent decades, and these conditions
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FIG. 3. Tropifexor reverses fibrosis in a diet-driven insulin-resistant model of NASH. (A) Schematic representation of the diet-driven
mouse model for induction of NASH. Control animals received standard chow (10% kcal from fat, with no fructose or cholesterol),
and NASH animals received high fat (40% kcal), high fructose (20% by weight), and high cholesterol (2% by weight) from 6 to 26
weeks. NASH animals were subsequently treated for 4 weeks with tropifexor (0.1, 0.3, or 0.9 mg/kg), OCA (25 mg/kg), or respective
vehicles. (B) Serum markers AST and ALT were markedly elevated in NASH animals before dosing and were reduced in a dose-
dependent manner following 4 weeks of dosing with tropifexor but not OCA. *P < 0.05, P < 0.01 compared to vehicle control by
two-way ANOVA with Dunnett’s test. (C) Trichrome-stained liver sections show dose-dependent improvement in liver damage, and
(D) IBA1-stained liver sections show dose-dependent decrease in infiltration of crown-like macrophages (arrowheads) following
treatment with tropifexor. (E) Hepatic triglyceride levels, collagen ratio as determined by trichrome-positive areas, and IBA1-positive
areas were significantly reduced with tropifexor. **P < 0.01, **P < 0.001 compared to vehicle control by one-way ANOVA with
Dunnett’s test. (F) Expression levels of profibrogenic markers Co/lal and Timpl were also reduced in livers of tropifexor-treated
animals in a dose-dependent manner. *P < 0.05, P < 0.01 compared to vehicle control by one-way ANOVA with Dunnett’s test.
Abbreviations: CHOL, cholesterol; FRUC, fructose; TG, triglyceride; w, weeks.

now manifest as a worldwide epidemic. The devel-
opment and progression of hepatic fibrosis from
NAFLD through NASH may ultimately lead to cir-
rhosis. In this advanced fibrotic stage, normal liver
function is impaired to an extent requiring liver trans-
plantation or can eventually cause HCC, for which
liver transplantation remains the only available inter-
vention. Currently, there are no approved pharmaco-
logic therapies for NASH, and new therapies that
reduce the progression of hepatic fibrosis may pro-
vide significant benefit in a wide variety of chronic
liver diseases, including NASH. FXR agonists have
emerged as potential treatment options for chronic
liver disease, with the bile acid-derived OCA showing
efficacy in NASH.?"®

Here, we described the preclinical efficacy of
tropifexor, a novel nonbile acid FXR agonist, and
its effect on gene expression in rodent models of
NASH. Tropifexor is a highly potent FXR agonist
that demonstrates remarkable efficacy in preclinical
NASH models. In rodents, tropifexor potently and
dose dependently induced (Fgf75, Bsep, and Shp) or
repressed (Cyp861) FXR target genes in the ileum
and liver.®? Notably, we observed increased circulat-
ing levels of the biomarker FGF15 in rodents®? and
FGF19 in humans with tropifexor treatment, “*

Given the complex pathophysiology of NASH, we
evaluated the efficacy of tropifexor in disease reversal
in two distinct rodent models. The mode of induc-
ing fatty liver changes varies among different animal
models, thereby causing high phenotypic variability.
Thus, no single model can exhibit the full spectrum
of NASH pathophysiology in humans, and any single
model can limit the translation of preclinical efficacy
to human disease.**?

The STAM model is a chemical and dietary model
in which NASH is induced by an HFD in mice with

STZ-driven diabetes; this model is thought to be
useful for investigating late-stage NASH endpoints,
namely, steatosis, inflammation, ballooning, and fibro-
sis, in a relatively short time frame.“) In STAM
mice, tropifexor showed a significant reduction in
NAS (which quantifies the extent of steatosis, inflam-
mation, and ballooning) and liver triglycerides and
was able to reverse liver fibrosis with a dose as low as
0.1 mg/kg.

We also evaluated plasma cholesterol levels follow-
ing compound treatment in STAM mice. Although
cholesterol levels were down-regulated with tropifexor,
no effect was observed with OCA. These findings
are inconsistent with the effect of OCA observed in
humans®® wherein cholesterol levels were elevated
with OCA treatment. Thus, the use of this rodent
model may not be an appropriate tool to predict the
effects of FXR agonists on cholesterol metabolism in
humans.

The dietary AMLN NASH model uses high trans
fat in combination with high fructose and high cho-
lesterol®**® and is characterized by obesity, insulin
resistance, steatosis, fibrosis, and increased plasma
AST and ALT. The AMLN model recapitulates sev-
eral aspects of NASH in humans given that dietary
fructose specifically increases de novo lipogenesis, pro-
motes dyslipidemia, and increases insulin resistance
and visceral adiposity in overweight/obese individ-
uals. Y We used this model to test the efficacy of
tropifexor in alleviating disease symptoms in the set-
ting of obesity and insulin resistance by providing the
NASH-inducing diet for 26 weeks prior to compound
treatment. Tropifexor showed exceptional efficacy on
all parameters, including steatosis, inflammation, and
fibrosis, with only 4 weeks of treatment. Tropifexor
potently lowered ALT and AST levels within 2 weeks

of treatment and continued to 4 weeks (Fig. 3; data
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FIG. 4. RNA sequencing identifies unique NASH- and tropifexor-mediated signatures in NASH livers. The AMLN model was
used for RNAseq. (A) Heat maps of selected DEGs in NASH livers treated with vehicle; low (0.1 mg/kg), mid (0.3 mg/kg), or high
(0.9 mg/kg) dose of tropifexor; or 25 mg/kg of OCA (left panel). Heat maps of a set of unique DEGs in response to tropifexor treatment
in NASH livers (right panel). (B) gRT-PCR analysis to validate the differential expression of select genes identified by RNAseq.
Expression levels of Gsza4, Gstt3, and Cyp2el as markers of oxidative stress; Co/lal, Acta2, and Timpl as markers of fibrosis; and
Aif1, Ccl2, and Cd86 as markers of inflammation were quantified. Values are represented as mean + SEM. *P < 0.05, **P < 0.01, and
***P < 0.001 compared to vehicle control. Abbreviations: Acta2, a-smooth muscle actin; Aifl, allograft inflammatory factor 1; A.U.,
arbitrary units; Ccl2, chemokine (C-C motif) ligand 2; Cd86, clusters of differentiation 86; Gsta4, glutathione S-transferase alpha 4;
Gstt3, glutathione S-transferase theta 3; Veh, vehicle.

not shown), and tropifexor reduced steatosis as deter-
mined by both histopathology and liver triglycerides.
Marked changes in inflaimmation were demonstrated
by a reduction in macrophages and the elimination
of crown-like structures in tropifexor-treated mice.
Importantly, tropifexor decreased fibrosis in a dose-
dependent manner as revealed by trichrome staining
and normalization of mRNA levels of the fibrotic mark-
ers Co/lal and Timpl in tropifexor-treated NASH
animals compared to control animals. In this context,
OCA is the only other FXR agonist to have recently
shown improvement in NAS, steatosis, ballooning,
and histologic markers of NASH in Lep™1’V* mice
maintained on the AMLN diet but not on the purely
dietary AMLN model.26:3744:%)

Liver fibrosis is a key hallmark of advanced
NASH.® In particular, fibrosis defines the prog-
nosis in NASH and is associated with overall and
liver-related morbidity and mortality.(%) Currently,
there are no direct antifibrotic therapies approved for
liver fibrosis; hence, resolution of fibrosis remains a
key unmet need in the NASH disease landscape. We
found that tropifexor significantly reduced liver fibro-
sis in a dose-dependent manner in two distinct chronic
liver disease models. Genome-wide transcriptome
analysis revealed two distinct gene signatures regulated
by tropifexor: a panel of 588 genes that are differ-
entially expressed between normal and NASH livers
(also common to the OCA signature) and a panel of
461 genes that are strongly regulated by tropifexor
regardless of whether the liver is in a normal or
NASH state.

Mid and high doses of tropifexor were able to reverse
the 588-gene signature that comprised genes involved
in steroid and lipid biosynthesis, inflammation, and
fibrosis, suggesting that tropifexor could be effec-
tive against hepatic fibrosis in NASH. Additionally,
the tropifexor-specific 461-gene signature included
genes associated with lipid metabolism, regulation
of cell death, and oxidative stress, which are highly

prevalent in patients with NASH.“” We hypothesize
that the combination of reduction in oxidative stress
and down-regulation of fibrotic and inflammatory
genes could be responsible for the remarkable efficacy
of tropifexor in the reversal of NASH in preclinical
mouse models.

The differential regulation of gene expression pat-
terns of tropifexor and OCA may be attributed to the
differences in the chemical structures of these two
FXR agonists. Fiorucci et al.“®) first described that dif-
terent structural FXR agonists exhibit differential gene
expression profiles. In this regard, it is well known that
distinct ligands of the nuclear vitamin D receptor are
“) prob-
ably due to minor conformational changes induced
in the receptor by the various ligands. We hypothe-
size that the tropifexor backbone allows a structural
conformation of FXR that generates a more favorable
interaction with coactivators and/or chromatin remod-
elers, including histone acetyltransferases (SRC1)1
and methyltransferases (protein arginine methyl-
transferase type I [PRMT1]),°? than the OCA back-
bone. Further studies will be needed to confirm this
hypothesis. Based on the RNAseq findings, we con-
clude that the remarkable efficacy of tropifexor in
reversal of NASH in preclinical mouse models may be
attributed to its ability to regulate NASH-dependent
and NASH-independent unique signature genes
involved in oxidative stress, fibrosis, and inflammation.

able to generate differential gene signatures,

In summary, tropifexor showed remarkable efficacy
in two distinct preclinical models that recapitulated
the characteristic features of human NASH, indi-
cating a potentially superior translatability to human
disease. Detailed analysis of the tropifexor-induced
transcriptome revealed a potential role of antioxidant
pathways that could contribute to the superior efficacy
of tropifexor across preclinical models. These findings
warrant further clinical investigation of tropifexor, and
a phase 2 trial (NCT02855164) in NASH is currently

under way.
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