www.nature.com/aps

REVIEW ARTICLE

Acta Pharmacologica Sinica
®

Check for

Updates on novel pharmacotherapeutics for the treatment

of nonalcoholic steatohepatitis

Yong-yu Yang', Li Xie', Ning-ping Zhang??, Da Zhou??, Tao-tao Liu@>** and Jian Wu

1,23

Nonalcoholic steatohepatitis (NASH) is a progressive form of nonalcoholic fatty liver disease (NAFLD), characterized with
hepatocellular steatosis, ballooning, lobular inflammation, fibrotic progression, and insulin resistance. NASH may progress

to cirrhosis and hepatocellular carcinoma (HCC), which are the major indications for liver transplantation and the causes for
mortality. Thus far, there are no approved pharmacotherapeutics for the treatment of NASH. Given the complexity of NASH
pathogenesis at multifaceted aspects, such as lipotoxicity, inflammation, insulin resistance, mitochondrial dysfunction and
fibrotic progression, pharmacotherapeutics under investigation target different key pathogenic pathways to gain either the
resolution of steatohepatitis or regression of fibrosis, ideally both. Varieties of pharmacologic candidates have been tested in
clinical trials and have generated some positive results. On the other hand, recent failure or termination of a few phase |

and I trials is disappointing in this field. In face to growing challenges in pharmaceutical development, this review intends
to summarize the latest data of new medications which have completed phase Il or lll trials, and discuss the rationale and
preliminary results of several combinatory options. It is anticipated that with improved understanding of NASH pathogenesis and
critical endpoints, efficient pharmacotherapeutics will be available for the treatment of NASH with an acceptable safety profile.
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INTRODUCTION

NAFLD is one of the most common chronic liver diseases
worldwide and its prevalence in general population is about
25% [1]. It was reported that the prevalence of NAFLD has
increased from 15% to 29.2% in somewhere in China [2, 3]. It refers
to a series of progressive disorders with fat accumulation in the
liver, and ranges from nonalcoholic fatty liver (NAFL), nonalcoholic
steatohepatitis (NASH), which may progresses to fibrosis, further
to cirrhosis or hepatocellular carcinoma (HCC). At an early stage of
NAFL, it could be recovered through diet control and exercise.
NASH is an active stage with hepatocellular injury and inflamma-
tory responses, and requires medical intervention to reduce the
risk of cirrhosis and HCC. Growing evidence demonstrates when
over 10% weight loss is achieved by lifestyle changes, it actually
improves histological features including NASH resolution and
fibrosis regression in a large proportion of patients with NASH [4].
However, this extent of weight loss is challenging for most
patients to achieve and maintain for a long time, and body weight
rebound may occur thereafter. Bariatric surgery often leads to
durable weight reduction, at the same time liver fat content is
reduced, and hepatic fibrosis is improved [5]; nevertheless this
procedure is not suggested for NASH patients as a practical
guideline due to the surgical risk. So far, no pharmacotherapeutic
candidates have been approved by the U.S. Food and Drug
Administration (FDA), the European Medicines Agency (EMA) or

Center for Drug Evaluation of China for the treatment of NASH,
and therefore there is an urgent need to move pharmacologic
candidates from pipelines to clinical trials.

As a liver complication of a spectrum of metabolic disorders,
such as obese, metabolic syndrome, hyperlipidemia or type 2
diabetes (T2DM), NASH varies in manifestations, course progres-
sion, and treatment responses dramatically among different
individuals. This heterogeneity dictates the complexity of its
pathogenesis and multiple layers of metabolic, genetic and
epigenetic abnormalities [6]. Thereby, no etiologic interventions
are available; instead, intermediate pathways and molecular
targets in lipid metabolism, lipotoxicity, hepatocellular injury and
death, inflammatory or immunoresponses, fibrotic progression
have been selected for pharmacologic intervention. These targets
are critical receptors, such as farnesoid X receptor (FXR),
peroxisome proliferator-activated receptor (PPAR); thyroid hor-
mone receptor-B (THRP), fibroblast growth factor (FGF) and
glucagon-like peptide-1 (GLP1), anti-inflammation pathway (che-
mokine receptor type-2/5); rate-limiting enzymes involved in de
novo fatty acid synthesis (acetyl-CoA carboxylase (ACC), stearoyl
CoA desaturase-1 (SCD1) or fatty acid synthase); or molecules
involved in hepatic fibrosis (galectin-3), and many others.
Molecular targets and potential agents in pharmaceutical devel-
oping pipelines are extensively summarized in recent reviews
[7-9]. The present overview intends to cover pharmacologic
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mechanisms and new results of these agents in randomized phase
Il and Il trials focusing on efficacy, adverse effects, and possible
limitations in the interpretation of trial results.

NASH PATHOPHYSIOLOGY AND CLINICAL TREATMENT
ENDPOINTS

NASH pathophysiology appears to be complicated because of the
interdependence and cross-talks between the liver and other
organs (particularly the gut, kidneys and adipose tissue). The key
event starts with accumulation of lipid droplets with lipotoxicity in
hepatocytes [10]. Excessive nutrition causes expansion of adipose
tissue as well as ectopic fat accumulation. Transformation of anti-
inflammatory to pro-inflammatory macrophages leads to cytokine
secretion and inflammation in visceral adipose tissue, which
promotes insulin resistance and metabolic disorders. Insulin
resistance drives the increased hepatic conversion of carbohy-
drates into fatty acids through de novo lipogenesis (DNL) and
accelerates lipolysis of adipose tissue, resulting in elevated non-
esterified fatty acids levels in the blood, which are taken up by the
liver in a concentration-dependent manner [11, 12]. Abnormal
accumulation of lipids in the liver overwhelms its metabolic
capacity, following the formation of lipotoxic lipids that contribute
to oxidative stress, inflammasome activation, hepatocellular
damage, and cell death through necrotic, apoptotic or pyroptotic
pathways (often described as necroptosis in histopathology) [13].
Subsequently, due to the damaging signals from injured
hepatocytes and/or stimulation of inflammatory responses,
hepatic stellate cells (HSCs) are activated leading to fibrogenesis
[14, 15]. During the course of disease progression, gut microbiota
may also play an important role and it appears that dysbiosis and
gut microbial components exacerbate the initiation and progres-
sion of NASH [16, 17]. A schematic illustration is depicted to reflect
the key pathophysiologic events in NASH as well as effects of
other tissues or organs (Fig. 1).

The gold standard for a diagnosis of NASH requires liver biopsy
and histological confirmation of fat accumulation, hepatocellular
ballooning, inflammatory infiltration, and fibrosis [18]. NAFLD
activity score (NAS) was developed to determine histopathologic
features, including hepatocellular steatosis, ballooning and lobular
inflammation in a semi-quantitative manner [18]. A NAS>4
correlates highly with a diagnosis of NASH [19]. Clinical investiga-
tions demonstrate that various degree of fibrosis is typical in NASH
and that hepatic fibrosis at an advanced stage (defined
histologically as fibrosis stage F2 or higher) is in at least a quarter
of patients at diagnosis [20]. Severity of hepatic fibrosis is on a
scale ranging from FO to F4 as follows: no fibrosis [FO], portal
fibrosis without septa [F1], portal fibrosis with few septa [F2],
bridging septa between central and portal veins [F3], and cirrhosis
[F4] [10, 21]. Notably, severity of hepatic fibrosis is the only
histologic measure that independently predicts long-term liver-
related complications, needs for liver transplantation, and liver-
related death in patients with NASH [10]. Accumulating evidence
exists demonstrating that the severity of fibrotic stages was
positively correlated with frequency of long-term comorbidity and
the risk for all-cause and liver-related mortality in NASH patients;
and that survival duration of patients with F2 and F3 was
shortened by 10 and 20 years in comparison to those without
fibrosis [22, 23]. Patients with cirrhosis have a higher incidence of
HCC which was amplified by the presence of T2DM [24]. Thus,
fibrosis regression is commonly used as a primary or secondary
endpoint in the treatment of NASH in phase Il trials, and recruited
NASH subjects are those with F2-F3 or F4 stage of fibrosis [25, 26]
as indicated in Table 1. Due to the high co-linearity between NASH
and fibrosis severity, there exists a strong correlation between
fibrosis regression and NASH resolution [22]. Patients diagnosed
as NASH without cirrhosis have a higher risk for HCC than other
etiologies of liver disease [27, 28]. Therefore, NASH resolution is a
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major focus in phase | and Il trials, and remains one of the primary
endpoints in phase Il studies [29, 30]. Since the majority of
patients with NASH will ultimately die as a result of complications
of T2DM and cardio-metabolic illnesses, clinical trials of novel
therapeutic candidates also evaluate effects on metabolic
improvements, a composite of long-term outcomes and all-
cause mortality up to several years [31]. On-going, terminated or
completed phase Il trials of NASH pharmacotherapeutics are
summarized in Table 1 for an overview of molecular targets,
number of subjects recruited, duration of trials and subject
selection categories.

DISAPPOINTING AND ENCOURAGING RESULTS OF NASH
PHASE Il AND Iil TRIALS

As indicated in Table 1, the only phase Ill trial completed during
2020 is obeticholic acid (OCA), other three (cenicriviroc, elafibra-
nor, selonsertib) trials were terminated because the failure to
reach endpoints during the mid-term assessment, which brought
some disappointments in pharmaceutical industry, medical
professionals and patients. However, promising candidates are
moving quickly from phase Il to phase lll trials, as shown in Fig. 2,
and an increasing number of phase lll trials, such as resmetirom,
lanifibranor, aramchol and semaglutide, etc. are on-going with
different subject profiles and arms. Hopefully, anticipated results
are encouraging. For better understanding of therapeutic
potential and safety concern, their targets and results of phase Il
trials are briefly discussed.

Of note, key issues in NASH pathophysiology include accumula-
tion of fat droplets, lipotoxicity and fibrotic progression as well as
systemically metabolic abnormalities [10]. Pharmacotherapeutic
agents are developed to target these pathways, such as
triglyceride synthesis, insulin sensitivity and energy consumption
to reduce hepatic lipid accumulation, or indirectly regulating
metabolic homeostasis by modulating bile acid production or
reducing energy intake. Presumably, reduction of fatty accumula-
tion, attenuation of lipotoxicity, improvement of insulin sensitivity
and systemic improvement of metabolic status may achieve NASH
resolution, and subsequently halt or reverse fibrotic progression,
the two major endpoints in the phase Il trials, and either single or
both benefits are heavily focused in clinical data evaluation [32].

Glucagon-like peptide-1 (GLP1) receptor agonists

GLP1 is an endogenous hormone, secreted by intestinal endocrine
L-cells in response to luminal stimuli. It enhances the production
and release of insulin, indirectly inhibits glucagon secretion, slows
gastric emptying and reduces food intake by modulators acting
through G protein-coupled GLP1 receptor (GLP1R) [33]. As key
modulators of GLP1 function in glucose homeostasis, multiple
GLP1R agonists (exenatide, liraglutide, dulaglutide, and semaglu-
tide) are approved for the treatment of T2DM [12]. A study has
revealed that hepatic fibroblast growth factor-21 (FGF21) is
involved in mediating functions of liraglutide to lower body
weight and improve hepatic lipid homeostasis in mice [34].
Separate randomized phase Il trials of liraglutide and semaglutide
for NASH treatment have been completed with satisfying results
[26, 35].

A randomized, double-blind, phase Il trial of liraglutide vs.
placebo was conducted in 52 patients with biopsy-proven NASH,
and has demonstrated higher resolution of NASH (39% vs. 9%,
P =0.02) and less fibrotic progression (9% vs. 36%, P = 0.04) than
placebo at 48 weeks [35]. Due to a small sample size, extensive
and longer-term studies are needed to evaluate the efficacy of
liraglutide. In a phase Il trial, 320 patients with biopsy-confirmed
NASH and fibrosis of stage F1-F3 were randomly assigned to daily
subcutaneous injection of semaglutide at 0.1, 0.2, or 0.4 mg or
placebo for 72 weeks. The results from patients with fibrosis
F2-F3 stages documented that NASH was resolved without
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Fig. 1 A schematic illustration of pathogenesis of NASH initiation and progression and its hypothesis of multiple-hits. The major
pathological changes in NASH include steatohepatitis (representing steatosis, lipotoxicity, necroptosis, inflammatory responses), insulin
resistance and fibrotic progression. These pathophysiologic alterations are the intervention focuses. Genetic alterations, such as single-
nucleotide polymorphism (SNP) in PNPLA3, TM6SF2 or MBOAT7 enhance the predisposition and risk for NAFLD. The excessive fatty
accumulation is an overall result of influx of lipolysis products, de novo lipogenesis and insufficient out-ward transportation through VLDL,
LDL, or HDL, etc. Lipotoxicity originates from excessive fatty acids, and leads to oxidant stress and endoplasmic reticulum (ER) stress, further to
cell death through necroptosis or pyroptosis. Hepatocellular injury and death elicit inflammatory and immunogenic responses, as well as
fibrotic initiation and progression. Steatotic hepatocytes with oxidant stress or ER stress often accompany with insulin resistance, which could
be the part of systemically disordered metabolism, and may exacerbate hepatic metabolism in various arrays. A variety of chemokines,
adipokines or lipolysis products from extrahepatic tissues, such as adipose tissue, gut, and neuroendocrine system affect metabolic status and
energy homeostasis in the liver, and may overwhelm inflammatory, immunogenic or fibrotic responses in a steatotic liver. Moreover, gut
dysbiosis and toxic products worsen the disordered metabolism, necroptosis, insulin resistance and fibrotic progression in the liver. The
overall consequence of these pathologic changes drives the liver to enter into a loop of lipid metabolic disturbance — steatotic necroptosis —
insulin resistance — fibrotic progression — worsened liver and systemic metabolic abnormalities. DNL de novo lipogenesis, DAMPs damage-
associated molecular patterns, HCC hepatocellular carcinoma, HDL high density lipoprotein, HSC hepatic stellate cells, LDL low density
lipoprotein, VLDL very low density lipoprotein, PAMPs pathogen-associated molecular patterns, PNPLA3 patatin-like phospholipase domain-
containing protein-3, TM6SF2 transmembrane 6 superfamily member-2, MBOAT7 membrane bound O-acyltransferase domain-containing-7.

worsening of fibrosis in 59% of subjects receiving semaglutide at firsocostat at 20 mg achieved a =30% relative fat decrease in the

0.4 mg compared to 17% in the placebo group (P < 0.001) [26]. liver from the baseline as indicated by magnetic resonance
Although there was no difference in the secondary endpoint imaging proton density fat fraction (MRI-PDFF) compared to 15.4%
(improvement in at least one fibrosis stage without worsening of in the placebo group (P=0.004). However, clinically asympto-

NASH) compared to placebo, fewer participants experienced matic hypertriglyceridemia (>500 mg/dL) in patients receiving
worsening of fibrosis stage in the semaglutide 0.4 mg dose group firsocostat treatment was observed in 14% of patients given
vs. the placebo group (5% vs. 19%). Gastrointestinal discomforts firsocostat at 20 mg, 18% of them at 5mg, and none of them
were the most common adverse events. The percentage of receiving placebo [38]. Therefore, its safety needs to be evaluated

patients with nausea was higher in the semaglutide 0.4 mg group in long-term trials. Firsocostat has been tested for combinatory
than in the placebo (42% vs. 11%) group [26, 36]. However, from trials with FXR agonists (Hepatology 2020; 72: 901A-902A).
NASH, obesity and T2DM trials, the improvement in NASH with SCD1 controls a rate-limiting step in mono-unsaturated fatty

semaglutide may stem from significant weight loss; and it remains acid synthesis. Aramchol is a conjugate of cholic and arachidic
to be investigated regarding whether semaglutide has direct and acid that was shown to inhibit SCD1 and fatty acid synthesis in

independent effects to ameliorate NASH in human. The safety of in vitro and animal experiments [39]. Sixty patients with biopsy-
semaglutide has been investigated to be the same as it was used confirmed NAFLD (6 with NASH) were randomly assigned to
for T2DM treatment. If the benefits are confirmed in its phase llI receive aramchol (100 or 300mg) or placebo once daily for
trials, the approval of semaglutide for NASH treatment may 3 months. Liver fat content was decreased by 12.6% in those
become possible. receiving aramchol at 300 mg/day, but increased by 6.4% in the

placebo group. Although significant reduction in liver fat content
Specific inhibitors against enzymes in the fatty acid synthesis in those receiving aramchol was seen, there were no significant
pathway improvements in serum levels of alanine aminotransferase (ALT)

A key feature of NASH is the aberrant regulation of lipids within and adiponectin [40]. A phase llIb study is currently evaluating the
hepatocytes (e.g., increased DNL or impaired fatty acid (- effects of higher doses (400 and 600 mg/day) in patients with
oxidation). The regulation of DNL plays a central role in controlling biopsy-proven NASH (NAS = 4). The primary endpoint is absolute
fatty acid synthesis and catabolism. Since ACC is a rate-limiting change in liver fat content measured by PDFF at week 52. The
enzyme of converting acetyl-coenzyme A (acetyl-CoA) to malonyl- absolute changes from baseline of mean liver fat were achieved as
CoA in fatty acid synthesis, inhibition of ACC1 and ACC2 isoforms follows: —3.18% in aramchol 600 mg group, —3.41% in aramchol
would reduce DNL; and ACC inhibitors, such as firsocostat (GS- at 400mg vs. —0.09% in the placebo group. And 16.7% of
0976), were selected as potential pharmacotherapeutic agents for population in higher dose group (7.5% in lower dose group, 5% in
NASH treatment [37]. One hundred and six patients with NASH placebo) met the second endpoint, NASH resolution without
were randomly assigned (2:2:1) to groups given firsocostat (20 mg worsening of fibrosis. There was a significant reduction in serum
or 5mg), or placebo daily. At week 12, 47.8% of patients given ALT and aspartate aminotransferase (AST) from the baseline in
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Table 1. Summary of pharmacotherapeutic candidates in phase lll trials for NASH treatment.
Medication Mechanism of action Trial status Name of phase Enrollment Inclusion criteria
Il RCT participants &
duration
Obeticholic acid FXR agonist Interim REGENERATE 2480 participants, NASH with fibrosis
(Intercept) completed (NCT02548351) 18 months
REVERSE 919 participants, NASH with compensated
(NCT03439254) 12 months cirrhosis
Resmetirom THRP agonist On-going MAESTRO-NASH 2000 participants, Non-cirrhotic NASH with
(Madrigal) (NCT03900429) 52 weeks fibrosis (F2-F3)
MAESTRO-NAFLD1 700 participants, NAFLD/NASH
(NCT04197479) 52 weeks
Lanifibranor (Inventiva) Pan-PPAR agonist On-going NATiV3 2000 participants, Non-cirrhotic NASH with
(NCT04849728) 72 weeks fibrosis (F2-F3)
Aramchol SCD1 inhibitor On-going ARMOR 2000 participants, Non-cirrhotic NASH with
(Galmed) (NCT04104321) 72 weeks fibrosis (F2-F3)
Semaglutide GLP1 agonist On-going NCT04822181 1200 participants, Non-cirrhotic NASH with
(Novo Nordisk) 72 weeks fibrosis (F2-F3)
Belapectin Galectin 3 inhibitor On-going NAVIGATE 1010 participants, NASH cirrhosis and portal
(Galectin) (NCT04365868) 78 weeks hypertension without
esophageal varices
Dapagliflozin Sodium-glucose On-going DEAN 100 participants, NASH with stable glycemic
(Nanfang Hospital cotransporter 2 (SGLT2) (NCT03723252) 12 months control (HbA1c < 9.5%)
Southern Medicine inhibitor
University)
Oltipraz AMPK activators On-going NCT04142749 144 participants NAFLD except for liver
(PharmakKing) 24 weeks cirrhosis
Cenicriviroc CCR2/5 antagonists Terminated AURORA 1779 participants, NASH with fibrosis
(Allergan) (NCT03028740) 12 months
Elafibranor (GENFIT) PPARa/c agonist Terminated RESOLVE-IT 2157 participants, NASH with fibrosis
(NCT02704403) 72 weeks
Selonsertib ASK1 inhibitor Terminated STELLAR-3 808 participants, NASH with bridging (F3)
(Gilead) (NCT03053050) 48 weeks fibrosis
STELLAR-4 883 participants, NASH with compensated
(NCT03053063) 48 weeks cirrhosis
AMPK AMP-activated protein kinase, HbA1c Glycated hemoglobin A1c, CCR C-C chemokine receptor, ASKT apoptosis signal-regulating kinase 1.

both aramchol groups compared to placebo (NCT02279524). This
agent is currently being evaluated in a phase Il ARMOR trial.

FXR agonists targeting bile acid metabolism pathway

Farnesoid X receptor (FXR), a nuclear receptor for bile acids, is
widely expressed in the intestine, liver and kidneys, and is
responsible for the homeostasis of cholesterol metabolism [41]. It
induces expression of a typical nuclear receptor small heterodimer
partner that may repress CYP7A1 gene transcription [41]. CYP7AT is
a rate-limiting enzyme for cholesterol conversion into bile acids,
and accounts for ~75% of bile acid production under a
physiological condition [42]. A study with GSK2324, a potent and
specific synthetic FXR agonist, demonstrated that hepatic FXR
controls the GSK2324-dependent decreases in lipogenic genes;
whereas intestinal FXR largely controls changes in lipid absorption
[43]. Obeticholic acid (OCA) is the most extensively studied FXR
agonist for NASH treatment. Patients in the global REGENERATE
phase Il study were confirmed with NASH by liver biopsy and
randomized in 1:1:1 ratio as follows: OCA at 10, 25mg daily or
placebo. A total of 931 patients with stage F2-F3 fibrosis were
enrolled in a primary assessment at 18 months and fibrosis
improvement endpoint was achieved by 12% of patients in the
placebo group, 18% in the OCA 10 mg group (P = 0.045), and 23%
in the 25mg group (P=0.0002); whereas, the NASH resolution
endpoint was not met. The most common adverse event was
pruritus which occurred more frequently in the 25 mg group than
the placebo (51% vs. 19%). Furthermore, elevation in LDL-C level
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was observed in the OCA treatment group, which may be
associated with cardiovascular adverse events or pose a potential
atherosclerotic risk [25]. Because the benefit of OCA based on
histopathologic endpoint remains uncertain and it does not
sufficiently outweigh the potential risks, the FDA has not approved
it for NASH treatment yet (https://ir.interceptpharma.com). The
REGENERATE study continues to determine its long-term benefits
and safety. Other FXR agonists of different chemotypes, both
steroidal and non-steroidal, including EDP-305, Tropifexor, Cilo-
fexor and MET-409, have been demonstrated that pruritus is a
common manifestation of FXR agonists associated with dose
elevation [44-47]. Thus, identifying the optimal dose to alleviate
adverse effects (hyperlipidemia and pruritus) while maintaining
sufficient efficacy is the current objective remaining to be achieved.
For instance, MET-409 administration strikingly lowered liver fat
content as measured by MRI-PDFF. However there are warning
signs with a transient ALT elevation in MET-409 administration
group [45]. A phase lla trial of another FXR agonist, TERN-101, has
been completed and the data have not been released yet. FXR
agonists are in combinatory trials with cenicriviroc (CVQ),
atorvastatin (AVT), semaglutide or firsocostat for better efficacy
and an acceptable safety profile. Attention has been paid to the
fact that excessive activation of intestinal FXR triggers a steady
increase of fibroblast growth factor-19 (FGF19), which is a key
driver of hepatocyte proliferation and may contribute to HCC
progression in cirrhotic patients [48, 49]. Future studies are needed
to ensure the safety of FXR agonists in these aspects.
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Fig. 2 Potential molecular targets for pharmacologic interventions in NASH. Based on the pathogenesis of NASH initiation and fibrotic
progression as illustrated in Fig. 1, most pharmacologic interventions are focused on the fatty acid synthetic pathway, lipotoxicity and
metabolic stress, inflammation and apoptosis, as well as fibrosis although overlapping in pharmacologic actions exists. Under each particular
target, such as ACC, SCD1, or CCR2/5, etc. there exist a couple of pharmacotherapeutic candidates, which are either in phase Il or Il trials.
Emerging candidates are added to the list, and evolving on the daily base. The status of trials is color-coded as phage Il on-going, phage Il on-
going, completed or failure. L indicates inhibitory action, dashed arrows imply improving effects. Solid arrows represent entering or moving
to next steps. FASN fatty acid synthase, LOXL2 Lysyl oxidase-like molecule 2.

Analogues of FGF19

Human FGF19 is a gastrointestinal hormone that regulates bile acid
synthesis, glucose metabolism and hepatic fatty acid oxidation, and
is known to be a target of FXR [50]. Aldafermin (NGM282) is an
engineered non-tumorigenic analogue of FGF19, which retains the
ability to potently suppress CYP7A1 but does not elicit activation of
STAT3, a signaling pathway critical for FGF19-mediated hepatic
carcinogenesis. No liver tumors were observed in preclinical animal
models after exposure to aldafermin for 24 weeks; in contrast, mice
exhibited high tumor penetrance following AAV-FGF19 delivery
[51]. In a 24-week phase Il trial, patients with NASH and fibrosis
receiving aldafermin 1 mg once daily by subcutaneous injection
achieved significant improvements in liver fat content, liver
transaminases and novel markers of fibrosis. In this trial, 38% of
patients in the aldafermin group attained fibrotic regression
without worsening of NASH vs. 18% in the placebo group (P=
0.10); whilst 24% of patients in the aldafermin group gained NASH
resolution without worsening of fibrosis vs. 9% in the placebo
group (P=0.20). And there were few adverse events, such as
diarrhea and nausea with aldafermin treatment. Aldafermin was
generally well-tolerated with an overall safety profile similar to
placebo [50]. However, it was found that aldafermin reduced
cholesterol catabolism and produced a significant increase in
serum LDL-C levels [50]. In considering the increase in cardiovas-
cular risk associated with NASH, it is important to explore the
concomitant use of lipid-lowering therapies, such as statins, to
support chronic administration of aldafermin [52]. A phase llb study
for 24 weeks evaluating aldafermin vs. placebo with histologic
improvement as the primary endpoint was conducted in patients
of NASH with F2/3 fibrosis. Although the study achieved NASH
resolution (at a 3 mg dose) with statistical significance, it did not
meet primary endpoint of fibrosis regression by >1 stage without
worsening of NASH vs. placebo. In addition, a phase llb study in
patients with biopsy-confirmed NASH with F4 fibrosis and
compensated cirrhosis is ongoing (https://irngmbio.com).

Agents for improving insulin sensitivity

MSDC-0602K is a novel insulin sensitizer designed to preferentially
target the mitochondrial pyruvate carrier while minimizing direct
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binding to the transcriptional factor PPARy, aiming at improving
disordered lipid metabolism, inflammation, and insulin resistance
as well as fibrosis [53]. Patients with biopsy-confirmed NASH and
fibrosis (F1-F3) were randomized to daily oral placebo, or 1 of 3
MSDC-0602K doses in a 52-week study. MSDC-0602K did not
exhibit statistically significant effects on the primary endpoint or
secondary endpoints including NAS improvement without wor-
sening fibrosis, NASH resolution, and fibrosis reduction at
12 months. MSDC-0602K treatment was associated with better
glucose metabolism, reduced insulin levels, and improvement in
hepatic injury parameters [54].

Agonists for peroxisome proliferation-associated receptor (PPAR)
subtypes

PPARs act as ligand-activated transcription factors to regulate
metabolic and energy homeostasis, which are comprised of PPAR-
a, PPAR-y, and PPAR-f3/6 subtypes. Each PPAR has distinct tissue
distribution and physiological function [55]. PPARa has relatively
high expression in the liver, and its activation reduces hepatic
triglyceride levels [55]. Activation of PPARy prevents the increased
flux of free fatty acids and adipokines from the adipose tissue to
other organs, especially to the liver, while activation of PPARB/S
promotes fatty acid metabolism and suppresses macrophage-
mediated inflammation [56]. Lanifibranor (IVA337) is a pan-PPAR
agonist, and a phase llb trial for NASH treatment has been
completed [57]. In this study, 247 patients with NASH confirmed
by biopsy were randomly assigned into placebo or lanifibranor-
treatment groups at 1200 or 800 mg daily doses. The steatosis
activity fibrosis (SAF) score is considered as a clinically useful
histopathologic measure [58] and SAF activity scoring A, which
combines a score for lobular inflammation and ballooning, is used
to assess lanifibranor efficacy. The primary endpoint is SAF activity
scoring A decrease of at least two points without worsening of
fibrosis. At 24th week, 49% of patients treated with lanifibranor
1200 mg daily and 41% of patients in 800 mg group met the
primary endpoint, whereas only 27% in placebo group. Both
lanifibranor dose groups met resolution of NASH and fibrosis
regression, i.e., lanifibranor 1200 mg (31.3%) and 800 mg (20.5%)
vs. placebo (7.4%). Moreover, serum ALT and AST levels were
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reduced significantly in the treatment groups compared to
baseline. Regarding adverse events, lanifibranor was associated
with diarrhea and weight gain in about 10% of patients
(NCT03008070).

Saroglitazar, a PPAR agonist with predominant PPARa and
moderate PPARy activity, was designed to reduce untoward side
effects related to a PPARy agonist, pioglitazone (PGZ), (e.g., weight
gain). In a phase Il study, 106 patients with NAFLD/NASH with
ALT = 50 U/L at baseline and BMI > 25 kg/m? were randomized in a
1:1:1:1 ratio to receive Saroglitazar at 1, 2, or 4 mg or placebo for
16 weeks. The reduction from baseline in ALT at week 16 was
—25.5%, —27.7% and —45.8% with Saroglitazar at 1, 2, and 4 mg,
respectively, vs. 3.4% in placebo (P < 0.001 for all). Saroglitazar at 4
mg improved homeostatic model assessment-insulin resistance,
and reduced toxic lipid species and fat content in the liver. In the
Saroglitazar 4 mg group, 40.7% of patients had a reduction of at
least 30% in liver fat content when compared to only 8.0% of
patients in the placebo group (P =0.01) as assessed by MRI-PDFF
[59]. Saroglitazar was used for management of diabetic dyslipide-
mia and hypertriglyceridemia in those with T2DM uncontrolled by
a statin alone and was approved for non-cirrhotic NASH treatment
in 2020 in India by Drug Controller General of India.

Elafibranor is a PPAR-a/6 dual agonist and showed some
favorable effects in a phase Il trial [60], which was not confirmed
in the RESOLVE-IT phase lll trial. The phase Il trial has been
discontinued in 2020, because interim results of the trial at week
72 did not meet the predefined primary endpoint with a response
rate of 19.2% in the elafibranor group compared to 14.7% in the
placebo group. The results didn’t show improvement in fibrosis or
metabolic parameters compared to placebo (https://ir.genfit.com/).
Investigators are carefully reviewing the outcomes and the
responder percentage of early phase trials to determine whether
the effect of the drug is adequate to support the continuation of
the next phase trial.

Agonists for thyroid hormone receptor-f3 (THRpB)

THRP is highly expressed in hepatocytes and is responsible for
regulating the level of systemic lipid and the metabolic pathways
in the liver [61]. The incidence of clinical and subclinical
hypothyroidism is higher in patients with NASH than age-
matched controls [62]. Resmetirom (MGL-3196) is an oral THR(
selective agonist and a phase llb study enrolled 125 patients and
randomly assigned in 2:1 ratio to receive resmetirom at 80 mg or
matching placebo. Liver biopsy assessment was performed in 108
patients at 36th week. Resmetirom therapy resulted in a
significant reduction in absolute and relative liver fat content
from the baseline compared to placebo. At week 12, the change in
median relative fat content from baseline was —36.3% in
resmetirom vs. —9.6% in placebo groups (P<0.0001), and the
proportion of patients with a>30% relative fat reduction was
greater (60% vs. 18%) than the placebo group. Furthermore, 27%
of patients in the resmetirom group attained NASH resolution
compared to 6% in the placebo group at week 36. The most
common adverse events were diarrhea and nausea, which were
generally well-tolerated [63]. In addition, a separate study
suggests that resmetirom treatment led to an improvement in
health-related quality of life in NASH patients, particularly in those
with more than 30% relative fat reduction at week 12 [64]. From
these two studies, it appears that targeting THRB may have
positive effects in NASH resolution without fibrosis improvement,
which needs to be confirmed in the on-going MAESTRO phase
Il trial.

Agents in suppressing apoptosis and inflammation

Emricasan is a pan-caspase inhibitor that attenuates hepatocellular
apoptosis and inflammatory responses. In a phase Il study, 318
patients with NASH fibrosis were randomized in 1:1:1 ratio into
groups of treatment with emricasan (5 or 50 mg) or matching
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placebo. Emricasan treatment didn’t improve liver histology and
may have worsened fibrosis and ballooning at week 72 [65]. On
the other hand, emricasan has been shown to decrease portal
pressure and improve synthetic function in mice with carbon
tetrachloride-induced cirrhosis. Based on this animal study, 217
individuals with decompensated NASH cirrhosis was randomly
assigned in 1:1:1 ratio into emricasan (5 or 25 mg) or placebo. The
primary endpoint comprised all-cause mortality and a new
decompensation event. Although emricasan was safe, it was
ineffective for the treatment of decompensated NASH cirrhosis
from the released results of the trial [66].

CCR2/5 antagonist, Cenicriviroc (CVC). During hepatic injury, C-C
chemokine receptors type 2 (CCR2) and 5 (CCR5) and C-C
chemokine ligands 2 and 5 (CCL2 and CCL5) worsen liver fibrosis
through activation of inflammatory signaling and immune cell
infiltration [67]. Cenicriviroc (CVC) is a CCR2 and CCR5 dual
antagonist under evaluation for treating liver fibrosis in adults
with NASH [67]. Improvement of fibrosis has been observed in the
phase Il trial for NASH treatment [68]. The phase Il trial was
conducted to confirm the efficacy and safety of cenicriviroc for the
treatment of hepatic fibrosis in adult subjects with NASH.
However, it was terminated early due to lack of efficacy based
on the results of the phase Ill AURORA trial (NCT03028740).

Apoptosis signal-regulating kinase-1 (ASK1) inhibitor, Selonsertib.
Selonsertib is an apoptosis inhibitor. The phase Il trial was
discontinued as it did not reach the primary endpoint
(NCT03053063) [69]. As a few phase Il and I trials failed to reach
primary and secondary endpoints in the past two years,
disappointing data reflect a number of issues in clinical evaluation
of pharmacological candidates targeting early stages of necrop-
tosis and inflammatory responses, and prompt the combination
of selonertib with other agents, such as FXR agonists, as
discussed below.

Analogues of fibroblast growth factor-21 (FGF21)

FGF21 is a novel endocrine messenger that activates a cell
membrane co-receptor complex of (-klotho and one of its
cognate FGF receptors (FGFRs), FGFR1c, FGFR2c or FGFR3c.
Circulating FGF21 is liver-derived, and is also expressed in a
number of other tissues, such as pancreas, muscle and adipose
[70]. It regulates individual organ metabolism and systematic
energy homeostasis [71]. FGF21-induced inhibition of lipolysis in
adipose tissue is mediated by FGF receptor-1c (FGFR1c), and direct
suppression of DNL in the liver is mediated by FGFR2c or FGFR3c
[72, 731. Efruxifermin is a fusion protein of human IgG1 Fc domain
linked to a modified human FGF21 (Fc-FGF21) with balanced
in vitro agonist potency at the three cognate FGFRs. A phase lla
trial aimed to test the safety and efficacy of weekly subcutaneous
administration for 16 weeks in 80 patients with NASH stratified by
hepatic fat content and fibrosis stage. One primary endpoint,
absolute change from baseline in hepatic fat content assessed by
MRI-PDFF at week 12 was met. Absolute changes of hepatic fat
content from baseline were —12.3%, —13.4% and —14.1% in the
28-, 50- and 70 mg groups, respectively, vs. 0.3% in the placebo
group. The reduction in hepatic fat content was accompanied by
rapid and marked decreases in markers of liver stress and injury.
All patients in efruxifermin-treated groups at week 12 achieved
>30% relative reduction of hepatic fat content, and only two
patients in the placebo group achieved [73]. Forty-eight percent of
efruxifermin-treated patients had NASH resolution without wor-
sening of fibrosis; whilst markers of collagen synthesis and
fibrogenesis were also reduced at week 20. Moreover, 55% (22/
40) had a fibrosis improvement =1 stage [73]. Because only two
patients receiving placebo were evaluated by biopsy, it is
impossible to compare the treatment group with placebo. The
most frequent efruxifermin treatment-associated adverse events
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were gastrointestinal, mainly mild and transient in nature [73].
Although an investigation indicates that FGF21 promotes bone
loss [74, 75], no clinically significant safety findings were identified
based on markers of bone turnover, and bone mineral density was
unchanged from baseline to week 16 in efruxifermin-treated
group [73]. Longer-duration studies are warranted to further
evaluate the safety and efficiency of efruxifermin in NASH patients.

Pegbelfermin (BMS-986036), a PEGylated human FGF21 analo-
gue, has previously been shown to improve metabolism and liver
fibrosis in obese patients with T2DM. In a phase lla study, patients
with biopsy-confirmed NASH received PEG-belfermin at 10 mg or
20 mg once weekly or placebo by subcutaneous injections. In both
PEG-belfermin-treated groups, patients achieved an absolute
reduction in hepatic fat content (—6.8% in 10 mg group, —5.2%
in 20 mg group vs. —1.3% in placebo, P<0.01) as measured by
MRI-PDFF. More than half of the patients achieved at least 30%
relative reduction in hepatic fat content with PEG-belfermin [76].
Since both efruxifermin and PEG-belfermin are FGF21 mimetics, it
is worried that they might elicit immunogenic responses in some
patients. Anti-FGF21 antibodies were detectable in most patients
who completed the trials while the antibody titers were generally
low, indicating FGF21 mimetics did not elicit clinically meaningful
immunogenicity [73, 76]. Future studies with PEG-belfermin in
NASH should be conducted with more convincing evidence, such
as histological endpoints.

Berberine ursodeoxycholate

HTD1801 (berberine ursodeoxycholate) is an ionic salt combining
berberine with ursodeoxycholic acid, which is dissociated into two
parts before it is absorbed within the gastrointestinal tract.
Berberine has been shown to have a hypoglycemic effect, and its
underlying mechanisms on NASH improvement have been
gradually revealed [77, 78]. It is known that ursodeoxycholate is
a hepatoprotective agent, and has a cholesterol-lowering effect.
Given the benefits of berberine and ursodeoxycholate, HTD1801 is
assumed to be beneficial for NAFLD. A prospective phase Il trial
with two doses of HTD1801 for NASH patients with type 2
diabetes has been completed; and the findings of the trial have
been released recently (NCT03656744). Patients in the treatment
groups met the primary endpoint; and those in the high dose
group had significantly more reduction in liver fat content than
the placebo group as measured by MRI-PDFF at 18 weeks
(absolute decrease —4.8% vs. —2.0%). In addition, HTD1801
improved serum glycemic and ALT levels, and decreased body
weight; whilst it was relatively well-tolerated. Gastrointestinal side
effects were the most frequently reported adverse events, and
about 12% patients discontinued the drug during the study [79].
Future studies are under the way to explore liver histopathologic
improvement with HTD1801.

COMBINATORY TREATMENT

The pathophysiology of NASH is complex and represents as
“multiple-hits” [80], which underscores that various organs, i.e., the
liver, adipose tissue, endocrine pancreas, immune system, and gut
are involved in the progression. Excessive and sustained energy
input over the output of the body brings overwhelming stress on
hepatocytes, leading to hepatocellular damage, inflammation, and
fibrosis [14]. As discussed above, various drug candidates target a
single pathway in the paradigm of NASH pathogenesis with
multiple-hits. On the other hands, the endpoints of clinical trials
are assessed by histopathologic evidence of NASH resolution and
fibrosis regression, the two late events in the disease progression
[19]. Unsurprisingly, the efficacy of a few trials is limited and they
were disappointedly terminated in the mid-term evaluation. To
increase efficacy and reduce side effects, combination of
therapeutic agents for different targets is an alternative solution
[81]. Although the safety has been assessed in monotherapy trials,
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it needs to be re-evaluated in a combinatory regimen with hope
that combinatory trial may achieve synergistic effects while
adverse effects are acceptable.

An ACC inhibitor has been shown to inhibit DNL and improve
hepatic steatosis; however, it elevates plasma triglycerides as a
result of adaptive upregulation of a lipogenic transcription factor,
sterol regulatory element-binding protein 1 (SREBP-1) in the liver
[82]. On the contrary, diacylglycerol acyltransferase 2 (DGAT2)
inhibitor has been shown to downregulate SREBP-1 [83]. In a
phase lla trial, an ACC inhibitor (PF-05221304) was co-
administered with a DGAT2 inhibitor (PF-06865571) for the
treatment of NAFLD. After 6 weeks, co-administration of these
two agents has decreased liver fat content from baseline; and
placebo-adjusted least squares mean (90% Cl) was —44.5%, which
was similar to PF-05221304 monotherapy, but higher than PF-
06865571 alone. Although these two agents produced a transient
increase in serum ALT and AST levels, the enzymes declined
toward baseline after 4 weeks. Significantly, the combination of
PF-05221304 with PF-06865571 normalized the ACC inhibitor-
induced increase in serum triglyceride levels in NAFLD patients,
demonstrating the advantages of the combinatory regimen over
monotherapy [84].

In a phase llb trial, 392 patients with bridging fibrosis or
compensated cirrhosis (F3-F4) were randomized to receive
placebo, Selonsertib at 18 mg (ASK1 inhibitor), cilofexor at 30 mg
(FXR agonist), or firsocostat at 20 mg (ACC inhibitor), alone or in
two-drug combination, once daily for 48 weeks. The combination
did not meet the primary endpoint, i.e., >1-stage improvement in
fibrosis without worsening of NASH. The highest response rate
(21%) was observed in the combination of cilofexor with
firsocostat (vs. placebo 11%, P=0.17). Moreover, the treatment
combining cilofexor with firsocostat led to significant improve-
ments in noninvasive biomarkers, including hepatic steatosis by
MRI-PDFF, AST, ALT and liver stiffness compared to placebo or
monotherapy [81]. These findings suggest synergistic effects of
firsocostat with cilofexor may be seen in the endpoints of
improving fibrosis, inflammation, and steatosis when a compre-
hensive design of clinical trial is successfully conducted [81].

Another study is ongoing to test the combination of cilofexor
with firsocostat plus semaglutide in NASH patients with F2-F3
fibrosis for 16 weeks. The rates of adverse events were similar
between different groups. Greater improvements were observed
in serum ALT, AST and liver steatosis in combinations of these
three agents than semaglutide monotherapy (J Hepatol 2021; 75:
S561). Many other combinations are ongoing in different clinical
trials, such as an FXR agonist tropifexor combined with a sodium-
glucose cotransporter (SGLT) 1/2 inhibitor licogliflozin; cenicriviroc
with tropifexor; tropifexor with licogliflozin; OCA with AVT, and so
on [55]. On-going combinatory phase Il trials are summarized in
Table 2, and the primary endpoints of most trials are to evaluate
adverse events, as their benefits have been tested in monotherapy
trials. From Table 2, it is obvious that a large portion of designs of
combinatory trials integrates metabolic modulation with inter-
vention of NASH plus fibrosis, and consider systemic impacts and
metabolic control as a whole in addition to molecular intervention
at specific pathways in NASH progression. It is anticipating that
encouraging findings from these clinical investigations will be
available in the near future.

FUTURE PROSPECTIVE AND CONCLUSIONS

Liver biopsy is still the key standard of NASH diagnosis. FDA and
EMA guidance indicates that for clinical approval of new drugs in
the treatment of NASH, trials should include patients who have
biopsy-proven NASH with stage 2 fibrosis or higher. Pharmacolo-
gical candidates for NASH are required to demonstrate clinical
benefits in improving liver-related outcomes, which may take
several years to be proven due to slow progression of the disease.

SPRINGER NATURE



Current pharmacotherapeutics of NASH
YY Yang et al.

To expedite drug development, liver histological improvements
have been accepted as surrogates for clinical outcomes. Despite
several drugs are in phase Il trials, histological improvement of
NASH has not exceeded 50% and NASH resolution rates are
remarkably lower in treatment groups. The underlying explanations
may be attributed to significant heterogeneity in etiology, variation
in pathologic progression, as well as insufficient understanding of
this disorder. The dilemma of pathogenic complexity and multiple
targets of pharmacologic intervention increase difficulties in
achieving impressing efficacy similar to anti-HCV direct active
agents for the viral eradication. Moreover, lack of organ or tissue
specificity of pharmacotherapeutic agents in development will
hardly avoid systemic or organ-specific adverse effects. As a
reminder, NAFLD is a liver complication of a variety of metabolic
disorders, such as obese, metabolic syndrome, hyperlipidemia or
T2DM with significant metabolic abnormalities. Based on this, an
international panel proposed a new nomenclature, metabolism-
associated fatty liver disease (MAFLD) instead of NAFLD to better
reflect its complex pathophysiology and therapeutic emphasis. The
new nomenclature helps understand the pathophysiology and
enhance etiologic awareness [85]; however, the regulatory autho-
rities still use NAFLD or NASH as an approvable indication in clinical
trials, and the change of the nomenclature needs a wide
acceptance in authoritative professional societies.

Since pathological evaluation of NASH resolution and fibrotic
regression is the fundamental evidence of efficacy assessment,
any discrepancy in the use of pathological criteria between
individual pathologists results in inter-personal errors in NASH
diagnosis in addition to sampling difference in performing liver
biopsy. Thus, liver biopsy sections are required to be evaluated by
at least two independent pathologists with the same criteria.
Inevitably, variations in semi-quantitative scoring between histo-
pathologists may generate the disagreement or misinterpretation
in efficacy assessments. For example, MSDC-0602K did not meet
the clinical endpoints. In subsequently analyzing the results of the
study, researchers organized re-reading of baseline biopsies by
the same pathologist using the same digital images, 24.5% of the
patients were found to not meet the study’s entry criteria upon re-
reading, and 12.6% were deemed to not have NASH [54].
Alternatively, more objective approaches are under development,
for example, second harmonic generation/two-photon excitation
fluorescence imaging technology as an automated tool was used
to assess histological features of NASH [86]. There is an urgent
need to develop an artificial intelligent (Al) deep learning system
to facilitate the histopathologic assessment to reduce subjectivity,
inter-personal discrepancy, and diagnostic errors [87].

Liver biopsy is an invasive procedure, may cause liver bleeding,
and possesses risks of fatality. Thus, emerging noninvasive
imaging modalities with high sensitivity and specificity have been
used for assessment of steatosis and fibrosis, including MRI-PDFF
[88] and magnetic resonance elastography [89]. However,
inflammation components of NASH are still lacking biomarkers,
and new surrogates are emerging, such as ceramides, CK-18,
tripalmitin for lipotoxicity; fragments of propeptide of type Il
procollagen (ProC3), tissue inhibitor of metalloproteinase and
procollagen N-terminal peptide for fibrosis; and FGF21 and
adiponectin for insulin sensitivity [90, 91]. Although several animal
models of NASH are available for preclinical assessment, there are
obvious differences in metabolic pathways, pathologic progres-
sion and therapeutic efficacy between animals and humans;
hence, findings from animal models may not always predict
outcome of clinical investigations [92, 93]. It is hoping that
humanized liver organoids be popularized to help understand
NASH pathogenesis for new drug development [94].

In the present review the efficacy and safety profiles of
pharmacotherapeutic candidates currently in phase Il and Il trials
have been summarized for recent advancements in the treatment
of NASH. As a chronically progressive disorder, NASH demands a
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long-term intervention; therefore, the therapeutic benefits and
safety profiles are equally critical for any treatment options. As a
liver complication of systemic and metabolic disorders, not only
does any intervention aim to attain improvement in liver
pathology, but also to systemically correct metabolic abnormal-
ities and reduce extrahepatic complications. Hence, to fulfill these
objectives, a sequential and combinatory strategy is considered to
be in place for evidence-based practice in a precise manner. In
waiting for promising pharmacotherapeutics available from on-
going clinical trials, keeping healthy lifestyle, and sufficient
exercises are still the corner stones for a group of metabolic
disorders, including NASH.
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