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The morbidity and mortality of hepatic fibrosis caused by various etiologies are high
worldwide, and the trend is increasing annually. At present, there is no effective method to
cure hepatic fibrosis except liver transplantation, and its serious complications threaten the
health of patients and cause serious medical burdens. Additionally, there is no specific
drug for the treatment of hepatic fibrosis, and many drugs with anti-hepatic fibrosis effects
are in the research and development stage. Recently, remarkable progress has been
made in the research and development of anti-hepatic fibrosis drugs targeting different
targets. We searched websites such as PubMed, ScienceDirect, and Home-ClinicalTrials.
gov and found approximately 120 drugs with anti-fiorosis properties, some of which are in
phase Il or Il clinical trials. Additionally, although these drugs are effective against hepatic
fibrosis in animal models, most clinical trials have shown poor results, mainly because
animal models do not capture the complexity of human hepatic fibrosis. Besides, the effect
of natural products on hepatic fibrosis has not been widely recognized at home and
abroad. Furthermore, drugs targeting a single anti-hepatic fibrosis target are prone to
adverse reactions. Therefore, currently, the treatment of hepatic fibrosis requires a
combination of drugs that target multiple targets. Ten new drugs with potential for
development against hepatic fibrosis were selected and highlighted in this mini-review,
which provides a reference for clinical drug use.
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INTRODUCTION

Hepatic fibrosis is one of the most important manifestations of chronic liver injury (Roehlen et al.,
2020). At present, the mechanism of its occurrence has not yet been clarified and there is a lack of
effective treatment drugs (Gilgenkrantz et al., 2021). Hepatic fibrosis is a necessary process for most
chronic liver diseases to develop into cirrhosis. Hepatic fibrosis is a pathological process of abnormal
deposition of extracellular matrix (ECM) in liver tissue caused by a persistent injury-repair response,
which further leads to abnormal changes in liver structure and function (Boyer-Diaz et al., 2021). The
activation of hepatic stellate cells (HSCs) is the central link in the occurrence of hepatic fibrosis, and
the inflammatory response to liver cell injury plays a key role in the development of fibrosis (Chen
et al,, 2021).

Hepatic fibrosis is caused by a variety of etiological factors, including alcoholism, viral hepatitis,
autoimmune hepatitis, non-alcoholic steatohepatitis (NASH), primary biliary cirrhosis, and primary
bile duct cirrhosis (intrinsic and extrinsic factors). Hepatic fibrosis is an inflammation disorder, and
cytotoxicity, liver damage, and excessive accumulation of fat can cause the liver inflammatory
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TABLE 1 | List of drugs currently being evaluated in phase Il and phase Il clinical trials.

Drug(s) Mechanism Research Unit Research State Trial Identification
Belapectin Gal-3 Galectin Therapeutics 1l NCT02421094
Cenicriviroc CCR2/5 Takeda 1} NCT03028740
Elafibranor PPAR-a/8 Genfit I NCT02704403
Emricasan Pan-caspase Conatus Pharmaceutical IIb NCT02686762
Liraglutide GLP-1 Novo Nordisk 1] NCT02654665
Obeticholic acid FXR Intercept 1] NCT02548351
Pentoxifylline TNF-a US Pharm Holdings 1l NCT02283710
Pirfenidone PDE Marnac 1l NCT02161952
Simtuzumab LOXL2 Gilead 1l NCT01707472
Sorafenib VEGFR-2/PDGF-p Bayer I NCT01849588
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FIGURE 1 | Structural formula of new drugs with anti-hepatic fibrosis effects. (1) Cenicriviroc is a dual antagonist of CCR2/5, which also inhibits both HIV-1 and HIV-

2, and displays potent anti-hepatic fibrosis activity. (2) Elafibranor is a double agonist of PPARa/8, and both animal experiments and clinical trials have found that it has
anti-hepatic fibrosis activity. (3) Emricasan is an irreversible pan-caspase inhibitor, which is currently in a phase 2 clinical trial to test its efficacy in treating liver injury and
fibrosis, although its clinical trial results are controversial. (4) Liraglutide is a GLP-1 receptor agonist used clinically to treat type 2 diabetes, which functions by
ameliorating the progression of NAFLD in patients with T2DM. (5) Obeticholic acid is a potent, selective, and orally active FXR agonist; FXR has been shown to reduce
inflammatory mediator expression in HSCs via the induction of PPARY, suggesting that FXR is an ideal target for the treatment of hepatic fibrosis. (6) Pentoxifyliine is an
orally active non-selective PDE inhibitor, with anti-inflammatory and anti-proliferation effects. PDE has a strong anti-fibrosis effect but needs more in-depth research. (7)
Pirfenidone has broad-spectrum anti-fibrosis effects and is the first drug to demonstrate some efficacy for IPF, which was approved by the FDA in 2008. The mechanism
of action of Pirfenidone may be related to the reduction of TGF-p-induced signal transduction pathways. (8) Sorafenib is a multikinase inhibitor of Raf-1, B-Raf, and
VEGFR-2, an inhibitor of tyrosine protein kinases that targets the Raf/Mek/Erk pathway. Animal experiments have shown that Sorafenib has anti-fibrosis effects, and the
mechanism may be related to inhibiting the TGF-$1/Smad3 pathway.

response. Inflammatory cytokines released by inflammatory cells ~ factors encompass genetic alterations of cellular pathways
promote the activation of HSCs, which leads to an increase in ~ leading to the activation of inflammatory pathways such as
ECM release and ultimately causes hepatic fibrosis. Intrinsic ~ nuclear factor kappa-light-chain-enhancer of activated B cells
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FIGURE 2 | Main targets of new drugs against hepatic fibrosis. Hepatic fiorosis can be induced by various factors, including HBV, HCV, alcohol, obesity, and
NFALD, all of which can stimulate the normal liver to induce an inflammatory response. Various cells in the liver, mainly hepatocytes, macrophages, and HSCs, secrete
inflammatory cytokines (mainly IL-1f, IL-6, and TNF-a) after receiving stimulation. A large number of inflammatory cytokines continuously stimulate HSCs, inducing
activation, proliferation, and the secretion of many fibrosis cytokines, including a-SMA, TGF-, collagen-1, and Collagen-IlI, which are important components of the
ECM. The chronic accumulation of ECM eventually leads to hepatic fibrosis. Inhibiting the activation and proliferation of HSCs and reducing the accumulation of ECM are
the most important methods to reverse hepatic fibrosis. Numerous recent studies have found many targets for inhibiting the process of hepatic fibrosis, which has led to
the development of novel therapeutic drugs, mainly activators of PPAR /8, agonists of FXR, antagonists of CCR2/5, Galectin-3 inhibitor, GLP-1 analog, inhibitors of
VEGFR-2/PDGF-p, LOXL2 inhibitor, Pan-caspase inhibitor, a Phosphodiesterase inhibitor, and TGF-p signaling inhibitors.

(NF-kB), among others. Extrinsic components include
inflammatory ~ pathways  activated by  the  liver
microenvironment, such as chemokines, cytokines, and

adhesion molecules. Although 120 drugs are currently being
evaluated for treating hepatic fibrosis, none have yet been
approved by the United States Food and Drug Administration
(FDA) to treat the disease (Roehlen et al., 2020; Gilgenkrantz
et al., 2021). However, many phases Il and Il clinical trials are
ongoing, and a new chapter for treating hepatic fibrosis is
expected in the near future (Table 1) (Figure 1). The main
reason for the failure of the 120 drugs is that most are in the stage
of animal experiments or clinical trials, with different
shortcomings and a lack of adequate data on evidence-based
medicine.

BELAPECTIN (GALACTOARABINO-
RHAMNOGALACTURONATE,

GR-MD-02)

Belapectin is a galectin-3 antagonist developed by Galectin
(Rotman and Sanyal, 2017; Neuschwander-Tetri, 2020). Early
preclinical studies have shown that Belapectin is a candidate drug

for anti-fibrosis research and can reverse the degree of hepatic
fibrosis in steatohepatitis mice and prevent collagen deposition

before the occurrence of fibrotic cells (Figures 2, 3) (Rotman and
Sanyal, 2017; Iacobini et al., 2011). Elevated galactosin-3 levels are
associated with NASH and induce hepatic fibrosis in mice
(Tacobini et al., 2011; Harrison et al, 2016). Belapectin, an
inhibitor of galactosin-3, can alleviate hepatic fibrosis and
portal hypertension in rats and was shown to be safe and
well-tolerated in a phase I trial (NCT01899859) (Harrison
et al, 2016). Galectin is currently in a phase III trial to
evaluate Belapectin for the prevention and treatment of
nonalcoholic fatty liver disease (NAFLD), portal hypertension,
fibrosis, psoriasis, liver function decline, and other diseases
(Chalasani et al., 2020).

Belapectin single and three weekly repeated at 2, 4, and
8 mg/kg demonstrated no meaningful clinical differences in

treatment-emergent adverse events, vital signs,
electrocardiographic ~ findings,  or  laboratory tests.
Pharmacokinetic parameters showed a dose-dependent

relationship, with evidence of drug accumulation following
8 mg/kg (Harrison et al.,, 2016). Results of a 52-weeks phase
[Ib trial suggest that Belapectin is an effective anti-fibrotic drug
for compensatory NASH cirrhosis (NCT02462967) (Chalasani
et al,, 2020). Because the treatment can take many years, there is
an urgent need for effective drug candidates with good safety and
tolerability (NCT02421094) (Harrison et al., 2018b). Overall, the
clinical success of Belapectin indicates a promising path for the
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continued clinical development of Belapectin in compensatory
NASH cirrhosis, which could make it the first anti-fibrosis drug
candidate to win approval from NASH regulators (Chalasani
et al., 2018).

CENICRIVIROC (TAK-652, TBR-652)

Cenicriviroc is a chemokine receptor 2/5 (CCR2/5) antagonist
that acts differently from previous anti-HIV1 drugs and holds
great promise in the field of anti-AIDS drugs (Figure 1)
(Friedman et al., 2016; Friedman et al., 2018). The formula of
Cenicriviroc is C4;Hs,N4O,4S, with a molecular weight of 696.94.
Studies have found that monocyte chemokine protein-1 (MCP-
1), chemokine C-C motif chemokine 2 (CCL2), and regulated
upon activation, normal T cells expressed and secreted (RAN-
TES) can promote the aggregation of monocytes/macrophages in
blood to liver inflammatory sites through CCR2/5, as well as
produce various cytokines, such as transforming growth factor-§
(TGF-B), tumor necrosis factor-a (TNF-a), interleukin-1p (IL-
1PB), and IL-6, to further activate HSCs and generate ECM, which
leads to the formation of hepatic fibrosis (NCT02217475)
(Friedman et al., 2016; Lefebvre et al., 2016a; Lefebvre et al.,
2016b). Additionally, CCR2 and CCR5 are highly expressed in
activated HSCs, which directly or indirectly mediate various
biological functions of HSCs after binding with its ligand and
participate in the formation of hepatic fibrosis (NCT02217475)
(Lefebvre et al., 2016a; Lefebvre et al., 2016b). Therefore, CCR2
and CCR5 have become important targets for anti-fibrosis
therapy (Figures 2, 3).

Cenicriviroc is a novel oral drug developed in collaboration
between Takeda and Tobira Therapeutics. The plasma half-life of
Cenicriviroc is 30-40 h, and it can be administered once a day
(NCT02217475) (Lefebvre et al., 2016a; Friedman et al., 2016).
Cenicriviroc has shown good safety, providing new ideas and
methods for the clinical prevention and treatment of hepatic
fibrosis (Lefebvre et al., 2016a; Friedman et al., 2016). Animal
experiments have shown that Cenicriviroc significantly alleviates
thioacetamide (TAA)-induced hepatic fibrosis in rats, mainly by
inhibiting HSC synthesis of collagen I, thereby inhibiting collagen
deposition in the liver and reducing liver tissue inflammation
(Lefebvre et al., 2016b; Kruger et al., 2018). Therefore,
Cenicriviroc may represent an effective drug against hepatic
fibrosis.

Clinical studies have found that Cenicriviroc has excellent
pharmacokinetic properties in the human body and is well
tolerated without causing dose-limiting adverse reactions
(Friedman et al., 2016; Friedman et al., 2018). Cenicriviroc is
also well absorbed and slowly eliminated (Anstee et al., 2020;
Reimer et al, 2020). Additionally, the majority of adverse
reactions were mild (grade 1 or 2) and dose-independent, with
gastrointestinal disturbances (63%) and systemic adverse
reactions (37%) being the most common. Grade 3 adverse
events (abscesses) were reported by one subject in each of the
placebo and 75 mg (qd) groups, but they were not considered to
be related to the product. There were no grade 4 adverse
reactions, severe adverse reactions, death, or withdrawal from

New Drugs for Hepatic Fibrosis

the study due to adverse reactions (Sumida and Yoneda, 2018;
Sumida et al., 2019). A phase II trial showed that Cenicriviroc
rapidly blocks CCR2 and CCR5 (Sumida and Yoneda, 2018;
Sumida et al, 2019), and it has been shown that 150 mg
Cenicriviroc can be used to treat mild and moderate liver
injury, with good tolerance. The pharmacokinetic data of
Cenicriviroc is relatively complete and it represents a
promising drug for treating hepatic fibrosis (Lefebvre et al.,
2016a). Cenicriviroc is currently in a phase III trial
(NCT03028740) (Sumida and Yoneda, 2018; Pedrosa et al., 2020).

ELAFIBRANOR (GFT505)

Elafibranor is a double agonist of peroxisome proliferator-
activated receptors o/0 (PPARa/S) developed by Genfit,
France; its molecular formula is C,,H,,0,S, and its molecular
weight is 384.489 (Boeckmans et al., 2019; Cheng et al., 2019). The
chemical structure is shown in Figure 1. Elafibranor alleviates
NASH symptoms through various mechanisms, including
increased fatty acid oxidation, improved lipid profile, increased
insulin sensitivity, and anti-inflammatory and anti-fibrosis effects
(Figures 2, 3) (Alukal and Thuluvath, 2019; Ratziu et al., 2019).

Animal experiments have shown that Elafibranor
administration can effectively reduce hepatic steatosis,
inflammation, fibrosis, and the level of liver dysfunction
biomarkers, as well as inhibit the expression of pro-
inflammatory and pro-fibrosis genes; it is effective in both the
prevention and treatment of hepatic fibrosis (Schuppan et al.,
2018; Baandrup Kristiansen et al., 2019; Roth et al, 2019).
Elafibranor treatment protects against hepatic steatosis and
inflammatory progression (Ratziu et al, 2016; Baandrup
Kristiansen et al, 2019), and has shown preventive and
therapeutic effects on CCly-induced hepatic fibrosis in rats
(Schuppan et al,, 2018). In pharmacokinetic studies conducted
in rats, Elafibranor and its metabolites were rapidly excreted into
bile and underwent enterohepatic  circulation
(Schuppan et al, 2018). High concentrations of Elafibranor
and/or its metabolites were detected in the liver and intestines,
with little distribution in other tissues (Schuppan et al., 2018;
Roth et al., 2019).

No toxicity or carcinogenesis of Elafibranor was found in long-
term animal toxicity tests (Roth et al., 2019; Gore et al., 2020).
From 2011 to 2015, Genfit completed a series of phase I clinical
trials of Elafibranor, which were found to be both safe and well-
tolerated. The safety of Elafibranor is generally good in many
clinical trials, and no serious adverse events have occurred to date
(Boeckmans et al., 2019; Cheng et al., 2019; Alukal et al., 2016). In
completed phase II clinical trials, Elafibranor has shown a certain
therapeutic efficacy and good safety and tolerability (Ratziu et al.,
2016; Alukal and Thuluvath, 2019). Fast-track approval was
granted by the FDA in February 2014, and a phase III clinical
trial began in March 2016 (Ratziu et al, 2016; Alukal and
Thuluvath, 2019). In January 2018, Genfit announced that the
FDA had approved Elafibranor for the pediatric study program
and would begin a clinical trial for the treatment of pediatric
NASH. Elafibranor is currently in phase III of the clinical trial,

extensive
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FIGURE 3 | Potential candidates for hepatic fibrosis and their mechanisms of action. Inhibiting the activation and proliferation of HSCs is an important method for

the prevention and treatment of hepatic fibrosis. Various representative drugs have emerged for different targets. (1) PPARs are members of the nuclear receptor
superfamily, and the PPAR agonist Elafibranor can inhibit liver fibrosis through direct anti-inflammatory effects and indirect improvement of the oxidative stress state. (2)
Additionally, a representative FXR receptor agonist, Obeticholic acid, has been shown to reduce liver inflammation and promote ECM degradation to alleviate
hepatic fibrosis. (3) Simtuzumab is a monoclonal antibody currently being developed by Gilead for NASH, cirrhosis, and advanced hepatic fibrosis blocking of LOXL2.
LOXL2 is a protease that modifies the ECM by promoting the cross-linking of collagen fibers and is believed to play an important role in tumor progression and fibrosis. (4)
Emricasan is an irreversible pan-caspase inhibitor, which can reduce the activity of caspases to improve the inflammatory environment and inhibit HSC activation. (5) The
GLP-1R agonist Liraglutide can inhibit the formation of ECM and reduce the liver inflammatory response and fibrosis process. (6) Belapectin is a galectin-3 antagonist,
which can alleviate hepatic fibrosis and portal hypertension in rats and was found to be safe and well-tolerated in a phase | trial. (7) The CCR2/5 antagonist Cenicriviroc
can improve hepatic fibrosis by inhibiting liver inflammation. Cenicriviroc is not only effective for early hepatic fibrosis but also feasible for maintenance treatment in
patients with advanced fibrosis. (8) Pentoxifylline is a non-specific PDE inhibitor, which can increase intracellular cAMP concentration and plays an anti-hepatic fibrosis
role by inhibiting TNF-a production. (9) Attenuating TGF-B-induced signal transduction pathways can inhibit hepatic fibrosis, such as via Pirfenidone (10) Sorafenib can

and subgroup analyses of results support its potential efficacy in
patients with severe NASH (Boeckmans et al., 2019; Cheng et al.,
2019). Currently, there is no approved effective drug for NASH
(Alukal and Thuluvath, 2019; Boeckmans et al., 2019). Of nearly
200 candidates in development worldwide, Elafibranor is one of
the most highly anticipated drugs for NASH to hit the market.

In a 52-weeks phase Il study in patients with NASH without
cirrhosis, 276 patients were randomly assigned to receive
Elafibranor at either 80 mg or 120 mg daily or a placebo. Even
though the trial was not designed with antifibrotic goals, it is
worth noting that among the patients who responded to 120 mg
Elafibranor (n = 17), there was a reduction in fibrosis (p < 0.001)
compared to non-responders to the same regimen. However, at
present, there are limited pharmacokinetic data on this drug in
the human body, which needs further study (Ratziu et al., 2016).
On 11 May 2020, Genfit announced that in its phase III trial of
Elafibranor in the treatment of NASH, the drug failed to
significantly improve patients’ NASH histological symptoms,
and in some cases, exacerbated hepatic fibrosis compared to
placebo (Guaraldi et al., 2020; Shen and Lu, 2021). A total of
1070 patients with NASH were randomized (2:1) to receive
Elafibranor 120 mg/day or a placebo (Guaraldi et al., 2020;
Shen and Lu, 2021). After 72 weeks, 19.2% and 14.7% of

patients treated with Elafibranor and placebo had improved
NASH histology without worsening hepatic fibrosis,
respectively, 24.5% and 22.4% of patients with at least a grade
of fibrosis improvement, however, these results were not
statistically significant. The safety of Elafibranor was consistent
with the results of previous studies (Guaraldi et al., 2020; Shen
and Lu, 2021) in that no adverse effects, such as increased fluid
retention and heart failure, were mediated by PPARy (Guaraldi
et al.,, 2020; Shen and Lu, 2021).

EMRICASAN (IDN-6556, PF-03491390)

Emricasan is a pioneering and irreversible pan-caspase inhibitor
that is orally administered (Figure 1) (Garcia-Tsao et al., 2019;
Barreyro et al, 2015). The formula of Emricasan is
C,6H,7F4N305, and its molecular weight is 569.50. Emricasan
can be retained in the liver for a long time and can reduce the
activity of caspases, which mediate inflammation, cell death, and
apoptosis (Garcia-Tsao et al., 2019; Barreyro et al., 2015; Gracia-
Sancho et al.,, 2019). By reducing the activity of these enzymes,
Emricasan may block the development of liver disease (Gracia-
Sancho et al., 2019; Shiffman et al., 2019). Emricasan, developed
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by Conatus, has been shown in preclinical studies to reduce
apoptosis, improve the inflammatory environment and inhibit
HSC activation (Figures 2, 3) (Barreyro et al, 2015; Gracia-
Sancho et al.,, 2019; Shiffman et al., 2019).

Emricasan reduced liver damage in NASH but had no
significant effect on metabolic disorders (Frenette et al., 2019;
Harrison et al., 2020). Emricasan was previously demonstrated to
inhibit some of the liver enzymes which lead to liver
inflammation and fibrosis (Frenette et al., 2019; Harrison
et al, 2020). In a mouse model of NASH, treatment with
Emricasan attenuated hepatic fibrosis and the activation of
HSCs (Barreyro et al., 2015; Gracia-Sancho et al, 2019).
Emricasan is currently in a phase Il clinical trial to test its
efficacy in treating liver injury and fibrosis through chronic
HCV infection (Frenette et al., 2019). In two previous trials,
Emricasan was both well-tolerated and safe, and the results were
consistent with those of 19 previous clinical studies (Frenette
et al., 2019; Shiffman et al., 2019). Emricasan treatment was safe
and well-tolerated, with adverse events, severe events, abnormal
experimental results, vital signs, cancers, and infections occurring
at similarly low rates in the Emricasan treatment group and
placebo groups (Frenette et al, 2019; Shiffman et al, 2019;
Harrison et al., 2020). The most common adverse reactions in
the Emricasan group were headache (16%), nausea (14%), and
fatigue (9%) (Frenette et al., 2019; Shiffman et al., 2019; Harrison
et al, 2020). Results from a multicenter phase b clinical trial
suggest that Emricasan improves liver function in patients with
severe cirrhosis (NCT02686762) (Garcia-Tsao et al., 2020).
Moreover, a 28-days randomized clinical trial of Emricasan
assessed the efficacy, safety, and tolerability of Emricasan in
subjects with NAFLD, in which the subjects were randomized
to Emricasan 25 mg twice daily or a matching placebo. The results
showed that Emricasan decreased ALT and biomarkers in
subjects with NAFLD and raised AST after 28 days
(NCT02077374). Emricassan has a high first-pass metabolism,
but the current pharmacokinetic data are mainly from animal
experiments, with a lack of complete human experimental data
(Garcia-Tsao et al., 2019).

LIRAGLUTIDE (VICTOZA)

Liraglutide is a Glucagon-Like Peptide (GLP-1) analog developed
by Novo Nordisk to decrease blood sugar in patients with type 2
diabetes mellitus (T2DM) (Figure 1) (Kahal et al., 2014; Zoubek
et al, 2017). The formula of Liraglutide is C7,H¢5N4305;, and
its molecular weight is 3751.26. GLP-1 can increase insulin
release, decrease glucagon secretion, reduce hepatic steatosis,
and improve hepatic fibrosis (Fagone et al., 2016; Briand et al,,
2020). GLP-1R agonists can reduce liver cell apoptosis and
endoplasmic reticulum stress through various mechanisms.
Previuous studies of mechanisms have been proposed,
including an increase in cyclic adenosine monophosphate
(cAMP) production, activation of an AMP-activated protein
kinase (AMPK)-dependent pathway in hepatocytes increasing
fatty acid oxidation and decrease in lipogenesis, and/or an
increase in hepatic insulin signaling and sensitivity with GLP-

New Drugs for Hepatic Fibrosis

1 and subsequent improvement of the hepatic glucose
metabolism. Additionally, Liraglutide has been found to
reduce fatty acid accumulation, in mice fed a high-fat diet by
enhancing autophagy and reducing endoplasmic reticulum
stress-related apoptosis. Furthermore, the GLP-1R agonist can
reduce liver cell apoptosis and endoplasmic reticulum stress by
inhibiting activation of the NACHT, LRR and PYD domains-
containing protein 3 (NALP3) inflammasome and NF-kB
signaling pathway. Besides, Liraglutide can promote liver
glucose and lipid metabolism, and inhibit the secretion of
inflammatory cytokines, which may explain its ability to
alleviate the process of hepatic fibrosis (Kahal et al., 2014;
Zoubek et al, 2017; Fagone et al., 2016). Studies have also
shown that Liraglutide can inhibit the formation of ECM,
reduce the liver inflammatory response and fibrosis process,
and slow and improve the progression of NAFLD in patients
with T2DM (Figures 2, 3) (Kahal et al., 2014; Fagone et al., 2016;
Zoubek et al., 2017).

The results of animal experiments showed that Liraglutide
could significantly reduce collagen fibers in NAFLD models
(Fagone et al.,, 2016; Choi et al,, 2019; Briand et al., 2020).
Moreover, Liraglutide significantly —reduced levels of
inflammatory factors, such as IL-6 and TNF-a, and liver
fibrosis factors in the NAFLD model group (Fagone et al,
2016; Choi et al., 2019; Briand et al., 2020). Liraglutide may
play an important role in NAFLD by activating the SIRT1/AMPK
pathway, regulating key regulatory molecules of lipid synthesis
and metabolism, and inhibiting the de novo synthesis of fatty
acids (Kahal et al., 2014). Early intervention with Liraglutide can
reduce blood glucose, inhibit fat synthesis, reduce insulin
resistance, inflammation, fibrosis, and oxidative stress damage,
thereby alleviating NAFLD, which may be related to the
activation of SIRT1/AMPK and its downstream genes (Kahal
etal., 2014). These results indicate that Liraglutide may represent
a potential drug for the treatment of NAFLD, with SIRT1 as a
potential therapeutic target.

Recently, in addition to its good hypoglycemic effect,
Liraglutide has also been shown to inhibit myocardial fibrosis,
renal fibrosis, and hepatic fibrosis (Kahal et al., 2014). Current
studies suggest that inflammation is the core cause of hepatic
fibrosis, which is mainly associated with NF-kB activation, and
initiation of the NF-kB signaling pathway (Gilgenkrantz et al,
2021). Therefore, inhibiting NF-kB mitigates various
inflammatory liver diseases, including hepatic fibrosis.
Liraglutide may play anti-inflammatory and anti-fibrosis roles
by inhibiting the activation of NF-kB and reducing the
production of superoxide (Fagone et al., 2016). Liraglutide can
also reduce the degree of tissue collagen deposition and improve
tissue fibrosis (Armstrong and Newsome, 2015; Choi et al., 2019;
Briand et al., 2020), and may play an anti-fibrosis role by
regulating some important links in the fibrotic process
(Armstrong et al.,, 2015; Armstrong et al., 2016; Gaborit et al.,
2016; Choi et al,, 2019). The data from genetic toxicity studies
show that Liraglutide is not toxic in the human body (Armstrong
etal., 2015; Armstrong et al., 2016; Gaborit et al., 2016). Results of
a phase II multicentered trial showed improvement in NASH and
no further increase in hepatic fibrosis in 39% of participants in the
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treatment group compared to only 9% in the placebo group
(NCT02654665). Pharmacokinetic studies have shown that about
99% of Liraglutide binds to albumin in the body, allowing it to
escape glomerular filtration and extend its duration of action
(Alruwaili et al., 2021). It is expected to be one of the candidate
drugs for the treatment of hepatic fibrosis in the future.

OBETICHOLIC ACID (INT-747, 6-ECDCA,
6A-ETHYLCHENODEOXYCHOLIC ACID)

Farnesoid X Receptor (FXR) is a member of the nuclear receptor
superfamily and is classified as NR1H4 (Figure 1) (Eslam et al.,
2019; Anfuso et al, 2020). FXR is mainly expressed in the
enterohepatic system, FXRal/2 and FXRa3/4 are expressed in
the liver, while FXRa3/4 is mainly expressed in the intestine.
FXR is widely involved in the pathophysiological processes of
many diseases in the enterohepatic system (Armstrong et al., 2015;
Gawrieh et al., 2019). Activated FXR plays a protective role in
various chronic liver diseases (Brunt et al., 2019; Eaton et al., 2020),
and FXR agonists include Obecholic Acid, GW4064, WAY-
362450, PR20606, GS9674, and LJN452, which are a batch of
synthetic or semi-synthetic FXR agonists. Among them, GW4064
and Obecholic Acid are widely used. The formula of Obecholic
Acid is C,4H4404, and its molecular weight is 420.63. GW4064 is a
synthetic nonsteroidal FXR agonist (Figures 2, 3).

FXR has been found to be associated with hepatic fibrosis,
cirrhosis, and portal hypertension (Younossi et al, 2019;
Hindson, 2020; Siddiqui et al., 2020). The activation of HSCs
is a key factor in the development of hepatic fibrosis, and it has
been previously reported that FXR activation mitigates hepatic
inflammation. One mechanism by which FXR reduces
inflammatory mediator expression in HSCs is via the
induction of PPARy. Additionally, FXR activation represses
gluconeogenesis, TG synthesis, and VLDL export via SHP, a
primary FXR-responsive gene, which contributes to regulating
FXR target genes. FXR modulates many genes by regulating
SHP. Besides, regulation of the MMP/TIMP balance is essential
for the transition of the physiological ECM into pathological
ECM. The FXR agonist Obecholic Acid has been shown to
induce MMP2-9 activity and a dose-dependent reduction of
collagen. Therefore, FXR inhibits HSC activation by activating
the PPARy and SHP-TIMP pathways. Additionally, FXR
improves portal hypertension by increasing eNOs activity
and reducing vascular remodeling (Anfuso et al., 2020).
These findings, together with the regulation of metabolic and
inflammatory functions, strongly suggest that FXR is an ideal
target for the treatment of hepatic fibrosis, cirrhosis, and portal
hypertension (Brunt et al., 2019; Gawrieh et al., 2019; Younossi
etal., 2019). Studies have shown that the FXR agonist Obecholic
Acid can reduce liver inflammation and fibrosis in TAA-
induced toxic cirrhosis, and even reverse hepatic fibrosis
(Anfuso et al., 2020). FXR inhibits the negative regulator NF-
kB by up-regulating IkBa, resulting in reduced expression of
pro-fibrotic cytokines and related markers of hepatocyte
transformation, thereby weakening the effect of inflammatory
cytokines (Younossi et al., 2019).

New Drugs for Hepatic Fibrosis

Hepatic fibrosis is caused by persistent liver injury and is
characterized by inflammation, activation of HSCs, accumulation
of ECM, and destruction of the liver structure. HSCs proliferate
and transform into myofibroblasts, which deposit collagen I and
fibronectin in the ECM and eventually produce fibrogenic
cytokines (Brunt et al., 2019; Eslam et al., 2019; Anfuso et al.,
2020). FXR prevents the activation of HSCs through FXR-PPARYy
or FXR-SHP-TIMP pathways. In animal models of hepatic
fibrosis induced by TAA, bile duct ligation (BDL), and CCly,
Obecholic Acid significantly reduced the expression of hepatic
fibrosis genes and proteins, as well as the area of hepatic fibrosis
parenchymal tissue (Eslam et al., 2019; Anfuso et al., 2020). The
FXR agonist Obecholic Acid has also been shown to increase the
interaction between FXR and Smad3 and alleviate CCly-induced
liver injury and fibrosis. Studies have shown that FXR gene
knockout mice can increase liver inflammation and fibrosis,
suggesting that the loss of FXR function is more likely to
induce liver inflammation and fibrosis. Clinical trials also
showed that Obecholic Acid significantly improves hepatic
fibrosis, ballooning degeneration, steatosis, and lobular
infiltration (Brunt et al, 2019; Younossi et al, 2019). In
addition to Obecholic Acid, other FXR agonists such as PX-
102, Way-362450, and EDP-305 have been shown to have
protective effects against diet-induced fibrosis such as MCD
(Anfuso et al., 2020). Taken together, these preclinical studies
support the anti-fibrosis effects of FXR agonists.

The FXR agonist obecholangitis was approved by the FDA on
27 May 2016, for treating primary biliary cholangitis (PBC) in
adults (Eaton et al., 2020). Results from two phase Il clinical trials
showed that Obecholic Acid significantly improved the disease
activity scores in patients with NAFLD, as well as steatosis,
lobular inflammation, ballooning degeneration, and hepatic
fibrosis (Younossi et al.,, 2019; Anfuso et al., 2020). The results
of a phase II clinical trial (NCT00501592) showed that
Obeticholic Acid significantly improved insulin sensitivity in
patients with T2DM complicated with NAFLD, significantly
improved hepatic fibrosis, and liver enzymology indexes (p <
0.05). Additionally, there were no adverse reactions during the
trial, and both safety and tolerability were good. However,
elevated serum alkaline phosphatase and total cholesterol
concentrations in patients during the study should be seriously
considered.

Recently, a phase III clinical trial of Obecholic Acid in the
treatment of NASH with fibrosis has been completed (Younossi
et al, 2019; Hindson, 2020). In the trial, 18% of patients who
received 10 mg Obecholic Acid and 23% who received 25 mg
Obecholic Acid showed improvement in hepatic fibrosis. Another
double-blind placebo-controlled trial investigating the efficacy
and safety of Obecholic Acid in the treatment of type 2 diabetes
complicated by NAFLD also demonstrated a significant reduction
in hepatic fibrosis markers in patients taking 25 mg Obecholic
Acid (Younossi et al., 2019; Hindson, 2020). These clinical studies
demonstrate that the FXR agonist Obecholic Acid is promising
for the treatment of hepatic fibrosis. Recently, some scholars have
suggested that specific micro RNA is also a target gene of FXR,
which can regulate the process of hepatic fibrosis. After mice and
human HSCs were treated with the FXR agonist GW4064, miR-
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29a levels increased, ECM accumulation decreased, and hepatic
fibrosis was alleviated. Additionally, the level of FXR in liver
tissue of patients with severe hepatic fibrosis was decreased and
the level of miR-199a-3p was increased, while the expression of
miR-199a-3p was inhibited after activation of FXR, which further
inhibited the proliferation of HSCs and alleviated hepatic fibrosis.

Since Obecholic Acid was marketed in May 2016, 19 deaths
have been confirmed, of which 8 have provided the cause of death
information and seven patients with moderate to severe liver
dysfunction may have been caused by the use of the drug beyond
the recommended dose (Younossi et al, 2019). The FDA
recommends that physicians determine a patient’s baseline
liver function before administering Obecholic Acid and strictly
adhere to the approved dosing regimen (Younossi et al., 2019;
Siddiqui et al., 2020). The most common adverse reactions shown
in clinical trials were severe pruritus, which resulted in
discontinued treatment in some patients at higher doses. Some
patients also experienced fatigue, abdominal pain and discomfort,
arthralgia, constipation, elevated blood sugar, elevated blood
lipids, dizziness, and dysarthria, which may be caused by
cerebral ischemia. The observed increase in LDL and decrease
in HDL suggest that this drug may lead to the occurrence of
cardiovascular and cerebrovascular events (Eslam et al.,, 2019;
Younossi et al, 2019; Siddiqui et al., 2020). However, these
adverse reactions can be effectively alleviated after dose
control and medication regimen adjustment. Obecholic Acid is
subject to enterohepatic circulation, and the pharmacokinetic
parameters of the active metabolites show that food may increase
its absorption (Wang et al., 2021).

PENTOXIFYLLINE

Pentoxifylline, a derivative of Methylxanthine, is a non-specific
phosphodiesterase inhibitor developed by Pharm Holdings, with
various pharmacological characteristics, mainly used in
cerebrovascular diseases (Figure 1) (Oberti et al, 1997
Desmouliére et al., 1999; Chooklin and Perejaslov, 2003). The
formula of Methylxanthine is C;3H;3N4O3, and its molecular
weight is 278.31. Recent studies have found that Pentoxifylline
also has a strong anti-fibrosis effect, which can effectively inhibit
hepatic fibrosis, kidney fibrosis, and skin scar formation
(Peterson, 1993; Pinzani et al., 1996; Verma-Gandhu et al.,
2007). Pentoxobromine is a first-line drug for the treatment of
AH, which has anti-inflammatory, anti-hepatic fibrosis, and
immunological regulation effects (Louvet et al., 2008; Ali et al.,
2018). However, the specific mechanism of Pentoxifylline is still
unclear (Figures 2, 3).

The Hedgehog signaling pathway plays an important role in
cell differentiation and proliferation during embryonic
development. Recent studies have found that the hedgehog
signaling pathway is involved in the repair of liver injury and
the occurrence of hepatic fibrosis (Solhi et al, 2022).
Furthermore, Pentoxifylline may block the activation of HSCs
by inhibiting the hedgehog signaling pathway and inhibit the
occurrence of hepatic fibrosis in Schistosoma, and is therefore
expected to be an effective drug for the prevention and treatment
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of Schistosoma in clinical practice. Additionally, PPAR-a and
NF-xB P65 have been studied in many fields and are closely
related to AH due to their anti-inflammatory, anti-oxidation, and
anti-hepatic fibrosis effects, and regulation of fat metabolism (Ali
et al., 2018). Current studies have found that Pentoxifylline can
treat AH in rats, and its mechanism may be related to the
upregulation of PPAR-a expression and downregulation of
NF-kB P65 expression (Satapathy et al., 2007; Ali et al., 2018).

Through non-selective inhibition of phosphodiesterase,
Pentoxifylline reduces intracellular cAMP hydrolysis to 5-AMP
and increases intracellular cAMP concentrations, inducing
corresponding changes in cells and inhibition of the calcium
ion influx (Pinzani et al, 1996). Pentoxifylline improves

hemorheology in many complementary ways, including
reducing blood and plasma viscosity, reducing plasma
fibrinogen, and promoting fibrinolysis. = Additionally,

Pentoxifylline improves blood permeability in tissues by
enhancing the plasticity of erythrocytes and reducing
neutrophil activation. Pentoxifylline has a protective effect on
the liver by improving liver hemorheology and has anti-
inflammatory and anti-fibrosis effects (Zein et al., 2012; Park
et al, 2014). As an anti-inflammatory and anti-fibrosis drug,
Pentoxifylline can inhibit the production of TNF-a, a pro-
inflammatory cytokine, at 400 mg/day, 3 times per day for 28
days, which can effectively delay the disease progression in
patients with severe alcoholic liver disease. Additionally, the
anti-fibrosis and anti-inflammatory effects of Pentoxifylline
have certain protective effects on the liver. The mechanism of
action of Pentoxifylline is completely different from that of other
commonly used liver protective drugs, so a combination of
Pentoxifylline can produce complementary effects (Lebrec
et al., 2010; Zein et al., 2012; Park et al., 2014).

As a non-specific phosphodiesterase inhibitor, Pentoxifylline
has anti-inflammatory and anti-fibrosis effects, improves hepatic
hemorheology, inhibits hyperplasia, and has certain effects on the
prevention and treatment of cirrhosis and reduces mortality of
liver disease (Ali et al., 2018). Existing clinical evidence shows that
Pentoxifylline combined with corticosteroids can reduce the risk
of death in severe alcoholic hepatitis (Louvet et al, 2008).
Pentoxifylline can improve the histological characteristics of
NAFLD/NASH, prevent hepatic steatosis, and improve liver
function in patients with non-dyslipidemia NAFLD (Satapathy
et al,, 2007; Zein et al., 2012). Furthermore, Pentoxifylline can
improve the survival rate of patients with HRS and is expected to
be a therapeutic drug for HRS. Pentoxifylline hit the market
earlier, and its efficacy, toxicity, and pharmacokinetic data are
relatively complete. Previous studies have found that
Pentoxifylline can be rapidly and widely absorbed from the
gastrointestinal tract of animals and humans and rapidly
metabolized systemically (Ward and Clissold, 1987).

PIRFENIDONE

Pirfenidone, chemically known as 5-Methyl-N-phenyl-2-1H-
pyridone, is a new kind of pyridinone compound with a broad
spectrum of anti-fibrosis effects, which can prevent and reverse
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the formation of fibrosis and scars (Figure 1) (Grizzi, 2009; Di
Sario et al., 2002). The formula of Pirfenidone is C;,H;;NO, and
its molecular weight is 185.22. Pirfenidone, marketed by Shionogi
in 2008 and approved by the FDA, is the first drug to demonstrate
some efficacy for idiopathic pulmonary fibrosis (IPF) in a
repeated, randomized, placebo-controlled phase III clinical
trial (Armenddriz-Borunda et al., 2006; Verma et al, 2017;
Sandoval-Rodriguez et al., 2020). Moreover, it also has a good
effect on fibrosis diseases, such as renal interstitial fibrosis and
hepatic fibrosis. However, its mechanism of action for treating
IPF is still unclear (Benesic et al., 2019; Zhang et al., 2019).
Current studies have shown that Pirfenidone can reduce the
proliferation of lung fibroblasts and their differentiation into
myofibroblasts by  attenuating TGF-B-induced  signal
transduction pathways (Smad3, P38, and Akt), decreasing the
expression of recombinant Heat Shock Protein 47 (HSP47)
induced by TGEF-B, reducing the expression of a-SMA and
collagen I (Figures 2, 3) (Di Sario et al., 2002; Benesic et al.,
2019; Sandoval-Rodriguez et al., 2020).

Pirfenidone can inhibit the proliferation of hepatocytes and
promote hepatocyte apoptosis by inhibiting the Wnt/p-Catenin
signaling pathway, which is an effective oral small-molecule drug
for the treatment of fibrosis. Many studies have found that
Pirfenidone has important anti-inflammatory and anti-fibrosis
effects in vivo and in vitro (Di Sario et al., 2002; Grizzi, 2009;
Benesic et al,, 2019). Pirfenidone can regulate TGF- and TNF-a
and inhibit fibroblast proliferation and collagen synthesis (Garcia
et al., 2002; Salah et al., 2019; Ullah et al., 2019). Moreover,
Pirfenidone can significantly alleviate hepatic fibrosis induced by
CCly in mice; this effect is closely related to the mechanism of
reducing expression levels of PI3K and PKB in the mouse liver
(Grizzi, 2009; Benesic et al.,, 2019). These results suggest that
Pirfenidone is a potential therapeutic agent for hepatic fibrosis.

Of the 978 adverse events reported, 17% were nausea and
vomiting, 16% were diarrhea, 10% were fatigue, 9% were loss of
appetite, 6% were dyspepsia, 6% were rash (n = 59), 5% were
headache, and 10% were others (Maher et al., 2020). The incidence
of other adverse events was lower than 5%; the most common was
acute respiratory failure (2 cases), indicating that the disease is
progressive (Maher et al., 2020). Overall, these data suggest that
long-term oral administration of Pirfenidone does not increase the
risk of ADRs, which is consistent with the known safety
characteristics of Pirfenidone. Pirfenidone is a small synthetic
molecule with high oral bioavailability, which is primarily
metabolized via the liver, although the specific mode of
metabolism remains unknown. Currently, the pharmacokinetic
data obtained are from trials with small sample sizes, and large-
scale clinical trial data are still needed (Cho and Kopp, 2010).

SIMTUZUMAB (GS-6624, INN, SIM)

Simtuzumab is a monoclonal antibody that targets blocking Lysyl
Oxidase Like Protein-2 (LOXL2) (Harrison et al., 2018a; Fickert,
2019). LOXL2 is a protease that modifies the ECM by promoting
cross-linking of collagen fibers, is believed to play an important
role in tumor progression and fibrosis, with the potential to

New Drugs for Hepatic Fibrosis

inhibit tumor progression and reverse fibrosis (Figures 2, 3)
(Muir et al., 2019; Sanyal et al., 2019).

It has been reported that LOXL2 can promote the occurrence of
liver cell fibrosis by catalyzing collagen cross-linking (Meissner et al.,
2016; Raghu et al., 2017). Researchers have investigated the safety
and efficacy of Simtuzumab in patients with advanced fibrosis
caused by NASH (Meissner et al., 2016; Sanyal et al., 2019). In a
double-blind study of 219 patients with bridging fibrosis caused by
NASH, the patients were randomly assigned (in a 1:1:1 ratio) to a
subcutaneous injection of Simtuzumab (75 or 125 mg) or placebo
each week for 240 weeks. The experiment was stopped after week 96,
and the results showed that liver collagen levels were significantly
reduced in all three groups of patients with bridging fibrosis,
including those who were given a placebo (Sanyal et al,, 2019).

Gilead designed five phase II trials for Simtuzumab to
investigate the potential of Simtuzumab in the treatment of
pancreatic cancer, colorectal cancer, myeloid fibrosis, IPF, and
hepatic fibrosis (Harrison et al., 2018a; Fickert, 2019). To date,
two phase II trials of Simtuzumab have failed in pancreatic cancer
and colorectal cancer, the remaining three remain to be observed.
The latter two indications (pulmonary fibrosis and hepaitc
fibrosis) may be the best bet for Simtuzumab. Gilead is
currently investigating the efficacy of Simtuzumab for treating
IPF (Fickert, 2019; Muir et al., 2019; Sanyal et al., 2019).

A multicenter phase |l trial evaluated the efficacy and safety of
Selonsertib (a selective inhibitor of ASK1) or in combination with
Simtuzumab in patients with NASH and stage 2 or 3 hepatic
fibrosis (Harrison et al., 2018b). A total of 72 patients were
randomized to open treatment for 24 weeks. Patients were
treated with 6 mg or 18 mg Selonsertib orally once daily along
with or without a weekly injection of 125 mg Simtuzumab, or
with Simtuzumab alone. The results showed that hepatic fibrosis
improved in 20% of patients treated with Simtuzumab alone after
24 weeks of treatment. The improvement of hepatic fibrosis was
related to decreased liver hardness, reduced collagen content and
inflammation of liver lobules, as well as an improvement in serum
biomarkers of apoptosis and necrosis (Harrison et al., 2018a).
There were no significant differences in side effects among the
three treatment groups. At present, no pharmacodynamic and
pharmacokinetic assays are available to assess whether LOXL2 is
indeed effectively inhibited in the human liver, and further
studies are needed (Fickert, 2019).

SORAFENIB (BAY43-9006, NEXAVAR)

Sorafenib is a small molecule compound whose chemical name is
4-[4-({[4-chloro-3-(trifluoromethyl) phenyl] carbamoyl} amino)
phenoxy]-Nmethylpyridine-2-carboxamide (Figure 1) (Thabut
et al, 2011; Liu et al, 2018), the formula is C,;H;CIF;N,O3,
and the molecular weight is 464.82. Sorafenib is an oral multiple
kinase inhibitor and a novel multi-molecular target chemotherapy
drug. Sorafenib mainly functions by inhibiting tumor cell
proliferation, inhibiting angiogenesis, and promoting tumor cell
apoptosis (Chen et al., 2014; Deng et al., 2013). Clinically, Sorafenib
is mostly used for the treatment of advanced malignant tumors,
particularly liver cancer (Lin et al, 2016; Faivre et al, 2020).
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Sorafenib can prolong the survival of patients with advanced HCC
by 3 months on average, but due to congenital or acquired
resistance of patients, it is usually not longer than 6 months
before Sorafenib resistance occurs (Figures 2, 3) (Faivre et al,
2020).

Hepatic fibrosis, as an important feature of the pathogenesis of
chronic liver diseases, has always been one of the important topics
in the field of liver disease research and treatment (Ma et al., 2017;
Sung et al., 2018). The causes of hepatic fibrosis are complex, TGF-f
is the most important known factor promoting hepatic fibrosis
(Deng et al., 2013; Ma et al,, 2017; Faivre et al., 2020). Hepatic
parenchymal cells secrete TGF- during injury and inflammation,
stimulate and activate HSCs, induce epithelial-mesenchymal
transition (EMT) of hepatic parenchymal cells, then form
activated myofibroblasts and increase the synthesis of ECM such
as collagen, thus promoting the occurrence of fibrosis disease (Deng
etal,, 2013; Lin et al., 2016; Sung et al., 2018). Therefore, therapeutic
strategies targeting TGF-p signaling provide the possibility for the
eventual prevention and treatment of hepatic fibrosis.

The effective treatment of hepatic fibrosis is an urgent problem
to be solved. Studies have shown that combined treatment with
Sorafenib and Fluvastatin can reduce collagen deposition and
protein expression of a-SMA, down-regulate the content of
hyaluronic acid (HA), and the expression of mesenchymal
markers in rats with hepatic fibrosis induced by
diethylnitrosamine  (DEN). Our results suggest that
combination therapy can inhibit the progression of hepatic
fibrosis by inhibiting the TGF-B1/Smad3 pathway. As such,
Sorafenib and fluvastatin may be a potential treatment for
hepatic fibrosis. The present study found that Sorafenib can
significantly inhibit the TGF-p signal, thereby inhibiting TGF-
B-mediated EMT and apoptosis of hepatic parenchymal cells
(Thabut et al,, 2011; Ma et al,, 2017). By establishing a mouse
model of hepatic fibrosis induced by CCly, researchers found that
feeding Sorafenib to model mice effectively reduced EMT and
apoptosis in liver parenchymal cells, and improved and repaired
hepatic fibrosis symptoms in mice (Ma et al., 2017; Sung et al.,
2018). This work provides a new mechanism for Sorafenib to
improve hepatic fibrosis, as well as a theoretical and experimental
basis for whether the drug can be finally applied in the clinical
treatment of organ fibrosis. Although Sorafenib is a potential
therapeutic agent for hepatic fibrosis, it has side effects such as
hand-foot syndrome, diarrhea, and hypertension due to oral
administration and its non-specific uptake by normal tissues.
In addition, the poor water solubility of Sorafenib decreases the
efficiency of its absorption by the gastrointestinal tract, leading to
poor pharmacokinetics. Future preparation formulation studies
of the drug should address these issues (Lin et al., 2016).

CONCLUSION AND FUTURE DIRECTIONS

It should be noted that the development of drugs specific to
hepatic fibrosis is still in its infancy. Additionally, most drugs are
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in phase of animal experiments or clinical trials and have various
disadvantages, including lack of chronic toxicity,
pharmacokinetic ~ studies, and adequate evidence-based
medicine. The occurrence and development of hepatic fibrosis
is a complex process with many factors and steps. Single drugs
often cause obvious adverse reactions due to large doses, single
drug targets, and other factors, prices of them are often expensive.
Therefore, drug combination has shown advantages of improving
efficacy and reducing toxicity in clinical studies, and multi-target
anti-hepatic fibrosis drugs are an important direction of future
drug R&D.

Commonly wused anti-hepatic fibrosis drugs include
immunosuppressants, glucocorticoids, and non-specific anti-
inflammatory drugs, but these drugs have more adverse
reactions and poor efficacy. Moreover, due to individual
differences, some patients may have adverse reactions. We
found the central event in fibrogenesis appears to be the
activation of HSCs, which is a complex process, leading to
multiple potential targets for therapeutic interventions.
Targeting only one of these targets is difficult to play an anti-
hepatic fibrosis effect immediately. With the development of
molecular biology, molecular targeted therapy has broad
clinical application prospects beyond conventional drug
therapy. Additionally, traditional Chinese medicine has unique
therapeutic advantages. Therefore, the combined application of
different drugs for treating hepatic fibrosis is the direction of
future clinical research. Most drugs for hepatic fibrosis are still in
the experimental stage. With further research on its formation
mechanism and the development of new drugs, hepatic fibrosis
may eventually be reversed.

AUTHOR CONTRIBUTIONS

Writing of the manuscript: LS, FW, and DZ; developing the idea
for the article and critically revising it: XM and JL; supervision:
XL. All of the authors have read and approved the final version of
the manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (Grant 82003849), the National Natural
Science Foundation of China (Grant 81970518), and the Special
Doctoral Fund of Hefei Hospital Affiliated to Anhui Medical
University (The 2nd People’s Hospital of Hefei) (Grant
2020BSZX04).

ACKNOWLEDGMENTS

We thank LetPub (www.letpub.com) for its linguistic assistance
during the preparation of this manuscript.

Frontiers in Pharmacology | www.frontiersin.org

June 2022 | Volume 13 | Article 874408


http://www.letpub.com
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Shan et al.

REFERENCES

Ali, F. E. M, Bakr, A. G., Abo-Youssef, A. M., Azouz, A. A., and Hemeida, R. A. M.
(2018). Targeting Keap-1/Nrf-2 Pathway and Cytoglobin as a Potential
Protective Mechanism of Diosmin and Pentoxifylline against Cholestatic
Liver Cirrhosis. Life Sci. 207, 50-60. doi:10.1016/j.1f5.2018.05.048

Alruwaili, H., Dehestani, B., and Le Roux, C. W. (2021). Clinical Impact of
Liraglutide as a Treatment of Obesity. Clin. Pharmacol. 13, 53-60. doi:10.
2147/CPAA.S276085

Alukal, J. J., and Thuluvath, P. J. (2019). Reversal of NASH Fibrosis with
Pharmacotherapy. Hepatol. Int. 13 (5), 534-545. doi:10.1007/s12072-019-
09970-3

Anfuso, B., Tiribelli, C., Adorini, L., and Rosso, N. (2020). Obeticholic Acid and
INT-767 Modulate Collagen Deposition in a NASH In Vitro Model. Sci. Rep. 10
(1), 1699. doi:10.1038/s41598-020-58562-x

Anstee, Q. M., Neuschwander-Tetri, B. A, Wong, V. W., Abdelmalek, M. F.,
Younossi, Z. M., Yuan, J., et al. (2020). Cenicriviroc for the Treatment of Liver
Fibrosis in Adults with Nonalcoholic Steatohepatitis: AURORA Phase 3 Study
Design. Contemp. Clin. Trials 89, 105922. doi:10.1016/j.cct.2019.105922

Armendariz-Borunda, J., Islas-Carbajal, M. C., Meza-Garcia, E., Rincon, A. R,
Lucano, S., Sandoval, A. S., et al. (2006). A Pilot Study in Patients with
Established Advanced Liver Fibrosis Using Pirfenidone. Gut 55 (11),
1663-1665. doi:10.1136/gut.2006.107136

Armstrong, M. J., Gaunt, P., Aithal, G. P., Barton, D., Hull, D., Parker, R,, et al.
(2016). Liraglutide Safety and Efficacy in Patients with Non-alcoholic
Steatohepatitis (LEAN): a Multicentre, Double-Blind, Randomised, Placebo-
Controlled Phase 2 Study. Lancet 387 (10019), 679-690. doi:10.1016/S0140-
6736(15)00803-X

Armstrong, M. J., and Newsome, P. N. (2015). Trials of Obeticholic Acid for Non-
alcoholic Steatohepatitis. Lancet 386 (9988), 28. doi:10.1016/S0140-6736(15)
61199-0

Armstrong, M. J., Gaunt, P., Aithal, G. P., Parker, R, Barton, D., Hull, D., et al.
(2015). GO1 : Liraglutide Is Effective in the Histological Clearance of Non-
alcoholic Steatohepatitis in a Multicentre, Doubleblinded, Randomised,
Placebo-Controlled Phase II Trial. J. Hepatology 62, S187. doi:10.1136/
gutjnl-2015-309861.1610.1016/s0168-8278(15)30002-7

Baandrup Kristiansen, M. N., Veidal, S. S., Christoffersen, C., Feigh, M., Vrang, N.,
Roth, J. D,, et al. (2019). Validity of Biopsy-Based Drug Effects in a Diet-
Induced Obese Mouse Model of Biopsy-Confirmed NASH. BMC Gastroenterol.
19 (1), 228. doi:10.1186/s12876-019-1149-z

Barreyro, F. J., Holod, S., Finocchietto, P. V., Camino, A. M., Aquino, J. B,
Avagnina, A, et al. (2015). The Pan-Caspase Inhibitor Emricasan (IDN-6556)
Decreases Liver Injury and Fibrosis in a Murine Model of Non-alcoholic
Steatohepatitis. Liver Int. 35 (3), 953-966. doi:10.1111/1iv.12570

Benesic, A., Jalal, K., and Gerbes, A. L. (2019). Acute Liver Failure during
Pirfenidone Treatment Triggered by Co-medication with Esomeprazole.
Hepatology 70 (5), 1869-1871. doi:10.1002/hep.30684

Boeckmans, J., Natale, A., Rombaut, M., Buyl, K., Rogiers, V., De Kock, J., et al.
(2019). Anti-NASH Drug Development Hitches a Lift on PPAR Agonism. Cells
9 (1), 37. doi:10.3390/cells9010037

Boyer-Diaz, Z., Aristu-Zabalza, P., Andrés-Rozas, M., Robert, C., Ortega-Ribera,
M., Fernandez-Iglesias, A., et al. (2021). Pan-PPAR Agonist Lanifibranor
Improves Portal Hypertension and Hepatic Fibrosis in Experimental
Advanced Chronic Liver Disease. J. Hepatol. 74 (5), 1188-1199. doi:10.1016/
jjhep.2020.11.045

Briand, F., Duparc, T., Heymes, C., Bonada, L., and Sulpice, T. (2020). A 3-week
Nonalcoholic Steatohepatitis Mouse Model Allows the Rapid Evaluation of
Liraglutide and Elafibranor Benefits on NASH. Metabolism 104, 154113. doi:10.
1016/j.metabol.2019.12.059

Brunt, E. M., Kleiner, D. E., Wilson, L. A., Sanyal, A. J., and Neuschwander-Tetri, B.
A. (2019). Improvements in Histologic Features and Diagnosis Associated with
Improvement in Fibrosis in Nonalcoholic Steatohepatitis: Results from the
Nonalcoholic Steatohepatitis Clinical Research Network Treatment Trials.
Hepatology 70 (2), 522-531. doi:10.1002/hep.30418

Chalasani, N., Abdelmalek, M. F., Garcia-Tsao, G., Vuppalanchi, R., Alkhouri, N.,
Rinella, M., et al. (2020). Effects of Belapectin, an Inhibitor of Galectin-3, in
Patients with Nonalcoholic Steatohepatitis with Cirrhosis and Portal

New Drugs for Hepatic Fibrosis

Hypertension. Gastroenterology 158 (5), 1334-1345. e5. doi:10.1053/j.gastro.
2019.11.296

Chalasani, N., Garcia-Tsao, G., Goodman, Z., Lawitz, E., and Harrison, S. (2018). A
Multicenter, Randomized, Double-Blind, Plb-Controlled Trial of Galectin-3
Inhibitor (Gr-md-02) in Patients with Nash Cirrhosis and Portal Hypertension.
J. Hepatol. 68 (1), S100-S101. doi:10.1016/S0168-8278(18)30420-3

Chen, H,, Cai, J., Wang, J., Qiu, Y., Jiang, C., Wang, Y., et al. (2021). Targeting
Nestin+ Hepatic Stellate Cells Ameliorates Liver Fibrosis by Facilitating
TPRI Degradation. J. Hepatol. 74 (5), 1176-1187. d0i:10.1016/j.jhep.2020.
11.016

Chen, Y., Huang, Y., Reiberger, T., Duyverman, A. M., Huang, P., Samuel, R,, et al.
(2014). Differential Effects of Sorafenib on Liver versus Tumor Fibrosis
Mediated by Stromal-Derived Factor 1 Alpha/C-X-C Receptor Type 4 axis
and Myeloid Differentiation Antigen-Positive Myeloid Cell Infiltration in Mice.
Hepatology 59 (4), 1435-1447. doi:10.1002/hep.26790

Cheng, H. S., Tan, W. R,, Low, Z. S., Marvalim, C,, Lee, J., and Tan, N. S. (2019).
Exploration and Development of PPAR Modulators in Health and Disease: An
Update of Clinical Evidence. Int. J. Mol. Sci. 20 (20), 5055. doi:10.3390/
ijms20205055

Cho, M. E,, and Kopp, J. B. (2010). Pirfenidone: an Anti-fibrotic Therapy for
Progressive Kidney Disease. Expert Opin. Investig. Drugs 19 (2), 275-283.
doi:10.1517/13543780903501539

Choi, Y.J., Song, ., Johnson, J., Hellerstein, M., and Mcwherter, C. (2019). Fri-329-
comparison of Seladelpar and Combinations with Liraglutide or Selonsertib for
Improvement of Fibrosis and NASH in a Diet-Induced and Biopsy-Confirmed
Mouse Model of Nash. J. Hepatol. 70 (1), e541. doi:10.1016/S0618-8278(19)
31070-9

Chooklin, S. N., and Perejaslov, A. A. (2003). Mechanism of Pentoxifylline Action
on Liver Fibrosis. J. Hepatol. 38 (S2), 75. doi:10.1016/S0168-8278(03)80311-2

Deng, Y. R,, Ma, H. D., Tsuneyama, K., Yang, W., Wang, Y. H,, Lu, F. T, et al.
(2013). STAT3-mediated Attenuation of CCl4-Induced Mouse Liver Fibrosis
by the Protein Kinase Inhibitor Sorafenib. J. Autoimmun. 46, 25-34. doi:10.
1016/j.jaut.2013.07.008

Desmouliére, A., Xu, G., Costa, A. M., Yousef, I. M., Gabbiani, G., and Tuchweber,
B. (1999). Effect of Pentoxifylline on Early Proliferation and Phenotypic
Modulation of Fibrogenic Cells in Two Rat Models of Liver Fibrosis and on
Cultured Hepatic Stellate Cells. J. Hepatol. 30 (4), 621-631. doi:10.1016/s0168-
8278(99)80192-5

Di Sario, A., Bendia, E., Svegliati Baroni, G., Ridolfi, F., Casini, A., Ceni, E., et al.
(2002). Effect of Pirfenidone on Rat Hepatic Stellate Cell Proliferation and
Collagen Production. J. Hepatol. 37 (5), 584-591. doi:10.1016/s0168-8278(02)
00245-3

Eaton, J. E., Vuppalanchi, R, Reddy, R., Sathapathy, S., Ali, B., and Kamath, P. S.
(2020). Liver Injury in Patients with Cholestatic Liver Disease Treated with
Obeticholic Acid. Hepatology 71 (4), 1511-1514. doi:10.1002/hep.31017

Eslam, M., Alvani, R, and Shiha, G. (2019). Obeticholic Acid: towards First
Approval for NASH. Lancet 394 (10215), 2131-2133. doi:10.1016/S0140-
6736(19)32963-0

Fagone, P., Mangano, K., Pesce, A., Portale, T. R, Puleo, S., and Nicoletti, F. (2016).
Emerging Therapeutic Targets for the Treatment of Hepatic Fibrosis. Drug
Discov. Today 21 (2), 369-375. doi:10.1016/j.drudis.2015.10.015

Faivre, S., Rimassa, L., and Finn, R. S. (2020). Molecular Therapies for HCC:
Looking outside the Box. J. Hepatol. 72 (2), 342-352. doi:10.1016/j.jhep.2019.
09.010

Fickert, P. (2019). Is This the Last Requiem for Simtuzumab. Hepatology 69 (2),
476-479. doi:10.1002/hep.30309

Frenette, C. T., Morelli, G., Shiffman, M. L., Frederick, R. T., Rubin, R. A., Fallon,
M. B, et al. (2019). Emricasan Improves Liver Function in Patients with
Cirrhosis and High Model for End-Stage Liver Disease Scores Compared
with Placebo. Clin. Gastroenterol. Hepatol. 17 (4), 774-783. e4. doi:10.1016/
j.cgh.2018.06.012

Friedman, S. L., Ratziu, V., Harrison, S. A., Abdelmalek, M. F., Aithal, G. P,,
Caballeria, J., et al. (2018). A Randomized, Placebo-Controlled Trial of
Cenicriviroc for Treatment of Nonalcoholic Steatohepatitis with Fibrosis.
Hepatology 67 (5), 1754-1767. doi:10.1002/hep.29477

Friedman, S., Sanyal, A., Goodman, Z., Lefebvre, E., Gottwald, M., Fischer, L., et al.
(2016). Efficacy and Safety Study of Cenicriviroc for the Treatment of Non-
alcoholic Steatohepatitis in Adult Subjects with Liver Fibrosis: CENTAUR

Frontiers in Pharmacology | www.frontiersin.org

11

June 2022 | Volume 13 | Article 874408


https://doi.org/10.1016/j.lfs.2018.05.048
https://doi.org/10.2147/CPAA.S276085
https://doi.org/10.2147/CPAA.S276085
https://doi.org/10.1007/s12072-019-09970-3
https://doi.org/10.1007/s12072-019-09970-3
https://doi.org/10.1038/s41598-020-58562-x
https://doi.org/10.1016/j.cct.2019.105922
https://doi.org/10.1136/gut.2006.107136
https://doi.org/10.1016/S0140-6736(15)00803-X
https://doi.org/10.1016/S0140-6736(15)00803-X
https://doi.org/10.1016/S0140-6736(15)61199-0
https://doi.org/10.1016/S0140-6736(15)61199-0
https://doi.org/10.1136/gutjnl-2015-309861.1610.1016/s0168-8278(15)30002-7
https://doi.org/10.1136/gutjnl-2015-309861.1610.1016/s0168-8278(15)30002-7
https://doi.org/10.1186/s12876-019-1149-z
https://doi.org/10.1111/liv.12570
https://doi.org/10.1002/hep.30684
https://doi.org/10.3390/cells9010037
https://doi.org/10.1016/j.jhep.2020.11.045
https://doi.org/10.1016/j.jhep.2020.11.045
https://doi.org/10.1016/j.metabol.2019.12.059
https://doi.org/10.1016/j.metabol.2019.12.059
https://doi.org/10.1002/hep.30418
https://doi.org/10.1053/j.gastro.2019.11.296
https://doi.org/10.1053/j.gastro.2019.11.296
https://doi.org/10.1016/S0168-8278(18)30420-3
https://doi.org/10.1016/j.jhep.2020.11.016
https://doi.org/10.1016/j.jhep.2020.11.016
https://doi.org/10.1002/hep.26790
https://doi.org/10.3390/ijms20205055
https://doi.org/10.3390/ijms20205055
https://doi.org/10.1517/13543780903501539
https://doi.org/10.1016/S0618-8278(19)31070-9
https://doi.org/10.1016/S0618-8278(19)31070-9
https://doi.org/10.1016/S0168-8278(03)80311-2
https://doi.org/10.1016/j.jaut.2013.07.008
https://doi.org/10.1016/j.jaut.2013.07.008
https://doi.org/10.1016/s0168-8278(99)80192-5
https://doi.org/10.1016/s0168-8278(99)80192-5
https://doi.org/10.1016/s0168-8278(02)00245-3
https://doi.org/10.1016/s0168-8278(02)00245-3
https://doi.org/10.1002/hep.31017
https://doi.org/10.1016/S0140-6736(19)32963-0
https://doi.org/10.1016/S0140-6736(19)32963-0
https://doi.org/10.1016/j.drudis.2015.10.015
https://doi.org/10.1016/j.jhep.2019.09.010
https://doi.org/10.1016/j.jhep.2019.09.010
https://doi.org/10.1002/hep.30309
https://doi.org/10.1016/j.cgh.2018.06.012
https://doi.org/10.1016/j.cgh.2018.06.012
https://doi.org/10.1002/hep.29477
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Shan et al.

Phase 2b Study Design. Contemp. Clin. Trials 47, 356-365. doi:10.1016/j.cct.
2016.02.012

Gaborit, B., Darmon, P., Ancel, P., and Dutour, A. (2016). Liraglutide for Patients
with Non-alcoholic Steatohepatitis. Lancet 387 (10036), 2378-2379. doi:10.
1016/S0140-6736(16)30734-6

Garcia, L., Hernandez, 1., Sandoval, A., Salazar, A., Garcia, J., Vera, J., et al. (2002).
Pirfenidone Effectively Reverses Experimental Liver Fibrosis. J. Hepatol. 37 (6),
797-805. doi:10.1016/s0168-8278(02)00272-6

Garcia-Tsao, G., Bosch, J., Kayali, Z., Harrison, S. A., Abdelmalek, M. F., Lawitz, E.,
et al. (2020). Randomized Placebo-Controlled Trial of Emricasan for Non-
alcoholic Steatohepatitis-Related Cirrhosis with Severe Portal Hypertension.
J. Hepatol. 72 (5), 885-895. doi:10.1016/j.jhep.2019.12.010

Garcia-Tsao, G., Fuchs, M., Shiffman, M., Borg, B. B., Pyrsopoulos, N., Shetty, K.,
et al. (2019). Emricasan (IDN-6556) Lowers Portal Pressure in Patients with
Compensated Cirrhosis and Severe Portal Hypertension. Hepatology 69 (2),
717-728. doi:10.1002/hep.30199

Gawrieh, S., Guo, X,, Tan, J., Lauzon, M., Taylor, K. D., Loomba, R, et al. (2019). A
Pilot Genome-wide Analysis Study Identifies Loci Associated with Response to
Obeticholic Acid in Patients with NASH. Hepatol. Commun. 3 (12), 1571-1584.
doi:10.1002/hep4.1439

Gilgenkrantz, H., Mallat, A., Moreau, R., and Lotersztajn, S. (2021). Targeting Cell-
Intrinsic Metabolism for Antifibrotic Therapy. J. Hepatol. 74 (6), 1442-1454.
d0i:10.1016/j.jhep.2021.02.012

Gore, E., Bigaeva, E., Oldenburger, A., Jansen, Y., Schuppan, D., Boersema, M.,
et al. (20202019). Investigating Fibrosis and Inflammation in an Ex Vivo NASH
Murine Model. Am. J. Physiol. Gastrointest. Liver Physiol. 318 (2), G336-G351.
doi:10.1152/ajpgi.0020910.1152/ajpgi.00209.2019

Gracia-Sancho, J., Manicardi, N., Ortega-Ribera, M., Maeso-Diaz, R., Guixé-
Muntet, S., Ferndndez-Iglesias, A., et al. (2019). Emricasan Ameliorates
Portal Hypertension and Liver Fibrosis in Cirrhotic Rats through a
Hepatocyte-Mediated Paracrine Mechanism. Hepatol. Commun. 3 (7),
987-1000. doi:10.1002/hep4.1360

Grizzi, F. (2009). Pirfenidone: a Potential Therapeutic Option in the Treatment of
Liver Fibrosis. Clin. Exp. Pharmacol. P 36 (10), 961-962. doi:10.1111/j.1440-
1681.2009.05262.x

Guaraldi, G., Maurice, J. B., Marzolini, C., Monteith, K., Milic, J., Tsochatzis, E.,
etal. (2020). New Drugs for NASH and HIV Infection: Great Expectations for a
Great Need. Hepatology 71 (5), 1831-1844. doi:10.1002/hep.31177

Harrison, S. A., Abdelmalek, M. F., Caldwell, S., Shiffman, M. L., Diehl, A. M.,
Ghalib, R,, et al. (2018a). Simtuzumab Is Ineffective for Patients with Bridging
Fibrosis or Compensated Cirrhosis Caused by Nonalcoholic Steatohepatitis.
Gastroenterology 155 (4), 1140-1153. doi:10.1053/j.gastro.2018.07.006

Harrison, S. A., Dennis, A., Fiore, M. M., Kelly, M. D., Kelly, C. J., Paredes, A. H.,
et al. (2018b). Utility and Variability of Three Non-invasive Liver Fibrosis
Imaging Modalities to Evaluate Efficacy of GR-MD-02 in Subjects with NASH
and Bridging Fibrosis during a Phase-2 Randomized Clinical Trial. PloS one 13
(9), €0203054. doi:10.1371/journal.pone.0203054

Harrison, S. A., Goodman, Z., Jabbar, A., Vemulapalli, R., Younes, Z. H., Freilich,
B., et al. (2020). A Randomized, Placebo-Controlled Trial of Emricasan in
Patients with NASH and F1-F3 Fibrosis. J. Hepatol. 72 (5), 816-827. doi:10.
1016/j.jhep.2019.11.024

Harrison, S. A., Marri, S. R., Chalasani, N., Kohli, R., Aronstein, W., Thompson, G.
A, etal. (2016). Randomised Clinical Study: GR-MD-02, a Galectin-3 Inhibitor,
vs. Placebo in Patients Having Non-alcoholic Steatohepatitis with Advanced
Fibrosis. Aliment. Pharm. Ther. 44 (11-12), 1183-1198. doi:10.1111/apt.13816

Hindson, J. (2020). Obeticholic Acid for the Treatment of NASH. Nat. Rev.
Gastroenterol. Hepatol. 17 (2), 66. doi:10.1038/s41575-020-0264-1

Tacobini, C., Menini, S., Ricci, C., Blasetti Fantauzzi, C., Scipioni, A., Salvi, L., et al.
(2011). Galectin-3 Ablation Protects Mice from Diet-Induced NASH: a Major
Scavenging Role for Galectin-3 in Liver. J. Hepatol. 54 (5), 975-983. doi:10.
1016/}.jhep.2010.09.020

Kahal, H., Abouda, G., Rigby, A. S., Coady, A. M., Kilpatrick, E. S., and Atkin, S. L.
(2014). Glucagon-like Peptide-1 Analogue, Liraglutide, Improves Liver Fibrosis
Markers in Obese Women with Polycystic Ovary Syndrome and Nonalcoholic
Fatty Liver Disease. Clin. Endocrinol. 81 (4), 523-528. d0i:10.1111/cen.12369

Kruger, A. J., Fuchs, B. C., Masia, R., Holmes, J. A., Salloum, S., Sojoodi, M., et al.
(2018). Prolonged Cenicriviroc Therapy Reduces Hepatic Fibrosis Despite

New Drugs for Hepatic Fibrosis

Steatohepatitis in a Diet-Induced Mouse Model of Nonalcoholic
Steatohepatitis. Hepatol. Commun. 2 (5), 529-545. doi:10.1002/hep4.1160
Lebrec, D., Thabut, D., Oberti, F., Perarnau, J. M., Condat, B., Barraud, H., et al.
(2010). Pentoxifylline Does Not Decrease Short-Term Mortality but Does
Reduce  Complications in  Patients with  Advanced Cirrhosis.
Gastroenterology 138 (5), 1755-1762. doi:10.1053/j.gastr0.2010.01.040

Lefebvre, E., Gottwald, M., Lasseter, K., Chang, W., Willett, M., Smith, P. F., et al.
(2016a). Pharmacokinetics, Safety, and CCR2/CCR5 Antagonist Activity of
Cenicriviroc in Participants with Mild or Moderate Hepatic Impairment. Clin.
Transl. Sci. 9 (3), 139-148. doi:10.1111/cts.12397

Lefebvre, E., Moyle, G., Reshef, R., Richman, L. P., Thompson, M., Hong, F., et al.
(2016b). Antifibrotic Effects of the Dual CCR2/CCR5 Antagonist Cenicriviroc
in Animal Models of Liver and Kidney Fibrosis. PloS one 11 (6), e€0158156.
doi:10.1371/journal.pone.0158156

Lin, T., Gao, D. Y,, Liu, Y. C, Sung, Y. C,, Wan, D,, Liu, J. Y., et al. (2016).
Development and Characterization of Sorafenib-Loaded PLGA Nanoparticles
for the Systemic Treatment of Liver Fibrosis. J. Control Release 221, 62-70.
doi:10.1016/j.jconrel.2015.11.003

Liu, C. H, Chern, G. ]., Hsu, F. F., Huang, K. W,, Sung, Y. C,, Huang, H. C,, et al.
(2018). A Multifunctional Nanocarrier for Efficient TRAIL-Based Gene
Therapy against Hepatocellular Carcinoma with Desmoplasia in Mice.
Hepatology 67 (3), 899-913. doi:10.1002/hep.29513

Louvet, A., Diaz, E., Dharancy, S., Coevoet, H., Texier, F., Thévenot, T., et al.
(2008). Early Switch to Pentoxifylline in Patients with Severe Alcoholic
Hepatitis Is Inefficient in Non-responders to Corticosteroids. J. Hepatol. 48
(3), 465-470. doi:10.1016/j.jhep.2007.10.010

Ma, R, Chen, J., Liang, Y., Lin, S., Zhu, L., Liang, X, et al. (2017). Sorafenib: A
Potential Therapeutic Drug for Hepatic Fibrosis and its Outcomes. Biomed.
Pharmacother. 88, 459-468. doi:10.1016/j.biopha.2017.01.107

Mabher, T. M., Corte, T. J., Fischer, A., Kreuter, M., Lederer, D. J., Molina-Molina,
M., et al. (2020). Pirfenidone in Patients with Unclassifiable Progressive
Fibrosing Interstitial Lung Disease: a Double-Blind, Randomised, Placebo-
Controlled, Phase 2 Trial. Lancet Respir. Med. 8 (2), 147-157. doi:10.1016/
$2213-2600(19)30341-8

Meissner, E. G., McLaughlin, M., Matthews, L., Gharib, A. M., Wood, B. ], Levy, E.,
et al. (2016). Simtuzumab Treatment of Advanced Liver Fibrosis in HIV and
HCV-Infected Adults: Results of a 6-month Open-Label Safety Trial. Liver Int.
36 (12), 1783-1792. doi:10.1111/1iv.13177

Muir, A.J., Levy, C., Janssen, H., Montano-Loza, A. J., Shiffman, M. L., Caldwell, S.,
et al. (2019). Simtuzumab for Primary Sclerosing Cholangitis: Phase 2 Study
Results with Insights on the Natural History of the Disease. Hepatology 69 (2),
684-698. doi:10.1002/hep.30237

Neuschwander-Tetri, B. A. (2020). Therapeutic Landscape for NAFLD in 2020.
Gastroenterology 158 (7), 1984-1998. e3. doi:10.1053/j.gastro.2020.01.051

Oberti, F., Pilette, C., Rifflet, H., Maiga, M. Y., Moreau, A., Gallois, Y., et al. (1997).
Effects of Simvastatin, Pentoxifylline and Spironolactone on Hepatic Fibrosis
and Portal Hypertension in Rats with Bile Duct Ligation. J. Hepatol. 26 (6),
1363-1371. doi:10.1016/s0168-8278(97)80473-4

Park, S. H., Kim, D. J., Kim, Y. S,, Yim, H. J., Tak, W. Y., Lee, H. ], et al. (2014).
Pentoxifylline vs. Corticosteroid to Treat Severe Alcoholic Hepatitis: a
Randomised, Non-inferiority, Open Trial. J. Hepatol. 61 (4), 792-798.
doi:10.1016/j.jhep.2014.05.014

Pedrosa, M., Seyedkazemi, S., Francque, S., Sanyal, A., Rinella, M., Charlton, M.,
et al. (2020). A Randomized, Double-Blind, Multicenter, Phase 2b Study to
Evaluate the Safety and Efficacy of a Combination of Tropifexor and
Cenicriviroc in Patients with Nonalcoholic Steatohepatitis and Liver
Fibrosis: Study Design of the TANDEM Trial. Contemp. Clin. Trials 88,
105889. doi:10.1016/j.cct.2019.105889

Peterson, T. C. (1993). Pentoxifylline Prevents Fibrosis in an Animal Model and
Inhibits Platelet-Derived Growth Factor-Driven Proliferation of Fibroblasts.
Hepatology 17 (3), 486-493. d0i:10.1016/0270-9139(93)90062-r

Pinzani, M., Marra, F., Caligiuri, A., DeFranco, R., Gentilini, A., Failli, P., et al.
(1996). Inhibition by Pentoxifylline of Extracellular Signal-Regulated Kinase
Activation by Platelet-Derived Growth Factor in Hepatic Stellate Cells. Br.
J. Pharmacol. 119 (6), 1117-1124. doi:10.1111/j.1476-5381.1996.tb16012.x

Raghu, G., Brown, K. K,, Collard, H. R., Cottin, V., Gibson, K. F., Kaner, R. J., et al.
(2017). Efficacy of Simtuzumab versus Placebo in Patients with Idiopathic

Frontiers in Pharmacology | www.frontiersin.org

12

June 2022 | Volume 13 | Article 874408


https://doi.org/10.1016/j.cct.2016.02.012
https://doi.org/10.1016/j.cct.2016.02.012
https://doi.org/10.1016/S0140-6736(16)30734-6
https://doi.org/10.1016/S0140-6736(16)30734-6
https://doi.org/10.1016/s0168-8278(02)00272-6
https://doi.org/10.1016/j.jhep.2019.12.010
https://doi.org/10.1002/hep.30199
https://doi.org/10.1002/hep4.1439
https://doi.org/10.1016/j.jhep.2021.02.012
https://doi.org/10.1152/ajpgi.0020910.1152/ajpgi.00209.2019
https://doi.org/10.1002/hep4.1360
https://doi.org/10.1111/j.1440-1681.2009.05262.x
https://doi.org/10.1111/j.1440-1681.2009.05262.x
https://doi.org/10.1002/hep.31177
https://doi.org/10.1053/j.gastro.2018.07.006
https://doi.org/10.1371/journal.pone.0203054
https://doi.org/10.1016/j.jhep.2019.11.024
https://doi.org/10.1016/j.jhep.2019.11.024
https://doi.org/10.1111/apt.13816
https://doi.org/10.1038/s41575-020-0264-1
https://doi.org/10.1016/j.jhep.2010.09.020
https://doi.org/10.1016/j.jhep.2010.09.020
https://doi.org/10.1111/cen.12369
https://doi.org/10.1002/hep4.1160
https://doi.org/10.1053/j.gastro.2010.01.040
https://doi.org/10.1111/cts.12397
https://doi.org/10.1371/journal.pone.0158156
https://doi.org/10.1016/j.jconrel.2015.11.003
https://doi.org/10.1002/hep.29513
https://doi.org/10.1016/j.jhep.2007.10.010
https://doi.org/10.1016/j.biopha.2017.01.107
https://doi.org/10.1016/S2213-2600(19)30341-8
https://doi.org/10.1016/S2213-2600(19)30341-8
https://doi.org/10.1111/liv.13177
https://doi.org/10.1002/hep.30237
https://doi.org/10.1053/j.gastro.2020.01.051
https://doi.org/10.1016/s0168-8278(97)80473-4
https://doi.org/10.1016/j.jhep.2014.05.014
https://doi.org/10.1016/j.cct.2019.105889
https://doi.org/10.1016/0270-9139(93)90062-r
https://doi.org/10.1111/j.1476-5381.1996.tb16012.x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Shan et al.

Pulmonary Fibrosis: a Randomised, Double-Blind, Controlled, Phase 2 Trial.
Lancet Respir. Med. 5 (1), 22-32. doi:10.1016/52213-2600(16)30421-0

Ratziu, V., Harrison, S. A., Francque, S., Bedossa, P., Lehert, P., Serfaty, L., et al.
(2016). Elafibranor, an Agonist of the Peroxisome Proliferator-Activated
Receptor-a and -8, Induces Resolution of Nonalcoholic Steatohepatitis
without Fibrosis Worsening. Gastroenterology 150 (5), 1147-1159. eb5.
doi:10.1053/j.gastro.2016.01.038

Reimer, K. C., Wree, A., Roderburg, C., and Tacke, F. (2020). New Drugs for
NAFLD: Lessons from Basic Models to the Clinic. Hepatol. Int. 14 (1), 8-23.
doi:10.1007/s12072-019-10001-4

Roehlen, N., Crouchet, E., and Baumert, T. F. (2020). Liver Fibrosis: Mechanistic
Concepts and Therapeutic Perspectives. Cells 9 (4), 875. do0i:10.3390/
cells9040875

Roth, J. D., Veidal, S. S., Fensholdt, L., Rigbolt, K., Papazyan, R,, Nielsen, J. C., et al.
(2019). Combined Obeticholic Acid and Elafibranor Treatment Promotes
Additive Liver Histological Improvements in a Diet-Induced Ob/ob Mouse
Model of Biopsy-Confirmed NASH. Sci. Rep. 9 (1), 9046. doi:10.1038/s41598-
019-45178-z

Rotman, Y., and Sanyal, A. J. (2017). Current and Upcoming Pharmacotherapy for
Non-alcoholic Fatty Liver Disease. Gut 66 (1), 180-190. doi: doi:10.1136/gutjnl-
2016-312431

Salah, M. M., Ashour, A. A., Abdelghany, T. M., Abdel-Aziz, A. H., and Salama, S.
A. (2019). Pirfenidone Alleviates Concanavalin A-Induced Liver Fibrosis in
Mice. Life Sci. 239, 116982. doi:10.1016/j.1fs.2019.116982

Sandoval-Rodriguez, A., Monroy-Ramirez, H. C., Meza-Rios, A., Garcia-Banuelos,
J., Vera-Cruz, J., Gutiérrez-Cuevas, J., et al. (2020). Pirfenidone Is an Agonistic
Ligand for PPARa and Improves NASH by Activation of SIRT1/LKB1/
PAMPK. Hepatol. Commun. 4 (3), 434-449. doi:10.1002/hep4.1474

Sanyal, A. J., Harrison, S. A., Ratziu, V., Abdelmalek, M. F., Diehl, A. M., Caldwell,
S., et al. (2019). The Natural History of Advanced Fibrosis Due to Nonalcoholic
Steatohepatitis: Data from the Simtuzumab Trials. Hepatology 70 (6),
1913-1927. doi:10.1002/hep.30664

Satapathy, S. K., Sakhuja, P., Malhotra, V., Sharma, B. C., and Sarin, S. K. (2007).
Beneficial Effects of Pentoxifylline on Hepatic Steatosis, Fibrosis and
Necroinflammation in Patients with Non-alcoholic ~ Steatohepatitis.
J. Gastroenterol. Hepatol. 22 (5), 634-638. doi:10.1111/j.1440-1746.2006.
04756.x

Schuppan, D., Ashfaq-Khan, M., Yang, A. T., and Kim, Y. O. (2018). Liver Fibrosis:
Direct Antifibrotic Agents and Targeted Therapies. Matrix Biol. 68-69,
435-451. doi:10.1016/j.matbio.2018.04.006

Shen, B, and Lu, L. G. (2021). Efficacy and Safety of Drugs for Nonalcoholic
Steatohepatitis. J. Dig. Dis. 22 (2), 72-82. doi:10.1111/1751-2980.12967

Shiffman, M., Freilich, B., Vuppalanchi, R., Watt, K., Chan, J. L., Spada, A, et al.
(2019). Randomised Clinical Trial: Emricasan versus Placebo Significantly
Decreases ALT and Caspase 3/7 Activation in Subjects with Non-alcoholic
Fatty Liver Disease. Aliment. Pharm. Ther. 49 (1), 64-73. doi:10.1111/apt10.
1111/apt.15030

Siddiqui, M. S, Van Natta, M. L, Connelly, M. A, Vuppalanchi, R,
Neuschwander-Tetri, B. A., Tonascia, J., et al. (2020). Impact of Obeticholic
Acid on the Lipoprotein Profile in Patients with Non-alcoholic Steatohepatitis.
J. Hepatol. 72 (1), 25-33. doi:10.1016/j.jhep.2019.10.006

Solhi, R, Lotfi, A. S., Lotfinia, M., Farzaneh, Z., Piryaei, A., Najimi, M., et al. (2022).
Hepatic Stellate Cell Activation by TGFf Induces Hedgehog Signaling and
Endoplasmic Reticulum Stress Simultaneously. Toxicol Vitro 80, 105315.
doi:10.1016/j.tiv.2022.105315

Sumida, Y., Okanoue, T., and Nakajima, A. (2019). Phase 3 Drug Pipelines in the
Treatment of Non-alcoholic Steatohepatitis. Hepatol. Res. 49 (11), 1256-1262.
doi:10.1111/hepr.13425

Sumida, Y., and Yoneda, M. (2018). Current and Future Pharmacological
Therapies for NAFLD/NASH. J. Gastroenterol. 53 (3), 362-376. doi:10.1007/
500535-017-1415-1

New Drugs for Hepatic Fibrosis

Sung, Y. C, Liu, Y. C, Chao, P. H,, Chang, C. C,, Jin, P. R,, Lin, T. T., et al. (2018).
Combined Delivery of Sorafenib and a MEK Inhibitor Using CXCR4-Targeted
Nanoparticles Reduces Hepatic Fibrosis and Prevents Tumor Development.
Theranostics 8 (4), 894-905. doi:10.7150/thno.21168

Thabut, D., Routray, C., Lomberk, G., Shergill, U., Glaser, K., Huebert, R,, et al.
(2011). Complementary Vascular and Matrix Regulatory Pathways Underlie
the Beneficial Mechanism of Action of Sorafenib in Liver Fibrosis. Hepatology
54 (2), 573-585. doi:10.1002/hep.24427

Ullah, A., Wang, K., Wu, P., Oupicky, D., and Sun, M. (2019). CXCR4-targeted
Liposomal Mediated Co-delivery of Pirfenidone and AMD3100 for the
Treatment of TGFf-Induced HSC-T6 Cells Activation. Int. J. Nanomedicine
14, 2927-2944. doi:10.2147/IJN.S171280

Verma, N., Kumar, P., Mitra, S., Taneja, S., Dhooria, S., Das, A., et al. (2017). Drug
Idiosyncrasy Due to Pirfenidone Presenting as Acute Liver Failure: Case Report
and Mini-Review of the Literature. Hepatol. Commun. 2 (2), 142-147. doi:10.
1002/hep4.1133

Verma-Gandhu, M., Peterson, M. R, and Peterson, T. C. (2007). Effect of Fetuin, a
TGFbeta Antagonist and Pentoxifylline, a Cytokine Antagonist on Hepatic
Stellate Cell Function and Fibrotic Parameters in Fibrosis. Eur. J. Pharmacol.
572 (2-3), 220-227. doi:10.1016/j.ejphar.2007.06.039

Wang, M. N,, Yu, H. T,, Li, Y. Q, Zeng, Y., Yang, S., Yang, G. P, et al. (2021).
Bioequivalence and Pharmacokinetic Profiles of Generic and Branded
Obeticholic Acid in Healthy Chinese Subjects under Fasting and Fed
Conditions. Drug Des. Devel Ther. 15, 185-193. doi:10.2147/DDDT10.2147/
DDDT.S289016

Ward, A, and Clissold, S. P. (1987). Pentoxifylline. A Review of its
Pharmacodynamic and Pharmacokinetic Properties, and its Therapeutic
Efficacy. Drugs 34 (1), 50-97. doi:10.2165/00003495-198734010-00003

Younossi, Z. M., Ratziu, V., Loomba, R., Rinella, M., Anstee, Q. M., Goodman, Z.,
etal. (2019). Obeticholic Acid for the Treatment of Non-alcoholic Steatohepatitis:
Interim Analysis from a Multicentre, Randomised, Placebo-Controlled Phase 3
Trial. Lancet 394 (10215), 2184-2196. doi:10.1016/S0140-6736(19)33041-7

Zein, C. O., Lopez, R,, Fu, X,, Kirwan, J. P., Yerian, L. M., McCullough, A. J., et al.
(2012). Pentoxifylline Decreases Oxidized Lipid Products in Nonalcoholic
Steatohepatitis: New Evidence on the Potential Therapeutic Mechanism.
Hepatology 56 (4), 1291-1299. doi:10.1002/hep.25778

Zhang, Y., Jones, K. D., Achtar-Zadeh, N., Green, G., Kukreja, J., Xu, B, et al.
(2019). Histopathological and Molecular Analysis of Idiopathic Pulmonary
Fibrosis Lungs from Patients Treated with Pirfenidone or Nintedanib.
Histopathology 74 (2), 341-349. doi:10.1111/his.13745

Zoubek, M. E., Trautwein, C., and Strnad, P. (2017). Reversal of Liver Fibrosis:
From Fiction to Reality. Best. Pract. Res. Clin. Gastroenterol. 31 (2), 129-141.
doi:10.1016/j.bpg.2017.04.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shan, Wang, Zhai, Meng, Liu and Lv. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

June 2022 | Volume 13 | Article 874408


https://doi.org/10.1016/S2213-2600(16)30421-0
https://doi.org/10.1053/j.gastro.2016.01.038
https://doi.org/10.1007/s12072-019-10001-4
https://doi.org/10.3390/cells9040875
https://doi.org/10.3390/cells9040875
https://doi.org/10.1038/s41598-019-45178-z
https://doi.org/10.1038/s41598-019-45178-z
https://doi.org/10.1136/gutjnl-2016-312431
https://doi.org/10.1136/gutjnl-2016-312431
https://doi.org/10.1016/j.lfs.2019.116982
https://doi.org/10.1002/hep4.1474
https://doi.org/10.1002/hep.30664
https://doi.org/10.1111/j.1440-1746.2006.04756.x
https://doi.org/10.1111/j.1440-1746.2006.04756.x
https://doi.org/10.1016/j.matbio.2018.04.006
https://doi.org/10.1111/1751-2980.12967
https://doi.org/10.1111/apt10.1111/apt.15030
https://doi.org/10.1111/apt10.1111/apt.15030
https://doi.org/10.1016/j.jhep.2019.10.006
https://doi.org/10.1016/j.tiv.2022.105315
https://doi.org/10.1111/hepr.13425
https://doi.org/10.1007/s00535-017-1415-1
https://doi.org/10.1007/s00535-017-1415-1
https://doi.org/10.7150/thno.21168
https://doi.org/10.1002/hep.24427
https://doi.org/10.2147/IJN.S171280
https://doi.org/10.1002/hep4.1133
https://doi.org/10.1002/hep4.1133
https://doi.org/10.1016/j.ejphar.2007.06.039
https://doi.org/10.2147/DDDT10.2147/DDDT.S289016
https://doi.org/10.2147/DDDT10.2147/DDDT.S289016
https://doi.org/10.2165/00003495-198734010-00003
https://doi.org/10.1016/S0140-6736(19)33041-7
https://doi.org/10.1002/hep.25778
https://doi.org/10.1111/his.13745
https://doi.org/10.1016/j.bpg.2017.04.005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	New Drugs for Hepatic Fibrosis
	Introduction
	Belapectin (Galactoarabino-Rhamnogalacturonate, GR-MD-02)
	Cenicriviroc (TAK-652, TBR-652)
	Elafibranor (GFT505)
	Emricasan (IDN-6556, PF-03491390)
	Liraglutide (Victoza)
	Obeticholic Acid (INT-747, 6-ECDCA, 6α-Ethylchenodeoxycholic Acid)
	Pentoxifylline
	Pirfenidone
	Simtuzumab (GS-6624, INN, SIM)
	Sorafenib (BAY43-9006, Nexavar)
	Conclusion and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


