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Liver fibrosis is an abnormal wound repair response caused by a variety of chronic liver
injuries, which is characterized by over-deposition of diffuse extracellular matrix (ECM)
and anomalous hyperplasia of connective tissue, and it may further develop into liver
cirrhosis, liver failure or liver cancer. To date, chronic liver diseases accompanied with
liver fibrosis have caused significant morbidity and mortality in the world with increasing
tendency. Although early liver fibrosis has been reported to be reversible, the detailed
mechanism of reversing liver fibrosis is still unclear and there is lack of an effective
treatment for liver fibrosis. Thus, it is still a top priority for the research and development
of anti-fibrosis drugs. In recent years, many strategies have emerged as crucial means
to inhibit the occurrence and development of liver fibrosis including anti-inflammation
and liver protection, inhibition of hepatic stellate cells (HSCs) activation and proliferation,
reduction of ECM overproduction and acceleration of ECM degradation. Moreover, gene
therapy has been proved to be a promising anti-fibrosis method. Here, we provide an
overview of the relevant targets and drugs under development. We aim to classify and
summarize their potential roles in treatment of liver fibrosis, and discuss the challenges
and development of anti-fibrosis drugs.
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INTRODUCTION

Liver fibrosis is an abnormal repair reaction for chronic liver injury caused by various causes, such
as chronic hepatitis B (CHB), chronic hepatitis C (CHC) and alcoholic fatty liver disease (AFLD).
It is characterized by diffuse excessive production and deposition of extracellular matrix (ECM) in
liver (Poynard et al., 1997; Benhamou et al., 1999; Pinzani and Macias-Barragan, 2010; Povero et al.,
2010). Organism initiates pro-inflammatory mechanism firstly when the injury accumulates. With
the pro-inflammatory reaction, the normal structure and physiological function of the liver tissues
are gradually destroyed, which causes the production of scar tissues replacing the liver parenchyma.
It further develops into liver cirrhosis, liver failure or liver cancer, which eventually leads to the
death of the patients (Zoubek et al., 2017).

In recent years, with the in-depth study of the occurrence and development mechanism of liver
fibrosis and the use of clinical drug, it is found that cleaning pathogens or removing etiology, such
as blocking or curing virus infection, has the potential of reversing liver fibrosis. Yet, there are still
many great difficulties in the reversal of liver fibrosis. Although many anti-fibrotic candidate drugs
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have shown good results in experimental animal models, their
anti-fibrotic effects in clinical trials remain very limited.

In this review, we classify and summarize the relevant targets
and drugs under research and development for the treatment
of liver fibrosis at home and abroad, and we also explore their
potential roles and curative effects, and discuss the challenges in
the research and development of anti-fibrosis drugs.

PATHOGENESIS OF LIVER FIBROSIS

Liver fibrosis is caused by chronic liver injuries which can
be induced by virus infection, autoimmune diseases, metabolic
diseases, drug toxicity, alcoholic liver disease (ALD), non-
alcoholic fatty liver disease (NAFLD) and so on (de Alwis and
Day, 2008; Pinzani and Macias-Barragan, 2010). With short-
term liver injury, liver fibrosis will not occur due to the balance
of pro-fibrosis and anti-fibrosis mechanisms. However, when
a long-term or chronic liver injury occurs, the hepatocyte
membrane is destroyed, which causes hepatocyte’s necrosis and
apoptosis. The injured hepatocyte releases damage-associated
molecular patterns (DAMPs) which stimulate the transformation
of quiescent hepatic stellate cells (HSCs) into activated ones
directly. And then, fibrogenic phenotype of HSCs is activated,
and excessive ECM was produced with the main components
of type I and III collagen and fibronectin, leading to the
balance between matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinase (TIMPs), which regulate the
synthesis and degradation of ECM, to be broken. MMPs
that promote ECM degradation decrease, while TIMPs that
inhibit MMPs increase. The imbalance between MMPs and
TIMPs leads to the excessive deposition of ECM in the Disse
space and the formation of scar (Zhu et al., 2004; Tacke
and Weiskirchen, 2012). The imbalance between pro-fibrosis
and anti-fibrosis mechanisms results in the destruction of
liver tissue structure and normal physiological function, and
eventually leads to the formation of liver fibrosis. Moreover,
the activated HSCs have increased contractility, express alpha
smooth muscle actin (α-SMA) highly, and secrete cytokines,
such as transforming growth factor beta 1 (TGF-β1), platelet
derived growth factor (PDGF), and connective tissue growth
factor (CTGF). The autocrine of activated HSCs further activates
HSCs continuously. And activated HSCs also secrete chemokines,
which move to the injured liver site, chemotactically accumulate
in the inflammatory compartment and aggravate inflammatory
damage. In addition, DAMPs released by injured hepatocytes
stimulate the activation of Kupffer cells and other immune
cells which further stimulate the activation of HSCs and
maintain its survival via secreting pro-inflammatory and pro-
fibrotic factors to induce inflammation, such as PDGF, TGF-
β1, tumor necrosis factor alpha (TNF-α) and interleukin-
1 beta (IL-1β), and activating TGF-β1/Smad signal pathway,
mitogen-activated protein kinase (MAPK) signal pathway and
other signal pathways. Furthermore, Kupffer cells also secrete
chemokine (C-C motif) ligand 2 (CCL2) and CCL5, which recruit
monocytes to inflammatory injured site. Moreover, monocytes
further cause hepatocyte injury, promote HSCs activation

and aggravate inflammation and fibrosis by synthesizing
and secreting pro-inflammatory and pro-fibrogenic substances
including apoptosis-signal-regulating kinase 1 (ASK1), Pan-
caspase, Galectin-3 (Gal-3) and so on (Aydin and Akcali,
2018; Roehlen et al., 2020). In addition, TGF-β1 stimulates
monocytes to differentiate into macrophages. Macrophages
produce inflammatory mediators, such as IL-1 and IL-6, which
promotes the aggravation of the inflammatory response and the
continuous activation and survival of HSCs (Li et al., 2006).
The paracrine of Kupffer cells and macrophages affects the
activation of HSCs. The pathogenesis of liver fibrosis is shown
in Figure 1.

PROGRESS IN THE TREATMENT OF
LIVER FIBROSIS

Etiological Treatment
Chronic liver disease is a major health problem in the world,
and it causes about 2 million deaths every year. Nowadays,
liver cirrhosis among chronic liver diseases has become the
11th most common cause of death in the world (Asrani et al.,
2019). As an early stage of liver cirrhosis, liver fibrosis is a
reversible and complex pathological process caused by various
chronic liver diseases, just as organ fibrosis is a feature of the
progression of chronic inflammatory diseases. Therefore, it is
a top priority for the treatment of liver fibrosis. Etiological
treatment, that is to say, elimination of primary pathogenic
factors, is the primary countermeasure of anti-liver fibrosis. If the
etiologies were effectively suppressed or removed, it will reduce
the persistent liver injury and have a magnificent meaning in
further blocking or reversing liver fibrosis.

The main cause of chronic liver diseases and liver fibrosis
is hepatitis virus infection, such as CHB and CHC. Thus, anti-
hepatitis virus therapy plays an important role in the treatment
of liver fibrosis. At present, the main drugs for the treatment
of CHB are nucleotide analogs and interferon. Entecavir, a first-
line antiviral drug, was used to treat 120 CHB patients with
liver fibrosis, among whom 54 patients (45%) showed fibrosis
regression after 78 weeks of antiviral treatment, indicating that
liver hardness continued to decrease and liver fibrosis was
alleviated after effective antiviral treatment (Wu et al., 2018).
Tenofovir effectively inhibited hepatic fibrosis in 148 patients
with advanced fibrosis or liver cirrhosis complicated with human
immunodeficiency virus-hepatitis B virus (HIV-HBV) infection
(Boyd et al., 2010). Nowadays, the most effective treatment
of CHC is the use of direct-acting antiviral agents (DAAs)
(Premkumar and Dhiman, 2018). One of the commonly used
DAAs is epclusa, “the third generation product of Gilead,”
which is the compound tablet of velpatasvir and sofosbuvir
(Abramowicz et al., 2017). Sofosbuvir is a nucleoside HCV
NS5B polymerase inhibitor and it was explored in a prospective
study, the results of which showed that liver fibrosis score and
liver hardness decreased significantly in 32 CHC patients with
liver fibrosis after 12 weeks of treatment (Bernuth et al., 2016).
Epclusa, as a pan-genotypic drug, is used for all 6 genotypes
of hepatitis C, and its cure rate for hepatitis C is up to 98%,
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FIGURE 1 | Pathogenesis of liver fibrosis. Activation of HSCs is a crucial step of the occurrence and progression of liver fibrosis. Quiescent HSCs are activated to
fibrogenic phenotype by DAMPs released by injured hepatocytes. Activated HSCs are continuously activated and proliferated by paracrine and autocrine. They
secret abundant fibrogenic cytokines and produce excessive ECM, which causes the break of the balance of pro-fibrosis/anti-fibrosis mechanism. The pro-fibrosis
mechanism leads to the abnormal formation of scar and eventually induces liver fibrosis (Tacke and Weiskirchen, 2012; Roehlen et al., 2020).

higher than that of sofosbuvir. However, the use of epclusa is
limited by the restrictions of medical insurance. Moreover, “the
fourth generation product of Gilead” vosevi, which is based on
epclusa with addition of voxilaprevir was approved to be listed
in China at the end of December 2019. Its treatment spectrum
is wider than epclusa. It is used to treat hepatitis C patients
who failed to be treated with epclusa, and the cure rate is close
to 100% (Link et al., 2019). Therefore, liver fibrosis caused by
these chronic diseases is treated or even reversed because of
the cure of these chronic diseases, that is, the removal of the
cause. In addition, autoimmune hepatitis (AIH), drug-induced
liver injury (DILI), non-alcoholic steatohepatitis (NASH), and
alcoholic steatohepatitis (ASH) are also the main causes of liver
fibrosis (Mueller et al., 2010; Valera et al., 2011; Tacke and
Weiskirchen, 2021; Wan et al., 2021). It has been reported
that fibrosis and histological activity index of 54 AIH patients
with liver fibrosis who received immunosuppressive therapy
decreased significantly (Valera et al., 2011). The results showed
that immunosuppressive therapy is an important method for
reversing liver fibrosis of AIH. Moreover, the DILI patients
with liver fibrosis should reduce or stop the use of the related
drugs which induced liver injury and fibrosis. Also, the patients
with liver fibrosis caused by NASH should balance diet, take

more exercise and control weight, while patients with ASH must
abstain from alcohol.

Anti-inflammatory and Liver Protection
Anti-inflammatory Treatment
The occurrence and development of fibrosis is always
accompanied with inflammatory response. In liver injury,
Kupffer cells firstly cause injury and initiate inflammatory
cascade reaction, release a variety of inflammatory factors and
secrete CCL2/5 to recruit inflammatory monocytes, macrophages
and lymphocytes to the injury site. Macrophages release ASK1,
TNF-α and pan-caspase, which further aggravates inflammatory
injury. In addition, Kupffer cells also produce cytokines,
such as TGF-β1, PDGF, IL-6 and Gal-3, which promote the
activation and proliferation of HSCs. Furthermore, peroxisome
proliferators-activated receptors (PPARs), as a kind of regulatory
factor against liver fibrosis, are inhibited by activated HSCs,
resulting in excessive proliferation and deposition of ECM and
the occurrence and development of liver fibrosis (Li and Wang,
2007; Luo et al., 2017). Moreover, chronic liver diseases are
generally accompanied by increased de novo lipogenesis (DNL)
in the liver (Tamura and Shimomura, 2005; Ameer et al., 2014).
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Fat is broken down into fatty acids under the action of lipase, and
the excessive accumulation of fatty acids in the liver also leads to
hepatotoxicity and inflammation (Ameer et al., 2014). Therefore,
it is an important measure to prevent liver fibrosis by inhibiting
the accumulation of fat in the liver and reducing the secretion
of inflammatory cytokines and the release of apoptotic proteins.
The research progress of related drugs is summarized in Table 1.

After liver injury, the overproduction of chemokine
CCL2/CCL5 is induced in livers of mouse and human, which is
related to the severity of liver fibrosis. In the two models of liver
fibrosis induced by carbon tetrachloride (CCl4) and methionine
and choline-deficient diet, it was found that Ccl5−/− mice
showed a reduction of HSCs activation, immune cell infiltration
and liver fibrosis. Met-CCL5, an antagonist of chemokine (C-C
motif) receptor 5 (CCR5), inhibited the migration, proliferation
and collagen secretion of HSCs effectively, ameliorated the liver
fibrosis in experimental model mice significantly, and accelerated
the regression of fibrosis (Berres et al., 2010). Therefore, it is
feasible to reduce experimental liver fibrosis by antagonizing
CCR5. Cenicriviroc (CVC) is a dual inhibitor of CCR2 and
CCR5, and it reduced the amassment and accumulation of
pro-inflammatory macrophages in animal models of liver fibrosis
(Lefebvre et al., 2016). In a phase II clinical trial (NCT02217475)
of NASH patients with liver fibrosis, fibrosis was ameliorated in
patients who were administered with 150 mg CVC for 2 years
with good safety (Friedman et al., 2016). The results of a phase
2b clinical trial of 289 patients showed that there were twice as
many patients with ameliorated fibrosis and no deterioration
of steatohepatitis in the 150 mg CVC group as in the placebo
group after one-year treatment. The safety and tolerance of
CVC were comparable to placebo in Freidman’s research, and
the main adverse reactions are fatigue, diarrhea, and headache
(Friedman et al., 2018; Tacke, 2018). However, a phase III study
(NCT03028740) of patients with advanced fibrosis and cirrhosis,
aiming to assess the efficacy and safety of CVC treatment, was
terminated recently due to lack of efficacy (Anstee et al., 2020).
It reveals that the effectiveness of inhibiting CCR2/CCR5 in the
treatment of liver fibrosis still needs more studies to verify.

Overexpression of galactose lectin significantly promoted
inflammatory response and aggravated liver fibrosis. Gal-3, as
a galactose lectin with immune effects, is secreted by activated
Kupffer cells and macrophages in inflammatory state and
participates in the pathophysiological process of liver fibrosis
(Gudowska et al., 2015; Moon et al., 2018). Belapectin (GR-MD-
02), as a Gal-3 inhibitor, is a complex carbohydrate drug, and
it was proved to be safe and well tolerated at the maximum
dose of 8 mg/kg in phase I clinical trial of NASH patients
with advanced fibrosis (Harrison et al., 2016). However, a
recent phase 2b multicenter placebo-controlled clinical trial
(NCT02462967) of belapectin in patients with liver fibrosis,
NASH, and cirrhosis showed that it was tolerated and safe in a
dose of 2 mg/kg for 52 weeks compared with placebo, but had
no significant effect on reduction of fibrosis or NASH scores.
A high proportion of patients in the placebo group and the
belapectin group had adverse reactions such as infections and
gastrointestinal diseases, with the severity of grade 1 (mild)
or grade 2 (moderate). Yet, Chalasani’s research showed that

belapectin with dose of 2 mg/kg reduced hepatic venous pressure
gradient and variceal development in NASH patients without
esophageal varices (Chalasani et al., 2020). In addition, Aspirin,
a classic antipyretic and analgesic, was founded that it exerted
a significant anti-inflammatory effect by inhibiting IL-6 and
TNF-α and reducing the number of inflammatory cells, and it
also inhibited the activation and proliferation of HSCs and liver
fibrosis via inhibition of toll-like receptor 4 (TLR4)/nuclear factor
kappa beta (NF-κB) signal pathway. These results suggested that
Aspirin is a potential effective drug for the treatment of liver
fibrosis (Liu et al., 2020). IL-1β and IL-1 receptor antagonist
(IL-1ra) are important mediators of chronic liver disease. IL-
1ra treatment had a certain anti-fibrotic effect in the bile duct
ligation-induced (BDL) mouse model of hepatic fibrosis, but it
had a pro-fibrotic effect in the CCl4-induced mouse model of
hepatic fibrosis (Meier et al., 2019). This suggests that blocking
IL-1-mediated inflammation may only be selectively beneficial
to liver fibrosis.

De novo lipogenesis plays a major role in fatty acid metabolism
and is a necessary link for HSCs activation. The first step of
the synthesis of DNL is catalyzed by acetyl-CoA carboxylase
(ACC) as the rate-limiting enzyme. It has been reported that
the inhibition of ACC decreased liver steatosis and serum
fibrosis biomarkers in patients with NASH, depressed the pro-
fibrotic activity of HSCs, and reduced the severe degree of liver
fibrosis in diethylnitrosamine (DMN) chemical-induced liver
injury model and high fat diet-induced rat model (Ross et al.,
2020). An ACC small molecule inhibitor, GS-0976, was used in
a phase II randomized placebo-controlled trial (NCT02856555)
of 126 NASH patients with F1–F3 fibrosis. The results showed
that the fibrosis marker TIMP1 declined in a dose-dependent
manner in the patients who were administered 20 mg/d GS-
0976 for 12 weeks, accompanied by 30% decrease in liver fat and
depression of liver injury markers, but there was no change in
liver hardness. In addition, GS-0976 was safe, but the plasma
triglyceride level was > 500 mg/dL observed in 16 patients, which
may cause atherosclerosis (Loomba et al., 2018a). The effects
of GS-0976 on cardiovascular function need long-term studies
to determine. The novel ACC1/2 inhibitor WZ66 was reported
that it significantly improved NASH-related liver function by
reducing steatosis, triglycerides and other lipids, and inhibiting
the activation of Kupffer cells and HSCs in high fat diet-induced
mice model (Gao et al., 2020).

Glucagon-like peptide-1 (GLP-1) directly ameliorated the
state of liver fibrosis by increasing insulin release, reducing
glucagon secretion, decreasing the concentration of liver
enzymes and depressing hepatic steatosis. The GLP-1 analog
liraglutide was carried out in a phase II randomized placebo-
controlled trial (NCT01237119) of 52 patients with NASH.
The liver biopsy results showed that 39% of patients with
continuous administration of 1.8 mg/d liraglutide for 48 weeks
had definite non-alcoholic steatohepatitis improvement without
further exacerbation of liver fibrosis, while only 9% of patients
in the placebo group had improvement. Furthermore, only
9% of patients in the liraglutide group had further fibrosis
compared with 36% in the placebo group. Safety and tolerability
of liraglutide were comparable to placebo, and the main adverse
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TABLE 1 | Anti-hepatic fibrosis drugs related to inhibiting inflammation and protecting hepatocyte cells.

Anti-fibrotic
mechanism

Agent Target Research state NCT number References

Anti-inflammatory Met-CCL5 CCR5 Preclinical study – Berres et al., 2010

Cenicriviroc CCR2/5 Phase 3 NCT03028740 Friedman et al., 2016, 2018;
Tacke, 2018

Belapectin Gal-3 Phase 3 NCT02462967 Harrison et al., 2016;
Chalasani et al., 2020

Aspirin TLR/NF-kB Preclinical study – Liu et al., 2020

GS-0976 ACC Phase 3 NCT02548351 Loomba et al., 2018a

WZ66 ACC1/2 Preclinical study – Gao et al., 2020

Liraglutide GLP-1 Phase 3 NCT02654665 Armstrong et al., 2016

Resmetirom THR-β Phase 2 NCT02912260 Harrison et al., 2019

Inhibition of oxidative
stress

Oroxylin A ROS Preclinical study – Shen et al., 2020

Methyl ferulic acid NOX4/ROS Preclinical study – Cheng et al., 2019

GKT137831 NOX1/4 Phase 2 NCT03226067 Aoyama et al., 2012;
Jiang et al., 2012

Losartan AngII Phase 4 NCT00298714 Colmenero et al., 2009

Inhibition of hepatocyte
apoptosis

VX-166 Pan-caspase Preclinical study – Witek et al., 2009

Emricasan Pan-caspase Phase 2 NCT02138253 Barreyro et al., 2015; Frenette et al.,
2019; Gracia-Sancho et al., 2019;
Harrison et al., 2020a

Pentoxifylline TNF-α Phase 2 NCT02283710 Toda et al., 2009

β-elemene TNF-α Preclinical study – Liu et al., 2011

Selonsertib ASK1 Phase 3 NCT03053050; NCT03053063 Loomba et al., 2018b; Harrison et al.,
2020c; Yoon et al., 2020

events of liraglutide group are gastrointestinal disorders, nausea
and diarrhea with the severity of grade 1 or grade 2 (Armstrong
et al., 2016). Resmetirom (MGL-3196) is a selective thyroid
hormone receptor β agonist with oral activity, which aims to
improve NASH by increasing liver fat metabolism and reducing
lipo-toxicity. The results of a 36-week multicenter randomized
double-blind placebo-controlled trial (NCT02912260) of 348
patients showed that resmetirom decreased liver fat content by
32.9% and 37.3%, respectively, after 12 weeks and 36 weeks
treatment with a dose of 80 mg in patients with F1–F3 fibrosis,
compared with 10.4% and 8.5% in the placebo group. Moreover,
most adverse events were mild or moderate, such as diarrhea and
nausea (Harrison et al., 2019).

Antioxidant Stress
Oxidative stress is an important factor in liver injury and
liver fibrosis. Oxidative stress reaction (ROS) produces excessive
reactive oxygen species and active free radicals in the liver, which
weakens the antioxidant function and causes the increase of
active free radicals in hepatocytes, the decrease of scavenging,
and the destruction of hepatocyte membrane. These results affect
the function of synthesis and degradation of hepatocytes, and
lead to hepatocyte necrosis and apoptosis. In addition, ROS
also promotes the activation of HSCs and liver fibrosis by
causing peroxidation damage to Kupffer cells and neutrophils,
up-regulating the gene expression of collagen type I alpha 2 in the
liver, and triggering inflammation (Schwabe and Brenner, 2006;
Yang et al., 2017).

Up to now, the common anti-oxidative stress and hepatocyte
protection drugs include reduced glutathione, tiopronin,
silymarin, s-allylcysteine (SAC), oroxylin A, methyl ferulic
acid (MFA) and so on. Reduced glutathione protects the
hepatocyte membrane from the damage of active free radicals
by accelerating the scavenging of free radicals. Tiopronin can
not only scavenge free radicals, but also promote hepatocyte
regeneration. Silymarin, as a classical drug for repairing liver
injury, inhibits the formation of lipid peroxide and stabilizes
liver cell membrane. Also, it has the effects of protecting liver
and anti-liver fibrosis. SAC inhibited the fibrosis process and
improved the survival rate of rats with CCl4-induced liver
fibrosis in a dose-dependent manner. Its therapeutic effect
is better than that of N-acetylcysteine (Kodai et al., 2015).
Therefore, SAC is expected to become an effective drug for the
treatment of liver fibrosis. RAP-8 showed anti-fibrotic effect
by inhibiting oxidative stress and promoting cell cycle arrest
(Xu et al., 2019). Oroxylin A effectively alleviated liver fibrosis
by clearing ROS, suppressing phosphatidylinositol 3-kinase
(PI3K)/AKT/mTOR signal transduction, and inhibiting the
secretion of pro-inflammatory cytokines in activated HSCs (Shen
et al., 2020). MFA, a bioactive monomer, has a protective effect on
liver injury. And it inhibited liver fibrosis in CCl4-induced rats by
inhibiting TGF-β1/Smad and NADPH oxidase 4 (NOX4)/ROS
signal pathways, down-regulating the level of procollagen type
III, collagen type IV and laminin, up-regulating the ratio of
MMP2/TIMP1, and inhibiting the synthesis of ECM and the
activation of HSCs (Cheng et al., 2019).
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Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX) is a multicomponent transmembrane enzyme
complex, including six subtypes of NOX1, NOX3, NOX4,
NOX5, DUOX1 and DUOX2. When the cells are subjected to
stimulation, NOX receives the signal to produce ROS, and then
causes oxidative damage. The key cells in the liver to produce
NOX are Kupffer cells and HSCs. Kupffer cells produce only
NOX2, while HSCs produces NOX1, NOX 2 and NOX 4. In the
process of hepatic fibrosis, NOX1, NOX 2 and NOX 4 play a
key role in HSCs activation, proliferation and ECM synthesis,
and NOX4 is involved in hepatocyte apoptosis (De Minicis and
Brenner, 2007; Mortezaee, 2018). As a dual NOX1/4 inhibitor,
GKT137831 reduced the production of ROS in HSCs both in vitro
and in vivo. It significantly inhibited the formation of hepatic
fibrosis and hepatocyte apoptosis in prevention or treatment
groups in mice models of hepatic fibrosis induced by CCl4
and BDL (Aoyama et al., 2012; Jiang et al., 2012). Currently,
GKT137831 is undergoing a fibrotic effect trial (NCT03226067)
on patients with primary cholangitis after 24 weeks of treatment,
which expected to have a satisfactory feedback. Angiotensin II
(Ang II) promoted fibrosis by phosphorylating non-phagocytic
NOX regulatory subunit p47 phox and inducing oxidative
stress. Losartan, as an Ang II receptor blocker, ameliorated
inflammation and fibrosis in 50% of the patients who were
administered with 50 mg/d for 18 months in a clinical trial of
14 HCV patients with liver fibrosis (Colmenero et al., 2009).
However, there is a lack of control study in this trial, and the
reliability of the results needs to be further confirmed.

Inhibition of Hepatocyte Apoptosis
In the process of hepatic fibrosis, hepatocyte death and apoptosis
are the main influencing factors of inflammation and HSCs
activation. Dead hepatocytes release DAMPs to activate HSCs
and Kupffer cells. Hepatocyte apoptosis activated Fas death
receptor, which induced the release of apoptotic bodies, and
finally leaded to fibrogenic response (Mihm, 2018). In addition,
phagocytosis of apoptotic cells activated HSCs (Witek et al.,
2009). Therefore, the inhibition of hepatocyte apoptosis is
beneficial to inhibit inflammation, prevent the activation of HSCs
and reduce liver fibrosis.

Whether it is endogenous or exogenous apoptosis pathway,
the last common step of hepatocyte apoptosis is carried
out by a family of cysteine-proteases termed caspases. Pan-
caspase promoted apoptosis by activating apoptotic protease.
Pan-caspase inhibitor VX-166 inhibited hepatocyte apoptosis,
decreased hepatic steatosis, and postponed the process of fibrosis
in NASH mice model, but didn’t cause significant improvement
in liver injury (Witek et al., 2009). Emricasan, a small molecule
pan-caspase inhibitor, significantly ameliorated liver injury and
fibrosis in NASH mice model by inhibiting caspase activity
and reducing hepatocyte apoptosis, ameliorating inflammatory
environment and inhibiting HSCs activation (Barreyro et al.,
2015). Moreover, Emricasan dramatically ameliorated fibrosis,
portal hypertension and liver function by improving hepatic
sinusoidal microvascular dysfunction in rats with advanced
liver cirrhosis induced by CCl4 (Gracia-Sancho et al., 2019).
Emricasan also improved liver function of patients with severe

liver cirrhosis with good safety, tolerance and similar adverse
reactions compared with placebo group in a 3-month multicenter
phase II randomized clinical trial (NCT02230670) of 74 patients
with liver cirrhosis. The new or worsening decompensation
event in the placebo group was mainly ascites, while that in the
emricasan group was mainly hepatic encephalopathy, which was
generally caused by the patient’s original disease (Frenette et al.,
2019). However, emricasan did not improve liver inflammation
or fibrosis in NASH patients with F1–F3 fibrosis who received
72 weeks of 5 mg/d or 50 mg/d treatment (NCT02686762), but
may cause more severe liver fibrosis and hepatocyte swelling,
which due to the activation of other cell death or necrosis
mechanisms (Harrison et al., 2020a).

Tumor necrosis factor alpha participates in the activation
and expression of apoptotic ligand. Its inhibitor pentoxifylline
prevented porcine serum-induced liver fibrosis in rats by
inhibiting the production of IL-6 and the proliferation of
HSCs. In addition, pentoxifylline decreased the inflammatory
state, reduced oxidative stress and ameliorated the degree
of liver fibrosis in patients with NASH by inhibiting the
transcription of TNF-α gene, but it had no significant effect on
patients with alcoholic hepatitis (Toda et al., 2009). A study
showed that β-elemene prevented hepatic fibrosis by down-
regulating the expression of serum TNF-α and liver CD14 and
decreasing plasma endotoxin in CCl4-induced hepatic fibrosis
rats (Liu et al., 2011).

Another way to reduce hepatocyte death associated with liver
injury is to suppress stress signals. ASK1, which is activated
by a variety of pro-fibrotic factors, activates MAPK signal
pathway, and participates in hepatocyte apoptosis, inflammation
and fibrosis. Selonsertib (GS-4997), a selective ASK1 inhibitor,
inhibited HSCs proliferation and ECM production by blocking
the ASK1/MAPK pathway, and significantly alleviated DMN-
induced liver fibrosis in rats (Yoon et al., 2020). Selonsertib was
used to treat 74 NASH patients with F2–F3 fibrosis for 24 weeks
with dose of 6 mg/d or 18 mg/d in a multicenter phase II
clinical trial. The results demonstrated that selonsertib decreased
fibrosis-related markers and biomarkers in the process of
apoptosis, reduced inflammatory levels, and ameliorated hepatic
fibrosis. Most patients have experienced mild or moderate
adverse reactions, such as headache, nausea and rhinitis. In
addition, three patients in the selonsertib group discontinued
treatment due to serious adverse reactions (Loomba et al.,
2018b; Harrison et al., 2020c). Moreover, the results need to
be confirmed by further studies, because the placebo control
group was not included in this study. Yet, selonsertib had no
anti-fibrotic effect on NASH patients with F3 or F4 fibrosis
after 48 weeks treatment with dose of 6 mg/d or 18 mg/d
in a phase III clinical trial (NCT03053050; NCT03053063)
(Harrison et al., 2020c).

Inhibition of Activation and Proliferation
of Hepatic Stellate Cells
The activation of HSCs is a key event in the occurrence and
development of liver fibrosis. Quiescent HSCs are activated
after being stimulated by liver injury. HSCs are continuously
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activated via TGF-β1, PDGF, CTGF and other cytokines secreted
by Kupffer cells and other cells, which promote the proliferation
and prolong the survival time of HSCs through related signaling
pathways. Furthermore, autocrine action of HSCs also activates
itself (Aydin and Akcali, 2018). In addition, the activation of
HSCs is also promoted via some proteases, such as 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) reductase and dipeptidyl
peptidase-4 (DPP4). The activated HSCs, as the main source
of ECM, lead to the deposition of a large number of ECM,
formation of scar tissue, destruction of normal liver tissue
structure and function, and the occurrence of liver fibrosis.
Therefore, inhibiting the activation and proliferation of HSCs is
the key to alleviate or even reverse hepatic fibrosis. The related
drugs are summarized in Table 2.

Inhibition of TGF-β1/Smad Signal Pathway
Tumor necrosis factor-β1 is a vital profibrotic cytokine in the
development of liver fibrosis. The up-regulation of TGF-β1/Smad
signal pathway is one of the most important factors in the
process of liver fibrosis. During liver injury, TGF-β1 binds to
the type II receptor on HSCs, which recruits and activates type
I receptor via phosphorylation of serine residues. The activated
type I receptor activates receptor-regulated protein Smad2/3
via re-phosphorylation, which separates from the receptor and
forms a complex with Smad4. The complex trans-locates to the
nucleus and down-regulates the expression of Smad7, which
inhibits TGF-β1 by negative feedback, regulates the expression
of fibrosis-related genes and induces the activation, proliferation
and trans-differentiation of HSC into myofibroblasts, promotes
the excessive synthesis and deposition of ECM and finally
aggravates fibrosis (Derynck and Zhang, 2003). Therefore, the
inhibition of TGF-β1/Smad signal pathway plays a critical role
in inhibiting the activation and proliferation of HSCs and
ameliorating liver fibrosis.

Pirfenidone (PFD) is a broad-spectrum anti-fibrotic drug,
which was approved by FDA in 2014 for the treatment
of idiopathic pulmonary fibrosis. Preclinical studies showed
that PFD effectively ameliorated the liver inflammation and
fibrosis induced by concanavalin A, CCl4 and BDL in mice by
significantly reducing the level of serum TGF-β1 and collagen
expression (Garcia et al., 2002; Seniutkin et al., 2018; Salah
et al., 2019). At present, the study of PFD against liver fibrosis
has entered phase II clinical trials. The results of treating 22
patients with HCV infection showed that PFD significantly
ameliorated liver fibrosis in 67% of the patients with continuous
administration for 2 years by significantly decreasing TGF-
β1 levels and ameliorating inflammation, steatosis and liver
function. The adverse events are mild, such as gastritis and
nausea (Flores-Contreras et al., 2014). Yet, because of no placebo
control group in this study, further research is needed to confirm
these results. In addition, a clinical study (NCT04099407) of
prolonged-release formulation pirfenidone (PR-PFD) showed
that it significantly reduced fibrosis in 35% of the 122 patients
who had advanced liver fibrosis with different chronic liver injury
diseases and were treated for one year, by decreasing levels
of TGF-β1 and improving liver function, while there was only
4.1% in non-PR-PFD group. Moreover, only 12% patients had

transient burning or nausea and 7% patients had photosensitivity,
indicating that PR-PFD had good safety in advanced liver
fibrosis (Poo et al., 2020). Therefore, PR-PFD is a potential
candidate drug for anti-fibrosis. The me-better drug of PFD,
Fluorofenidone, alleviated liver fibrosis and liver injury induced
by porcine serum in rats through reducing the activation of HSCs
induced by TGF-β1 and inhibiting TGF-β1/Smad and MAPK
signal pathways (Peng et al., 2019). Furthermore, praziquantel,
as a schistosomicide with good safety, significantly alleviated
liver fibrosis induced by CCl4 in mice by up-regulating the
expression of Smad7 in HSCs, inhibiting TGF-β1/Smad signal
pathway, inhibiting the activation of HSCs and reducing collagen
production (Liu et al., 2019). In addition, ferulic acid effectively
improved hepatic fibrosis in vivo and in vitro by inhibiting the
expression of α-SMA, collagen, fibronectin and other fibrosis
markers in human HSC line LX2 induced by TGF-β1, inhibiting
the protein levels of p-Smad2 and p-Smad3 in CCl4-induced
hepatic fibrosis model, and inhibiting TGF-β1/Smad signal
pathway (Mu et al., 2018).

Although inhibiting TGF-β1/Smad signal pathway is
challenging for liver fibrosis, it still has pros and cons.
TGF-β1/Smad signal pathway is crucial to maintain liver
immune homeostasis through its anti-inflammatory nature
and growth regulatory function. TGF-β1 inhibits the activation
of macrophages and expression of inflammatory factors, such
as TNF-α and MMP-12, in a manner that depends on smad3,
which balances the immune microenvironment (Li et al., 2006).
It has been reported that the levels of TGF-β1 on patients with
null-mild liver fibrosis are higher than those with advanced liver
fibrosis, which hint that TGF-β1 may exert an anti-fibrotic effect
through its anti-inflammatory activity and immune regulatory
functions, as the improvement of liver inflammation can improve
liver fibrosis in patients (Rallón et al., 2011). In addition, TGF-β1
regulates the proliferation, differentiation, survival and functions
of various immune cells, such as T lymphocytes, B lymphocytes,
dendritic cells, and macrophages. Since those immune cells play
an important role in mediating liver homeostasis (Li et al., 2006),
blocking TGF-β1 may lead to disorders of liver homeostasis.
Therefore, it is crucial to focus on how to balance the relationship
between the pro-fibrotic activity, anti-inflammatory activity and
functions of maintaining liver homeostasis of TGF-β1/Smad.

Inhibition of PDGF Receptor-Mediated Signaling
Pathway
Platelet derived growth factor is an important mitogen in
the differentiation of HSCs. During liver injury, Kupffer cells
mediate platelet recruitment in the liver and produce a large
number of PDGF. In addition, endothelial cells and activated
HSCs also express PDGF. The binding of PDGF to its receptor
(PDGFR) induces dimerization and phosphorylation of the
receptor, which in turn phosphorylates tyrosine residues on
different substrates in the cell. These results regulate the
expression level of fibro-genic target genes, such as collagen type
I alpha 1 (COL1a1), TIMPs, MMPs and apoptosis regulatory
factor B cell lymphoma/lewkmia 2 (Bcl2), which leads to the
survival and proliferation of HSCs (Borkham-Kamphorst and
Weiskirchen, 2016). Stimulation of PDGFR activates several
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TABLE 2 | Anti-hepatic fibrosis drugs related to inhibiting HSCs activation and proliferation.

Anti-fibrotic
mechanism

Agent Target Research state NCT number References

Inhibition of
TGF-β1/Smad

Pirfenidone TGF-β1 Phase 2 NCT02161952
NCT04099407

Garcia et al., 2002; Flores-Contreras
et al., 2014; Seniutkin et al., 2018;
Salah et al., 2019

Fluorofenidone TGF-β1 Phase 1 Peng et al., 2019

Praziquantel Smad 7 Preclinical study – Liu et al., 2019

Ferulic acid Smad2/3 Preclinical study – Mu et al., 2018

Inhibition of PDGF Sorafenib PDGFR Phase 3 NCT01849588 Wang et al., 2010; Sung et al., 2018

AZD6244 MEK Preclinical study – Sung et al., 2018

Nilotinib PDGFR Preclinical study – Shiha et al., 2014

Rilpivirine STAT1 Preclinical study – Marti-Rodrigo et al., 2020

Inhibition of CTGF Saracatinib CTGF Preclinical study – Du et al., 2020; Seo et al., 2020

Pioglitazone CTGF Preclinical study – Jia et al., 2007

Curcumin CTGF Preclinical study – Chen and Zheng, 2008

Inhibition of FGF Pegbelfermin FGF Phase 2 NCT02413372 Sanyal et al., 2019a; Verzijl et al.,
2020

NGM282 FGF Phase 2 NCT02443116 Harrison et al., 2018, 2020b

Hydronidone FGFR1 Phase 2 NCT02499562 Liu et al., 2017

Inhibition of
Wnt/β-catenin

ICG001 CBP/β-catenin Preclinical study – Akcora et al., 2018

PrI-724 CBP/β-catenin Phase 2 NCT02195440
NCT03620474

Kimura et al., 2017;
Tokunaga et al., 2017

Octreotide Wnt/β-catenin Preclinical study – Zhang et al., 2018

Inhibition of FXR Obeticholic acid FXR Phase 3 NCT02548351 Neuschwander-Tetri et al., 2015;
Goto et al., 2018; Fan et al., 2019;
Younossi et al., 2019

Cilofexor FXR Phase 2 NCT02854605 Patel et al., 2020

PX20606 FXR Preclinical study – Schwabl et al., 2017

Inhibition of CB1R Rimonaban CB1R Preclinical study – Giannone et al., 2012

SR141716A CB1R Preclinical study – Teixeira-Clerc et al., 2006

JD5037 CB1R Preclinical study – Tan et al., 2020

Inhibition of PPARs Elafibranor PPAR-α/δ Phase 3 NCT01694849 Ratziu et al., 2016

Rosiglitazone PPAR-γ Phase 2 NCT02704403 Wei et al., 2019

Inhibition of HMG-CoA
reductase

Statins HMG-CoA reductase Phase 2 NCT03780673;
NCT02968810;
NCT04072601

Oberti et al., 1997;
Abraldes et al., 2009;
Jang et al., 2018

Inhibition of DPP4 Sitagliptin DPP4 Preclinical study – Iwasaki et al., 2011

Alogliptin DPP4 Preclinical study – Zhang et al., 2019

signal pathways, including Ras/extracellular signal-regulated
protein kinase/MAPK pathway, PI3K/AKT pathway, Janus
kinase/signal transducer and transcriptional activator (STAT)
pathway. Moreover, PDGFR mRNA deletion in hepatocytes
inhibited the up-regulation of PDGFR mRNA expression in
HSCs, decreased activation of HSCs and alleviated liver fibrosis
(Lim et al., 2018). Therefore, the inhibition of PDGFR is useful to
inhibit the proliferation of HSCs and alleviate liver fibrosis.

A study founded that sorafenib up-regulated the expression
of Fas, Fas-L and Caspase-3 by inhibiting PDFGR and VEGFR2,
decreased the ratio of Bcl2 to Bcl2-related protein x (Bax),
inhibited the proliferation of HSCs, promoted apoptosis of HSCs,
reduced collagen accumulation, and alleviated liver fibrosis
(Wang et al., 2010; Sung et al., 2018). However, another
study founded that although sorafenib inhibited the levels of
PDFGR and p-AKT when HSCs were treated with low-dose

sorafenib with sub-micromolar concentration, it still induced the
activation of MAPK in HSCs and promoted the differentiation of
myofibroblasts. Sorafenib and MEK inhibitor AZD6244 jointly
inhibited the contradictory activation of MAPK and HSCs
in vitro through chemokine (C-X-C motif) receptor 4-targeted
nanoparticles delivery, and alleviated liver fibrosis in liver injury
model induced by CCl4 in mice (Sung et al., 2018). Nilotinib,
an inhibitor of tyrosine kinase, down-regulated the level of pro-
fibrosis cytokines by reducing the expression of PDGFR and the
level of TGF-β1, and significantly reduced CCl4-induced hepatic
fibrosis in rats (Shiha et al., 2014). Dihydroartemisinin promoted
the activation of caspase cascade in HSCs, up-regulated Bax, and
down-regulated Bcl, suppressed PI3K/AKT pathway, inhibited
proliferation of HSCs and induced its apoptosis, improved
liver tissue structure, and ameliorated liver fibrosis induced
by BDL in rats (Chen et al., 2016). Asiatic acid inhibited the
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activation of HSCs and the synthesis of ECM by reducing
oxidative stress, inflammation and hepatocyte apoptosis, and
inhibited PI3K/AKT/mTOR signal pathway, which effectively
improved CCl4-induced liver injury and fibrosis in rats (Wei
et al., 2018). Rilpivirine (RPV) is an anti-HIV drug with no
hepatotoxicity reported. It reduced collagen expression in vitro,
and had obvious anti-inflammatory and anti-fibrosis effects
in NAFLD model and rat model of liver fibrosis induced
by CCl4 and BDL. Through selective activation of STAT1,
RPV promoted STAT3-dependent hepatocyte proliferation and
HSCs apoptosis, and had bystander effects on hepatocytes,
which promoted liver regeneration and ameliorated liver fibrosis
(Marti-Rodrigo et al., 2020).

Inhibition of CTGF
Connective tissue growth factor is an important pro-fibrotic
factor in the process of fibrosis, and is induced by TGF-β1. It
promotes the production of ECM and enhances the proliferation,
migration and survival ability of activated HSCs, which promotes
the occurrence and development of liver fibrosis in different liver
chronic diseases (Kovalenko et al., 2009).

It has been reported that pioglitazone inhibited the
development of liver fibrosis by inhibiting the expression
of CTGF and type III collagen in HSCs and preventing the
morphological changes of HSCs induced by TGF-β1 in a dose-
dependent manner (Jia et al., 2007). Curcumin ameliorated
fibrosis by inhibiting the expression of CTGF, preventing the
activation of HSCs in vitro, and reducing the synthesis of ECM
(Chen and Zheng, 2008). Moreover, basic studies have shown
that CTGF small interfering RNA (siRNA) significantly inhibited
the expression of CTGF, type I collagen, type III collagen and
hyaluronic acid, reduced the synthesis and secretion of ECM,
alleviated liver fibrosis and protected liver function (Li et al.,
2004). Additionally, Src family kinases (SFKs), as non-receptor
tyrosine kinases, were activated by CTGF induced by TGF-β1
and had an essential effect on transcription of CTGF (Zhang
et al., 2010). The expression of Src kinases is up-regulated in mice
with liver fibrosis and cirrhosis induced by thioacetamide (TAA),
and the expression of phosphorylated Src kinases is up-regulated
when HSC is activated. Saracatinib, an inhibitor of Src kinases,
attenuated the expression of type I collagen, CTGF and α-SMA
in mice induced by TAA. What’s more, inhibition of Src kinases
increased autophagy flux and reduced liver fibrosis (Seo et al.,
2020). SU6656, a dual inhibitor of Src family and Aurora kinases,
reduced CTGF expression by inhibiting Src kinases in non-
transformed epithelial cells (Cicha et al., 2014). As a member
of SFK, Fyn was activated in the liver of patients with fibrosis
and knockdown Fyn with siRNA or gene knockout significantly
prevented the activation of HSCs and reduced fibrosis in CCl4-
induced mice. Saracatinib treatment decreased the activation of
Fyn, prevented the activation of HSCs, and depressed the severity
of liver fibrosis in mice induced by CCl4 (Du et al., 2020).

Inhibition of Fibroblast Growth Factor
There are several isoforms in the Fibroblast Growth Factor
(FGF) family, which bind to four different receptors (FGFR1-
4). Among them, FGF15/19 and FGF21 could inhibit the

occurrence of liver fibrosis by down-regulating HSCs activation.
In addition, FGFR1-mediated signal transduction is closely
related to hepatic fibrosis and liver cirrhosis. FGF21 inhibits
the activation of HSCs by down-regulating the expression
of TGF-β1, decreasing the phosphorylation level of Smad2/3
and reducing the nuclear translocation of NF-κB. FGF21
also induces apoptosis of activated HSCs by increasing the
expression of caspase 3 and decreasing the ratio of Bcl2 to Bax
(Xu et al., 2016).

Pegbelfermin (BMS-986036) is a polyethylene glycol modified
FGF21 analog. In a multicenter double-blind phase 2a clinical
trial (NCT02413372), 75 NASH patients with F1–F3 fibrosis
were treated with 10 mg or 20 mg pegbelfermin once a day for
16 weeks. The results showed that the absolute liver fat fraction
in the pegbelfermin group was much lower than that in the
placebo group, and most of the adverse events were mild, such
as ascites and varicose, indicating that pegbelfermin ameliorated
NASH, steatosis, liver injury and fibrosis (Sanyal et al., 2019a;
Verzijl et al., 2020). FGF19 is a hormone that regulates the
synthesis of bile acids directly in the liver. The engineered
FGF19 analog NGM282 was injected subcutaneously with 3 mg
or 6 mg to 82 patients with F1–F3 fibrosis for 12 weeks in a
randomized, double-blind, placebo-controlled phase II clinical
trial (NCT02443116). The results indicated that the absolute
liver fat contents were at least 5% lower than the baseline in
20 patients (74%) in the 3 mg group and 22 (79%) patients in
the 6 mg group while in only 2 patients (7%) in the placebo
group (Harrison et al., 2018). This study demonstrated that
NGM282 played a positive role in improving the condition of
patients with NASH. In another open label study, NGM282
with 1 mg or 3 mg administration for 12 weeks improved the
histological characteristics of NASH, reduced fibrosis-related
markers significantly, decreased NASH and fibrosis scores,
and ameliorated fibrosis effectively. And the most common
adverse reactions are mild or moderate abdominal pain, diarrhea
and nausea (Harrison et al., 2020b). The FGFR1 inhibitor
hydronidone improved the inflammation and fibrosis in rats
with hepatic fibrosis induced by CCl4, DMN and human serum
albumin. Hydronidone was well tolerated with no obvious
adverse reaction in phase II clinical trial (NCT02499562),
but its absorption rate and degree decreased via food intake
(Liu et al., 2017).

Inhibition of Wnt/β-Catenin Signal Pathway
Studies have shown that Wnt/β-catenin signal pathway is related
to the activation of HSCs and hepatic fibrosis. Wnt protein
forms a ternary complex with frizzled receptor and lipoprotein
receptor-related protein (LRP)-5/6, which blocks the degradation
of β-catenin. β-catenin is activated with the help of coactivators
such as cyclic-AMP response element binding protein binding
protein (CBP), and then accumulates and easily locates in the
nucleus, which activates the transcription of related target genes
(Ge et al., 2014). During liver injury, Wnt/β-catenin signal
pathway is abnormally activated in activated HSCs and alleviates
liver fibrosis by promoting collagen deposition and epithelial-
mesenchymal transition (EMT) (Nishikawa et al., 2018).
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ICG001 is a small molecular inhibitor that disrupts the
interaction between CBP and β-catenin. ICG001 reduced the
secretion of CCL12 and prevented the infiltration of macrophages
by inhibiting the Wnt/β-catenin signal pathway in HSCs,
which reduced liver inflammation and significantly decreased
the activation of HSCs and the accumulation of ECM in
liver fibrosis model induced by CCl4 in mice (Akcora et al.,
2018). CBP/β-catenin inhibitor PRI-724 improved HCV-induced
liver fibrosis in mice by inhibiting the activation of HSCs
(Tokunaga et al., 2017). In a single-center phase I clinical trial
(NCT02195440), PRI-724 was well tolerated in HCV cirrhotic
patients who were given 10 mg/d or 40 mg/d within 12 weeks.
However, severe liver injury may occur in cirrhotic patients with
HCV given 160 mg/d PRI-724 (Kimura et al., 2017). At present,
a phase 1/2a clinical trial (NCT03620474) of PRI-724 in patients
with hepatitis B or hepatitis C-related liver cirrhosis is under way,
which is expected to have some implications for the study of
PRI-724 in liver fibrosis. Octreotide is an analog of somatostatin.
It significantly inhibited the expression of Wnt1 and β-catenin
in vitro and in vivo, depressed the activation and proliferation of
LX2 and reduced CCl4-induced liver fibrosis in rats (Zhang et al.,
2018). These findings provide more options for the treatment
of liver fibrosis.

Inhibition of Farnesoid-X Receptor
Farnesoid-X receptor (FXR) is an inherent inhibitor of apoptosis
in hepatocytes. It interacts with caspase-8 in the cytoplasm,
prevents the formation of death-induced signal complex and
the activation of caspase-8, mediates the inhibition of HSCs
activation and ameliorates liver fibrosis (Wang et al., 2018). Some
studies found that the lack of FXR aggravated liver fibrosis and
inflammation in mice, indicating that FXR played a key role in
protecting the liver from inflammation and fibrosis (Ferrell et al.,
2019). Obviously, FXR is a very important anti-fibrosis target.

Farnesoid-X receptor agonist obeticholic acid (OCA, INT-
747) is a semisynthetic chenodeoxycholic acid, which has good
anti-fibrotic activity in animal model of liver fibrosis (Goto et al.,
2018; Fan et al., 2019). In 2015, a double-blind, randomized
placebo-controlled phase 2b clinical trial of 283 NASH patients
showed that liver histology improved significantly in 45% patients
after 72 weeks of short-term 25 mg/d OCA treatment, compared
with 21% in the placebo group. But 23% patients in the OCA
group had adverse reactions such as itching, compared with only
6% in the placebo group. These results indicate that the safety of
OCA needs further research to determine (Neuschwander-Tetri
et al., 2015). Recently, the mid-term results of the first 18 months
of a multicenter, randomized placebo-controlled phase III clinical
trial (NCT02548351) of 931 NASH patients with F2–F3 fibrosis
who received long-term treatment with OCA showed that 23%
of the patients in the 25 mg OCA group had a significant
improvement on the severe degree of fibrosis and NASH in
a dose-dependent manner, compared with 12% in the placebo
group. And the most common adverse reaction was pruritus
(Younossi et al., 2019). Cilofexor (GS-9674) is a small non-
steroidal agonist of FXR. In a double-blind placebo-controlled
phase II clinical trial (NCT02854605), 140 patients with NASH
were administered with 30 mg or 100 mg cilofexor for 24 weeks.

The results showed that cilofexor significantly reduced hepatic
steatosis and serum bile acid in NASH patients and was well
tolerated. Moderate to severe itching was more common in the
100 mg cilofexor group (14%) than that in the 30 mg group (4%)
and the placebo group (4%) (Patel et al., 2020). In another study,
FXR agonist PX20606 effectively improved liver fibrosis in CCl4-
induced cirrhotic rats by reducing the expression of collagen
(Schwabl et al., 2017).

Inhibition of Cannabinoid Receptor 1
Endogenous cannabinoid system is involved in the pathogenesis
of liver fibrosis. In normal liver, the expression of cannabinoid
receptor is very low. However, in ALD, NAFLD, liver
regeneration/injury, liver fibrosis/cirrhosis and liver cancer,
cannabinoid receptor 1 (CB1), a kind of G protein-coupled
receptor, is up-regulated in liver myofibroblasts due to
extracellular stimulation, which promotes the development
of liver fibrosis (Teixeira-Clerc et al., 2006; Bataller and Gao,
2013). Therefore, blocking the CB1 signal pathway is expected
to become a new strategy to treat a variety of liver diseases
including liver fibrosis.

Rimonaban, a CB1 receptor (CB1R) antagonist, significantly
reduced inflammation and fibrosis in CCl4-induced cirrhotic rats
by down-regulating the expression of fibrosis and inflammation-
related genes. It showed that even in the late stage of the disease,
pharmacological CB1 antagonism still had a positive effect on
the regression of fibrosis (Giannone et al., 2012). Another CB1R
antagonist SR141716A effectively alleviated hepatic fibrosis in
three chronic liver injury models by inhibiting CB1 to decrease
the expression of TGF-β1 and prevent the accumulation of
fibrogenic cells in the liver (Teixeira-Clerc et al., 2006). JD5037
is a peripheral CB1 antagonist. It attenuated CB1R-regulated
activation of HSCs and liver fibrosis by inhibiting CB1R-
arrestin1/AKT signal pathway, as CB1R,which were induced in
liver sections of patients and mice with hepatic fibrosis, promoted
the activation of HSCs by recruiting beta arrestin1 and activating
AKT signal pathway. Therefore, JD5037 is a potential compound
for anti-hepatic fibrosis (Tan et al., 2020).

Activation of Peroxisome Proliferator Activated
Receptors
Peroxisome proliferators-activated receptors are a family of
nuclear receptors, including PPAR-α, PPAR-β/δ and PPAR-
γ. PPAR-α is a critical regulatory factor against hepatic
fibrosis. PPAR-γ negatively regulates the activity of HSCs in
hepatic fibrosis and reduces the differentiation of myofibroblasts
(Wei et al., 2019).

Elafibranor (GFT-505) is a PPAR-α/δ agonist. In a randomized
placebo-controlled phase II clinical trial (NCT01694849)
involving 276 patients with NASH, the results of continuous
treatment with 120 mg elafibranor for 52 weeks indicated
that elafibranor ameliorated liver fibrosis and liver function
while improving the NASH status of the patients, and was well
tolerated. However, in the intended treatment, there was no
significant difference between the elafibranor group and the
placebo group. Elafibranor caused a slight and reversible increase
in creatinine levels, but it did not cause adverse effects on patients
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with renal insufficiency (Ratziu et al., 2016). Rosiglitazone, a
PPAR-γ agonist, improved BDL-induced liver fibrosis in mice
by regulating NF-κB-TNF-α pathway in a PPAR-γ-dependent
manner, down-regulating the expression of TGF-β1, α-SMA
and type I collagen, inhibiting NF-κB phosphorylation, and
alleviating inflammation, but it did not alleviate liver injury in
Hep Ppar-γ KO mice (Wei et al., 2019). 15-d-PGJ2 (PPAR-γ
natural ligand) or GW7845 (synthetic ligand) significantly
promoted the transformation of TGF-β1-induced activated
HSCs to quiescent phenotype by inhibiting PPAR-γ-dependent
CTGF expression at both mRNA and protein levels in HSCs
(Sun et al., 2009). Crocin, a naturally occurring carotenoid, was
reported that it ameliorated CCl4-induced hepatic fibrosis in
a dose-dependent manner by up-regulating the expression of
PPAR-γ and down-regulating the expression of inflammatory
and hepatic fibrosis-related factors (Chhimwal et al., 2020).

Inhibition of HMG-CoA Reductase
Statins are HMG-CoA reductase inhibitors, which reduce serum
cholesterol levels by inhibiting the activity of HMG-CoA
reductase. The effects of statins on reducing liver inflammation,
oxidative stress and fibrosis have been reported in several
studies on animal models of liver fibrosis (Oberti et al., 1997;
Jang et al., 2018). Yet, the safety of statins in patients with
chronic liver disease and cirrhosis needs to be evaluated in
further research, considering that statins may increase the risk
of rhabdomyolysis due to impaired liver CYP3A4 metabolism.
Moreover, a study reported that 3% of cirrhotic patients who were
administrated with statins had severe rhabdomyolysis (Abraldes
et al., 2009). Currently, three placebo-controlled trials about
statins (NCT03780673; NCT02968810; NCT04072601) are under
way with an extended safety assessment.

Inhibition of Dipeptidyl Peptidase-4
Dipeptidyl peptidase-4 is a serine protease widely expressed on
various cell surfaces, which has an influence on fibronectin-
mediated interaction between hepatocytes and ECM, and
participates in the adhesion of cells to collagen. In addition,
DPP4 is expressed on the surface of activated HSCs. It has
been reported that the DPP4 inhibitor sitagliptin ameliorated
NAFLD (Iwasaki et al., 2011). Alogliptin, which is a classical
DPP4 inhibitor, inhibited the activation of LX2 induced by
TGF-β1 stimulation in vitro. Chronic treatment with alogliptin
reduced hepatic steatosis in mice and protected them from liver
injury in the hepatic fibrosis model induced by CCl4, which
delayed the progression of hepatic fibrosis. Alogliptin also had
a positive effect on ameliorating liver fibrosis via the negative

regulation of HSCs activation (Zhang et al., 2019). This indicates
that alogliptin is also a potential candidate drug for treatment
of liver fibrosis.

Inhibition of ECM Production and
Promotion of ECM Degradation
Diffuse excessive production and deposition of ECM is the main
manifestation of liver fibrosis. The production and degradation
of ECM are in a relative balance under normal circumstances.
However, during liver injury, activated HSCs are the main cells
that produce ECM, resulting in excessive ECM production and
continuous deposition. In addition, the main composition of
ECM also changes from type IV and VI collagen to type I
and III collagen, which increases the density and hardness of
ECM, making it difficult for ECM to be degraded by protease
(Iredale et al., 2013). Therefore, inhibition of ECM production
and promotion of ECM degradation are two essential means
of direct anti-fibrosis. The related drugs are summarized in
Table 3.

Matrix Metalloproteinases/Tissue Inhibitors of
Metalloproteinase
Matrix metalloproteinases/TIMPs are important enzymes that
regulate the deposition and degradation of ECM. MMPs are
the main ECM-degrading enzyme in the liver and their
endogenous inhibitors are TIMPs. MMP2 and MMP14 are highly
expressed in activated HSCs. MMPs degrade ECM under normal
circumstances. But with liver injury, MMPs are inhibited by
TIMPs, which are high expressed. This causes the break of the
balance between deposition and degradation of ECM, which leads
to excessive deposition of ECM and eventually leads to liver
fibrosis (Iredale et al., 2013). Therefore, up-regulation of MMPs
or down-regulation of TIMPs activity is an effective measure to
alleviate liver fibrosis.

Halofuginone, a small molecular derivative of quinolones,
inhibited the expression and synthesis of collagen, reduced the
level of TIMPs and alleviated hepatic fibrosis in rats induced
by TAA and Con A (Bruck et al., 2001; Liang et al., 2013). It
has been reported that Fraxinus rhynchophylla ethanol extract
(FR(EtOH)) had an anti-fibrosis effect in CCl4-induced liver
fibrosis in SD rats. FR(EtOH) effectively alleviated liver lesions
and fibrous connective tissue proliferation by down-regulating
the expression of MMP2, MMP9 and TIMP1 (Peng et al.,
2010). As the main composition of ECM is type I and III
collagen after liver injury and type I collagen is the most
abundant collagen in fibrotic liver, inhibition type I or III
collagen production and accumulation will be beneficial to the

TABLE 3 | Anti-hepatic fibrosis drugs related to inhibiting ECM.

Anti-fibrotic
mechanism

Agent Target Research state NCT number References

regulation of
MMPs/TIMPs

Halofuginone
FR(EtOH)

TIMPs
MMPs/TIMPs

Preclinical study
Preclinical study

-
-

Bruck et al., 2001; Liang et al., 2013
Peng et al., 2010

BMS986263 Hsp47 Phase 1b/2 NCT02227459 Kavita et al., 2019

inhibition of LOX Simtuzumab LOXL2 Phase 2b NCT01707472
NCT01672853

Meissner et al., 2016; Sanyal et al., 2019b
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TABLE 4 | siRNA and mRNA for the treatment of hepatic fibrosis.

Anti-fibrotic mechanism Target pathway/protein Research state NCT number References

siRNA TGF-β1 Preclinical study – Cheng et al., 2009

HDAC2 Preclinical study – Li et al., 2016

β-catenin Preclinical study – Ge et al., 2014

CB1 Preclinical study – Chen et al., 2012

miRNA Miravirsen(miR-122) Phase 2a NCT01200420 Zeng et al., 2015

miR-101 Preclinical study – Lei et al., 2019

miR-29b Preclinical study – Wang et al., 2015

treatment of liver fibrosis. It has been reported that liposome
COL1a1 siRNA specifically inhibited collagen production and
accumulation in liver fibrosis model in mice (Jimenez et al.,
2015). Hsp47, a kind of type I collagen molecular chaperone,
has the ability to block collagen synthesis. Furthermore, Hsp47
siRNA containing vitamin A-coupled liposomes had significant
anti-fibrosis effect in three liver fibrosis models in vivo (Sato
et al., 2008). BMS986263, a kind of Hsp47 siRNA, which delivered
lipid nanoparticles, did not show any toxicity to healthy people
(Kavita et al., 2019). And its phase Ib/2 dose increment study
(NCT02227459) has been completed recently.

Lysyl Oxidase
The Lysyl oxidase (LOX) family promotes the deposition of ECM
by increasing the cross-linking of collagen. Therefore, inhibiting
the LOX family is beneficial to reduce the deposition of ECM and
alleviate liver fibrosis.

Simtuzumab (GS-6624), an antibody of lysyl oxidase-
like protein 2 (LOXL2), decreased the stability of ECM by
antagonizing the collagen cross-linking induced by LOXL2, and
had a good therapeutic effect on liver cirrhosis and fibrosis
induced by NASH. Moreover, simtuzumab was well tolerated in
a 22-week phase II clinical trial (NCT01707472) of 18 patients
with advanced fibrosis. The most common adverse reactions of
simtuzumab treatment are fever, headache, glossitis, etc., which
are mild. In addition, one patient experienced a serious adverse
reaction and recovered after antibiotic treatment (Meissner et al.,
2016). However, a phase Ib clinical trial (NCT01672853) of 234
patients showed that simtuzumab had no effect on preventing the
progression of liver fibrosis in patients with primary sclerosing
cholangitis with a dose of 75 mg or 125 mg for 96 weeks (Sanyal
et al., 2019b). In addition, A study showed that the expression
of LOXL2 decreased rapidly after liver injury compared with
the stable up-regulation of LOX and LOXL1, indicating that
LOXL2 had little effect in liver fibrosis (Perepelyuk et al., 2013).
Future research should solve this problem of selectivity by
specifically targeting LOX1.

Gene Therapy
Liver transplantation is considered to be the only effective
treatment for end-stage liver fibrosis, but it has some
shortcomings, such as difficulty in finding liver source, immune
rejection, poor prognosis and so on. In recent years, gene therapy,
such as antisense oligonucleotide chain, RNA intervention and
decoy oligonucleotides, is expected to solve these problems.

RNA intervention (RNAi) is a technique that uses siRNA
of 21–23 nucleotides to specifically knock out target genes
(Buchman, 2005). It has been reported that the direct knockout of
TGF-β1 via siRNA significantly reduced the expression of α-SMA
and type I collagen in HSC-T6 cells, and played an anti-fibrotic
role in mice and rats with CCl4-induced hepatic fibrosis (Cheng
et al., 2009). Histone deacetylase 2 (HDAC2) is an up-regulated
protein found in HSCs treated with TGF-β1 or in fibrotic liver
tissues induced by CCl4. Blocking the expression of HDAC2 with
siRNA decreased the expression of α-SMA and COL1a1 in HSC-
T6 cells treated with TGF-β1 (Li et al., 2016). β-Catenin siRNA
inhibited collagen synthesis and β-catenin expression in HSCs in
a time-dependent manner, down-regulated Wnt/β-catenin signal
pathway, inhibited the proliferation and induced the apoptosis
of HSC-T6 cell, which prevented the progression of hepatic
fibrosis (Ge et al., 2014). It suggests that β-catenin siRNA provide
a new strategy for the treatment of liver fibrosis. Lentivirus-
mediated CB1 siRNA (CB1-RNAi-LV) significantly inhibited the
expression of CB1 and the activation and proliferation of HSCs
in vitro. CB1-RNAi-LV alleviated DMN-induced liver fibrosis in
rats by inhibiting TGF-β1/Smad signal pathway, reducing the
expression of α-SMA and improving EMT (Chen et al., 2012).
The selective inhibition of CB1 by siRNA provides a new choice
for the treatment of liver fibrosis.

In addition to siRNA-based treatment, microRNA (miRNA)
is also another treatment method for liver fibrosis. MiRNA is
a kind of endogenous non-coding small RNA, which regulates
the expression of RNA after transcription. Miravirsen (SPC3649),
which is a mixture of nucleic acid and DNA, effectively inhibited
the function of miR-122 and reduced liver fibrosis in a phase 2a
study (NCT01200420) of HCV infection (Zeng et al., 2015). MiR-
101, a small non-coding RNA that regulates the MAPK response,
significantly improved the liver function of mice with hepatic
fibrosis induced by CCl4. MiR-101 markedly reduced the damage
of liver parenchyma and postponed liver fibrosis by inhibiting
the levels of α-SMA and COL1a1, reducing the accumulation
of ECM components and inhibiting PI3K/AKT/mTOR signal
pathway (Lei et al., 2019). MiR-29b, a small non-coding RNA
downregulated in fibrotic liver tissues and in primary activated
HSCs, effectively suppressed the expression of Smad3 in HSC
line LX1 and decreased the expression of α-SMA and type I
collagen in mice with hepatic fibrosis induced by CCl4. Moreover,
MiR-29b dramatically prevented the progress of liver fibrosis by
depressing the activation of HSCs and inhibiting the apoptosis
of HSCs induced by PI3K/AKT pathway (Wang et al., 2015). The
related siRNA and mRNA are summarized in Table 4.
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DISCUSSION

The mechanism of hepatic fibrosis formation is complex.
The treatment of hepatic fibrosis aims at many links in its
pathogenesis to reduce or even reverse hepatic fibrosis, mainly
from the aspects of anti-inflammation and liver protection,
inhibition of the proliferation and activation of HSCs, and
depression of the production and deposition of ECM, as shown
in Figure 2 (Campana and Iredale, 2017; Roehlen et al., 2020).

Many causes will lead to the imbalance of pro-fibrosis/anti-
fibrosis mechanism and promote the occurrence and
development of liver fibrosis, such as the excessive production
and secretion of pro-inflammatory cytokines, the increase of
hepatocyte apoptosis, the proliferation of activated HSCs, and
the excessive production and deposition of ECM. On the other
hand, a lot of factors effectively inhibit the occurrence and
development of liver fibrosis, delay the process of fibrosis, and
even reverse fibrosis and return the structure and function of
the liver to normal, including the production and release of
anti-inflammatory cytokines, the proliferation of hepatocyte, the
apoptosis and restoration of resting phenotype of activated HSCs,
as well as the increase of ECM degradation. Therefore, finding
a drug that has the ability to balance pro-fibrosis/anti-fibrosis
mechanism is crucial for treatment of liver fibrosis.

To date, the anti-hepatic fibrosis candidate drugs that are at
the forefront of research with a good development momentum
mainly include OCA, resmetirom, CVC, selonsertib, and

elafibranor. Among them, OCA is very promising as a selective
FXR agonist. The results of its phase II clinical trial showed that
25 mg/d OCA significantly improved liver fibrosis, steatosis and
lobular inflammation with good tolerated (Neuschwander-Tetri
et al., 2015). These effective results prompted OCA to enter phase
III clinical trial, aiming to evaluate its long-term efficacy, clinical
benefits and safety through a 7-year treatment period. The 18-
month mid-term results of the phase III clinical trial showed that
25 mg/d OCA had a significant anti-liver fibrosis effect without
worsening the NASH-related symptoms, and had basically the
same serious adverse reactions as the placebo group (Ratziu et al.,
2019; Younossi et al., 2019). In addition, OCA has good safety
based on the 18-month mid-term study on health-related quality
of life. OCA treatment had adverse reaction of mild itching
in the early stage, which did not worsen with the treatment
progresses, had better curative effects than the placebo group, and
improved the quality of life of patients (Younossi et al., 2021).
Therefore, OCA has a good effect in terms of efficacy, safety and
quality of life based on the currently known results. In addition,
clinical trials of OCA include patients with F1–F3 liver fibrosis
and advanced NASH (Younossi et al., 2019). This is of great
significance for researching different disease states to discover
the clinical benefits of OCA, such as the discovery of biomarkers
at different stages of the disease. Resmetirom is a selective
thyroid hormone receptor β agonist. Its phase II clinical trial
showed that it improved the symptoms of NASH patients with
liver fibrosis and reduced liver toxicity by reducing fat content

FIGURE 2 | Therapeutic approaches of liver fibrosis. The liver fibrosis is induced when the balance of pro-inflammatory/anti-inflammatory, or apoptosis/proliferation
of hepatocyte and HSCs, or production and deposition/degradation of ECM is destroyed (Campana and Iredale, 2017; Roehlen et al., 2020).
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(Harrison et al., 2019). Its phase III clinical trial for patients with
F2–F3 liver fibrosis is currently underway, and no results have
been obtained yet. In addition to OCA and resmetirom, CVC
is also one of the fast-developing anti-liver fibrosis candidate
drugs. CVC is a dual inhibitor of CCR2/5. Its Phase II clinical
trial results showed that 150 mg/d CVC improved liver fibrosis,
prevented liver cirrhosis, and reduced mortality from liver-
related diseases by improving NAS-related symptoms. It also has
good safety and resistance (Friedman et al., 2016). However, the
role of CVC treatment is mainly focused on patients with F2–F3
liver fibrosis, that is, patients with a higher risk of intermediate
and advanced liver cirrhosis, and the role of CVC treatment
in patients with mild liver fibrosis is still unclear. In addition,
the effects of CVC on liver fibrosis are related to the reduction
of inflammation-related biomarkers, such as IL-6, IL-1β, etc.,
which indicates that CVC is a great potential anti-liver fibrosis
candidate drug because inflammation is one of the important
factors causing liver fibrosis (Friedman et al., 2016). However, the
results of phase III clinical part 1 of AURORA research showed
that CVC has a lack of efficacy, which led to the termination of
the study (Anstee et al., 2020). Fortunately, a phase II clinical
trial on CVC and tropifexer (an FXR agonist) showed that the
combination of CVC and tropifexer effectively ameliorated liver
fibrosis (Pedrosa et al., 2020). In addition, considering that the
half-life of CVC as long as 30–40 h, it has good safety for
advanced liver fibrosis (Friedman et al., 2016). Therefore, the
combination may be a better way for CVC to exert its efficacy.
Selonsertib is a selective ASK1 inhibitor, and its phase II clinical
trial showed that 18 mg/d selonsertib effectively reduced fibrosis
in patients with F2–F3 liver fibrosis (Loomba et al., 2018b).
However, its phase III clinical trial for patients with F3 liver
fibrosis was terminated due to lack of efficacy (Harrison et al.,
2020c). Moreover, a phase III clinical trial about another anti-
liver fibrosis candidate drug elafibranor was also terminated,
because it did not reach the alternative efficacy endpoint. It
should be considered whether it is due to targeting or pathological
barriers and so on. Perhaps the combination and improvement
of delivery systems are important means to increase efficacy for
anti-liver fibrosis candidate drugs.

Although many anti-fibrotic candidate drugs have shown
good efficacy in experimental animal models, their anti-fibrotic
effects in clinical trials are very limited. This may be due to the
complicated pathological mechanism of liver fibrosis, which is
the repair response after liver injury that whole body participates
in, while most of the currently developed drugs are targeted at
a single target rather than multiple targets. Moreover, the actual
pathological conditions between animal models and patients have
a great difference, which also leads to poor efficacy of drugs
in clinical trials. In addition, obvious adverse reactions induced
by large dosage are also one of main causes. In this case, gene
therapy, which targets specific genes accurately, shows unique
advantages of improving therapeutic effect and reducing side
effects. Therefore, gene therapy is believed to be a promising
direction of anti-liver fibrosis strategy in the future.

To date, most of anti-fibrosis drugs are still in the stage of
preclinical research, including drugs for chronic liver disease-
related liver fibrosis induced by different etiologies. There are
also some drugs with clear anti-fibrosis effect, good safety
and tolerance in the clinical research stage. It is believed that
with the in-depth study on the pathogenesis of liver fibrosis
and the continuous progress in the research and development
of new drugs, the reversal of liver fibrosis will eventually
become possible.
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