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toxicity. This review highlights the mechanisms, including 
novel pathways underlying fibrogenesis that may be trans-
lated into preventive and treatment strategies, reviews both 
current and novel agents that target specific pathways or 
multiple targets, and discusses novel drug delivery systems 
such as nanotechnology that can be applied in the treatment 
of liver fibrosis. In addition, we also discuss some current 
treatment strategies that are being applied in animal models 
and in clinical trials.

Keywords  Fibrosis · Hepatic stellate cells · Extracellular 
matrix · Treatment strategy · Clinical trials

Introduction

A common pathological feature of chronic liver disease is 
fibrosis, which results from unregulated wound healing and 
is characterized by the progressive replacement of func-
tional hepatic tissue with highly cross-linked collagen I/
III-rich extracellular matrix (ECM) (Ellis and Mann 2012). 
Fibrosis results in a liver that is more resistant to subse-
quent injury by type I collagen, which is predominant in 
the fibrotic scar and protects hepatocytes against various 
toxic stimuli (Pellicoro et al. 2014). However, ECM protein 
accumulation distorts the hepatic architecture by forming a 
fibrous scar, and then nodules of regenerating hepatocytes 
develop; these features define cirrhosis. Cirrhosis produces 
hepatic dysfunction and increased intrahepatic resistance to 
blood flow, which results in hepatic insufficiency and por-
tal hypertension. Fibrosis is also considered a precancerous 
state that provides the proper microenvironment for tumor 
development (Aravalli et  al. 2013; Ellis and Mann 2012). 
The main causes of liver fibrosis include chronic viral 
infection, alcohol abuse, fatty liver, biliary track disease, 
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autoimmune disease, metabolic etiologies, iron or copper 
overload, non-alcoholic steatohepatitis (NASH), and toxi-
cant exposure (Gonsebatt et  al. 2007; Loumbourdis 2005; 
Rockey 2013).

Studies of the mechanisms underlying fibrogenesis 
(excess ECM synthesis and deposition) using in vitro and 
in vivo models had noted several potential therapeutic 
approaches. Although therapies targeted to underlying dis-
ease processes such as viral infections have proven to be 
effective in reducing or reversing fibrosis, no drug has yet 
emerged as an effective anti-fibrotic agent in humans. Thus, 
it is necessary to provide an update on our understanding of 
fibrotic mechanisms as well as to acknowledge the evolv-
ing challenges faced in translating these discoveries into 
new treatment options (Rockey 2013). Here, we highlight 
the possible anti-fibrotic therapies for liver fibrosis used in 
the past 5 years in animal models and in human clinical tri-
als based on the fundamental understanding of the mecha-
nisms of liver fibrosis.

Liver fibrogenic process and mechanisms

Four prevailing mechanisms have been implicated in liver 
fibrogenesis. (1) The early and critical event in the fibro-
genic response is that injury to hepatocytes and/or cholan-
giocytes stimulates the injury response (Rockey 2013). (2) 
Repetitive injury causes inflammation, which initiates the 
anti-fibrinolytic coagulation cascade. Leukocytes are then 
recruited to the injury site to phagocytose dead or apop-
totic cells and to amplify the inflammatory response by 
generating pro-inflammatory cytokines. (3) Hepatic stel-
late cells (HSCs) are activated and transformed to ECM-
producing myofibroblasts via the stimulation of mediators. 
In addition, the phagocytosis of hepatocytes or HSCs by 
lymphocytes directly triggers their fibrogenic activation. 
HSCs induce fibrosis by increasing their cell number and 
via ECM production, which is the central event in the 
hepatic fibrogenesis (Iredale 2007). (4) The complicated 
interaction in the microenvironment leads to the progres-
sion of fibrosis, including HSCs and myofibroblast gene 
expression regulation to control activation, proliferation, 
epigenetic regulation, signaling, microRNAs production, 
and angiogenesis. The detailed molecular mechanisms of 
liver fibrogenesis are discussed in some remarkable reviews 
written by Nova et  al. (2014), Pellicore et  al. (2014), and 
Luedde et al. (2014). The mechanisms of liver fibrogenesis 
are briefly recalled below.

Injury to hepatocytes and/or cholangiocytes

Chronic liver injury leads to hepatocyte necrosis, apoptosis, 
or necroptosis that is dependent on various stimuli and is 

mediated by various signaling pathways such as the JNK 
and p38 pathways, ER (endoplasmic reticulum) stress, 
and ROS (reactive oxidative species) production (Novo 
et  al. 2014). Although cell death is a primarily protec-
tive response to stimuli, the persistence of cell death over 
decades dictates clinically adverse outcomes in the liver 
(Luedde et  al. 2014). This stage is potentially reversible; 
therefore, blocking the pro-fibrogenic cell death response 
pathway by removing the cause of injury may allow for 
the tailored prevention or treatment of liver fibrosis (Novo 
et al. 2014).

Inflammatory response after liver injury

Repetitive injury responses in the liver induce oxidative 
stress and/or activated inflammatory responses (Luedde 
et  al. 2014). ROS, the end product of lipid peroxidation, 
4-hydroxy-2,3-nonenal (HNE), inflammatory chemokines 
such as interleukin-6 (IL-6), TNF-α (tumor necrosis factor 
α), IL-8, CCL4 (CC chemokine ligand), CCL5, and MCP-
1, and pro-fibrogenic peptide mediators such as PDGF, 
ET-1, TGF-β (transforming growth factor-β), and CTGF 
are released by damaged hepatocytes, cholangiocytes, 
and activated inflammatory cells, leading to inflammatory 
response activation in a pro-fibrogenic environment (Novo 
et  al. 2012). The most widely studied immune cell popu-
lation in liver fibrosis is the macrophage population. The 
resident Kupffer cells (the largest population of resident 
macrophages in the body) likely play a role in the early 
response to injury; however, the number of Kupffer cells 
decreases during hepatic inflammation and fibrogenesis. 
In addition, the number of monocyte-derived hepatic mac-
rophages markedly increases in response to tissue injury; 
thus, the pro-fibrogenic macrophages must be derived from 
this population (Holt et  al. 2008). Macrophages produce 
chemokines to recruit myofibroblasts and facilitate leu-
kocyte recruitment to sites of inflammation. Macrophages 
express TGF-β, galectin-3, TNF-α, and IL-1β to drive 
myofibroblast activation and ECM synthesis through acti-
vation of the nuclear factor kappa-light-chain enhancer of 
activated B cell (NFκB) pathway (Pradere et al. 2013).

Leukocytes are recruited to sites of injury to phagocy-
tose dead or apoptotic cells and amplify the inflammatory 
response by releasing pro-inflammatory cytokines, which 
recruit T cells (Bataller and Brenner 2005). T cells such as 
TH2 cells are strongly pro-fibrogenic and produce IL-13 to 
stimulate TGF-β synthesis and matrix metalloproteinases 9 
(MMP9) expression (Schuppan and Kim 2013); IL-4 and 
IL-13 stimulate the differentiation of fibrogenic myeloid 
cells and macrophages (Pellicoro et al. 2014). In contrast, 
TH1 cells have an anti-fibrogenic effect (Schuppan and 
Kim 2013). Other T cells such as TH17 cells secrete IL-17, 
which directly induces type I collagen production in HSCs 
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through activation of the signal transducer and activator 
of transcription 3 (Stat3) signaling pathway (Meng et  al. 
2012). The role of other immune cells such as NK cells, 
Treg cells, neutrophils, other lymphoid cells, and mast cells 
in fibrosis has also been studied but remains unclear.

Among the inflammatory cytokines, TGF-β is the most 
potent fibrogenic cytokine; TGF-β binds to its recep-
tor Smad (mothers against decapentaplegic homolog) to 
induce collagen production. TGF-β induces the phospho-
rylation of Smad3 and reduces formation of the Smad3/4 
complex, thereby inducing Smad DNA-binding activity to 
stimulate the expression of collagen and suppress MMP 
expression (Inagaki et  al. 2012). Therefore, nuclear accu-
mulation of phosphorylated Smad3 is the most common 
feature observed in activated HSCs, and the inhibition of 
Smad3 accumulation or export to nuclear can suppress the 
transcriptional activity of the collagen gene (Inagaki et al. 
2012).

Activation of HSCs and myofibroblast in response 
to inflammation

HSC activation includes initiation and perpetuation phases. 
The initiation phase is also called pre-inflammation stage 
and is stimulated by oxidative stress signals, apoptotic bod-
ies, and paracrine stimuli from neighboring cells (hepatic 
macrophages, sinusoidal endothelium cells), leading to 
changes in the gene expression and phenotypes of HSCs 
(Lee and Friedman 2011). Once the HSCs are primed for 
activation, the perpetuation phase results from the stimuli 
to maintain the activated phenotype, proliferation, and 
fibrogenesis by the regulation of inflammatory mediators, 
growth factors, and cytokines (Pellicoro et  al. 2014). The 
perpetuation phase includes different responses such as 
scar production, contractility, altered matrix degradation, 
chemotaxis, and fibrosis generation to increase the accumu-
lation of ECM (Pellicoro et al. 2014). Therefore, myofibro-
blasts and their upstream cellular elements represent major 
targets of fibrosis research in recent years (Pellicoro et al. 
2014).

Microenvironmental interactions and signaling 
pathways in fibrosis progression

The complicated microenvironmental elements and mecha-
nisms work together to accomplish fibrosis progression or 
regression (Friedman 2010). Several signaling pathways are 
involved in HSC activation and ECM production through 
the up-regulation of receptors (Friedman 2010). For 
instance, the activation of TGF-β receptors, PDGF-β recep-
tors, and angiotensin II receptors is relevantly important. 
PDGF signaling is among the best-characterized pathways 
of HSC activation leading to PI3K (phosphatidylinositol 

3-kinase)/Akt signaling activation, Ras/MAPK (mitogen-
activated protein kinase) activation, and cellular prolif-
eration (Lee and Friedman 2011). Angiogenic signaling is 
another key component in hepatic fibrosis, contributing to 
ECM production and portal hypertension through angio-
genic mediators such as vascular endothelial growth fac-
tor (VEGF) (Friedman 2010). Oxidative stress has also 
been implicated in fibrogenic stimulation, and the NADPH 
enzyme is important for the generation of oxidative stress 
(Friedman 2010).

Recent studies also indicated that epigenetic events such 
as methyl-CpG-binding protein 2 (MeCP2)-induced chro-
matin structural repression were detected in myofibroblasts 
in diseased livers. MeCP2 is involved in silencing genes by 
methylating DNA and thereby preventing protein expres-
sion such as peroxisome proliferator-activated receptor-γ 
(PPARγ) gene expression contributed to myofibroblast 
differentiation and fibrosis (Mann et  al. 2010). PPARγ is 
an important gene in the regulation of lipid and glucose 
metabolism, insulin sensitivity, and inflammation and is 
also important in hepatocyte lipid deposition (Moran-
Salvador et  al. 2013). Synthetic PPARγ ligands have 
been demonstrated to inhibit the pro-fibrogenic and pro-
inflammatory effects of HSCs (Zhang et al. 2013). Another 
important example of epigenetic regulation in HSC activa-
tion involved the phosphorylation of NFκB subunit RelA at 
Ser536, which leads to its nuclear import, thereby increas-
ing NFκB transcriptional activity and HSC survival (Fried-
man 2010). Inhibiting the phosphorylation of RelA in 
fibrotic rodents led to reduced survival of activated HSCs 
and fibrosis (Oakley et al. 2009). In another model, phos-
phorylation of the transcription factor C/EBPβ by the ribo-
somal S-6 kinase (RSK) induced HSC activation; this phos-
phorylation can be inhibited by cell-permeable peptides 
that block RSK (Buck and Chojkier 2007).

Taken together, understanding the complicated mecha-
nisms of fibrosis is the exclusive route to developing 
effective therapeutic strategies for liver fibrosis. However, 
applying the novel mechanisms to the treatment of liver 
fibrosis still lags behind the demand for such treatments 
(Iredale 2007).

Strategies for the prevention and reversal of liver 
fibrosis in animals and humans

Recent clinical evidence has indicated that liver fibrosis 
can regress, and the regression of liver fibrosis was dis-
cussed further in the review article by Ellis et al. (Ellis and 
Mann 2012). Animal models, especially rodent models, 
remain important tools to confirm the relevance of targets 
and the efficacy of anti-fibrotic agents (Popov and Schup-
pan 2009). A promising agent should be studied in at least 
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two mechanistically distinct models of fibrosis to avoid 
“model-specific” artifacts (Popov and Schuppan 2009). The 
model in which liver fibrosis is induced in animals using 
chemicals such as carbon tetrachloride (CCl4) is popular 
because it induces repetitive hepatocyte death, liver injury, 
and advanced fibrosis and is reversible (Paakko et al. 1996; 
Popov and Schuppan 2009). The disadvantages of this 
model included severe hepatocyte necrosis and its depend-
ence on massive oxidative stress, which is not found to 
such a severe extent in human chronic liver disease (Popov 
and Schuppan 2009). Another chemical, TAA (thioaceta-
mide), is useful to test the reversal effects of agents, and 
the pattern of fibrosis closely resembles parenchymal fibro-
sis in humans (Popov and Schuppan 2009). Genetic ani-
mal models such as those of PDGF or TGF-β overexpres-
sion can be used to confirm factors and mechanisms that 
drive fibrosis or fibrinolysis (the removal of excess ECM) 
and can also be used to test cell-specific or tissue-specific 
approaches (Popov and Schuppan 2009). Currently avail-
able mouse models for fibrogenesis or anti-fibrosis stud-
ies are discussed in a detailed review by Popov (Popov and 
Schuppan 2009). Based on mechanistic studies, we discuss 
the anti-fibrotic therapies divided into a few different cate-
gories, the novel preventive and reversal strategies for liver 
fibrosis, and the current clinical trials for the treatment of 
liver fibrosis in the following sections.

Eliminate primary disease using anti‑viral drugs 
in chronic viral hepatitis

The most effective way to treat fibrosis is to eliminate the 
primary disease that induced injury such as by abstaining 
from alcoholic intake, removing excessive iron or copper, 
and clearing liver viral infection (Friedman 2008). Stand-
ard treatments for viral infections include interferon (IFN), 
PEGylated α-interferon (PEG-IFNα), and nucleoside ana-
logues (NUCs) (Ellis and Mann 2012). It is evident that 
HCV patients treated with PEG-IFNα show successfully 
reduced fibrosis (Friedman 2010). Long-term therapy with 
NUCs such as entecavir, lamivudine, or adefovir (an acy-
clic nucleoside analogue) has been shown to improve liver 
fibrosis and disease progression, but resistance mutations 
are common with these agents (Ellis and Mann 2012). The 
recently identified novel agents and recently conducted 
clinical trials for the treatment of fibrosis that are targeted 
to eliminate viral infections are listed below. 

1.	 Patients coinfected with HIV and HCV progress more 
rapidly to liver fibrosis and cirrhosis compared with 
those infected with HCV alone (Ellis and Mann 2012). 
Rifaximin, a non-absorbable antibiotic with very few 
side effects that can reduce the toxic released by bacte-
ria in the gut and therefore improve liver encephalopa-

thy, has also been suggested to improve liver fibrosis in 
patients with HIV/HCV coinfection (Fuessl 2014).

2.	 A recent clinical trial indicated that raltegravir (the first 
HIV integrase inhibitor) was safe and well tolerated 
in patients with HIV/HCV coinfection. Therefore, one 
clinical trial was conducted to evaluate whether a ralte-
gravir-based regimen would reduce the progression rate 
of hepatic fibrosis in HIV/HCV coinfected patients (Her-
nandez-Novoa et al. 2014) (https://clinicaltrials.gov).

3.	 Other strategies in animal models: Inactivated orf virus 
(iORFV), strain D1701, is a potent immune modulator 
that induces strong anti-viral activity in animal mod-
els of HCV and HBV infections. D1701 and the other 
strain NZ2 showed significant anti-fibrotic activity in 
rat models of liver fibrosis via unknown mechanisms 
(Paulsen et al. 2013).

4. 	 RNA interference (RNAi) for virus-specific genes offers 
the possibility for new drug development. A lentivirus-
based RNAi system was used to deliver HBV-specific 
short hairpin RNA (shRNA) in a mouse model to sup-
press HBV replication. This effect was characterized by 
reduced HBsAg and HBeAg in the serum, suggesting 
this is a potential therapeutic strategy for treating viral 
infections (Deng et al. 2009; McCaffrey et al. 2003).

Anti‑fibrotic strategies that reduce inflammation 
and the immune response

Inflammation always precedes or is accompanied by fibro-
sis, and drugs that target the inflammatory pathway may 
eliminate the stimuli to HSCs and therefore prevent or treat 
fibrosis (Friedman 2008). The agents mediating inflamma-
tion-related pathways via various mechanisms are listed 
and shown in Table 1.

1.	 Modifying macrophage phenotypes in vivo: The equi-
libration between pro-fibrotic and pro-resolution mac-
rophage populations determines whether the outcome 
of tissue injury is homeostatic or pathogenic scarring 
(Pellicoro et  al. 2014). Conditionally depleting pro-
fibrogenic macrophages results in decreased numbers 
of myofibroblasts and attenuated liver scaring in a 
CCl4-treated model (Duffield et al. 2005). In contrast, 
pro-resolution macrophages are rich sources of fibrino-
lytic MMPs (MMP12, MMP13, MMP9) and TNF-
related apoptosis-inducing ligand (TRAIL) that can 
promote myofibroblast apoptosis and augment ECM 
degradation in rodent models (Pellicoro et  al. 2012). 
The other cell therapy approach using bone marrow-
derived macrophages could potentiate ECM degrada-
tion and promote regenerative effects (Sakaida et  al. 
2004). However, due to small numbers of heterogene-

https://clinicaltrials.gov
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ous patients tested, the potential effects of this therapy 
remain unclear (Pellicoro et al. 2014).

2.	 Management of other immune cells: Previous reports 
indicated that mesenchymal stem cell (MSC) transplan-
tation led to an improved liver microenvironment and 
reduced liver injury in mice treated with CCl4 (Nasir 
et  al. 2013). Human umbilical cord-derived MSC 
(UC-MSC) transplanted to CCl4-treated rats indicated 
that liver fibrosis, TGF-β, and EMT were reduced and 
improved liver function (Jung et al. 2009; Li et al. 2013; 
Seo et  al. 2014). A pilot study investigated the safety 
and efficacy of UC-MSC transfusion in primary biliary 
cirrhosis (PBC) patients and indicated that UC-MSC 
transfusion is feasible and well tolerated in patients 
(Wang et al. 2013). The other study indicated that trans-
plantation of bone marrow-derived mesenchymal stem 
cell (BM-MSC) therapy for the treatment of liver fibro-
sis in CCl4-treated rats is effective (Motawi et al. 2014). 
Additionally, the clinical therapy in patients with alco-
holic cirrhosis using BM-MSC induced a histological 
and quantitative improvement in hepatic fibrosis (Jang 
et al. 2014). However, the anti-fibrotic effect of MSCs 
must be confirmed by a larger clinical trial.

3.	 Antagonizing the pro-fibrogenic cytokine pathways 
(TGF-β and CTGF): A small molecule inhibitor of the 
TGF-β type I receptor kinase (ALK5) EW-7197 was 
reported to block TGF-β stimulation of ROS, colla-
gen, and α-SMA production in HSCs, in the livers of 
CCl4-treated mice, and in bile duct ligation (BDL) rats 
(Park et  al. 2014). Treatment with recombinant human 
bone morphogenic protein-7 (rhBMP-7, an antagonist 
of TGF-β) alleviates renal fibrosis and liver fibrosis in 
a fibrotic rat model injected with porcine serum; this 
effect is dependent on the reduction of TGF-β overex-
pression and the inhibition of TGF-β-triggered intracel-
lular hepatocyte signaling (Zhong et al. 2013). Another 
strategy using the traditional Chinese medicine Haobie 
Yangyin Ruanjian decoction (HYRD) inhibited liver 
fibrosis induced by CCl4 in rats, likely through down-
regulation of the TGF-β/Smad fibrogenic signaling path-
way (Yang et  al. 2010). Another study indicated that 
Y-box protein-1 (YB-1) is a negative regulator of col-
lagen expression by physically interacting with p300/
Smad3, thereby abrogating the stimulatory effect of 
TGF-β and liver fibrosis induced by CCl4 in mice (Ina-
gaki et  al. 2012). The novel small compound HSc025 
can bind to the C-terminal region of YB-1 and promote 
the nuclear import of YB-1, resulted in the suppression 
of collagen gene expression (Higashi et  al. 2011). In 
addition, Wang et al. constructed Smad3 siRNA (small 
interfering RNA) encapsulated by liposomes targeted 
to the Smad3 gene in rats treated with TAA for 6 and 
8 weeks. The results showed that Smad3 siRNA expres-Ta
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sion plasmids had anti-fibrotic effects, shown by the 
reduced liver fibrosis index (procollagen III, collagen IV, 
laminin, hyaluronic acid) (Wang et al. 2011). 4-Methyl-
5(pyrazinyl-2)-1-2-dithiole-3-thione (oltipraz), a prom-
ising cancer-preventive agent and a nuclear factor 
erythroid 2-related factor 2 (Nrf2) activator, had ability 
to enhance biosynthesis of glutathione, the activities of 
phase II detoxification enzymes, and the functions of 
multidrug resistance-associated protein-mediated efflux 
transporter (Weerachayaphorn et al. 2014). Oltipraz can 
inhibit the phosphorylation of Smad3, thereby reducing 
Smad3/4 complex formation and TGF-β-induced Smad 
DNA-binding activity (Cho et  al. 2006). Another Nrf2 
activator NK-252 has a greater Nrf2-activating potential 
than oltipraz; NK-252 significantly reduced the progres-
sion of fibrosis in rats fed with choline-deficient l-amino 
acid-defined (CDDA) diet (Shimozono et al. 2013). The 
results of phase II clinical trial showed improved liver 
fibrosis in oltipraz treatment groups in a 24-week pilot 
study (Kim et al. 2011). However, a recent study indi-
cated that although oltipraz protects against chemical-
induced hepatotoxicity, it exacerbates the severity of 
liver injury following BDL. Therefore, oltipraz use 
should be avoided in bile duct obstruction, and its effect 
for the treatment of liver fibrosis remains to be studied 
(Weerachayaphorn et  al. 2014). Because TGF-β is an 
important mediator in liver fibrosis, it is an attractive tar-
get for developing therapeutic strategies. However, tar-
geting this pathway will be challenging because TGF-β 
also has anti-inflammatory and growth regulatory roles 
that are important for liver homeostasis (Iredale 2007).

	 In a CCl4-treated rat model, injecting siRNA targeted 
to another pro-fibrogenic cytokine, connective tissue 
growth factor (CTGF), could significantly attenuate 
type I/II collagen expression and inhibit ECM accumu-
lation and liver fibrosis (Li et al. 2008). A monoclonal 
antibody to CTGF (FG-3019) was found to prevent 
and reverse fibrosis in CCl4-treated rats (Lipson et al. 
2012). An ongoing phase II clinical trial is being con-
ducted to evaluate the efficacy of FG-3019 for revers-
ing liver fibrosis in subjects with HBV infection who 
are beginning anti-viral therapy with entecavir; the 
results are not yet published (http://search.centerwatch.
com).

4.	 Disrupting chemokine pathways: Increased IL-18 
secretion, mainly by CD4(+) T cells and macrophages, 
was observed in HCV patients. IL-18 and IL-1β are 
secreted by inflammasomes to activate an acute inflam-
matory response via production of the inflammatory 
cytokines TNF-α, IFN-γ, the chemotaxis of immune 
cells, and the induction of tissue injury (Ouyang et al. 
2013). The administration of concanavalin A (ConA) 
induced severe liver fibrosis in mice; this effect was 

aggravated by IL-18, but blocking IL-18 signaling in 
these mice reduced liver fibrosis (Zhang et al. 2007b).

	 S-adenosyl methionine (SAMe), which acts as a 
methyl donor for methylation reactions and partici-
pates in the synthesis of glutathione, has mostly been 
used in alcoholic liver disease to prevent TLR activa-
tion and thereby reduce inflammation (Oliva et  al. 
2011). The other mechanism of SAMe in the treatment 
of liver fibrosis involves increased ubiquitination and 
decreased type I collagen secretion in activated HSCs 
(Thompson et  al. 2011). The clinical trial tested the 
efficacy of SAMe in treatment for alcoholic liver dis-
eases showed overall improvement of AST, ALT, and 
bilirubin levels, but no differences or changes in liver 
histopathology scores for steatosis, inflammation, and 
fibrosis (Medici et al. 2011).

	 In contrast to pro-fibrogenic cytokines, recent evidence 
indicated that anti-fibrogenic cytokines such as IFNγ 
released by NK cells can kill early or senescent HSCs. 
The clinical studies revealed the ability of human NK 
cells isolated from HCV patients to kill HSCs; this killing 
effect is inversely correlated with the stage of liver fibrosis 
(Gao and Radaeva 2013). The animal study indicated that 
PEGylated IFNγ reduced the early fibrotic parameters 
more drastically than unmodified IFNγ in CCl4-treated 
mice. PEGylation significantly improved the pharma-
cokinetics, liver uptake, and anti-fibrotic effects of IFNγ 
(Bansal et  al. 2011). The novel chimeric molecule con-
tains the IFNγ signaling peptide (mimγ) that has the ago-
nistic activity of IFNγ is coupled to PDGF-βR-binding 
peptide (BiPPB) by a PEG linker can inhibit early liver 
fibrosis in CCl4-treated mice (Bansal et al. 2014).

	 The “hepato-protectants” such as HGF (hepatocyte 
growth factor) and insulin growth factor (IGF) also 
have potent anti-apoptotic and mitogenic effects on 
hepatocytes during liver injury and essential roles 
in liver regeneration. The transplantation of HGF-
overexpressing human umbilical cord blood-derived 
mesenchymal stem cells (hHGF-HUCB-MSCs) in 
CCl4-induced fibrotic rats improved liver function and 
induced liver regeneration (Seo et al. 2014). HGF and 
its receptor, c-mesenchymal–epithelial transition factor 
(c-Met), are essential for liver cell growth and prolifer-
ation. Liver-specific Met knockout BDL mice showed 
strong apoptosis, increased pro-inflammatory cytokine 
expression, and enhanced neutrophil recruitment. The 
results indicated that c-Met deletion in hepatocytes 
leads to liver cell damage and fibrosis because c-Met 
stimulates survival signals that are important for 
liver cell recovery (Geng et  al. 2008). IGF was also 
reported to effectively block fibrosis. In contrast, in a 
chronic cholangiopathy mouse model, IGF1 overex-
pression stimulated fibrogenic processes by increas-

http://search.centerwatch.com
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ing the expression of TGF-β and collagen I, II, and IV 
(Sokolovic et al. 2013). Therefore, both HGF and IGF 
are hepatocyte mitogens that should be carefully moni-
tored because of their potential role in hepatocarcino-
genesis (Friedman 2008).

5.	 Novel target of the SOCS (suppressor of cytokine 
signaling) pathway: Increasing evidence has indicated 
that the interaction of SOCS and molecular signaling 
pathways plays key roles in balancing cytokine acti-
vation and contributes to the termination of signals in 
innate immune cells during liver fibrosis (Cheng et al. 
2014a). The expression of SOCS is regulated by epi-
genetic mechanisms including methylation, acetyla-
tion, or ubiquitination (Cheng et  al. 2014a). Decreas-
ing the expression of SOCS3 by hypermethylation 
results in increased expression of Stat3, granulocyte 
colony-stimulating factor (G-CSF), and secreted phos-
phoprotein 1 (SPP1) but reduced expression of PPAR, 
all of which might contribute to the development of 
liver fibrosis (Cheng et al. 2014a). In addition, altering 
microRNAs (miR) such as knocking down miR-155 
can up-regulate SOCS1 protein expression and signifi-
cantly decrease NO and inflammatory cytokine produc-
tion (Cheng et  al. 2014a). miR-9 effectively reduced 
SOCS5 expression leading to JAK/Stat pathway activa-
tion, thereby promoting endothelial cell migration and 
ECM generation in liver fibrosis (Cheng et al. 2014a). 
These studies suggested that methylation and some 
miRNA inhibitors could up-regulate SOCS expression 
to prevent the progression of liver fibrosis (Cheng et al. 
2014a).

Down‑regulating myofibroblast activation and ECM 
production

Following chronic liver injury, HSCs become activated 
and trans-differentiate into myofibroblast-like cells to 
secrete excessive ECM proteins and enhance contractility 
and pro-inflammatory and pro-fibrogenic factor release. 
Therefore, treatment strategies for fibrosis should dampen 
the fibrogenic activation of HSCs and induce the produc-
tion of fibrinolytic enzymes (Schuppan and Kim 2013). 
Accordingly, several agents that block fibrogenic activation 
and ECM production by myofibroblasts work well in some 
rodent model but have unwanted side effects in humans 
due to their lack of specificity for myofibroblasts (Schup-
pan and Kim 2013). These agents and their mechanisms of 
inhibiting myofibroblast activation are listed and shown in 
Table 2.

1.	 Targeting the mTOR pathway: HSC activation is medi-
ated by PDGF and leads to activation of the MAPK/
ERK (extracellular signal-regulated kinase) and PI3K/

AKT/mTOR/p70S6  K (ribosomal S6 kinase) signal-
ing pathways (Li et  al. 2014a). Following low-dose 
treatment with the mTOR inhibitor rapamycin, TGF-β 
expression was down-regulated and EMT as well as 
HSC activation was attenuated in BDL rats (Bridle 
et  al. 2009). Other mTOR inhibitors, sirolimus and 
everolimus, also reduced fibrosis progression and por-
tal hypertension in BDL rats (Patsenker et  al. 2011). 
Moreover, everolimus worked via multiple mecha-
nisms, including inhibiting angiogenesis and prevent-
ing the tube formation and migration of liver sinusoi-
dal endothelial cells (Piguet et  al. 2014). The clinical 
study using everolimus monotherapy in liver transplan-
tation recipients showed the less serum expression of 
TGF-β1, but no differences in inflammatory activity, 
in APRI test, or in liver elastography (Fernandez-Yun-
quera et al. 2014).

2.	 Targeting to the heat shock protein 47 (Hsp47) path-
way to inhibit ECM production: Several studies have 
indicated that HSCs are the sources of Hsp47, which 
is a collagen-specific chaperon protein that contributes 
to collagen maturation (Park et al. 2013). The adminis-
tration of Hsp47-targeted shRNA remarkably reduced 
Hsp47 expression and collagen deposition in NIH3T3 
cells and in liver tissue from Schistosoma japonicum-
infected mice (Huang et  al. 2014b). Because HSCs 
specifically take up vitamin A, the strategy using 
vitamin A-modified liposomes increased the delivery 
of Hsp47 siRNA to HSCs and caused anti-fibrogenic 
effects in the animals (Popov and Schuppan 2009). ND 
L02-s0201, an Hsp47 siRNA lipid nanoparticle conju-
gated to vitamin A, which preferentially targets HSCs, 
was applied in an ongoing phase I clinical trial started 
in 2013 (https://clinicaltrials.gov).

3.	 Targeting the leptin and PPAR pathways:Leptin is an 
adipocyte-derived hormone that is produced by adipose 
tissues and plays a pivotal role in the pathogenesis of 
metabolic syndromes such as NASH, type 2 diabetes 
mellitus, and alcoholic cirrhosis (An et  al. 2012; Ike-
jima et al. 2007). Leptin is a pro-fibrogenic factor that 
increases HSCs activation and collagen I production 
through TGF-β, JAK/Stat3, and PI3K/Akt signaling 
pathways (Elinav et al. 2009). In addition, leptin might 
inhibit PPARγ expression through the ERK1/2 pathway, 
therefore enhancing HSC activation and proliferation in 
a mouse model (Zhou et al. 2010). Elinav et al. (2009) 
demonstrated that the mouse leptin antagonist (MLA) 
markedly improved survival and attenuated liver fibro-
sis in chronic TAA-treated fibrosis model, suggesting 
that targeting leptin is a useful treatment strategy for 
fibrosis. However, leptin replacement in NASH patients 
showed significant improvement in metabolic profile, 
but fibrosis remained stable (Safar Zadeh et al. 2013).

https://clinicaltrials.gov
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	 PPARγ activation is also a potential strategy to block 
HSCs activation and differentiation. Synthetic PPARγ 
ligands such as 15d-PGJ2 and all-trans retinoic acid 
(ATRA) inhibited the pro-fibrogenic and pro-inflamma-
tory effects of HSCs (Sharvit et  al. 2013). In addition, 
kaerophyllin, a lignan, isolated from traditional Chi-
nese herbs, up-regulated PPARγ expression, inhibited 
HSC activation in vitro, and protected rat livers from 
TAA-induced injury and fibrogenesis by inhibiting liver 
inflammation (Lee et al. 2012). A clinical trial indicated 
that PPARγ-agonists thiazolidinediones significantly 
improved lobular inflammation, steatosis, and inflam-
mation in patients with NASH (Boettcher et  al. 2012). 
Using nanoparticles carrying PPARγ agonist in BDL 
rats showed suppressing the activation of HSCs and 
decreasing inflammatory cytokines (Kumar et al. 2014). 
The novel active glitazone SKLB010 [(Z)-5-(4-methoxy-
benzylidene)thiazolidine-2,4-dione] attenuated CCl4-
induced liver fibrosis, collagen deposition, and α-SMA 
expression in rats (Chen et  al. 2012). However, one 
study indicated that pioglitazone improved steatosis and 
transaminase levels but had no effect on other liver injury 
parameters (Ratziu et al. 2008). Therefore, larger, rand-
omized, placebo-controlled clinical trials are still needed 
to examine the efficacy of PPARγ agonists in fibrosis.

4.	 Reduced HSC activation by inhibiting oxidative stress: 
Oxidative stress can stimulate HSC activation; there-
fore, using antioxidant provides a rationale to suppress 
fibrosis. Several antioxidants extracted from plants and 
traditional Chinese medicines as well as those exist-
ing in nutrients were tested in vivo and in clinical tri-
als. For instance, resveratrol is a phytoalexin, and oral 
administration of resveratrol prevented dimethylnitro-
samine (DMN)-induced liver damage in rats (Lee et al. 
2010). In BDL mice, resveratrol could reduce mortality, 
attenuate inflammation, decrease fibrosis, and promote 
hepatocyte regeneration (Chan et  al. 2011). In cirrhotic 
rats, resveratrol-decreased hepatic fibrosis was associ-
ated with reduced collagen I, TGF-β and NFκB mRNA 
expression, and α-SMA protein expression (Di Pascoli 
et al. 2013). A clinical trial studying the effects of resver-
atrol supplementation on the lipid profile, liver enzymes, 
inflammatory factors, and hepatic fibrosis in patients 
with non-alcoholic fatty liver disease (NAFLD) indicated 
the beneficial effects of resveratrol on down-regulating 
inflammatory mediators and metabolic disorders. Mecha-
nistically, resveratrol supplementation was associated 
with significantly reduced levels of the liver enzyme ala-
nine aminotransferase, of inflammatory cytokines, and 
of NFκB, as well as a significant reduction in the hepatic 
steatosis grade, compared with placebo supplementation 
(Faghihzadeh et al. 2014). More studies are required to 
confirm the anti-fibrotic effects of resveratrol.

	 In a Schistosoma mansoni-injected model, the preven-
tive and curative effects of liver fibrosis were evalu-
ated by using antioxidants such as resveratrol, cur-
cumin, and N-acetylcysteine (NAC); results indicated 
that curcumin had potent anti-fibrotic activity in both 
suppressing and reversing fibrosis, whereas resvera-
trol had a beneficial effect only in suppressing fibrosis 
(El-Agamy et al. 2011). In BDL- and CCl4- or TAA-
treated rats, NAC prevented liver fibrogenesis associ-
ated with decreased oxidative stress in the liver (Nissar 
et al. 2013; Yang et al. 2008).

	 Another antioxidant, silybin (SB), has been used to 
treat liver disorders in DMN- or CCl4-treated rats 
(Ezhilarasan et  al. 2012; Muriel et  al. 2005). SB has 
been conjugated with vitamin E and phospholipids to 
improve its antioxidant activity. Treatment with sily-
bin/vitamin E/phospholipids in patients with NAFLD 
decreased the indices of liver fibrosis (Loguercio et al. 
2007). A phase III safety and efficacy clinical trial used 
a pharmaceutical complex of silybin/vitamin E/phos-
pholipids in NAFLC patients with or without chronic 
hepatitis C infection and followed the fibrotic indices. 
The results indicated that the silybin/vitamin E/phos-
pholipid complex was active, produced some therapeu-
tic effects in patients with liver fibrosis, and improved 
insulin resistance (Trappoliere et al. 2005).

Promote the cell death mechanism or the quiescence 
of myofibroblasts

The resolution of fibrosis can occur following the induc-
tion of myofibroblast apoptosis, senescence, or quiescence 
(Luedde et al. 2014). Senescence is a phenotype associated 
with decreased matrix and cytokine synthesis, and senes-
cent myofibroblasts can be removed by NK cells (Krizh-
anovsky et  al. 2008). Several agents that induced HSC 
death through apoptosis or senescence were tested in ani-
mal models. For example, pentoxifylline (PTX) is a phos-
phodiesterase (PDE) inhibitor that prevented pig serum-
induced rat liver fibrosis by inhibiting the proliferation of 
HSCs and the production of IL-6 (Toda et  al. 2009). In a 
clinical trial, using PTX for the treatment of NAFLD sig-
nificantly improved steatosis, lobular inflammation, and 
fibrosis but did not significantly affect the serum TNF-α 
levels; thus, larger well-designed studies are still required 
to confirm these results (Zeng et  al. 2014). To induce the 
senescence of myofibroblasts, a statin with HMG-CoA 
reductase-inhibiting activity, atorvastatin, has been used in 
BDL rats (Klein et al. 2012). Other statins such as rosuvas-
tatin administered in the early stage of cholestasis in BDL 
rats also provided beneficial effects by decreasing α-SMA 
level, suggesting the potential role of statins in preventing 
the progression of liver disease (Olteanu et al. 2012).
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Activated HSCs mainly express specific receptors that 
are absent from the normal liver. Therefore, the anti-pro-
liferative drug mycophenolate or the apoptosis inducer 
gliotoxin coupled to IGF type II receptor can target HSCs 
and sinusoidal endothelial cells (Popov and Schuppan 
2009). Accordingly, the coupling of gliotoxin to the anti-
body against synaptophysin that is expressed on HSCs can 
induce apoptosis in HSCs and reduce fibrosis in CCl4-
treated models (Popov and Schuppan 2009).

Stimulate the degradation or accumulation 
of extracellular matrix

Inhibiting matrix production, blocking matrix synthesis 
and processing, or increasing matrix lysis by altering the 
balance of tissue inhibitor of metalloproteinases (TIMP) 
and MMP in situ could resolve fibrosis (Friedman 2008). 
The MMP inhibitor CTS-1027, which has previously been 
studied in humans as an anti-arthritic agent, has well estab-
lished anti-inflammatory and anti-fibrotic effects in BDL 
mice; CTS-1027 reduced hepatocyte apoptosis and liver 
injury, as characterized by decreasing the markers of HSC 
activation such as α-SMA and collagen I (Kahraman et al. 
2009). A recent phase II clinical trial evaluating CTS-1027 
in combination with PEGy-IFN-α2a and ribavirin in a 
treatment-experienced, HCV-null responder patient popula-
tion was conducted (http://www.centerwatch.com).

Galectin-3 (Gal-3) is a multifunctional lectin that is 
mainly produced by macrophages and is involved in 
the integrin β1-induced EMT pathway, promotes fibro-
blast proliferation and transformation, and mediates col-
lagen production (Li et  al. 2014b). Gal-3 is activated and 
abnormally increased in patients with fibrosis, suggesting 
that Gal-3 may be a target for treating liver fibrosis (Li 
et  al. 2014b). Using the antibody GR-MD-02 targeted to 
Gal-3 markedly reduced fibrosis in a NASH murine model 
(Traber and Zomer 2013). In TAA-induced fibrotic rats, 
treatment with Gal-3 inhibitors (GR-MD-02 and GM-CT-
01) significantly reduced fibrosis, reversed cirrhosis, 
reduced macrophage numbers, and reduced portal pressure, 
suggesting a potential therapeutic role of Gal-3 inhibitors 
in liver fibrosis (Traber et  al. 2013). Based on promising 
preclinical data with GR-MD-02, an investigational new 
drug (IND) application was submitted to the FDA, and 
researchers subsequently proceeded with a phase 1 clinical 
trial to evaluate the safety of GR-MD-02 in subjects with 
NASH and advanced hepatic fibrosis in 2013 (http://search.
centerwatch.com).

ECM cross-linking is largely mediated by lysyl oxidase 
(LOX). LOX family members include LOXL-1, -2, -3, and 
-4, which catalyze the cross-linking of collagen and elas-
tin in the ECM (Van Bergen et al. 2013). Targeting LOXL2 
using the humanized antibody simtuzumab (GS-6624) 

has been shown to efficaciously block LOXL2 activity 
and fibrosis in a rodent model of liver fibrosis (Van Ber-
gen et al. 2013). The pilot clinical study of simtuzumab in 
the treatment of liver fibrosis has been completed, but the 
results have not been published yet. A recent clinical study 
was conducted to evaluate whether simtuzumab is effective 
at preventing liver fibrosis from progressing to cirrhosis in 
NASH patients (https://clinicaltrials.gov).

Relaxin is a natural peptide hormone of the insulin 
superfamily that is involved in promoting ECM remod-
eling, decreasing collagen synthesis and increasing matrix 
degradation in cultured HSCs and rat livers (Williams et al. 
2001). In CCl4-treated mice, relaxin reduced collagen 
deposition and HSC activation and increased MMP13 and 
collagen I expression (Bennett et al. 2013). Relaxin has not 
been used in a clinical trial to treat liver fibrosis, but was 
effective in the treatment of acute heart failure in a clinical 
trial (Teerlink et al. 2013).

The Chinese medicine Shaoqiduogan (SQDG) was also 
reported to significantly decrease collagen I levels in rats 
treated with CCl4 by controlling the levels of MMP-13 and 
TIMP-1 (Sun et al. 2010).

Angiotensin and related blocking agents

The renin-angiotensin system (RAS) regulates lipid and 
glucose homeostasis. Renin converts angiotensinogen into 
angiotensin I (Ang I), which is then converted to angioten-
sin II (Ang II) by angiotensin-converting enzyme (ACE). 
Ang II mediates biological responses through Ang II recep-
tor type 1 (AT1) and Ang II receptor type 2 (AT2), but AT1 
is the main receptor that mediates the biological effects of 
Ang II (Moreira de Macedo et al. 2014). Ang II is a pro-
inflammatory, pro-oxidant, and pro-thrombotic protein 
that interferes with the insulin signaling. Previous studies 
have indicated that both the ACE and AT1 genes are up-
regulated in areas of active hepatic fibrogenesis, and Ang 
II induces the activation and proliferation of HSCs through 
AT1. The anti-fibrotic effect of Ang II blocking agents 
has been shown in various animal models and hepatitis C 
patients, suggesting ACE/Ang II/AT1 could be a promis-
ing target for liver fibrosis therapy (Moreira de Macedo 
et  al. 2014). A recent clinical study of the long-term oral 
administration of losartan in HCV patients with mild fibro-
sis showed that losartan treatment was associated with a 
significant decrease in the expression of procollagen I, IV, 
urokinase-type plasminogen activator, MMP-2, NOX acti-
vator 1 (NOXA-1) and organizer 1 (NOXO-1), and Rac-1. 
Losartan was well tolerated in all patients and was effec-
tive in attenuating systemic renin-angiotensin system activ-
ity. No significant toxicity was observed, suggesting that 
prolonged losartan administration is safe and is associated 
with the down-regulation of fibrogenic genes in patients 

http://www.centerwatch.com
http://search.centerwatch.com
http://search.centerwatch.com
https://clinicaltrials.gov
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with chronic hepatitis C (Colmenero et al. 2009; Friedman 
2010). Candesartan (CAN) is another ATI antagonist. Early 
but not late initiation of therapy with CAN reduced mRNA 
levels of TGF-β, MMP2, and Smad2, which may be crucial 
for the prevention of cirrhosis. However, CAN treatment 
did not produce a significant effect on collagen I expression 
and fibrosis, possibly due to reduced A1 expression in the 
progression of fibrosis (Tox et al. 2007). One recent clini-
cal trial using CAN combined with UDCA to treat patients 
with alcoholic liver fibrosis indicated that CAN reduced 
the area of fibrosis in the liver; additionally, the expression 
of TGF-β1, collagen-1, AT1, TIMP-1, MMP2, and Rac1 
was decreased (Kim et al. 2012). Irbesartan is also an ATI 
antagonist that significantly reduced the mRNA expression 
of collagen I, TGF-β, and TNF-α and the levels of fatty 
acids in NASH mice (Kato et al. 2012). A phase III clini-
cal trial was conducted to examine the efficacy of irbesar-
tan on the progression of liver fibrosis in adult patients with 
chronic hepatitis C, but the results have not been published 
(https://clinicaltrials.gov).

Other relevant molecular targets and other possible 
anti‑fibrogenic agents in animals and humans

With increasing understanding of the mechanisms of liver 
fibrosis, a number of novel targeted approaches for treat-
ing liver fibrosis are being explored, as discussed below 
(Table 3).

1.	 Preventing hepatocyte cell death: Apoptotic or necrotic 
hepatocytes enhanced oxidative and ER stress, lysoso-
mal activation, and mitochondrial damage, all of which 
are strong stimulators of fibrogenesis (Malhi and Gores 
2008). The phagocytosis of apoptotic hepatocytes by 
myofibroblasts triggers their fibrogenic activation via 
the NADPH oxidase 2 (NOX2), JAK/Stat, and PI3K/
Akt pathways (Jiang et  al. 2009). The inhibition of 
hepatocyte apoptosis by a caspase inhibitor or cathep-
sin B antagonist ameliorated fibrosis in mice (Canbay 
et al. 2003, 2004). In C3H/HeN mice fed a high-fat diet 
(HFD), apoptosis was induced, whereas mice receiving 
the caspase inhibitor VX-166 showed inhibited apopto-
sis and reduced inflammation, suggesting that caspase 
inhibition may represent a valid therapeutic strategy 
(Anstee et al. 2010). Further studies to assess the long-
term value of caspase inhibition are merited.

2.	 Targeting the angiogenesis pathway: Angiogenesis 
is a fundamental part of liver fibrosis and is accom-
panied by massive inflammatory responses. The anti-
angiogenic drug bevacizumab could block the effect 
of VEGF on HSCs, resulting in significantly reduced 
fibrosis in CCl4-treated rats (Huang et  al. 2013). The 
endogenous angiogenesis inhibitor vasohibin-1 and 

VEGF are up-regulated in cirrhosis patients. The 
vasohibin-1/VEGF cascades are spatially coordinated 
through a negative feedback loop that drives pathologi-
cal angiogenesis. The ectopic overexpression of vaso-
hibin-1 disrupted the feedback loop, leading to lower 
VEGF synthesis, which was sufficient to maintain 
vascular homeostasis but not pathological angiogen-
esis. Therefore, increasing vasohibin-1 could represent 
a promising therapeutic target for fibrosis (Coch et al. 
2014). The Notch pathway is also an important media-
tor in angiogenesis that enhances blood vessel stability 
and increases the aorta inner diameter by reducing the 
response of endothelial cells (ECs) to vascular growth 
factors. Recent reports indicated that VEGF can induce 
HSCs to express Notch ligands to promote angiogenic 
responses (Zhang et al. 2015). The transfer of Notch3 
shRNA carried by recombinant adeno-associated virus 
type 1 (rAAV1) vector to livers improved liver fibrosis 
in rats treated with CCl4 by decreasing the expression 
of TGF-β and increasing the expression of E-cadherin, 
suggesting that Notch is a promising target for liver 
fibrosis therapy (Zheng et al. 2013).

3.	 Targeted approaches using small molecule inhibitors 
and synthetic compounds: Small molecule inhibitors 
for the selected molecular targets in liver fibrosis have 
been used (Popov and Schuppan 2009). For exam-
ple, the cannabinoid receptor CB2 is predominantly 
expressed in immune cells with anti-inflammatory and 
anti-fibrogenic effects. In CB2(−/−) mice, hepatic 
Th17 markers and IL-17 production increased after 
BDL compared with control mice. The CB2 agonist 
JWH-133 inhibits IL-17 production in a Stat5-depend-
ent manner, suggesting the potential of CB2 in the 
treatment of liver fibrosis (Guillot et  al. 2014). Some 
targeted approaches have been directed toward the pro-
fibrogenic TGF-β signaling pathway using blocking 
antibodies, antisense oligonucleotides, or molecular 
interference (Popov and Schuppan 2009). The syn-
thetic methylenedioxybenzene compound CW209292 
prevented liver injury induced by DMN, therefore pre-
venting liver fibrosis and inflammation in rats, possibly 
through the inhibition of TGF-β expression and subse-
quent inhibition of HSC proliferation (Oh et al. 2009).

	 Armepavine (Arm, C19H23O3N), an active com-
pound from Nelumbo nucifera, exerts immunosup-
pressive activity on T lymphocytes and has been 
reported to attenuate the fibrotic index in BDL rats. 
The possible mechanism was possibly through pre-
venting NFκB activation and through the expression 
of TGF-β, TIMP-1, ICAM-1, iNOS, and IL-6 (Weng 
et  al. 2009). NFκB could mediate the inflammatory 
response through COX-2 expression; the Cox-2 inhibi-
tor celecoxib exhibits antioxidant activity by restoring 

https://clinicaltrials.gov
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redox equilibrium, inhibiting TGF-β expression, induc-
ing MMP2 activity, and preventing collagen accumu-
lation. Celecoxib also exerts strong anti-fibrogenic 
and fibrinolytic effects in a CCl4-induced liver fibrosis 
model (Chavez et al. 2010).

	 The small molecule tyrosine kinase antagonist Gleevec 
and other inhibitors of Rho-mediated focal adhesions 
can reduce liver fibrosis in animal models (Yoshiji 
et  al. 2005). Schistosomal cercaria-infected mice 
treated with Rho kinase inhibitor hydroxyfasudil 
showed decreased expression of CTGF, collagen IV, 
and laminin, and decrease phosphorylation of moesin 
(Zhang et  al. 2007a). Another Rho kinase inhibi-
tor, Y-27632, combined with the AT2 blocker TCV-
116 has been used to treat choline-deficient L-amino 
acid-defined (CDAA)-administered rats, resulting in 
improved liver fibrosis and steatosis (Kitamura et  al. 
2007). Therefore, the Rho kinase pathway may rep-
resent a novel target for fibrosis therapy. These small 
molecule agents successfully underwent rapid proof 
of principle testing in vivo; however, due to unwanted 
side effects, most of these agents have not reached clin-
ical phase studies (Popov and Schuppan 2009).

4.	 Novel molecular targets: In vitro studies indicated 
that serum high mobility group box 1 (HMGB1) lev-
els were positively correlated with TGF-β production 
and collagen deposition during fibrogenesis through 
receptor of advanced glycation end products (RAGE) 
pathway activation. CCl4-treated SD rats adminis-
tered RAGE-specific siRNA twice weekly via tail vein 
injection for up to 6  weeks displayed significantly 
decreased levels of serum inflammatory cytokines, 
NFκB, procollagen III, and hepatic fibrosis, suggesting 
that HMGB1/RAGE may be a novel target to prevent 
liver fibrosis (Cai et al. 2014).

	 Tissue transglutaminase (tTG) was found to co-localize 
with collagen fibers to contribute to the development of 
liver fibrosis. One report indicated that the major com-
ponent of propolis, pinocembrin (PIN), inhibited tTG 
activation and prevented TAA-induced liver cirrho-
sis (Chen et  al. 2008). Previous reports indicated that 
cystamine has the ability to inhibit tTG activity. Garlic 
extracts contain many compounds related to cystamine 
that can reduce liver fibrosis and improve liver damage 
in CCl4-treated mice (D’Argenio et al. 2010).

	 Previous reports indicated that thrombin catalyzes the 
conversion of fibrinogen to fibrin and then mediates 
clot formation. Thrombin also activated platelet aggre-
gation and induced HSCs activation via proteinase-
activated receptor 1 (PAR1). The negative feedback 
loop of the thrombin pathway is mediated by the FV 
leiden protein, and mutation of FV leiden is associ-
ated with liver fibrosis. FV leiden-mutant mice treated 

with the anti-coagulative agent warfarin significantly 
reduced the progression of fibrosis induced by CCl4, 
suggesting that targeting the coagulation pathway 
(thrombin and PAR1) could be a potential novel thera-
peutic approach for liver fibrosis (Anstee et  al. 2008; 
Sullivan et al. 2010).

	 Aldose reductase (AR) expression is known to mediate 
inflammation by affecting NFκB-dependent cytokine 
and chemokines expression. AR is also induced in 
hepatitis and hepatocellular carcinoma. Using the AR 
inhibitor MDA [(Z)2-(5-(4-methoxybenzylidene)-2, 
4-dioxothiazolidin-3-yl) acetic acid] in CCl4-treated 
rats attenuated oxidative stress by increasing the glu-
tathione content in association with suppressed NFκB 
activity, suggesting that AR could be a novel target for 
the treatment of liver fibrosis (Wang et al. 2012).

	 Secreted protein, acidic and rich in cysteine (SPARC) 
is a matricellular protein found to be overexpressed 
in cirrhotic livers. Fibrogenic models induced by 
TAA or BDL were developed on SPARC wild-type 
(SPARC(+/+)) and knockout (SPARC(−/−)) mice. 
SPARC(−/−) mice showed reduced inflammation, 
TGF-β expression, and myofibroblast activation and 
increased MMP2 expression, indicating that the inhibi-
tion of SPARC is a promising approach for liver fibro-
sis therapy (Atorrasagasti et al. 2013).

	 Recent research has uncovered that miRs (miR29-
b) can inhibit or promote (miR-199, miR-200, and 
miR33a) fibrogenesis (Sekiya et  al. 2011). miR33a is 
a novel modulator of lipid and cholesterol metabolism 
and is significantly increased in liver fibrosis, particu-
larly in HSCs (Huang et al. 2014a). However, how to 
effectively deliver miRs to the liver remains a problem 
(Murakami et al. 2011).

	 Autophagy is a catabolic pathway regulated by 
autophagy-related genes and proceeds through numer-
ous steps, including induction, cargo recognition/selec-
tion, autophagosome formation, fusion, and break-
down. Autophagy has a role in the induction of HSC 
activation, and the inhibition of autophagy by bafilo-
mycin A1 resulted in significantly decreased activation 
and proliferation of HSCs (Thoen et al. 2011). Another 
study implicated that ER stress, particularly the IRE1/
Xbp1 pathway, may be essential for HSC activation, 
suggesting that autophagy might be a therapeutic tar-
get for liver fibrosis (Hernandez-Gea et  al. 2013). 
However, the specific autophagy mechanisms that are 
involved in liver fibrogenesis remain unclear.

5.	 Nanotechnology applications for the treatment of liver 
fibrosis: The conventional anti-fibrotic treatments are 
still limited largely due to non-specific drug delivery. 
The major aim of using nanotechnology to treat liver 
fibrosis is to deliver anti-fibrotic drugs directly to the 
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fibrotic region. Activated HSCs express specific recep-
tors that could be used as targets for nanoparticles 
(NPs). Adrian et  al. (2007) using MSP-HSA (human 
serum albumin) coupled to liposomes and hemagglu-
tinating virus of Japan (HVJ) increased the delivery to 
HSCs, therefore offering a new possible method for 
treating liver fibrosis. MSP-HSA-conjugated liposomes 
have also been used to deliver the PPARγ ligand 
rosiglitazone to HSCs and were shown to decrease the 
grade of fibrosis in rats (Patel et al. 2012). The use of 
arginine-glycine-aspartic acid (RGD)-labeled sterically 
stabilized liposomes (SSLs) encapsulating IFNα-1b 
could also block fibrogenesis (Du et  al. 2007). Sato 
et al. (2008) evaluated the effects of vitamin A-coupled 
liposomes containing siRNA targeted to gp46 in liver 
fibrosis; this treatment decreased collagen deposition 
and apoptosis induction in HSCs and improved liver 
functions in an animal model. Liposomes decorated 
with p-aminophenyl δ-d galactopyranoside, which 
specifically binds to galactosyl receptor, can be used 
as carriers to deliver the antioxidant flavonoid querce-
tin (QC) as a treatment of sodium arsenite (NaASO2)-
induced liver fibrosis (Ghosh et  al. 2010). Nanotech-
nology approaches have also been developed to deliver 
plant extracts to the specific targets in the liver. For 
example, the alkaloid extract oxymatrine (OM) can 
inhibit HBV and HCV replication and reduce collagen 
production and deposition in rats treated with CCl4 
(Giannitrapani et  al. 2014). Bisht et  al. (2011) devel-
oped a polymeric nanoparticle formulation of curcumin 
(NanoCurc™), which accumulates in the environment 
containing pro-fibrotic HSCs and myofibroblasts; this 
formulation showed better bioavailability and fibrosis-
reducing effects compared with control NPs in CCl4-
treated animals. Therefore, due to the beneficial effects 
of NPs, including their bioavailability, target region 
specificity, and lower number of side effects, NPs may 
represent a novel delivery approach for anti-fibrotic 
drugs to treat liver fibrosis. However, more studies are 
required to assess the toxicity of NPs; the therapeutic 
benefits of NPs must be balanced against the poten-
tially harmful risks (Giannitrapani et al. 2014).

6.	 Nutrients: Previous study indicated that improvement 
of the nutritional state by a branched chain amino acid 
(BCAA)-enriched elemental diet combined with a liver 
diet (restricted energy and protein) could improve the 
clinical symptoms of liver failure patients and amelio-
rate DEN (diethylnitrosamine)-induced liver fibrosis 
by lowering the levels of α-SMA, VEGF, phospho-β-
catenin, p-38, and PCNA, and increasing the activation 
of caspase-3 in animals (Cha et al. 2013; Matsuoka et al. 
2014). α-lipoic acid (LA), an organosulfur compound 
derived from octanoic acid which is made from fatty 

acid synthesis and is an antioxidant present in almost all 
foods, acts as a cofactor in enzyme systems. In the study 
conducted by Foo and his colleague, the administration 
of LA to TAA-treated rats reduced the incidence of cir-
rhosis, attenuated hepatic fibrosis, and improved AST/
ALT activities. Mechanistic studies indicated that LA/
DHLA (dihydrolipoic acid, the reduced form of LA) 
may be involved in the interruption of ROS-related 
MAPK and PI3K/Akt signaling pathways to inhibit 
TGF-β and PDGF-induced HSC activation, suggesting 
that LA/DHLA also has therapeutic potential in patients 
with chronic liver injury (Foo et al. 2011). The potential 
effects of omega-3, olmesartan, and their combination on 
liver fibrosis induced by CCl4 in rats indicated the ben-
eficial effects of omega-3 in attenuating liver fibrosis by 
reducing liver oxidative stress, augmenting antioxidants, 
preventing HSC activation, inhibiting HSC proliferation 
and chemotaxis, and inhibiting HSC fibrogenic response. 
The results suggested the beneficial effects of omega-3 in 
the treatment of liver fibrosis (Shaaban et al. 2014).

7.	 Alternative, complementary, and traditional Chinese 
medicines: Traditional Chinese medicines (TCMs), 
especially those medicines for heat-clearing and 
detoxification, are often used to treat liver disease. The 
effective TCMs for the treatment of liver fibrosis are 
reviewed in detail by Zhao et al. (2014). Here we dis-
cussed the anti-fibrotic effects of some TCMs tested in 
the different animal models.

	 The famous herbal preparations of Fuzheng Huayu 
capsules/tablets (FZHYC) are typically used to treat 
liver disease, to improve liver function, and to decrease 
the expression of fibrosis biomarkers in cirrhotic or 
fibrotic patients with chronic HBV (CHB) infec-
tion (Zhao et  al. 2014). Fibrotic patients significantly 
improved after treatment with FZHYC combined with 
anti-viral drugs for 24 and 48 weeks (Zhao et al. 2014). 
In addition, fibrotic patients with CHB who received 
nucleoside analogues for 2  years or longer showed 
significant improvements in their liver fibrosis stages, 
suggesting that Fuzheng Huayu capsules along with 
continued NAs therapy may represent a safe and effec-
tive treatment for fibrotic patients (Tian et al. 2013).

	 In a CCl4-induced fibrosis model, various TCMs 
were effective in treating fibrosis. For instance, Panax 
notoginseng (PNS), a species of the genus Panax, was 
reported to balance the pro- and anti-fibrotic cytokines 
by attenuating the fibrotic index degree, the collagen 
level, and the collagen area in the liver and reducing 
TGF-β, TNF-α, and IL-6 levels (Peng et  al. 2009b). 
Piper betle leaves inducing active MMP2 expression 
though Ras/ERK pathway, and inhibiting TIMP2 level 
followed by attenuated the fibrosis (An et al. 2012). A 
gradient of Huisheng oral solution (HOS) attenuated 
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collagen deposition and liver fibrosis by suppressing 
TGF-β signaling pathways (Li et  al. 2014c). A simi-
lar effect was observed by saikosaponin-d (SSd), an 
extract from Bupleurum falcatum L., which signifi-
cantly reduced collagen deposition, decreased TGF-β 
contents, down-regulated TNF-α, IL-6, and NFκB 
p65 subunit expression, and increased IκB activity 
in the liver (Dang et al. 2007; Fan et al. 2007). In the 
same model, hydroxysafflor yellow A (HSYA) signifi-
cantly decreased fibrosis, HSC activation, and α-SMA 
expression, and decreased TGF-β, MEKK3, MEK5 
expression, and ERK5 phosphorylation (Zhang et  al. 
2012). The anti-fibrotic effects of Paeonia lactiflora 
and Astragalus membranaceus (PAE) extract may be 
associated with its abilities to act as an antioxidant, 
to decrease TGF-β and collagen levels, and to inhibit 
HSC proliferation (Sun et  al. 2007). Da Huang Zhe 
Chong pill (DHZCP) can reverse and alleviate hepatic 
fibrosis by decreasing the secretion of TNF-α and 
IL-13 through the down-regulation of p38 and ERK 
phosphorylation (Cai et al. 2010). Gomisin A is one of 
the major dibenzocyclooctadiene lignans isolated from 
Schisandra chinensis Baill; this treatment decreased 
liver oxidative stress by increasing superoxide dis-
mutase activity and ameliorating inflammatory media-
tors (Teraoka et al. 2012).

	 In an alcohol-induced liver fibrosis model, Chunggan 
extract (CGX) inhibited VEGF, indicating that CGX 
exerts anti-fibrotic effects. Another study also indicated 
that CGX significantly decreased TGF-β, inactivated 
HSCs, and restored the GSH (glutathione) system in 
a TAA-induced chronic liver injury model in SD rats 
(Kwak et al. 2011).

	 In DMN-administered fibrotic rats, treatment with Tet 
(tetrandrine, an alkaloid isolated from Stephania tetran-
dra) reduced the expression of α-SMA, NFκB, ICAM-1, 
and TGF-β (Hsu et al. 2007). Therefore, the advantages 
of using TCMs to treat liver fibrosis may be associated 
with the multi-target regulation by these medicines. 
However, due to the lack of controlled studies and the 
liberal use of poorly standardized or complex mix-
tures of botanicals, which raises the risk of liver toxic-
ity, only a few clinical trials using Chinese herbs have 
been conducted (Zhao et al. 2014) (https://clinicaltrials.
gov). More studies are required to further understand the 
actions, mechanisms, and toxicities of TCMs.

8.	 Natural products with multi-target approaches: Because 
of the complexity of pathways and microenvironments 
involved in the cross talk among different cell types 
during the fibrogenic process, approaches that target 
multiple mechanisms may reach optimal therapeutic 
effects compared with those targeting a single compo-
nent of fibrogenesis. In this context, natural products 

with various pharmacological activities have increased 
therapeutic potential for liver fibrosis. Moreover, most 
of the natural products are contained in foods that have 
been used in the human diet for a long time; therefore, 
their toxicities should be low. The natural products used 
in the treatment of fibrosis are also discussed in the con-
text of different animal models.

	 In CCl4-treated animals, the phytophenolic compound 
curcumin possessed anti-inflammatory activity and was 
reported to reduce TGF-β expression, induce apopto-
sis, and suppress proliferation in HSCs, as well as to 
inhibit ECM formation by enhancing MMP expression 
through PPARγ activation and to inhibit CTGF expres-
sion in HSCs by inhibiting ERK and NFκB activation 
(O’Connell and Rushworth 2008; Reyes-Gordillo et al. 
2008). Bee venom (BV) has long been used to control 
pain and inflammation in chronic disease. Kim et  al. 
(2010) indicated that BV regulated pro-inflammatory 
and fibrosis-related genes against liver fibrosis in this 
model through inhibiting the secretion of IL-1β, TNF-
α, α-SMA, and fibronectin. The other peptide compo-
nent of bee venom, apamin, was reported to attenuate 
pathological changes and decrease the expression of 
TGF-β and fibronectin in rats treated with CCl4 (Lee 
et  al. 2014b). In addition, BV melittin, a major bio-
active component in Apis mellifera venom, is well-
known cytolytic, antimicrobial, and pro-inflammatory 
peptide that inhibits liver inflammation and fibrosis in 
TAA-induced liver fibrosis by interrupting NFκB sign-
aling pathway and inflammation (Park et  al. 2011). 
Baicalin is a flavonoid monomer derived from Huang-
qin that has been shown in China to have potential 
therapeutic effects on inflammatory diseases. In CCl4-
induced fibrosis, administration of baicalin attenuated 
the liver fibrosis degree, collagen area, and collagen 
percentage in the liver; additionally, the levels of serum 
TGF-β, TNF-α, and IL-6 were significantly reduced 
(Peng et  al. 2009a). The major active component of 
the medicinal Nigella sativa thymoquinone (TQ) obvi-
ously reversed liver damage in TAA- and CCl4-treated 
mice accompanied by α-SMA, collagen I, and TIMP-1 
expression and NFκB pathway inactivation (Bai et al. 
2014). The anti-fibrotic effects of methanolic black 
bean extract were also evaluated using a CCl4-induced 
liver injury model in rats; these antioxidants amelio-
rated collagen expression (Lopez-Reyes et al. 2008).

	 In HFD-fed and streptozotocin (STZ)-induced diabetic 
rats, the other polyphenolic antioxidant salvianolic 
acid could prevent the pathological progression of 
liver fibrosis by reducing ROS production, inhibiting 
α-SMA and TGF-β expression, and exerting mitochon-
dria-protecting effects (Qiang et al. 2014). Oleuropein 
has antioxidant and anti-inflammatory properties and 
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has also been reported to prevent the progression of 
fibrosis in HFD-fed mice; the expression of α-SMA 
and collagen I and the histopathological features of 
fibrosis were reduced (Kim et al. 2014).

	 In DMN-treated rats, morin, a member of the flavo-
noid family, inhibited liver fibrosis. A mechanistic 
study indicated that morin altered cell cycle distribu-
tion in LX-2 cells and down-regulated the expression 
of GSK-3β-catenin and cyclin D1 (MadanKumar et al. 
2014). Choi et  al. (2010) investigated the protective 
effects of the anthocyanin fraction (AF) obtained from 
the purple-fleshed sweet potato on DMN-induced liver 
fibrosis in rats and found that AF reduced the inci-
dence of liver fibrotic lesions and the expression of 
α-SMA, collagen I, and III, demonstrating the preven-
tive and therapeutic effect of AF against liver fibrosis. 
In a DMN-induced fibrosis model, the aqueous extract 
of the Platycodi Radix root exerted anti-fibrotic activi-
ties through the activation of Nrf2-mediated antioxi-
dant enzymes, leading to increased antioxidant enzyme 
activities (Choi et al. 2013). In addition, the naturally 
occurring resveratrol analogue pterostilbene alleviated 
DMN-induced fibrosis in rats, likely by inhibiting the 
TGF-β1/Smad signaling pathway (Lee et al. 2013).

	 In TAA-treated mice, administration of AP (andro-
grapholide, a diterpenoid lactone) inhibited liver 
neutrophil infiltration, decreased TNF-α and COX-2 
expression, and down-regulated hypoxia-inducible 
genes such as VEGF, suggesting that AP can be consid-
ered as a treatment of liver fibrosis (Lee et al. 2014a).

Future prospects

Recent studies that clinically and serially assess biopsy 
samples from patients with chronic liver disease of diverse 
etiologies who have been successfully treated have indi-
cated that liver fibrosis is a dynamic, bidirectional process 
that has an inherent capacity for recovery and remodeling 
(Ellis and Mann 2012). UDAC (dihydroxylated bile acid) is 
now the only standard treatment for primary biliary cirrho-
sis (PBC) patients who present with progressive destruction 
of small intrahepatic bile ducts, impaired biliary secretion, 
hepatocellular retention of toxic endogenous bile acids, 
and the development of fibrosis leading to cirrhosis, which 
commonly requires liver transplantation. UDAC is also one 
therapeutic option currently used for cystic-related fibro-
sis (Cheng et al. 2014b) and has anti-inflammatory effects 
that can reduce inflammation, fibrosis, and portal pressure 
in animal models (Fiorucci et al. 2003). However, with all 
of the tremendous progress that has been made in under-
standing the mechanisms of hepatic fibrosis, there remains 
a lack of effective preventive or therapeutic agents for other 

types of liver fibrosis in patients with chronic liver disease. 
Therefore, there is an urgent need to develop anti-fibrotic 
therapies that can prevent, arrest, and reverse liver fibrosis.

Several difficulties exist in developing therapeutic and 
preventive agents for liver fibrosis using animal models, 
particularly regarding the studies evaluating anti-fibrotic 
compounds, for which the efficacy in rodents has not 
yet been translated to humans (Abu Dayyeh et  al. 2011; 
McHutchison et  al. 2010). One possible issue is that the 
densely cross-linked collagen develops over decades in 
humans rather than over weeks in rodents (Pellicoro et al. 
2014). Advanced liver fibrosis is much less reversible 
in humans than it is in rodents. In addition, animal mod-
els have variable relevance based on the model used, the 
dosing, and the therapeutic targets being used (Friedman 
2010). Therefore, it is unknown whether an anti-fibrotic 
therapy that is successful in an animal model will result 
in positive clinical outcomes (Abu Dayyeh et  al. 2011). 
Hence, the animal models used should more closely mimic 
the key features of the human disease, and the cellular or 
molecular target and its role in fibrosis should be similar 
between the animal model and the human disease (Fried-
man 2010). Moreover, the anti-fibrotic therapies applied 
in animal models should also be tested for efficacy and 
safety in humans in clinical settings (Hayashi and Sakai 
2011). Therefore, the translation of anti-fibrotic therapies 
from animals to humans may provide public health benefits 
(Hayashi and Sakai 2011). For an elaborate review of the 
animal models applied in the liver fibrosis studies, please 
refer to the review written by Hayashi and Sakai (2011).

In previous studies, most focus on a single target without 
considering the complexity of the process of fibrosis and 
the interactions among cells, soluble mediators, the pro-
fibrogenic microenvironment, and the fibrogenic signaling 
pathways. Therefore, this might represent another limita-
tion for developing therapeutics in animal models; these 
therapies are far from ready for use as anti-fibrotic strate-
gies in human (Schuppan and Pinzani 2012). Accordingly, 
due to the complexity of cross talk in the microenviron-
ment, a combination therapy approach or agents against 
multiple targets may be more effective in the treatment of 
liver fibrosis (Schuppan and Kim 2013).

Although our understanding of the mechanisms in liver 
fibrosis is increasing, there remain many questions that 
must be studied in the future. For example, when and why 
the liver regenerates after injury, which is a unique qual-
ity from other organs, and which mechanism control the 
advances in fibrosis and decreases in regeneration remain 
unclear. Although challenges still exist, large-scale stud-
ies have investigated novel pathways, targets, and delivery 
methods to treat liver fibrosis. The goal is to attenuate the 
development of fibrosis in patients with CLD and to pre-
vent organ failure induced by CLD. These efforts may 
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reveal an ideal anti-fibrotic drug that could be easily deliv-
ered with high liver specificity and low liver toxicity in the 
future. Moreover, the identification of better markers of 
the fibrosis stage and activity that could be used to predict 
which patients with CLD will progress to liver cirrhosis or 
reverse their fibrosis and the performance of a proof of con-
cept clinical trial that establishes a rationale for targeting 
fibrosis in patients with CLD must be conducted.
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