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Abstract

Reversibility of hepatic fibrosis and cirrhosis following antiviral therapy for hepatitis B or C has 

advanced the prospect of developing antifibrotic therapies for patients with chronic liver diseases, 

especially non-alcoholic steatohepatitis. Mechanisms of fibrosis have focused on hepatic stellate 

cells, which become fibrogenic myofibroblasts during injury through ‘activation’, and are at the 

nexus of efforts to define novel drug targets. Recent studies have clarified pathways of stellate cell 

gene regulation and epigenetics, emerging pathways of fibrosis regression through the recruitment 

and amplification of fibrolytic macrophages, nuanced responses of discrete inflammatory cell 

subsets and the identification of the ‘ductular reaction’ as a marker of severe injury and repair. 

Based on our expanded knowledge of fibrosis pathogenesis, attention is now directed towards 

strategies for antifibrotic therapies and regulatory challenges for conducting clinical trials with 

these agents. New therapies are attempting to: 1) Control or cure the primary disease or reduce 

tissue injury; 2) Target receptor-ligand interactions and intracellular signaling; 3) Inhibit 

fibrogenesis; and 4) Promote resolution of fibrosis. Progress is urgently needed in validating non-

invasive markers of fibrosis progression and regression that can supplant biopsy and shorten the 

duration of clinical trials. Both scientific and clinical challenges remain, however the past three 

decades of steady progress in understanding liver fibrosis have contributed to an emerging 

translational success story, with realistic hopes for antifibrotic therapies to treat patients with 

chronic liver disease in the near future.

INTRODUCTION

A sustained effort over the past three decades to uncover the cellular and molecular basis of 

hepatic fibrosis is now yielding imminent success in treating this morbid consequence of 

chronic liver injury. Fibrosis, or the net accumulation of extracellular matrix (ECM) or scar, 

has been recognised for millennia in patients with chronic liver disease, yet it was 

considered intractable for most of medical history. Nonetheless, Perez-Tamayo1 presciently 

predicted the reversibility of fibrosis following the characterisation of collagenase activity in 

liver that could degrade ECM molecules.2 What has followed is a sustained assault on the 
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problem, bringing us to a period of heightened clarity about the cells, mediators and 

intracellular signals that culminate in hepatic scar. This clarity, in turn, has led to rational 

mechanism-based antifibrotic strategies that are now being tested in clinical trials. This 

review will highlight both the established and emerging cellular mechanisms of hepatic 

fibrosis that establish a useful template for the understanding the basis for candidate 

antifibrotic strategies. We also highlight emerging challenges in clinical trials, and 

underscore key unanswered scientific and clinical questions for the future.

HEPATIC FIBROSIS AND CIRRHOSIS ARE REVERSIBLE

The vindication of Perez-Tamayo’s prediction in 1979 awaited the development of specific 

therapies for chronic liver disease that are now a mainstay of treatment, particularly for 

hepatitis B (HBV) and C (HCV). In retrospect, it was unrealistic to expect fibrosis to reverse 

until there were such therapies, since without them sustained injury would provoke ongoing 

fibrosis and repair. Fibrosis is reversible and cirrhosis (defined as the distortion of hepatic 

architecture and blood flow) may regress in some cases. The regression of cirrhosis has been 

observed in patients with iron and copper overload, alcohol-induced liver injury, chronic 

hepatitis B, C and D, hemachromatosis, secondary biliary cirrhosis, non-alcoholic 

steatohepatitis (NASH) and autoimmune hepatitis (reviewed in ref. 3). Among these 

diseases, reversibility seems especially likely in patients in whom HBV therapy suppresses 

viral replication,4 however, cirrhosis reversion is now also reported in HCV patients 

following sustained virologic response (SVR).5 Overall, up to 70% of patients with HBV or 

HCV cirrhosis will demonstrate reversibility on follow-up biopsies,45 but more extensive 

data for HCV are anticipated now that SVR rates exceed 90% using direct-acting antiviral 

therapies. Moreover, when reversal occurs in HCV, it leads to improved clinical outcomes, 

reduced portal pressure and decreased all-cause mortality.6 Remarkably, a subset of ~10% 

of patients with HCV may have persistent or even progressive fibrosis following SVR, 

which might reflect other concurrent underlying liver diseases, especially non-alcoholic fatty 

liver disease (NAFLD).7

The reversibility of advanced fibrosis and cirrhosis is less certain in NASH than in viral liver 

disease since no disease-specific therapies have been established yet. However, studies 

examining the behaviour of fibrosis after bariatric surgery clearly indicate some 

reversibility,89 although data are limited and more rigorous prospective studies are needed.

Even less is known about disease reversibility for other chronic liver diseases, but small 

reports cite improvements in autoimmune liver disease, biliary obstruction, 

hemochromatosis and other disorders (see ref. 10 for review). The unifying feature of these 

reports is the abrogation of the underlying diseases that precipitated the fibrosis.

CELLULAR SOURCES OF ECM

The discovery of hepatic stellate cell activation—a transdifferentiation from a quiescent 

vitamin A-storing cell to a proliferative myofibroblast—has provided a fertile foundation for 

organising approaches to antifibrotic therapies. While fibrogenic cells may derive from 

portal fibroblasts in cholestatic diseases1112 the overwhelming evidence still supports 

activated stellate cells as the key source of ECM in parenchymal liver diseases, including 
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recent elegant fate tracing analyses using genetic models.111314 Regardless, each of these 

two cell types—stellate cells and portal fibroblasts—can generate myofibroblasts, whose 

molecular features and expression of potential antifibrotic targets are functionally similar in 

liver injury and fibrosis.

Stellate cell activation unfolds progressively in sequential stages; this paradigm provides a 

useful construct for defining fibrogenic events following liver injury15 (see figure 1). In 

particular, the ‘initiation’ phase, which refers to early events that render the quiescent 

stellate cell responsive to a range of growth factors, remains an important focus. Rapid 

induction of β-platelet-derived growth factor (PDGF) receptor, development of a contractile 

and fibrogenic phenotype and modulation of growth factor signalling are the cardinal 

features of this response. Resolution of fibrosis may be accompanied by senescence, 

inactivation or apoptosis of activated stellate cells (see below).

The development of new tools and models to study and manipulate stellate cells in vivo has 

accelerated the elucidation of their function. These include promoters that drive transgenes 

selectively in stellate cells for cell-specific gene deletion (eg, lecithin retinol acyltransferase 

or LRAT),13 models to selectively ablate stellate cells in vivo,16 immortalised stellate cell 

lines17 and analysis of gene expression using arrays of isolated cells to define cell specific 

transcripts and potential therapeutic targets.18

While studies of hepatic fibrosis focus on intrahepatic cells, pathways and signals, it is 

critical to recognise that fibrosis is also greatly influenced by extrahepatic events as well, 

including signals derived from the gut, muscle and adipose, and by systemic vascular 

changes. Interorgan cross talk is especially relevant to the pathogenesis of NAFLD and 

NASH. These extrahepatic signals that impact fibrosis are summarised in figure 2.

MECHANISMS OF STELLATE CELL ACTIVATION

Intracellular responses

The complex network of intracellular events during stellate cell activation includes 

regulatory controls affecting transcription, translation, post-translation and epigenetics, 

among others. Among these many events, intracellular inflammasome activation is 

increasingly recognised as an important transducer of signals derived from inflammatory 

cells that is especially relevant to fatty liver disease.20 Another emerging signalling network 

is the nuclear receptor family, including farnesoid-X-receptor (FXR),21 peroxisome 

proliferator-activated receptors (PPAR),22 vitamin D receptor (VDR),23 retinoid receptors,22 

Rev-erbα24 and liver-X-receptor (LXR).25 Other transcriptional events contributing to 

stellate cell activation include Wnt/β-catenin signalling,26 GATA427 and hedgehog 

signalling.14

Autophagy, a highly regulated intracellular pathway that preserves energy homeostasis, has 

been implicated in driving hepatic stellate cell activation by providing critical energy 

substrates through the hydrolysis of retinyl esters to generate fatty acids.28 The findings in 

part explain why stellate cells may lose retinoids as they activate, since the fatty acids are 

essential to fuel cellular activation. This autophagic response is also typical of mesenchymal 
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cell fibrogenesis in other tissues, and is linked to activation of the unfolded protein response 

and endoplasmic reticulum stress.29 Although autophagy stimulates retinyl ester hydrolysis, 

the overall contribution of retinoid metabolism to stellate cell activation is still uncertain, 

however, because mice that lack retinoid droplets through genetic knockout of the storage 

protein LRAT have a preserved capacity to become activated, arguing against the necessity 

of stored retinoids for activation to occur.30 An additional contribution of retinoids may be 

through the conversion of retinol to retinaldehyde, then retinoic acid, which may be linked 

to collagen expression and transforming growth factor beta (TGFβ) activation through 

alcohol dehydrogenase 3.31 Retinoic acid then sensitises natural killer (NK) cells to kill 

stellate cells, thereby contributing to an antifibrotic effect.32 In contrast, retinol released 

from stellate cells suppresses NK cells, which reduces stellate cell killing and enhances their 

contribution to fibrosis.31

Autophagy may be part of a larger metabolic reprogramming response, which has been 

explored extensively in cancer but not in fibrogenic cells. Signals contributing to this 

reprogramming include hedgehog,33 LXR25 and most recently Rev-erbα, along with 

peroxisome proliferator-activated receptor gamma (PPAR-γ), which may be especially 

critical to preserving the adipogenic phenotype of stellate cells.24 Free intracellular 

cholesterol has been proposed as another intracellular metabolic signal that sensitises cells to 

activation, and may be especially relevant to fibrosis in fatty liver disease.34 Moreover, 

cholesterol and retinoid metabolism are linked by a lipid-associated protein, Rab18, that is a 

retinoic acid-responsive gene.35

Not surprisingly, the enhanced proliferation of stellate cells during activation engages the 

cell cycle machinery. Among cell cycle components, cyclin E1 has been best characterised 

as a driver of stellate cell proliferation that is epigenetically regulated by miR-195.36

Epigenetic regulation is an especially important mode of controlling stellate cell activation, 

because regulatory events must occur quickly following injurious stimuli, either by 

activating or repressing gene transcription, or by post-transcriptional control37 (see figure 3). 

Among epigenetic signals, microRNAs are an important layer of regulatory control in 

stellate cell activation and fibrosis.40 Implicated miRNAs include miRNA-21,41 

miRNA-133a,42 miRNA-122,43 miRNA-214,44 miRNA-221/22245 and miRNA-29b46 

among others. Studies of chromatin remodelling in hepatic stellate cells (HSCs) that clarify 

interactions between vitamin D receptor signalling and SMAD3 (a TGFβ signalling effector) 

point to an increasingly detailed understanding of gene regulation in stellate cells that could 

uncover novel therapeutic targets.23 Of these, myocardin-related transcription factor A 

(MRTF-A) has been identified as an epigenetic modifier both in stellate cells,47 and in 

fibrosis of other tissues including lung48 and heart.49 Remarkably, epigenetic programming 

is transmissible to offspring in rodent liver injury, and may influence the propensity to 

develop fibrosis in subsequent generations if they have liver injury.50

Efforts to uncover nodal regulators of stellate cell activation have discovered a G protein 

exchange factor, GIV/Girdin, that lies at a convergent point of several intracellular pathways 

regulating fibrosis, including PI3K-Akt-FoxO1, TGFβ-SMAD and cAMP-PKA-pCREB 

(cyclic adenosine monophosphate (cAMP)-protein kinase A (PKA)-phosphorylated-cAMP-
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responsive element-binding protein.51 While targeting this molecule may not be sufficiently 

specific as a fibrosis therapy given its widespread expression, the findings nonetheless 

provide an example where the identification of a signal integrator such as GIV/Girdin could 

provide an attractive target to inhibit stellate cell activation.

Initiating events

Epithelial cell injury—Damage to either hepatocytes in parenchymal liver injury or 

biliary epithelium in cholestatic diseases is a sine qua non of chronic liver disease, and 

attention has focused on the growing list of mediators that these cells elicit to drive 

inflammation and fibrosis. Among the key signals are reactive oxygen species,52 hedgehog 

ligands,14 nucleotides53 and cell death signals.54 Moreover, different forms of cell death are 

now appreciated including autophagic, apoptotic, necrotic and pyroptotic death, each with 

its own distinct intracellular drivers and repertoire of extracellular signals released.20

Changes in ECM composition—Initiating events in stellate cell activation occur on a 

background of progressive changes in the surrounding ECM within the sub-endothelial 

space of Disse. Among these, the enhanced density of ECM leads to increasing matrix 

stiffness, which is a significant stimulus to stellate cell activation, at least in part through 

integrin signalling.55

Intestinal dysbiosis—Dietary fat is thought to contribute to intraluminal dysbiosis (ie, 

altered microbiome), with the release of pathogen-associated molecular patterns PAMPs and 

activation of toll-like receptors (TLRs). This contributes to a triad of lipogenesis, 

inflammation and ultimately oncogenesis.1956 Indeed, a fibrogenic microbiome has been 

identified in animal models whose transplantation can induce injury and fibrosis in recipient 

mice57 (see figure 2).

Perpetuating pathways

The stellate cell that is primed by ‘initiating’ stimuli can then respond to a host of cytokines 

and growth factors. These signals conspire to generate scar through enhanced proliferation, 

contractility, fibrogenesis, matrix degradation and proinflammatory signalling. While earlier 

models suggested that the pathways of activation were identical regardless of the disease, it 

is now clear that there are disease-specific pathways of fibrosis, and, moreover, that not all 

cytokine pathways are necessarily activated in parallel.58 This is especially relevant to 

NAFLD, where there are many convergent pathogenic pathways.59 Also important are the 

increasingly nuanced pathways of immunity and inflammation driven by different families 

of inflammatory cell types and their subsets, each of which may either promote or inhibit 

fibrosis (see refs 360–62 for reviews). These pathways and cell types are summarised in 

figure 4.

PATHWAYS OF FIBROSIS REGRESSION

At what point cirrhosis becomes irreversible is uncertain, but irreversibility becomes more 

likely as the scar thickens, becomes more acellular and is chemically cross-linked. A more 

refined classification suggests that cirrhosis is really comprised of several substages.63 This 
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finer classification may ultimately help define in whom reversibility is possible. Regardless, 

the successes in demonstrating fibrosis regression even in patients with cirrhosis indicate 

that the liver harbours innate pathways to regress scar, and therein may lie clues to mimic 

these endogenous pathways using novel therapies.

Based on the clinical experience of fibrosis summarised above, emphasis is now placed on 

pathways of regression, including changes in the cytokine and immune microenvironment, 

the ECM composition and the behaviour of stellate cells. Modulation of the cytokine 

microenvironment and altered inflammatory cell composition are emerging as key elements 

of this response. Interestingly, vascular endothelial growth factor, typically considered as a 

profibrotic, proangiogenic signal, may also be required for fibrosis regression.64

Over time, the reversal of HCV-associated cirrhosis and experimental cirrhosis evolves from 

a micronodular to a macronodular cirrhosis. Moreover, older fibrotic matrix that persists for 

more than a year is characterised by pauci-cellularity and increased ECM cross-linking.3 

Collagen cross-linking enhances the resistance of collagen to degradation, and is a critical 

determinant of fibrosis irreversibility. Elastin, another non-collagenous matrix component, 

may also contribute to the resistance to fibrosis reversion. Elastin accumulates in mature 

cirrhosis and is dependent on macrophage-derived matrix metalloproteinase 12 (MMP12) 

for degradation.65 Recent clinical studies that incorporate serum elastin into algorithms for 

fibrosis assessment are more accurate in diagnosing cirrhosis; for example, the Elasto-Fibro-

Test outperforms Fibroscan or Fibrotest alone.66

Reduction in the number of activated HSCs is critical to the reversibility of fibrosis. Three 

major pathways help eliminate fibrogenic, activated HSCs: (1) apoptosis3 (2) senescence67 

and (3) reversion to an inactivated phenotype6869 (see figure 1). The apoptosis of activated 

stellate cells has been documented in rodent experimental fibrosis model (bile duct ligation 

and carbon tetrachloride (CCl4)). Cellular senescence is a genetically controlled programme 

preventing cell division once cells exceed a finite proliferative capacity; HSCs undergo 

senescence and then accumulate in experimental hepatic fibrosis.67 Senescent HSCs are also 

targeted by NK cells for clearance in vivo, thereby additionally contributing to fibrosis 

resolution. There is also solid evidence of ‘deactivation’ or reversion of activated stellate 

cells to a more inactivated state in rodent models of fibrosis.6869 However, these reverted 

cells remain ‘primed’, with an enhanced capacity to reactivate upon re-exposure to 

fibrogenic stimuli. It remains uncertain which of these three modes of reducing the burden 

of activated stellate cells during fibrosis regression (ie, apoptosis, senescence and/or 

reversion) is most important in vivo, but current evidence suggests that reversion rather than 

senescence or apoptosis may predominate.

OTHER CELLULAR CONTRIBUTIONS TO THE FIBROTIC MILIEU

Most attention has focused on stellate cell and myofibroblast responses given their critical 

roles in ECM production, yet liver injury elicits a complex multicellular response involving 

other resident cells including hepatocytes, macrophages, sinusoidal endothelium and distinct 

families of infiltrating immune cells including B cells, NK and NKT cells and myeloid-

derived suppressor cells, among others36170 (see figure 4).
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Macrophages are a key cellular determinant of the resolution of liver fibrosis, and their 

heterogeneity reflects distinct subsets that may have widely divergent functions, some 

profibrotic and others antifibrotic.62 Recent studies have highlighted specific fibrolytic 

subsets (‘Ly-6C+ lo’ cells) of macrophages that are expanded during fibrosis regression.71 In 

addition to directly promoting fibrosis resolution via the production of MMPs, macrophages 

can also mediate anti-inflammatory effects, for example, by differentiating into regulatory 

macrophages that produce suppressor cytokines locally.72

Sinusoidal endothelial cells have been identified as critical cellular switches that can drive 

either liver regeneration or fibrosis.7374 Proregenerative activities of these cells are 

promoted by the induction of CXCR7, whereas profibrotic signals are driven by fibroblast 

growth factor-1 (FGF1) and CXCR4, which are paracrine stimuli to stellate cells.73 These 

findings reinforce the interdependence of sinusoidal endothelial and stellate cells, as 

underscored by earlier studies.7576 They also emphasise the growing range of activities of 

chemokines, which like the cells that produce them, can have widely divergent activities in 

promoting or attenuating hepatic fibrosis.60

A pathologic feature known as the ‘ductular reaction’ containing progenitor cells, activated 

stellate cells and ECM is increasingly linked to hepatic fibrosis progression in liver injury 

models and human disease.7778 The temporal and functional relationships between the 

elements of the ductular reaction are uncertain, and it remains unclear if the ductular 

reaction determines whether the outcome of liver injury is regenerative, fibrotic or both. A 

recent study further suggests that stellate cells can acquire progenitor properties, raising the 

prospect that some of the ductular reaction contains progenitor cells derived from stellate 

cells.79 Studies of this type that disentangle the elements and origins of the ductular reaction 

will likely yield insights in our understanding of liver homeostasis and the response to 

injury.

ANTIFIBROTIC THERAPIES

The increasing evidence that fibrosis is a dynamic and reversible process, the clarification of 

the underlying sources and mediators of fibrosis progression and advances in non-invasively 

assessing fibrosis have generated enthusiasm towards developing effective antifibrotic 

drugs, although none are approved yet.80 In reality, there may already be many existing 

drugs with well-established safety profiles, whose mechanism of action will be also 

antifibrotic even though they have been developed for other indications. For example, drugs 

recently approved for pulmonary fibrosis merit consideration for the treatment of fibrosis in 

other organs including liver, although the duration of therapy, willingness of patients to 

tolerate adverse events and endpoints of clinical trials across organs are likely to be very 

different.

Increasingly, targets for repurposed drugs can be uncovered using high throughput methods 

combined with ‘big data’ analysis.81 Key challenges include the decades-long natural 

history of chronic liver disease that will require long-term pharmacologic intervention to 

prevent or reverse cirrhosis, and the lack of a standardised, accepted non-invasive endpoints 

for fibrosis assessment.
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With the astonishing success of antivirals for HBV and HCV, current efforts to develop 

antifibrotics are now focused almost entirely on NASH-related fibrosis. From the 

perspective of unmet need this is a reasonable strategy, but should not overlook the 

substantial public health impact of other liver diseases, especially alcoholic and autoimmune 

liver diseases as well as paediatric liver diseases and sclerosing cholangitis, for which there 

are no medical therapies.

There are several points of attack in developing antifibrotic agents that are described in 

detail in the following sections and summarised in figure 5.

Control or cure the primary disease or reduce tissue injury

As detailed above, the clearance or control of the underlying aetiology is the most effective 

antifibrotic treatment. In addition, a class of compounds known as ‘hepatoprotectants’ are 

being developed to minimise the release of damage signals from injured epithelial cells that 

drive inflammation and fibrosis. Among these are molecules to block apoptosis of 

hepatocytes,82 and one such agent, emricasan (previously called IDN-6556)83 is currently in 

clinical trials for several liver-related indications. Similarly, the inhibition of cathepsin-B, a 

lysomal cysteine protease, attenuates liver injury in experimental models and is being 

pursued as a therapeutic strategy.84

Other agents attempt to reduce steatosis in an effort to attenuate ‘lipotoxicity’ associated 

with fatty liver disease by inhibition of lipogenic pathways, in particular acetyl CoA-

carboxylase.85 Antioxidants also exert a preventive effect on hepatocyte injury but may also 

be directly antifibrotic.86 For example, vitamin E is effective in patients with NASH. In a 

large National Institutes of Health trial (‘Pioglitazone versus Vitamin E versus Placebo for 

the Treatment of Nondiabetic Patients with Nonalcoholic Steatohepatitis’ (PIVENS) trial) 

vitamin E led to clear histological regression, with no fibrosis progression.87 Nicotinamide 

adenine dinucleotide phosphate, reduced (NADPH) oxidase (NOX), an enzyme that 

generates oxidant stress, is activated by angiotensin II (Ang II) in inflammatory regions 

within the liver, and small molecule antagonists of NOX are already available for human 

testing.88 Cysteamine, a precursor to glutathione, is being evaluated in paediatric NAFLD.89

Since persistent inflammation almost always precedes and accompanies fibrosis, drugs that 

target the inflammatory cascade may have antifibrotic activity. Chemokines have been 

widely implicated in inflammatory liver diseases including NASH, and antagonists to their 

receptors are emerging as potential therapies based on preclinical efficacy.6090 Similarly, an 

antagonist to interleukin-1 receptor was effective in an animal model.91

A recombinant form of serum amyloid P has been tested extensively in fibrotic lung models, 

where it attenuates monocyte differentiation and may facilitate clearance of debris.92 

Similarly, an antagonist to the lysophosphatidic acid 1 receptor has potent anti-inflammatory 

and antifibrotic activity in mouse lung fibrosis,93 and was well tolerated in a human phase 1 

trial in healthy adults. Studies using a carbohydrate molecule that inhibits galectin-394 show 

benefit in animal models of hepatic fibrosis, with a human trial underway.
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Some of the metabolic benefit of FXR agonism may be through its ability to induce 

fibroblast growth factor 19 (FGF19), a gut-derived factor that inhibits fatty acid synthesis in 

liver.9596 In addition, FGF21, which functions as a circulating hormone, also improves 

insulin sensitivity and clearance of lipids, and has been proposed as a potential 

hepatoprotective agent.97 Recently, a large randomised trial of the FXR agonist obeticholic 

acid in patients with NASH, over 50% of whom were diabetics, showed clear improvement 

in the NAFLD activity score and a mean reduction in serum alanine transaminase (ALT) and 

in fibrosis stage in the treated patients.98 Of note, there was a mean elevation in serum low-

density lipoprotein (LDL) levels in treated patients, which were also reported in an earlier 6-

week trial of the drug,99 as well as an increased risk of pruritus, but on balance the study has 

been viewed as encouraging, in particular because of the improvement in fibrosis, but larger 

trials are expected to confirm efficacy and address safety concerns.100

Target receptor–ligand interactions and intracellular signalling

The discovery of membrane and nuclear receptors expressed by stellate cells that have been 

previously identified in other tissues has opened new possibilities for antifibrotic therapies.

Neurochemical receptors—Cannabinoids remain an attractive target for modulating 

hepatic fibrosis.101 CB1 antagonism is a promising strategy and CB1 antagonists that do not 

cross the blood–brain barrier are being developed. Antagonism of the 5HT-2B receptor may 

both antagonise fibrosis and enhance hepatic regeneration.102

The renin–angiotensin system—Ang II is secreted by stellate cells, and binds to the 

angiotensin II type 1 (AT1) receptor, with intracellular effects mediated by JAK2.103 

Blocking the renin–angiotensin system by angiotensin-converting enzyme (ACE) inhibitors 

or AT1 receptor blockers (ARBs) may be an effective strategy in the treatment of liver 

fibrosis, and is currently in human trials. One study identified synergistic activity of AT1 

and cannabinoid signalling through receptor heterodimerisation,104 providing a rationale to 

attempt combination therapies using ARB and CB1 receptor antagonists in fibrosis in hopes 

of achieving a synergistic effect on fibrosis.

Endothelin 1—Endothelin 1 (ET-1) and NO are antagonistic counter-regulators 

controlling HSC contractility and vasorelaxation, respectively. ET-1 is a vasoconstrictor 

with a potent effect on the hepatic vasculature. High levels of endothelin 1 and endothelin 

receptors are present in cirrhosis. The blockade of endothelin 1 type A receptor is 

antifibrotic in rodents and also improves portal hypertension, however, initial trials using 

first generation human ET-1 receptor antagonists were associated with some hepatotoxicity, 

but newer, safer agents are anticipated.

Adipokines—As obesity becomes increasingly prevalent, studies seek to define the role of 

adipose derived hormones, or adipokines, in contributing to the complications of obesity, 

including the metabolic syndrome and hepatic fibrosis. Leptin and its natural antagonist 

adiponectin are adipokines secreted by adipose tissue and stromal cells, especially stellate 

cells. Adiponectin levels are inversely correlated with body fat and antagonise fibrogenesis; 

therapeutic efforts in animal models are promising.105 Additionally, recombinant ghrelin 
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exerts hepatoprotective and antifibrotic effects in liver;106 further studies need to determine 

its safety, tolerability and efficacy of all adipokines as therapeutics human liver disease.

Tyrosine kinase receptors—Many proliferative cytokines, including PDGF, FGF and 

TGF-α signal through tyrosine kinase receptors. For example, sorafenib, a multiple receptor 

tyrosine kinase inhibitor approved for therapy in hepatocellular carcinoma, targets the PDGF 

receptor and Raf/ERK signalling pathways and is antifibrotic in animal models.107 

Downstream mediators of these receptors, in particular Rho/Rac and ROCK2, are appealing 

targets as well.108 Similarly, imatinib, a small molecule tyrosine kinase antagonist used in 

chronic myeloid leukaemia (CML) and GI stromal tumours, is antifibrotic.109110 Nilotinib is 

another novel small molecule tyrosine kinase inhibitor of Bcr-Abl that reduces liver injury 

and fibrosis through multiple mechanisms.111

Nuclear receptors—As reviewed above, stellate cells express a diverse group of nuclear 

transcription factor receptors, including PPAR-γ, FXR and pregnane X receptor. 

Thiazolidones, antidiabetic agents that are PPAR-γ agonists, reduce collagen expression and 

HSC activation in vitro, however, clinical trials have yielded mixed results to date. A 

combined PPAR-α/δ agonist shows promise both in animal models and is currently in 

clinical trials.112 Obeticholic acid, described above, also reduces portal hypertension in 

experimental models of fibrosis.9599113 While LXRs function as key regulators of 

lipogenesis and modulate the immune system,25 LXR ligands are limited by hepatotoxicity 

due to induction of de novo lipogenesis.

Inhibit fibrogenesis

TGFβ1 is the most potent stimulus to the synthesis of collagen I and other matrix 

constituents, and thus inhibiting its actions remain a major focus of antifibrotic efforts in 

liver, either by blocking circulating TGFβ1, antagonising its receptors and/or blocking its 

activation at the cell surface. The challenge is to restrict any inhibitors to the fibrotic milieu, 

since systemic TGFβ1 inhibition could provoke inflammation or enhance epithelial growth 

and neoplasia. One approach being tested in lung fibrosis is to inhibit cell surface activation 

of TGFβ1 by interfering with an integrin receptor (αvβ6) that is essential for the cytokine’s 

activation.114 The identical approach may not be effective in liver, however, because the 

integrin subtypes may differ, but the inhibition of the αv subunit alone is effective in 

reducing fibrosis in animal models of liver injury.55

Connective tissue growth factor (CTGF/CCN2) is also a potent fibrogenic signal. FG-3019, 

a human monoclonal antibody against CTGF,115 has been tested in lung fibrosis and its now 

being assessed as a treatment for liver fibrosis in patients.

Promote resolution of fibrosis

Increase matrix degradation—Strategies to enhance the degradation of the collagen-

rich ECM seek to increase the activity of endogenous matrix-degrading enzymes or to 

neutralise natural antagonists and mask collagenase activity, in particular tissue inhibitors of 

metalloproteinases (TIMPs). Proof-of-principle studies have succeeded using TIMP 
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antagonists in animal models, for example,116 but no human studies have been reported to 

date.

Impressive results were reported in several animal models using a monoclonal antibody that 

inhibits the collagen cross-linking enzyme Lysyl oxidase 2.117 The assumption is that 

collagen that is not fully cross-linked is more susceptible to degradation by endogenous 

collagenases and other enzymes, but additional mechanistic studies are needed. Nonetheless, 

several clinical trials are underway testing this strategy in both liver and lung fibrosis.

Stimulate clearance of activated stellate cells—Myofibroblast clearance by 

apoptosis is a feature of the liver’s endogenous response to remove scar, as reviewed above. 

The relative apoptotic activity of stellate cells reflects a balance between apoptotic 

stimulation and survival signals, which can be manipulated therapeutically. Increased 

survival of stellate cells may result from enhanced expression of antiapoptotic proteins such 

as Bcl-2, and by transcription factors, especially NF-κB. Inhibition of NF-κB by 

gliotoxin,118 a fungal product, accelerates recovery from fibrosis in an animal model, which 

has provoked the use of sulfasalazine as an antifibrotic because of a similar mechanism of 

action. Angiotensin-converting enzyme inhibitors also reduce myofibroblast survival by 

upstream inhibition of NF-κB signalling.118 Increased myofibroblast apoptosis also results 

from use of either a CB1 antagonist (rimonabant) or a 5HT antagonist.

NK cells can kill activated stellate cells. Thus, amplifying NK cells could be a novel 

approach to treating liver fibrosis.119 Production of interferon gamma (IFN-γ), a hallmark of 

NK cell activation, is another important mechanism contributing to the antifibrotic effects of 

NK cells. While a trial of systemic interferon gamma was negative, more recent approaches 

attempt to target its delivery to activated stellate cells using receptor-mediated uptake.120 

Similarly, targeted delivery of Rho kinase antagonist merits further evaluation.121

Bone marrow or cell transplantation—The use of bone marrow progenitor cells to 

promote regeneration and enhance matrix degradation is an intriguing and somewhat 

controversial new approach to antifibrotic therapy. In animal models, BM transplantation 

improves liver function and ameliorates hepatic fibrosis. Still, a preferred route would be to 

define which cells within bone marrow are fibrolytic and/or regenerative, and amplify either 

their number or activity pharmacologically, or alternatively to administer isolated, purified 

cell types that promote regeneration and matrix degradation, for example, 

macrophages.122123

Current clinical trials—Currently there are over 500 trials under ‘liver fibrosis’ and an 

additional 500 listed under ‘fatty liver’ on clinicaltrials.gov, some of which are therapeutic 

trials, with many observational studies and diagnostic trials included as well. This rapidly 

increasing number underscores the intense interest in antifibrotic therapies both in the 

academic and in the commercial spheres.
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REGULATORY CHALLENGES IN DEVELOPING NOVEL DRUGS FOR 

HEPATIC FIBROSIS

Liver biopsy—the gold standard, but in need of replacement

A key challenge limiting progress in the testing of antifibrotic drugs is the lack of sufficient 

endpoints that are noninvasive, yet correlate well with clinical outcomes. Currently, all 

clinical trials of antifibrotic drugs require liver biopsy to assess fibrosis before and after 

treatment. This requirement imposes several limitations on clinical trial design including the 

invasive nature of biopsy, and therefore the limited access to tissues at intermediate time 

points during a trial. Moreover, while biopsy is highly informative, it does not necessarily 

predict outcomes well, although the use of quantitative assessment of fibrosis by 

morphometry significantly improves clinical outcome prediction.124125 Moreover, even 

when cirrhosis is established, collagen continues to accumulate, yet standard scoring 

systems cannot detect this increase, whereas morphometry can.126 Still, the biopsy is prone 

to sampling variability that is not necessarily mitigated by collagen morphometry. 

Moreover, in trials that include patients who are clinically stable, reliance on clinical events 

as a ‘hard’ endpoint is desirable but not realistic, as few patients will have decompensating 

events during the study interval. To incorporate clinical events as an endpoint, patients with 

more advanced disease would need to be enrolled, yet this may not make sense for some 

antifibrotic drug targets. For example, trials that test drugs to attenuate inflammation or 

reduce metabolic derangements in NASH are likely to be more effective in noncirrhotic 

patients, where clinical events are rare. The stratification of risk for progression should 

ideally be incorporated into clinical trial design, but this is not yet possible. While genetic 

determinants of fibrosis progression have been well validated in HCV,127 a similar fibrosis 

risk score has been elusive in NASH, probably because the disease is multifactorial and not 

due to identical aetiologies in all patients, even though their clinical phenotypes may be 

similar.

Potential surrogate markers—Current efforts are aggressively seeking surrogate 

markers or non-invasive determinants that can supplant biopsy. For example, non-invasive 

imaging using MR technologies or elastography may emerge as indicative of drug 

response.128 These experimental findings nicely complement the increasing use of 

Fibroscan, MR elastography, ARFI and Supersonic shear wave assessments, which are now 

established clinical techniques which non-invasively assesses hepatic stiffness as a reflection 

of ECM content.129 Most validation of these markers has been performed in HCV and they 

may not be as accurate in NAFLD.130 Newer modalities are also being developed using 

collagen-specific contrast agents or special MR techniques.131132 Increasing evidence 

suggests that these technologies may be useful in quantifying fibrosis regression.133 Serum 

markers of fibrogenic activity would be ideal, in that they could be sampled regularly and 

might even indicate response to therapy before the biopsy is likely to change, but none are 

yet validated in this setting.

Liver ‘function’ tests—An alternative and/or complementary diagnostic strategy is the 

use of tests that assess underlying functional liver reserve, whether using breath tests134 or 

substrate clearance methods,135 to predict clinical outcomes. One goal of these efforts is to 
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establish their correlation with hepatic venous pressure gradient, since this measure clearly 

correlates with outcomes.136 Functional tests especially appealing because the functional 

reserve capacity of the liver is likely to track closely to risk of clinical events and long- and 

short-term outcomes.

PATIENT SELECTION FOR ANTIFIBROTIC TRIALS

Defining the criteria for selection of future antifibrotic treatment candidates is an 

increasingly complex issue, as most trials currently being planned are now directed towards 

NASH, as noted above. As a result, the choice of which patients to enroll in clinical trials 

(ie, entry criteria) will be determined in part by the purported mechanism of action of the 

candidate drug. For example, anti-inflammatory agents are likely to have more benefit in 

intermediate stages of disease before advanced cirrhosis is established, whereas drugs that 

promote the degradation of matrix may be especially useful in more advanced disease. 

Patient stratification will also be based on rate and risk of progression, disease stage and/or 

fibrosis content.

Similarly, the tolerability and ease of administration will also impact on the choice of 

patients suitable for clinical trials. Parenteral therapies will be most appealing in patients 

who are at an increased risk for progression to cirrhosis or decompensation. In contrast, oral 

agents are especially appealing in patients who require long-term therapy to prevent 

progression.

Adverse events will also influence the choice and attractiveness of new therapies. It will be 

difficult to ensure compliance in patients who are asymptomatic if the medications create 

new symptoms. Thus, treating fatty liver disease will be akin to the treatment of other 

chronic conditions including hypertension and heart disease, where long-term therapy is 

expected to attenuate the progression and risk of decompensation, but not at the expense of 

the quality of life.

FUTURE PROSPECTS

Scientific challenges

Despite dramatic advances in our understanding of hepatic fibrosis pathogenesis, 

fundamental questions remain. These include: (1) Why does the liver regenerate? We still do 

not understand this unique response of liver that distinguishes the organ from all other adult 

tissues; (2) What is the link between fibrosis and impaired regeneration? As fibrosis 

advances regenerative capacity is diminished, yet mechanisms controlling and possibly 

linking these two divergent responses are unclear; (3) What is the link between fibrosis and 

liver cancer? Liver cancer rarely develops until fibrosis is extensive, yet our understanding 

of underlying mechanisms behind this association is incomplete; (4) What role do stem cells 

play in normal liver, fibrosis, regeneration and cancer? The still mysterious role of the 

ductular reaction in fibrosis may in part answer this question, but our current knowledge is 

still limited.
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Clinical challenges

We are entering a new era where long-term therapy of inflammation and fibrosis is 

becoming a reality. The remarkable regenerative capacity of human liver continues to amaze 

practitioners and scientists, even though its basis is obscure. Much like the evolution of 

treatment for chronic viral hepatitis, progress in establishing antifibrotic therapies is likely to 

be iterative and progressively refined by results from early clinical trials. Also, we will learn 

which therapeutic targets are most potent in attenuating disease—a priori, such predictions 

are risky, and even animal model data will not fully inform this issue. As in viral hepatitis 

and other chronic diseases including cancer, evidence of efficacy for a single drug will 

prompt attempts at combination therapy in which more than one target is engaged 

simultaneously. The testing of combination therapies will first require evidence that the 

individual components of the combination each has some efficacy, however, before they can 

be tested in combination. In principle, however, targeting different elements of the 

pathogenic sequence is appealing, for example, blocking fat accumulation and inflammation 

in NASH, with or without direct fibrogenesis inhibitors. We also lack robust non-invasive 

markers that correlate with outcomes. We still await evidence that the natural history of fatty 

liver disease can be altered and result in reduced morbidity and mortality—this is the 

ultimate goal of current therapeutic efforts.
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Key messages

• Discoveries that have elucidated the cellular and molecular basis of hepatic 

fibrosis are now (being translated into new therapeutic approaches, which are 

further encouraged by clinical evidence that fibrosis and even cirrhosis can be 

reversible in human liver disease.

• Hepatic stellate cell activation—a transdifferentiation of a quiescent vitamin A-

storing cell to a proliferative myofibroblast—is a central event in hepatic 

fibrosis development. Recent insights into the transcriptional, translational, post-

translational and epigenetic events that control activation are yielding new 

treatment strategies.

• Liver injury provokes a multicellular response involving resident cells and 

families of infiltrating immune cells including B cells, natural killer (NK) and 

NKT cells, dendritic cells, macrophages and myeloid derived suppressor cells, 

which conspire to either generate hepatic fibrosis or promote regression.

• Potential approaches to treat fibrosis include efforts to: (1) Cure or control 

underlying disease; (2) Target receptor–ligand interactions; (3) Inhibit 

fibrogenesis and (4) Promote resolution of fibrosis.

• Regulatory challenges still limit the clinical testing of antifibrotic drugs. These 

include choosing the most appropriate study populations to test new agents, and 

the lack of non-invasive markers instead of liver biopsy for use as a clinical trial 

endpoint.

• Remaining fundamental questions in liver fibrosis and repair include: (1) What 

are the signals and mechanisms that endow the liver with its unique capacity to 

regenerate? (2) What is the link between fibrosis and impaired regeneration? (3) 

What are the features of the fibrotic and cirrhotic liver that confer a heightened 

risk of cancer? and (4) What role do stem cells play in normal liver homeostasis, 

the fibrotic response, hepatic regeneration and cancer?
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Figure 1. 
Functions, features and phenotypes of hepatic stellate cells (HSCs) in normal and diseased 

liver. HSCs may exist as several different phenotypes with distinct molecular and cellular 

functions and features, each of which contributes significantly to liver homeostasis and 

disease. Quiescent stellate cells are critical to the normal metabolic functioning of the liver. 

Liver injury provokes the transdifferentiation of quiescent stellate cells to their activated 

phenotype, leading to metabolic reprogramming, increased autophagy to fuel the metabolic 

demands, amplification of parenchymal injury and the development of ‘classic’ phenotypic 

features of activated HSCs/myofibroblasts. Through these changes, activated stellate cells 

drive the fibrotic response to injury and the development of cirrhosis. As liver injury 

subsides, activated stellate cells can be eliminated by one of three pathways: apoptosis, 

senescence or reversion to an inactivated phenotype. Senescent stellate cells are more likely 

to be cleared by NK cell-mediated cell death while inactivated stellate cells remain ‘primed’ 

to respond to further liver injury. This reduction in the number of activated stellate cells 

contributes to the regression of fibrosis or cirrhosis and repair of the liver in most, but not all 

patients. The relative contribution of these three pathways of stellate cell clearance to 
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fibrosis regression is not yet clear. ECM, extracellular matrix; HSCs, hepatic stellate cells. 

NK, natural killer.
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Figure 2. 
Extrahepatic factors that affect liver fibrosis. In addition to intrahepatic injury signals, 

extrahepatic factors are increasingly recognised to drive liver fibrosis. Intestinal dysbiosis 

and bacterial overgrowth contribute to a ‘fibrogenic microbiome’, especially in cholestatic 

liver diseases and non-alcoholic steatohepatitis (NASH). Enterohepatic circulation of bile 

acids mediates bacteriostasis and promotes protection from hepatic fibrosis through 

increased farnesoid-X-receptor (FXR)/TGR5 signalling. Proinflammatory signalling (TNFα, 

IL-6) and adipokines secreted from adipose tissue mediate profibrogenic (eg, leptin, resistin) 

or protective (eg, adiponectin) effects on liver. Insulin resistance and metabolic syndrome 

are risk factors for progression in chronic liver diseases (eg, NASH, HCV). 

Hyperinsulinemia promotes steatosis, the generation of reactive oxygen species and lipid 

peroxides.19 Vascular abnormalities may also contribute to the development of hepatic 

fibrosis. The interactions that promote liver fibrosis are depicted with green lines and 

protective interactions with red lines.
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Figure 3. 
Epigenetic mechanisms and post transcriptional gene regulation of hepatic stellate cells. 

‘Epigenetics’ is defined as heritable traits that are not linked to changes in DNA sequence, 

involving mechanisms by which chromatin-associated proteins and post-translational 

modifications of histones regulate transcription.38 MicroRNAs mediate post-transcriptional 

regulation by promoting mRNA degradation and translational repression. Abnormal patterns 

of DNA methylation identified in liver fibrosis and activated stellate cells include, for 

example, hypermethylation of Phosphatase and Tension Homologue (PTEN) with 

consequent gene repression. PTEN negatively regulates the activation of ERK and AKT 

signalling pathways controlling cell cycling, proliferation, focal adhesion and cell 

migration.39 Repression of PTEN in activated stellate cells thereby promotes fibrogenesis. 

Similarly, hypermethylation of, and gene repression by MeCP2 of RASAL1, IkB, PPAR-γ 

and PTCH1 lead to inhibition of ERK signalling pathways, or loss of inhibition of GLI1 and 

SMAD3, respectively, thus promoting hepatic stellate cell (HSC) survival (IkB), and HSC 

activation and fibrogenesis. Histone modifications with profibrotic effects have been 

identified in activated HSCs and include MRTF-A and TGFβ-dependent chromatin 

remodeling leading to the altered binding of vitamin D receptor and SMAD3 mediated 

transcription of fibrogenic genes. Examples of microRNAs promoting antifibrotic and 

profibrotic effects are shown.
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Figure 4. 
Inflammatory and immune cell interactions that promote or inhibit the activation of hepatic 

stellate cells. Hepatic cells promoting (green lines) or inhibiting (red lines) the activation of 

quiescent stellate cells to activated, fibrogenic hepatic stellate cells are shown. Examples of 

common mediators of these responses are included. Hh, hedgehog ligands; NK, natural 

killer.
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Figure 5. 
Mechanisms by which antifibrotic therapies may lead to fibrosis regression. (1) Disease-

specific therapies that control or cure the underlying disease are still the most effective 

antifibrotic approach. (2) Targeting receptor–ligand interactions with either established or 

experimental drugs to reduce hepatic stellate cell activation will attenuate fibrosis 

development, with multiple potential strategies under development. (3) Inhibition of the 

most potent of the profibrogenic pathways, for example, preventing activation of latent 

TGFβ, or blocking the activity of CTGF, are among the more promising antifibrotic 

strategies. (4) The resolution of fibrosis can be promoted by enhancing the apoptosis of 

activated hepatic stellate cells either with drugs or through the activity of either NK cells and 

by increasing the degradation of extracellular matrix, by fibrolytic macrophages or 

preventing its cross-linking with antagonists to LOXL2. FXR, farnesoid-X-receptor; PPAR, 

peroxisome proliferator-activated receptor; UDCA, ursodeoxycholic acid; SVR, sustained 

virological response; CB1, cannabinoid receptor type 1; ARB, angiotensin II receptor 

blocker; ET-1, endothelin 1; TGFβ, transforming growth factor β; CTGF, connective tissue 

growth factor; mAb, monoclonal antibody; NF-κB, nuclear factor kappa-light-chain-

enhancer of activated B cells; NK, natural killer; TIMP, tissue inhibitor of 

metalloproteinase; LOXL2, Lysyl oxidase 2.
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