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SUMMARY

Background—Non-alcoholic fatty liver disease (NAFLD) can lead to non-alcoholic steato-

hepatitis (NASH) and cirrhosis. Fibrosis predicts worse outcomes and mortality. New treatments 

targeting fibrosis are being investigated to reverse disease progression.

Aim—To review the new pipeline therapeutic agents targeting fibrosis in NASH patients, with 

particular focus on clinical trials in which reversing fibrosis and portal hypertension are the 

primary outcomes.

Methods—The literature was searched in PubMed between January 2000 and January 2016 

using search terms non-alcoholic fatty liver disease and NASH, with filters of ‘English language’. 

We focused on fibrosis improvement as the key outcome. We also searched the ClinicalTrials.gov 

for promising agents that target fibrosis in NASH patients.

Results—Significant advances have been made on approaches targeting fibrosis in NASH 

patients. Many therapeutic agents are already in development, some of which have shown 

promising results in preclinical and phase I studies. Novel therapies have entered phase II and III 

studies targeting fibrosis reversal and/or improvement in portal hypertension. Innovative studies 

have also started looking into combining these agents, aiming at different mechanisms to 
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maximise therapeutic outcomes. We found five clinical trials in phase II and one in phase III 

focusing on fibrosis in NASH patients as key outcomes. One of the phase II trials is using 

combination therapy to target fibrosis.

Conclusions—Ongoing research studies are already investigating new pathways aimed at 

reversing fibrosis in NASH patients. Novel therapeutic agents are in development and are expected 

to offer unique options to NASH patients with advanced fibrosis.

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver 

disease in developed countries.1, 2 It may be broadly classified into two categories: non-

alcoholic fatty liver (or simple steatosis) and non-alcoholic steatohepatitis (NASH). 

Although previously it was thought that steatosis was largely nonprogressive while NASH 

was the progressive form of NAFLD, recent evidence from serial biopsy studies 

demonstrates that both patients with steatosis or NASH have an increased risk of subsequent 

disease progression to advanced fibrosis and cirrhosis.3, 4 Indeed, longitudinal studies have 

shown that it is the presence and stage of fibrosis on index biopsy, rather than any distinction 

between steatosis and steatohepatitis, that is prognostic for increased risk of all-cause as well 

as liver-related mortality in patients with NAFLD.5, 6 The fibrosis progression rate in 

patients with NASH is estimated to be 7 years per stage of progression. Therefore, it may 

take up to 30–40 years to develop cirrhosis in the majority of individuals with NAFLD. 

However, a smaller subset of patients who are termed rapid progressors may proceed to 

develop cirrhosis in only a 10-year period.3 This inter-individual variability is due to various 

disease modifiers, either intrinsic (such as genetic variants, of which the best validated lie 

within the genes PNPLA37, 8 and TM6SF29, 10) or acquired (that include dietary factors and 

changes in the intestinal microbiota11). Understanding the pathogenetic mechanisms 

underlying the triggers that induce rapid fibrogenesis is a major unmet need in the field. 

Multiple factors, both intrahepatic and extra-hepatic, clearly influence fibrogenesis. Factors 

shown to be linked to NASH-associated fibrosis and disease progression, both directly and 

through synergistic interactions,12 include insulin resistance and diabetes,13, 14 obesity,15 

oxidative stress,12 pro-inflammatory cytokines and adipokines,12, 16 and both innate17–20 

and acquired21, 22 immune responses (Figure 1). Because fibrosis can ultimately lead to 

cirrhosis and liver-related mortality,23, 24 with the degree of fibrosis shown to be directly 

linked to disease progression and mortality,5, 6 it is crucial to identify the specific 

mechanisms and cells that can lead to fibrosis progression (fibrogenesis) in NASH and, 

through that, the potential therapies that might prevent this progression and even effect 

fibrosis regression (fibrolysis).

The fibrosis scaffold

Fibrosis is a wound-healing process in which there is excessive deposition of extracellular 

matrix (ECM). ECM is composed of collagens, noncollagen glycoproteins, matrix bound 

growth factors, glycosaminoglycans, proteoglycans and matricellular proteins, which 

provide the scaffolding of both the normal and the fibrotic liver.25 However, as fibrosis 

develops, there are multiple changes in the specific contents of these, with a 3- to 10-fold 

increase in total collagen content26; an increase in several glycoproteins (cellular fibronectin, 
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laminin, SPARC, osteonectin, tenascin and von Willebrand factor) and glycosaminoglycans 

(perlecan, decorin, aggrecan, lumican and fibromodulin); both an increase in proteoglycans 

and a shift from heparan sulphate-containing proteoglycans to those containing chondroitin 

and dermatan sulphates; and an increase in the fibril-forming collagens types I, III and IV 

and in some nonfibril-forming collagens (types IV and VI).27 With all of these changes, 

there is a transition from the low-density basement membrane-like matrix in the 

subendothelial space that is found in the normal liver to the interstitial type which is 

associated with hepatocyte dysfunction and activation of the hepatic stellate cells (HSCs), 

which are the primary source of ECM in both the normal and fibrotic liver. During 

activation, HSCs transition from their normal quiescent state to proliferative, fibrogenic and 

contractile myofibroblasts (Figure 2).28

Key pathways in NASH fibrosis

Multiple signalling pathways play a role in the activation of HSCs in liver fibrosis in NASH, 

including transforming growth factor β (TGF-β), hedgehog (Hh), phos-phatidylinositol 3-

kinase/protein kinase B (PI3K/Akt), Janus kinase/signal transducer and activator of 

transcription (JAK/STAT) and others.12 Two pathways appear to be particularly important in 

NASH-associated fibrosis: activation of the inflammasome, an intracellular protein scaffold 

that generates the inflammatory cytokines interleukin 1 beta (IL-1β) and IL-18, and its 

interaction with the microbiome; and progenitor cell amplification associated with increased 

levels of hedgehog signalling (Figure 2).29 The inflammasome is implicated in the 

pathogenesis of NASH by transducing signals that originate from gut-derived bacteria.30, 31 

It appears that alterations in the composition of gut microbiota contribute to NASH 

pathogenesis and ultimately result in increased hepatic injury and fibrosis.30, 31 Increased 

hedgehog signalling in the liver and the appearance of cells that express progenitor cell 

markers have also been shown to be associated with fibrosis progression in NASH.32, 33 

Another signalling network increasingly being recognised as important in NAFLD is the 

nuclear receptor family, which includes farnesoid X receptor (FXR), peroxisome 

proliferator-activated receptors (PPAR), vitamin D receptor, retinoid receptors, Reverbα and 

liver-X-receptor.34

Role of oxidative stress and metabolic signals

Oxidative stress is known to play a major role in the activation of HSCs in NASH,12, 35 and 

anti-oxidants not only exert a preventive effect on hepatocyte injury but may directly 

contribute to decreasing fibrogenesis,36–39 an effect supported by gene-association studies 

where variants affecting cellular anti-oxidant defences efficacy influence risk of NAFLD 

fibrosis.40 Multiple studies of NASH patients have also shown the association of insulin 

resistance with fibrosis.28 Hyperinsulinemia is known to promote steatosis and the 

generation of reactive oxygen species (ROS) and lipid peroxides, and the severity of insulin 

resistance has been shown to be associated with the degree of fibrosis.41 The lipotoxic 

effects of free cholesterol and the metabolic reprogramming that is fostered by it also 

contribute to HSC activation and NASH fibrogenesis.42–49 Advanced glycation end products 

(AGEs) may also stimulate profibrotic changes in NASH. In addition to the accumulation of 

AGEs through diet,50 they are produced in hyperglycaemia through the non-enzymatic 

glycation of serum proteins.51, 52 Because 28–55% of people with NAFLD and up to 75% of 
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people with NASH are estimated to have diabetes mellitus, hyperglycaemia no doubt 

contributes substantially to increased AGE levels in NASH patients. Studies in mice have 

shown that increasing dietary AGEs stimulates proinflammatory and profibrotic changes, 

including increases in ROS, tumour necrosis factor-α (TNF-α) and TNF-α converting 

enzyme, and downregulation of Sirtu-in1/Timp3, the combination of which leads to HSC 

activation and fibrogenesis.51 These dietary effects in mice have been shown to be attenuated 

with AGE receptor (RAGE) or nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase (NOX) blockade.52 NOX is an enzyme system that catalyses the reduction of 

molecular oxygen to superoxide and generates ROS in HSCs. NOX receptors have been 

shown to locate on HSCs.

Role of the immune system and toll-like receptors

Recent studies have suggested that the activation of the innate immune system may play an 

important role in the pathogenesis of fibrosis in NAFLD. Toll-like receptors (TLRs), sensors 

that recognise bacterial and viral components, normally participate in host defence against 

pathogens by inducing proinflammatory cytokines in immune cells. In NASH, there is 

bacterial overgrowth and increased intestinal permeability that exposes the liver to a higher 

load of TLR ligands.53 There can be overactivation of TLR signalling and breakdown of 

TLR tolerance, with increased production of inflammatory cytokines leading to tissue injury.
54 In mouse models, (i) a direct link has been established between TLR4 and the Kupffer 

cells responsible for clearing endotoxin in NASH pathogenesis, with TLR4 promoting 

inflammation and fibrosis55; (ii) TLR9 signalling has been shown to induce Kupffer cell 

production of IL-1β which also leads to inflammation and fibrosis20; (iii) TLR2 signalling 

has been shown to promote proinflammatory cytokines, including IL-1β and Nod-like 

receptor protein 3, an inflammasome component, thus promoting inflammation and 

fibrosis31; and (iv) TLR2 and TLR9 signalling act synergistically to induce production of the 

NASH-promoting inflammatory cytokines.31 Natural killer T (NKT) cells may also play an 

important role in fibrogenesis in NASH. Studies have found that NKT cells in the blood and 

liver are increased in patients with more advanced disease.56, 57 In mouse models of NASH, 

it was shown that in wild-type mice, hedgehog pathway activation leads to hepatic 

accumulation of NKT cells that contribute to fibrosis progression while CD1d-deficient mice 

that lack NKT cells are protected from fibrosis.22

EMERGING ANTI-FIBROTIC THERAPIES IN NASH

Just a few decades ago it was believed that cirrhosis was an irreversible condition. However, 

emerging data from treatment trials in chronic hepatitis B58–60 and C61, 62 have shown that 

cirrhosis can be reversed in a subset of patients, and improvement in hepatic fibrosis may be 

seen in the majority of successfully treated patients when you eliminate or remove the cause 

of the disease by achieving sustained virological response in patients with chronic hepatitis 

C and by sustained suppression of HBV DNA in the setting of chronic hepatitis B. Recent 

meta-analyses derived from randomised, controlled trials conducted in patients with biopsy-

proven NASH suggest that improvement in hepatic fibrosis is feasible in NASH.63, 64 

Experts have suggested that anti-fibrotic strategies could include (i) removing the injurious 

stimuli, (ii) suppressing or modulating hepatic inflammation, (iii) protecting the liver, (iv) 
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downregulating stellate cell activation and (v) promoting matrix degradation65 (Figure 3). 

Some of these strategies may have direct effect on fibrosis pathway (e.g. matrix 

degradation), while others may have indirect effect through decreasing steatosis or resolving 

inflammation. In this review, we will focus on the emerging anti-fibrotic therapies for 

patients with NASH. We would refer the reader to other reviews on current therapies in 

NASH for further details.66, 67

Remove injurious stimuli

Lifestyle interventions—There has been limited success to date with disease-specific 

therapies for NASH itself. Lifestyle interventions including restricting calories to induce 

weight loss and exercise to maintain weight loss have been shown to improve NASH. 

However, because for many patients, consistent exercise and weight loss are difficult, and 

many are unable to achieve or maintain the 10% weight loss required for histological 

improvement.66 In a recent Cuban study, a programme that included an aggressively 

hypocaloric diet (containing 750 kcal/day less than the calculated daily energy need), 

substantial amounts of exercise (200 min per week), and both individual and group 

counselling sessions to promote adherence to the programme resulted in significant weight 

loss in 30% of participants after 1 year, but fibrosis improvement in only 19% and fibrosis 

worsening in 16%.68 Both, aerobic and anaerobic exercises have been shown to decrease 

intrahepatic lipid accumulation with a greater effect seen with aerobic exercise.69 The 

detailed discussion of weight loss and exercise is beyond the scope of this review and can be 

found in a recent review by Marchesini et al.70

Bariatric surgery—Emerging studies in adults undergoing bariatric surgery have shown 

that it may result in resolution of NASH and improve hepatic fibrosis. Although worsening 

of fibrosis had been seen with ileojejunal bypass in the past,71 recent results have 

regenerated interest in bariatric surgery. In 109 morbidly obese patients with biopsy-proven 

NASH who underwent bar-iatric surgery using recent surgical techniques, NASH was no 

longer present in 85.4% of patients approximately 1 year after surgery. The results were 

considerably better in patients with mild NASH prior to surgery (response rate of 94.2%) 

compared with those with moderate or severe NASH (response rate of 70%).72 Significant 

improvements in fibrosis were noted in 33.8% of the total population and in 46.6% of 

patients with a fibrosis score ≥1 at baseline based on the Metavir score and in 46.3% and 

51.4%, respectively, based on the Kleiner score. In noncirrhotic patients with a clinical 

indication for bariatric surgery with coexistent NASH, this may be considered as it might 

lead to collateral benefits in improving liver histology and fibrosis. However, any 

consideration of this approach must take into account the surgical risk, and much lengthier 

assessments through randomised, controlled trials will be required to determine long-term 

outcomes with such surgical procedures.

Counter hepatic inflammation and oxidative stress

Because oxidative stress12 and pro-inflammatory cytokines and adipokines12, 16 are known 

to be linked to NASH-associated fibrosis, and inflammatory mediators are involved in HSC 

activation, agents that may counter the inflammatory and oxidative stress components of 
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NASH have been proposed as possibly being effective for prevention or improvement of 

fibrosis.65

Obeticholic acid—Obeticholic acid (OCA), 6-ethylcheno-deoxycholic acid, is a 

semisynthetic derivative of the primary human bile acid chenodeoxycholic acid (CDCA), 

which is the natural agonist of the farnesoid X receptor, a nuclear hormone receptor that 

regulates glucose and lipid metabolism.73 OCA is an approximately 100-fold more potent 

activator of the farnesoid X nuclear receptor than CDCA.74, 75 It ameliorates several 

metabolic pathways seen in NASH, such as hepatic steatosis, glucose tolerance, 

inflammation and even hepatic fibrosis by inhibiting HSC activity.76 In animal models, a 

broad range of anti-inflammatory and anti-fibrotic activities have been demonstrated, and it 

has been shown to reverse insulin resistance and reduce liver fat and fibrosis.74 In the 

multicentre Farnesoid X Receptor Ligand OCA in NASH Treatment (FLINT) trial, the 

results of treatment with a daily dose of 25 mg OCA were compared with placebo in patients 

with noncirrhotic NASH.77 Improvement in liver histology, defined as a decrease in the 

NAFLD activity score (NAS) by at least two points without worsening of fibrosis, was 

shown in 50 (45%) of 110 patients in the OCA group compared with 23 (21%) of 109 

patients receiving placebo. There were improvements in NAS components (steatosis, 

hepatocellular ballooning and lobular inflammation) and a small improvement in fibrosis. 

The clinical significance of the small change in fibrosis will have to be examined in future 

trials. Pruritus occurred in 33 (23%) of 141 patients in the OCA group compared with nine 

(6%) of 142 in the placebo group. There were also statistically significant increases in 

triglycerides and low-density lipoprotein (LDL) and a decrease in high-density lipoprotein 

(HDL) in the OCA group compared with placebo. A phase III trial of OCA has been started 

and includes two primary endpoints measured, including fibrosis improvement with no 

worsening of worsening of NASH and NASH resolution with no worsening of fibro-sis 

(ClinicalTrials.gov Identifier: NCT02548351).

Other FXR agonists including intestinal-specific FXR are promising novel agents. Fang et 
al. showed that intestinal-specific FXR agonism can lead to activation of FXR in the small 

intestine and lead to reduction in inflammation in adipose tissue resulting in reduced free 

fatty acid influx to the liver.78 They reported that intestinal FXR agonism promoted 

browning of adipose tissue and led to reduction in obesity and improvement in both 

peripheral and hepatic insulin resistance. They also showed significant reduction in liver fat 

and decreased expression of SREPF1c, FAS and SCD1, thereby inhibiting fatty acid 

synthesis and in turn activating beta oxidation. These favourable effects were shown to 

reduce liver inflammation. It is plausible that intestinal-specific FXR may not have an 

associated increase in LDL and decrease in HDL cholesterol. Future studies are needed to 

assess preclinical and clinical efficacy of intestinal-specific FXR agonists in improving 

hepatic fibrosis in patients with NASH.

NOX-1 and NOX-4 inhibitors—In liver fibrosis, NADPH oxidase (NOX), an enzyme 

system that catalyses the reduction of molecular oxygen to superoxide, generates ROS in 

HSCs.79 NOX 1, NOX 2 and NOX4 are expressed on HSCs and have been shown in animal 

models to contribute to liver fibrosis.79–81 In a murine model, a novel, first-in-class NOX 1/4 
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inhibitor, GKT137831, suppressed ROS production and NOX and fibrotic gene expression, 

attenuated liver fibrosis and down-regulated markers of oxidative stress and inflammation in 

both wild-type and superoxide dismutase 1 G37R mutation mice.79 These data indicate that 

dual inhibition of Nox1 and Nox4 might provide a reasonable approach to improve fibrosis 

in NASH.

Pentoxifylline—Pentoxifylline, 5-oxohexyl-3, 7-dimethyl-xanthine, a xanthine derivative, 

is a nonspecific phosphodiesterase inhibitor which decreases TNF-α gene transcription, 

increases intracellular cyclic adenosine monophosphate (cAMP) and reduces inflammation.
82, 83 The mechanisms by which it might have therapeutic effects on the damaged liver is not 

fully defined.84 It is known to inhibit lipid oxidation and decrease free-radical-mediated 

oxidative stress. Its impact on TNF-α might also be valuable since TNF-α activates the 

unfolded protein response,85 which has been shown to contribute to insulin resistance and 

inflammatory signalling and thus to potentially contribute to development of NASH.86–89 

Pentoxifylline has been assessed as a treatment for NASH in several small studies.84, 90, 91 

In a study with adults with NASH, dosing at 400 mg three times daily for 1 year resulted in 

statistically significant improvement compared with placebo in steatosis, lobular 

inflammation, and liver fibrosis (mean change in fibrosis score of −0.2 among those on 

pentoxifylline vs. +0.4 among those on placebo).91 In a follow-up to this study, it was shown 

that pentoxifylline was associated with a significant reduction of oxidised fatty acids.90 

There were statistically significant correlations between decreases in certain specific 

oxidised fatty acids and outcomes, with decreases in hydroxyoctadecadienoic acids and oxo-

octa-decadienoic acids (oxoODEs) shown to be correlated with the improved histological 

scores of fibrosis and decreases in hydroxyeicosatetraenoic acids correlated with decreased 

lobular inflammation. Thus, the improvements seen in NASH patients treated with 

pentoxifylline may be mediated at least in part through decreased lipid oxidation and, in 

particular, free-radical-mediated lipid oxidation. In another study, the same 1200 mg daily 

dose of pentoxifylline yielded significant improvements in steatosis and cellular ballooning 

but not in fibrosis scores.84 However, hepatic expression of collagen-1, a key gene involved 

in hepatic fibrogenesis, did decrease significantly and another fibrosis gene, TIMP-1, was 

reduced by 50% although this did not reach statistical significance. The authors noted that 

decreased expression of genes that are important in the development of fibrosis might herald 

changes before they become apparent on liver histological assessment. In a recent systematic 

review that assessed the comparative effectiveness of pharmacologic agents for the treatment 

of NASH, a direct meta-analysis found that only pentoxifylline and OCA were associated 

with improvement in fibrosis in NASH patients; with a Bayesian network meta-analysis, 

only pentoxifylline was associated with fibrosis improvement.92

Galectin-3 antagonists—Galectin-3 antagonists are being studied, with good preclinical 

results to date. Galectins are a family of proteins with a carbohydrate-binding domain that 

binds to terminal galactose residues on macromolecules such as glycoproteins.93, 94 Under 

normal physiological conditions, galectin-3 is widely expressed, particularly in immune 

cells, but only at low levels. However, in acute or chronic inflammation and fibrogenesis, its 

expression is markedly increased.93, 95 With repetitive tissue injury, galectin-3 is involved in 

the transition to chronic inflammation and the walling off of tissue injury with fibrogenesis.
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95 Galectin-3 null mice are known to have attenuated fibrosis after liver injury. GR-MD-02 

(Galectin Therapeutics, Inc., Norcross, GA, USA) is a galactoarabino–rhamnogalacturonan 

polysaccharide polymer comprised predominantly of galacturonic acid, with ß-galactose and 

arabinose side chains, that is a galectin-3 inhibitor. Although not fully defined, the presumed 

proximate mechanism of action of GR-MD-02 is related to galectin-3 binding.96 The results 

of mouse studies suggest that macrophages, key cells in fibrogene-sis, may be a target for 

these complex carbohydrate drugs, but additional research will be needed to fully determine 

the mechanism(s).96 In a mouse model of streptozotocin-induced NASH, treatment with 

GR-MD-02 resulted in a reduction in galectin-3 expressed by activated macrophages which 

was associated with regression of NASH, including hepatocellular fat accumulation, 

hepatocyte ballooning, intra-portal and intra-lobular inflammatory infiltrate and deposition 

of collagen.96 In a model with thioacetamide-treated rats, treatment with GR-MD-02 

reduced fibrosis, reversed cirrhosis, reduced galectin-3-expressing portal and septal 

macrophages and improved portal hypertension, indicating that this agent may not only 

effect regression of fibrosis and cirrhosis but also mitigate the pathophysiologic 

consequences of cirrhosis.97 Although the exact mechanism of GR-MD-02 on fibrosis is 

unknown, it seems to be a direct mechanism. A phase II clinical trial to evaluate the safety 

and efficacy of GR-MD-02 for the treatment of liver fibrosis and resultant portal 

hypertension in patients with NASH cirrhosis is ongoing (ClinicalTrials.gov Identifier: 

NCT02462967) (Table 1).

Cenicriviroc—Cenicriviroc (CVC) is a dual inhibitor of the CCR2 and CCR5 pathways, 

which have key roles in NASH-associated inflammation and fibrosis. CCR2 and/or CCR5 

chemokine receptors are expressed on many types of cells, including monocytes, 

macrophages, Kupffer cells, HSCs, natural killer cells and T cells, and play a role in 

trafficking of these cells and in HSC activation and fibrosis progression.98 Therefore, CVC 

has a direct effect of fibrosis pathways. CVC has been shown to decrease fibrosis in a mouse 

model of diet-induced NASH and in a rat model of thioacetamide-induced liver injury.99, 100 

The ongoing CENTAUR trial is evaluating whether cenicriviroc (150 mg daily) is effective 

and safe for the treatment of biopsy-proven NASH in adults with liver fibrosis (stage 1–3) 

(ClinicalTrials.gov Identifier: NCT02217475).

Vitamin E—Vitamin E is a chain-breaking anti-oxidant that is able to repair oxidising 

radicals and thus prevent the chain propagation step during lipid peroxidation.101 In 

addition, both the tocopherols and tocotrienols are essential components of biological 

membranes; the tocopherols, in particular, are thought to contribute to membrane 

stabilisation.102, 103 Vitamin E also regulates the activity of TGF-β1, PPARs and genes 

regulating apoptosis, inflammation and collagen deposition.104 Tocotrienols have been 

shown to improve insulin sensitivity through stimulating PPARs.105 Vitamin E and 

pioglitazone were studied in the Pioglitazone vs. Vitamin E vs. Placebo for the Treatment of 

Nondiabetic Patients with Non-alcoholic Steatohepatitis (PIVENS) trial. Although vitamin E 

therapy was associated with a significantly higher rate of improvement in NASH compared 

with placebo, pioglitazone was not.37 With both agents, there were significant reductions in 

serum alanine and aspartate aminotransferase levels and in hepatic steatosis and lobular 

inflammation but no significant improvement in fibrosis scores. While vitamin E showed a 

Noureddin et al. Page 8

Aliment Pharmacol Ther. Author manuscript; available in PMC 2018 April 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant resolution of NASH in children, a sustained reduction in alanine 

aminotransferase was not achieved in the Treatment of NAFLD in Children (TONIC) trial.
106 Although the use of vitamin E may be considered in nondiabetic adults with NASH, 

uniform adoption has been tempered by concerns regarding increased all-cause mortality107 

and risk of prostate cancer.108

Pioglitazone—Pioglitazone, a derivative of thiazolidinedione (TZD), is a peroxisome 

proliferator-activated receptor gamma (PPAR-γ) agonist that is used to treat type 2 diabetes 

by increasing insulin sensitivity. In subjects with NAFLD, insulin resistance is associated 

with hyperinsulinemia, hyperglycaemia, high plasma free fatty acids and low plasma 

adiponectin levels. TZDs may reverse these abnormalities in NAFLD subjects. Pioglitazone 

has been shown to reduce liver fat content and liver enzymes and improve histology.109 

However, as mentioned above, the PIVEN trial that compared treatment of vitamin E with 

pioglitazone and placebo showed that vitamin E therapy was associated with a higher rate of 

NASH improvement compared with placebo and pioglitazone. A pooled meta-analysis 

specifically focusing on pioglitazone suggests that pioglitazone may improve fibrosis.64

Coffee—Coffee has been shown to provide substantial anti-oxidant110, 111 and anti-

inflammatory112, 113 effects in multiple studies. Because an earlier study had shown that 

higher caffeine consumption was associated with milder fibrosis in patients with chronic 

liver disease, particularly those with chronic hepatitis C,114 the association between coffee 

consumption and fibrosis in NAFLD and NASH patients has been assessed. In one study, 

there was significantly higher daily intake of coffee caffeine in patients with NASH stages 

0–1 compared with those with NASH stages 2–4 and a negative relationship between coffee 

caffeine consumption and hepatic fibrosis.115 Two other retrospective studies have shown a 

beneficial effect of coffee on fibrosis in NASH patients; however, no prospective studies 

have been performed to date.116, 117

Probiotics and antibiotics—Gut microbiota has been associated with the development 

of obesity and hepatocellular injury.118, 119 Gut microbiota produces endotoxins, including 

lipopolysaccharides, which transmits to the liver and undergoes phagocytosis in Kupffer 

cells.120 The exposure to these endotoxins may lead to the progression to NASH and 

fibrosis. Few clinical trials have investigated the effect of probiotics and antibiotics in NASH 

patients and showed some improvement in liver enzymes, steatosis and inflammation.121, 122 

A recent randomised trial using synbiotics vs placebo showed an improvement in liver 

enzymes and fibrosis measured non-invasively via transient elastography.123

Hepatoprotectants

Several agents in the class of drugs generally referred to as hepatoprotectants have been 

studied for possible effectiveness in NASH and associated fibrosis.

Anti-apoptosis. Emricasan—Emricasan (Conatus Pharmaceuticals, Inc., San Diego, 

CA, USA) is a pan-caspase protease inhibitor. Caspases play a key role in the induction of 

apoptosis and programmed cell death. They are responsible for completing the apoptotic 

pathways and for stimulation of cytokines such as IL-1β and IL-18 and are, therefore, an 
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attractive therapeutic target. Previous pre-clinical124, 125 and clinical studies126 with a range 

of caspase inhibitors support this approach. Emricasan was shown in a preclinical model of 

NASH to inhibit fibrosis as well as apoptosis and inflammation associated with experimental 

NASH. In a phase II clinical trial in 38 patients with NAFLD, including a subset of NASH 

patients, emricasan treatment (25 mg orally, twice daily) resulted in significant reductions in 

ALT as well as in serum cCK18 levels, the latter demonstrating that emricasan reduces 

inflammation and elevated levels of apoptosis in NAFLD/NASH patients.127 The drug was 

safe and well tolerated, with no dose-limiting toxicities and no drug-related serious adverse 

events.

GFT505—GFT505 (Genfit, Loos, France) is a peroxisome proliferator-activated receptor 

alpha/delta (PPAR-α/δ) agonist. PPARα is highly expressed in the liver and regulates genes 

involved in lipid and lipoprotein metabolism, while PPARδ is expressed in various tissues 

and plays a central role in mitochondrial function, fatty acid oxidation and insulin 

sensitivity. In several animal models, GFT505 has been shown to have liver-protective 

effects on steatosis, inflammation and fibrosis and to improve liver dysfunction markers, 

decrease hepatic lipid accumulation and inhibit proinflammatory (IL-1β, TNF-α and F4/80) 

and profibrotic (transforming growth factor beta, tissue inhibitor of metalloproteinase 2, 

collagen type I, alpha 1, and collagen type I, alpha 2) gene expression.128 In a randomised 

controlled trial, 274 patients with histologically defined noncirrhotic NASH received 

GFT505 (80 or 120 mg) or placebo daily for 52 weeks.129 The primary endpoint, resolution 

of NASH without worsening of fibrosis, was not met. However, in a subanalysis of the 

population of NASH patients with an initial NAS score of ≥4, GFT505 at 120 mg/day led to 

a significant improvement in the primary endpoint. The results of this study have been 

described as suboptimal, and further studies are planned to clarify the effects of GFT505.

Aramchol—Aramchol (Trima Israel Pharmaceutical Products Ltd., Maabarot, Israel), a 

fatty acid-bile acid conjugate, is a synthetic lipid molecule that reduces hepatic fat content 

via inhibition of stearoyl coenzyme A desaturase 1 (SCD1) activity.130 SCD1 is a key 

enzyme that regulates fatty acid metabolism in the liver. SCD1 inhibition decreases fatty 

acid synthesis and increases β oxidation of fatty acids, resulting in decreased hepatic 

triglycerides and fatty acid contents. Aramchol has been studied in 60 patients with biopsy-

confirmed NAFLD (six with NASH) who were given 100 or 300 mg once daily for 3 

months.130 With the 300 mg dose, liver fat content was significantly reduced; because 

repeated liver biopsy within the short duration of the study was considered unwarranted, the 

possible effect on fibrosis was not determined. An ongoing phase IIb study is evaluating the 

efficacy for reducing liver fat and the safety of two higher Aramchol doses (400 and 600 

mg) in 240 patients with biopsy-confirmed NASH; changes in inflammation and fibrosis 

biomarkers will be included in the assessments (ClinicalTrials.gov Identifier: 

NCT02279524).

ASK1 inhibitors—Apoptosis-signal-regulating kinase 1 (ASK1) is a kinase that is 

activated by various stimuli including hyperglycaemia, TGF-β and ROS.131 ASK1 induces 

apoptosis, fibrosis and metabolic dysfunction by activating the p38 and JNK1 pathways. The 

ASK1 pathway has been shown to be activated in human NASH liver biopsies.132 In a 
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murine model, it was shown that in animals with established NASH (F1/2), a selective small 

molecule inhibitor of ASK1, GS-4997, significantly reduced hepatic steatosis and fibrosis 

and significantly improved key metabolic parameters associated with NASH.132 Treatment 

with GS-4997 resulted in a significant reduction in body weight; decreased fasting blood 

glucose and insulin levels (17% and 13%, respectively); reduction in plasma AST, ALT and 

cholesterol levels; a 68% reduction in hepatic steatosis; a 44% reduction in liver 

hydroxyproline; a reduction in alpha smooth muscle actin and p-P38 expression; an 84% 

reduction in fibrillar collagen area and reduced synthesis of both soluble and insoluble 

collagen. In a second mouse model study, ASK1 inhibition reduced hepatic fibrosis, 

steatosis and insulin resistance and normalised fatty acid synthesis and lipid metabolism.131 

Animals treated with the ASK1 inhibitor had a 26% decrease in lipogenesis, a 21% decrease 

in stearoyl-CoA desaturase and a 78% increase in delta-5 desaturase. It was shown that gene 

networks regulating fatty acid synthesis, lipid metabolism and cholesterol biosynthesis were 

differentially expressed in ASK1 inhibitor–treated animals. Serum levels of osteopontin 

were reduced by 35%, hyaluronic acid by 33%, TIMP-1 by 41% and IL-6 by 50%. GS-4997 

is currently being investigated in a phase II clinical trial of patients with NASH and 

moderate to severe liver fibrosis (Clini-calTrials.gov Identifier: NCT02466516).

Downregulate stellate cell activation

Hedgehog signalling inhibition with vismodegib has been shown in a nutrient excess murine 

model of NASH to reduce TNF-related apoptosis-inducing ligand (TRAIL)-mediated liver 

injury, thereby attenuating hepatic inflammation and fibrosis.133 In this model, treatment 

with vis-modegib resulted in (i) decreased hepatocyte injury despite hepatocyte lipid 

loading; (ii) reduced hepatic markers of macrophage accumulation and activation; (iii) 

inhibition of death receptor 5 (DR5) upregulation and DR5-mediated liver injury and (iv) 

decreased fibrosis. Since Hedgehog pathway is very important in NASH, trials using 

Hedgehog signalling inhibition are worth exploring.

Promote matrix degradation

Lysyl oxidase-like 2 (LOXL2) is an enzyme thought to promote cross-linking of interstitial 

collagen in the ECM, a process that renders it more resistant to degradation.134 LOXL2 is 

increased in fibrotic liver tissue. A monoclonal antibody to LOXL2 was shown to 

substantially attenuate fibrosis in several experimental models.135 An ongoing clinical trial 

is evaluating whether simtuzumab (formerly GS-6624; Gilead Sciences, Foster City, CA, 

USA), a monoclonal antibody against LOXL2, can prevent the histological progression of 

liver fibrosis and the clinical progression to cirrhosis in NASH patients (ClinicalTrials.gov 

Identifier: NCT01672866). A second ongoing trial is evaluating the safety and efficacy of 

simtuzumab for treatment of cirrhosis in patients with compensated cirrhosis secondary to 

NASH (ClinicalTrials.gov Identifier: NCT01672879). LOXL2 antibodies are considered to 

have a direct effect on fibrosis.

NEW DIRECTIONS: COMBINATION THERAPY

Hepatic fibrosis in NASH is driven by multiple risk factors that may interact with each other 

via several interrelated mechanistic pathways. It is plausible that the injurious stimuli may 
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be heterogenous in NASH, but the resultant response in laying down of collagen and 

worsening of hepatic fibrosis may be a common response. Therefore, targeted therapies to 

multiple targets may eventually be required to reverse cirrhosis and hepatic fibrosis in 

NAFLD. Removal of cause would be the most efficient way to improve hepatic fibrosis. This 

has been supported by observations seen with other chronic diseases, including hepatitis C 

and B. It is unlikely that a single agent will effectively target all facets of pathogenesis and 

so the stage is set to move on towards combination therapies in the treatment of NASH.
34, 136 In coming years, therapy may be decided based on stage of fibrosis. For example, 

stage 2 or 3 NASH fibrosis might require a combination of a hepatoprotectant with an agent 

countering hepatic inflammation and oxidative stress as well as hepatic steatosis, and 

improving cardiometabolic profile. On the other hand, compensated stage 4 fibrosis might 

require a more aggressive approach with a combination that includes a hepatoprotectant, an 

agent to counter hepatic inflammation and oxidative stress and an agent to promote matrix 

degradation. Early exploration of combination therapy has already begun. One example is an 

ongoing trial evaluating the safety and tolerability of the ASK1 inhibitor GS-4997 alone or 

in combination with simtuzumab (monoclonal antibody against LOXL2) in adults with 

NASH and fibrosis stages F2–F3 (ClinicalTrials.gov Identifier: NCT02466516). These are 

exciting times in the field of NASH and hepatic fibrosis. Anti-fibrotic therapies in NASH are 

evolving and will likely result in improved understanding of the pathogenesis of hepatic 

fibrosis in the coming years.

CONCLUSIONS

The recent progress that has been made in identifying the specific mechanisms that can lead 

to fibrosis progression in NASH has led to the development of targeted therapies that might 

not only prevent this progression but perhaps even lead to regression of fibrosis and 

cirrhosis. The greatest unmet need is the treatment of NASH patients who suffer from either 

bridging fibrosis or cirrhosis. Therefore, several anti-fibrotic approaches are being 

entertained both as mono and as combination therapies in NASH. There is considerable 

optimism that these anti- fibrotic strategies would greatly improve our understanding of 

fibrosis progression in NASH and will benefit patients suffering from liver disease in the 

near future.
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Figure 1. 
Extrahepatic factors that drive liver fibrogenesis. The progression and resolution of fibrosis 

is a complex process that involves parenchymal and nonparenchymal liver cells in addition 

to infiltrating immune cells. The extrahepatic process in NASH involves many factors that 

are related to glucose and lipid metabolism and insulin resistance, gut microbiota and 

changes in the immune system along with production of oxidative stress. PAMAPs, 

pathogen-associated molecular patterns; TNF-α, tumour necrosis factor-α; IL6, interleukin 

6.
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Figure 2. 
Key mechanisms of fibrosis in NASH. Multiple pathways are involved in NASH-associated 

fibrosis including inflammasome-TLR activation and generation of the inflammatory 

cytokines, increased levels of hedgehog signalling, changes in lipid and glucose metabolism 

leading to oxidative stress, hepatocyte injury via apoptosis, cell death inducing inflammatory 

and pro-fibrogenic pathways in nonparenchymal cells and infiltrating immune cells. These 

processes lead to HSC activation which is the source of excessive deposition of extracellular 

matrix (ECM) in the parenchyma. TLR, toll-like receptor; NOX, nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase; IL1-B, interleukin 1-B; IL18, interleukin 18; 

NOD, nucleotide-binding oligomerization domain receptors; FXR, farnesoid X receptor; 

PPAR-α/δ, peroxisome proliferator-activated receptors α/δ; ASK1, apoptosis-signal-

regulating kinase 1; AGEs, advanced glycation end products; CCR, chemokine receptors; 

LOX2, lysyl oxidase-like 2; HSC, hepatic stellate cell.
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Figure 3. 
Anti-fibrotic strategies in NASH. Anti-fibrotic strategies in NASH could include (a) 

removing the injurious stimuli, (b) suppressing or modulating hepatic inflammation, (c) 

protecting the liver, (d) downregulating stellate cell activation and (e) promoting matrix 

degradation. FXR, farnesoid X receptor; CCR, chemokine receptors; NOX, nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase; LOX2, Lysyl oxidase-like 2; PPAR-α/δ, 

peroxisome proliferator-activated receptors α/δ.
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