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Abstract
[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Recent progress in our understanding of the pathways linked to progression from hepatic insult to cirrhosis has led to numerous novel therapies being investigated as potential cures and inhibitors of hepatic fibrogenesis. Liver cirrhosis is the final result of prolonged fibrosis, which is an intimate balance between fibrogenesis and fibrinolysis. A number of these complex mechanisms are shared across the various etiologies of liver disease. Thankfully, investigation has yielded some promising results in regard to reversal of fibrosis, particularly the indirect benefits associated with antiviral therapy for the treatment of hepatitis B and C and the farnesoid receptor agonist for the treatment of primary biliary cholangitis and metabolic associated fatty liver disease. A majority of current clinical research is focused on targeting metabolic associated fatty liver disease and its progression to metabolic steatohepatitis and ultimately cirrhosis, with some hope of potential standardized therapeutics in the near future. With our ever-evolving understanding of the underlying pathophysiology, these therapeutics focus on either controlling the primary disease (the initial trigger of fibrogenesis), interrupting receptor ligand interactions and other intracellular communications, inhibiting fibrogenesis, or even promoting resolution of fibrosis. It is imperative to thoroughly test these potential therapies with the rigorous standards of clinical therapeutic trials in order to ensure the highest standards of patient safety. In this article we will briefly review the key pathophysiological pathways that lead to liver fibrosis and present current clinical and experimental evidence that has shown reversibility of liver fibrosis and cirrhosis, while commenting on therapeutic safety. 
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[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK22][bookmark: OLE_LINK29]Core Tip: A number of clinical trials have targeted various etiologies of liver fibrosis and cirrhosis. Some have been promising, particularly in metabolic associated fatty liver disease and viral hepatitis. Results from these studies have shown that there are safe treatments available, forming currently practiced therapeutic guidelines, and shining light on the potential reversibility of liver fibrosis and cirrhosis caused by a variety of etiologies.


INTRODUCTION
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK2378][bookmark: OLE_LINK2379]Hepatic fibrosis is the pathologic result of chronic inflammation due to a variety of chronic liver diseases and can progress to liver cirrhosis if the insult is not eliminated[1]. Formation of liver fibrosis represents an imbalance of fibrogenesis and fibrinolysis. If the underlying cause of liver injury is alleviated or cured, fibrosis may be reversible at early stages. However, if the hepatic insult persists, then accumulation of cross-linked extracellular matrix ensues, leading to substitution of liver parenchyma by collagen, making reversibility a challenge[2] (Figure 1). With the rise of metabolic syndrome and obesity globally, metabolic associated fatty liver disease (MAFLD) has been recognized as the most prevalent cause of chronic liver disease in the United States[3]. Globally this disease has a growing impact, with estimates that MAFLD cases will increase from 83.1 million in 2015 to 100.8 million in 2030 in the United States alone[4]. Chronic liver disease and cirrhosis has as a major impact on the health care system and remains an important public health concern, representing the 11th leading cause of death worldwide, and accounting for over 41000 deaths in the United States in 2017[5].
Currently there is no antifibrotic therapy approved by the Food and Drug Administration for clinical use[6]. However, with improved understanding of the cellular and molecular mechanisms underlying hepatic fibrosis, scientists and clinicians can continue to develop therapeutic targets that can inhibit, alter or even revert hepatic fibrosis. 

Pathophysiology of hepatic fibrogenesis
A thorough understanding of the complex mechanisms involved in the pathogenesis of hepatic fibrosis is necessary to develop and investigate therapeutic agents targeting fibrogenesis. The liver is composed of parenchymal cells (i.e., hepatocytes) and non-parenchymal cells. Hepatocytes arranged into lobules compose 60%-80% of the total liver mass, with a portal triad (hepatic artery, hepatic portal vein, bile duct) and the central vein[7]. Kupffer cells are specialized macrophages that reside in the lumen of hepatic sinusoids, and play key roles in the initiation of the immune response[8]. Liver sinusoidal endothelial cells line the sinusoidal wall (endothelium) forming fenestrae allowing for filtration of a variety of solutes and particles between the blood entering the sinusoidal lumen and hepatocytes[9]. Hepatic stellate cells (HSCs) are resident mesenchymal cells found in the subendothelial space of Disse. Following exposure to inflammatory cytokines, chemokines and other noxious stimuli; quiescent HSCs transdifferentiate into proliferative, migratory and contractile myofibroblasts (activated state). These in turn produce components of extracellular matrix; the key driving factor that generates hepatic fibrosis[10].

Cytokines 
[bookmark: OLE_LINK2384][bookmark: OLE_LINK2385]Fibrosis and ultimately cirrhosis, is elegantly orchestrated by an array of cytokine mediated signaling pathways that regulate the activity of HSCs and fibrogenesis. Transforming growth factor-beta (TGF-β) is one of the most influential cytokines in the induction of fibrogenesis; it participates in HSC activation and myofibroblast formation, leading to extracellular matrix (ECM) deposition[11,12]. This cytokine also induces expression of matrix-producing genes and inhibits its degradation by downregulating matrix metalloproteinases (MMPs) and promoting tissue inhibitors of metalloproteinases (TIMPs), allowing for development of crosslinked collagen, which perpetuates fibrosis[13]. Ultimately the effect of TGF-β on different cell types within the liver results in various biological responses including the promotion of fibrosis, alteration of cell differentiation and even recruitment of other immune cells, which has been shown to inhibit anti-tumor immune response[14]. These mechanisms are mediated through an interplay of intracellular signal transducing SMAD proteins[13].
Additional cytokines that potentiate fibrogenesis include platelet-derived growth factor, tumor necrosis factor-alpha, interferons, and interleukins that can either be pro- or antifibrotic[15]. The mechanism of action of various pharmacological agents that target these cytokine interactions is to interfere with signaling pathways, allowing for the disruption of various transcriptional, translational and post-translational events. 

Disease specific targeted therapies
Hepatitis B virus liver disease: Chronic hepatitis B (CHB) (defined as persistence of Australia antigen for more than six months) is a major cause of the worldwide development of cirrhosis and hepatocellular carcinoma[16]. Over the last three decades hepatitis B virus (HBV) infection in the United States has decreased by 82%, although the ability of the virus to progress towards chronic infection and subsequent cirrhosis continues to have profound effects on long term health[17]. Several studies have shown that through viral deoxyribonucleic acid suppression, modern medicine can achieve histological response. 
Pegylated Interferon alpha-2b therapy in HBeAg-positive CHB patients has been shown to improve fibrosis (defined as a decrease of at least one point using the Ishak scoring system) and improve necroinflammatory score (defined as a decrease of at least 2 points) in 22% and 53%of tested patients respectively, after 52 wk of therapy. These improvements were more commonly encountered in responders, which was defined as serum seroconversion of the HBeAg antigen to HBeAg not being detected, at the completion of therapy vs non-responders[18]. One of the first oral antivirals, lamivudine, which is a nucleoside analogue has also been shown to improve fibrosis in a variety of studies through its antiviral effects. In a 3-year study, lamivudine resulted in improvement of histologically graded bridging fibrosis and cirrhosis in 63% and 73% of patients with YMDD [tyrosine (Y), methionine (M), aspartate (D), and aspartate (D) amino acid] HBV variants respectively[19]. A similar study showed improvement in both bridging fibrosis and cirrhosis in both YMDD and non-YMDD HBeAg positive patients alike[20]. Long-term treatment with lamivudine (10 years) was associated with complete liver fibrosis/cirrhosis regression or improved Ishak fibrosis score in 21% and 47% of tested patients particularly due to HBeAg loss and seroconversion coupled with extended treatment time allowing for regeneration and histological improvement[21]. 
Adefovir is a reverse transcriptase inhibitor (nucleotide analogue). Although not a direct anti-fibrotic drug, it’s actions as an antiviral agent can reduce ongoing hepatic inflammation, which has clinical significance in preventing fibrosis, similar to other nucleos(t)ide analogs. In a study performed by Hadziyannis et al[22] Ishak fibrosis score improved in 71% of patients treated with Adefovir dipivoxil for 240 wk. Similar histological improvements were also seen in a subsequent study in which 60% of study participants showed improved fibrosis scores at follow-up biopsy[23].
Entecavir (a nucleoside analog) has also shown similar benefits as an antiviral agent, with one study showing histological improvement (decrease in Knodell necro-inflammatory score and no worsening of Knodell fibrosis score) in 96% of patients, and improved Ishak fibrosis score in 88% of patients, including all 10 patients that had advanced fibrosis or cirrhosis prior to initiation of treatment[24]. In one large, multicenter, phase 2 study (n = 1633) assessing outcomes from three large phase 3 studies; entecavir was found to be superior to lamivudine, leading to improved Ishak fibrosis scores in nucleos(t)ide naïve patients that were either HBeAg-positive (57%), HBeAg-negative (59%) or lamivudine-refractory HBeAg-positive (43%)[25]. Similar findings were found in a Japanese study conducted by Yokosuka et al[26], in which 57% of nucleoside naïve patients treated with 3 years of entecavir showed improvement in fibrosis. A more recent prospective study analyzing 120 treatment-naïve CHB patients, demonstrated both fibrosis regression in 54 patients (45%) and decreased liver stiffness [transient elastography (TE)] in patients with fibrosis regression compared to those without improvement in fibrosis after 78 wk of entecavir treatment (-46.4% vs -28.6%, P < 0.001)[27].
Tenofovir is a commonly used nucleotide analogue that is an effective antiviral treatment for both human immunodeficiency virus-1 and HBV. Marcellin et al[28] evaluated patients with baseline Ishak score 5 or 6 cirrhosis (96 patients), treated with Tenofovir disoproxil fumarate. Histological improvement with resolution of cirrhosis (≥ 1 stage reduction) was noted in 71 patients (74%) after completion of 5 years of treatment. It has been shown that in HBV patients treated with either tenofovir or entecavir; all non-invasive scores [aspartate aminotransferase (AST)/alanine aminotransferase, AST/platelet ratio index, Fibrosis-4, red cell volume distribution width-to-platelet ratio] were significantly lower following treatment at both 12 and 24 mo[29].

Hepatitis C virus liver disease: The advent of new and extremely efficacious compounds at reaching sustained virologic response is promising in the treatment of chronic hepatitis C (CHC) patients with fibrosis and cirrhosis. In one hallmark study including patients with stage two or greater fibrosis at baseline, treatment with combination pegylated interferon alpha (IFN-α) and ribavirin resulted in a 82% decrease in fibrosis scores with some demonstrating normal/near normal liver histology after 5-year follow-up biopsy[30]. In a similar prospective study with patients treated with antiviral regimens (Interferon monotherapy, IFN + ribavirin, or pegylated IFN + ribavirin), 88% demonstrated improved fibrosis scores using TE measurements[31].
Novel direct antiviral agents (DAA) have greatly changed and revolutionized the treatment of CHC. In one multicenter observational study, DAA response was evaluated amongst 392 patients who received DAA-based treatment for CHC. Results demonstrated TE regression (-32.4%) as well as reduced Fibrosis-4 (-29.1%) and AST/platelet ratio index values (-60.9%), which was significantly different between pre and post-treatment groups[32]. Similar findings were reported in a recent study that demonstrated a 40% regression in fibrosis post DAA, using TE measurement. Regression of fibrosis was significantly more prevalent in patients with baseline advanced fibrosis than those with null-mild fibrosis (P < 0.001)[33]. Improvements of hepatic fibrosis have also been observed with 12 wk of sofosbuvir, which demonstrated improved enhanced liver fibrosis and liver stiffness measurement with FibroScan® TE[34]. 
A published abstract at American Association for the Study of Liver Diseases demonstrated efficacy of a lipid nanoparticle BMS-986263, which delivers a small interfering ribonucleic acid that inhibits heat shock protein 47, in patients who achieved prior sustained virologic response. Improvements in both METAVIR and Ishak fibrosis scores were noted, although some transient infusion related reactions, albeit minor, were also observed (NCT03420768)[35].
Angiotensin II, secreted by stellate cells, has been shown to promote fibrogenesis by binding to the angiotensin II type 1 receptor and activating various intracellular responses mediated by Janus kinase 2[36]. In a small published clinical trial, patients with CHC and fibrosis were treated with losartan, an angiotensin II receptor antagonist, for 18 mo. Post treatment biopsies of the fourteen patients with ≥ F2 fibrosis showed improved fibrosis in 50% of patients, coupled with significant decrease in expression of several profibrogenic genes[37]. Various angiotensin II receptor antagonists will be further discussed later in this review. Recently there have been studies that have demonstrated reduced risk of fibrosis progression[38] as well as decreased cirrhosis development with the utilization of statins in patients with CHC[39]. Possible mechanisms that allow for the reduction of fibrosis progression include their antiviral and immunomodulatory effects, alleviation of portal hypertension by increasing splanchnic nitic oxide formation, and inhibition of hepatic stellate cells through up-regulation of certain transcription factors[39].

Alcoholic liver disease: Time and time again the importance of abstinence from alcohol has been demonstrated to benefit survival in those with alcoholic liver disease. It has been reported that abstinence from alcohol lead to statistically significant improvement in 5-year survival rates of 75% vs 50% in those individuals that continued to consume alcohol. However, histological data was not collected[40]. Rapid decline of liver stiffness using FibroScan® TE was demonstrated in one study, with 1 wk of abstinence resulting in decreased liver stiffness in 45%, and reduction in the estimated stage of fibrosis in 23% of abstinent patients[41]. Continued decrease in transient elastography measurements have been recorded in another study that showed significant decrease in TE in patients day 8 (41.7%) and day 60 post-abstinence (66.7%)[42]. Candesartan, an angiotensin II type 1 receptor blocking agent, has also been shown to significantly decrease fibrosis scores, reduce the area of fibrosis and smooth muscle actin when used in conjunction with ursodeoxycholic acid (UDCA) vs UDCA alone in patients with compensated alcohol-related cirrhosis[43].

Autoimmune hepatitis: The mainstay of treatment in autoimmune hepatitis (AIH) is to reduce inflammation through the use of high dose corticosteroids alone or in combination with immunomodulators such as azathioprine, which may ultimately halt the progression of fibrosis in the liver[44]. In one study, 53% of corticosteroid treated AIH patients demonstrated improved fibrosis scores (Ishak scoring), as well as a decreased frequency of histologically proven cirrhosis from 14 patients (16%) at initiation of treatment to 10 patients (11%) over the 63 mo treatment period[45]. Similar improvements were demonstrated in a group of 19 patients that were treated with cyclosporine A vs prednisolone for 6 mo followed by continued maintenance therapy with azathioprine. Paired liver biopsies both before and after treatment demonstrated a significant improvement in mean fibrosis stage and inflammatory grade[46]. A more recent study confirms the efficacy of immunosuppression in promoting biochemical remission coupled with resolution of fibrosis and even improvement to near-normal liver histology after prolonged treatment of AIH[47]. It has been suggested that corticosteroid therapy allows for histological improvement through both direct and indirect-fibrotic actions; inhibiting the transformation of HSCs into myofibroblasts, reducing liver inflammation, and ultimately hindering molecular signals of fibrosis and facilitating degradation of extracellular matrix[48].

Non-alcoholic fatty liver disease / metabolic associated fatty liver disease: MAFLD also known as non-alcoholic fatty liver disease (NAFLD)[49] has become the most common cause of chronic liver disease in the Western world, however optimal therapy has not been discovered and is currently based on targeting risk factors with diet and lifestyle modification[50]. 
A multitude of studies have shown the positive effects of weight loss in the improvement of MAFLD and halting the progression towards non-alcoholic steatohepatitis (NASH)/cirrhosis. Weight loss of 5% via caloric restriction has been shown to improve steatosis, weight loss of 5% to 7% resulted in improved inflammation, and a 7%-10% reduction in weight led to possible NAFLD/NASH remission and improved fibrosis[51]. Investigation by Hohenester et al[52], found that 11.8% of patients demonstrated liver fibrosis at baseline via NAFLD fibrosis score. Following weight loss, 0% of patients were fibrotic after 52 wk (P < 0.05). However, an earlier randomized control trial with average weight loss of 9.3% failed to validate a significant change in liver fibrosis, despite improvements in NASH histological activity score in 31 patients over 48 wk[53]. Several studies have shown histological improvement, including decreased fibrosis after bariatric surgery. In one systematic review, pooled analysis of pre and post-surgery histological findings demonstrated a mean decrease in the incidence of fibrosis by 11.9% (P < 0.0001) in obese patients with MAFLD undergoing bariatric surgery[54]. Similar findings were seen in a systematic review and meta-analysis conducted by Mummadi et al[55], in which 65.5% of the pooled proportion of patients demonstrated improvement or resolution of fibrosis after bariatric surgery- induced weight loss.
The results of the PIVENS trial has led to the current AASLD recommendations regarding the use of Vitamin E (800 IU/d) or pioglitazone for treatment of NASH in non-diabetic patients[56]. This trial was a large randomized control trial of vitamin E vs pioglitazone vs placebo, in which 247 adults with biopsy-confirmed, nondiabetic NASH were assigned to either treatment group. Use of both agents was associated with a significant reduction in steatosis, lobular inflammation and liver enzymes compared to placebo, however there was no reduction in hepatic fibrosis[57]. It is important to note that caution needs to be warranted when prescribing these medications as there has been data suggestive of increased all-cause mortality and prostate cancer with Vitamin E[56]. The common side effects of weight gain and bone loss need to also be considered when prescribing thiazolidinediones, such as pioglitazone[56]. 
Other areas of investigation for fibrosis therapy in NASH include fibroblast growth factor (FGF). FGF19 is a pleotropic protein that has been shown to decrease gluconeogenesis and increase insulin sensitivity, inhibit fatty acid synthesis, increase hepatic synthesis of glycogen and proteins, and regulate bile acid homeostasis[58]. In a recent phase 2 study, Aldafermin (NGM282), a FGF19 analogue, demonstrated histological improvement in patients with NASH. After 12 wk of therapy, paired liver biopsies demonstrated reduced nonalcoholic fatty liver disease activity score (NAS) in both the 1 mg and 3 mg treatment groups (P < 0.001), as well as reduced fibrosis scores in the 3 mg group (P = 0.035)[59]. Results also demonstrated improved NAS by 2 or more points without fibrosis worsening in 50% and 63% of patients in the 1 mg or 3 mg treatment groups, respectively (NCT02443116). During the phase 2 trial, authors noted adverse gastrointestinal effects including nausea, abdominal pain, diarrhea and injection site reactions following administration of NGM282[60]. FGF21 is similar, as it plays many roles in metabolism, including fatty acid oxidation, lipolysis and gluconeogenesis[58]. Pegbelfermin (BMS-986036) is a pegylated human FGF21 analogue, and has shown a significant decrease in absolute hepatic fat fraction in the 10 mg daily group (-6.8% vs -1.3%; P = 0.0004) and in the 20 mg weekly subset (-5.2% vs -1.3%; P = 0.008) compared to placebo in patients with NASH fibrosis stages 1-3 (NCT02413372). Common adverse effects of drug therapy included diarrhea and nausea, which were mild[61]. 
A recent trial has demonstrated efficacy of PF-05221304, a liver-targeted inhibitor of acetyl- coenzyme A carboxylase, therefore hindering de novo lipogenesis (NCT02871037). Healthy subjects demonstrated dose-responsive reductions in liver fat, reduced liver enzymes and hemoglobin A1c. Minimal adverse effects included a rise in serum triglycerides, headache, diarrhea, and one case of thrombocytopenia leading to withdrawal from the study[62]. Although this study did not directly measure liver fibrosis, future studies may potentially demonstrate that the decreased de novo lipogenesis secondary to this drug leads to fibrosis regression in addition to a reduction of inflammation[63].
Below we will discuss current, key pharmaceuticals in phase 3 clinical trials and other promising therapies for NASH in detail. Additional phase 3 drugs are listed in (Table 1).

Obeticholic acid
Farsenoid X receptor is a nuclear hormonal receptor that has been shown to negatively modulate nuclear factor kappa B signaling linked to hepatic inflammation and subsequent role in NASH development[64]. Obeticholic acid (OCA) is an agonist of Farsenoid X receptor and has been shown to increase insulin sensitivity while decreasing hepatic steatosis and fibrosis[65]. In the phase 2 double-blinded placebo-controlled trial (FLINT; NCT01265498), 283 patients were randomized to either receive OCA or placebo for 72 wk. All participants had a baseline NAFLD activity score of 4 or greater, with a score of 1 or greater in each of the three categories (steatosis, ballooning and lobular inflammation). Results were promising with OCA meeting primary outcomes of improved NAS by ≥ 2 points without worsening fibrosis (45% vs 21%, P = 0.002) and improvement in fibrosis (35% vs 19%, P = 0.004) when compared to placebo[66]. Treatment for OCA was associated with a decrease in HDL cholesterol, and higher triglycerides and serum cholesterol. Other adverse events included pruritus, reported in 23% of OCA treated vs 6% in placebo-treated patients (P < 0.0001)[66].
Currently underwork is a phase 3 trial (REGENERATE; NCT02548351), in which non-cirrhotic NASH subjects with stage 2 or 3 fibrosis are randomized to receive OCA 10 mg, OCA 25 mg or placebo. A recently published month-18 interim analysis demonstrates fibrosis improvement (≥ 1 stage) by 18% in the OCA 10 mg group (P = 0.045) and 23% in the OCA 25mg group (P = 0.0002)[67]. The most common adverse event included mild to moderate pruritus, which occurred in 51% of patients receiving 25mg OCA[67]. Investigation on the safety and efficacy of this drug is ongoing in a phase 3 trial (REVERSE; NCT03439254) in patients with compensated cirrhosis due to NASH. 

Selonsertib
Selonsertib (SEL) is an inhibitor of apoptosis signal-regulating kinase 1 (ASK-1). Under periods of oxidative stress, ASK-1 induces cellular apoptosis, cell death, and production of inflammatory cytokines[68]. In the phase 2 trial, NASH patients with stage 2-3 fibrosis were randomized to receive 6 mg or 18 mg of SEL with or without once weekly injections of 125 mg simtuzumab or simtuzumab alone for 24 wk. Patients treated with selonsertib alone appeared to exhibit improvement of fibrosis and lower rates of fibrosis progression, as indicated by MR elastography and liver biopsy[69]. However, these results were not reproduced in a phase 3 study (STELLAR-3; NCT03053050) of patients with NASH or in patients with bridging fibrosis and compensated cirrhosis (STELLAR-4; NCT03053063), leading to discontinuation of the studies after interim analysis. Importantly, patients in the selonsertib group experienced headache, nausea, abdominal pain, sinusitis, nasopharyngitis and fatigue at greater proportions. There were also instances of severe side effects, and discontinuation of therapy by three patients for worsening schizophrenia, numbness of the face and upper extremities, and an elevation in liver enzymes[69].

Elafibranor
Elafibranor is an activator of both the peroxisome proliferator-activated receptor alpha and delta, leading to improved insulin sensitivity and reduced inflammation[70]. In a phase 2 placebo-controlled study (GOLDEN-505; NCT01694849), patients with NASH but without cirrhosis were assigned to receive elafibranor 80 mg or 120 mg daily or placebo. Following post hoc analysis, NASH resolved without worsening fibrosis at a higher rate in the 120 mg group vs placebo (P = 0.045). Patients with NAS ≥ 4, demonstrated resolution of NASH, based on protocol definition, in larger proportions when treated with elafibranor 120 mg (P = 0.018) and modified definitions (P = 0.013). It is important to note that there was no significant difference between treatment and placebo based on the protocol’s primary outcome (resolution of NASH without fibrosis worsening)[70]. Although therapy was well tolerated by recipients, one must continue to monitor for renal impairment as an increase in serum creatinine was noted amongst study participants. Recently an interim analysis was published by GENFIT on the ongoing phase 3 trial (RESOLVE-IT; NCT02704403), analyzing elafibranor 120 mg vs placebo in moderate to severe NASH. Results demonstrated no significant difference between the two groups when analyzing the primary endpoint (NASH resolution without worsening of fibrosis) or the key secondary endpoint (fibrosis improvement of at least one stage).

Cenicriviroc
Cenicriviroc is an antagonist of the chemokine receptor 2 and chemokine receptor 5 receptors, which are binding sites for inflammatory promoting chemokines CCL2 and CCL5 that lead to cellular recruitment promoting hepatic inflammation and injury[71]. A phase 2, randomized, double-blinded study (CENTAUR; NCT02217475), assigned patients with NASH and liver fibrosis (stage 1-3) to receive cenicriviroc 150 mg vs placebo. Subjects who received cenicriviroc displayed reduced fibrosis by  1 stage and no worsening of steatohepatitis compared to placebo (20% vs 10%; P = 0.02). Surprisingly those with higher disease activity (NAS  5) and fibrosis at baseline, showed greater response to therapy[72]. Final data of the 2-year study also demonstrated similar findings with maintained reduced fibrosis in those who responded[73]. Adverse effects included fatigue and diarrhea in a small percentage of patients. Currently there is an ongoing phase 3 trial (AURORA; NCT03028740), recruiting patients with F2-F3 fibrosis to assess histological and clinical outcomes.

Liraglutide/semaglutide 
Liraglutide and semaglutide are glucagon-like peptide (GLP)-1 analogs (incretin mimetics) used for the treatment of type 2 diabetes. These drugs stimulate the release of endogenous insulin from pancreatic cells and decrease glucagon release[74]. The clinical trial (LEAN; NCT01237119) demonstrated that once daily liraglutide injections led to resolution of NASH with no worsening of fibrosis when compared to placebo (39.1% vs 9%; P = 0.02). In addition, patients in the placebo group had significantly greater progression to fibrosis compared to liraglutide (P = 0.04)[75]. Currently semaglutide is being investigated as a therapeutic agent for NASH resolution without worsening fibrosis with secondary outcomes of liver fibrosis improvement (NCT02970942). Initial data including 230 patients with fibrosis stages F2 to F3, demonstrated NASH resolution in the semaglutide group compared to placebo (59% vs 17%)[76]. GLP-1 receptor agonists have shown beneficial outcomes on cardiovascular, mortality, and renal outcomes in patients with type 2 diabetes, and therefore will likely have promise in the treatment of NASH with diabetes[77]. 

Statins
In a 2017 study the efficacy of atorvastatin in the treatment of NAFLD was evaluated. 57 dyslipidemic patients with histologically confirmed NAFLD received atorvastatin 20 mg/d for 32.8 ± 3.4 wk. Patients treated with atorvastatin demonstrated reduction in alanine aminotransferase, AST, gamma-glutamyl transpeptidase, alkaline phosphatase, total cholesterol and triglycerides in addition to a reduction in steatosis, and overall NAFLD activity score (NAS) (P = 0.00007)[78]. It has been recommended that statin therapy not only helps prevent cardiovascular disease and manage dyslipidemia, but it can also prevent progression of liver fibrosis, making its use highly advantageous[79]. Therefore, in patients with chronic liver disease and compensated cirrhosis, statins should not be avoided as they are a safe and effective treatment modality[80].

Cholestatic liver disease: Primary biliary cholangitis and primary sclerosing cholangitis: Despite decades of use and recent drug development, UDCA has remained the standard of care for primary biliary cholangitis (PBC). UDCA is a hydrophilic bile acid that has shown to improve liver biochemistry and delay the histological progression of disease, improving liver transplantation free survival[81]. In a study conducted by Corpechot et al[82], UDCA therapy was shown to significantly reduce the progression rate from early stage disease to extensive fibrosis or cirrhosis at a rate of 7% per year for UDCA compared to 34% for placebo (P < 0.002). Norursodeoxycholic acid is a C23 homologue of UDCA that has shown in a phase 2, randomized, placebo-control study, significant biochemical improvement including reduced alkaline phosphatase (ALP) and liver enzymes[83]. However, further studies are required to assess histological efficacy. Unlike its front-line role in PBC, UDCA has questionable roles in the treatment of primary sclerosing cholangitis (PSC). The AASLD recommends against the use of UDCA due to the lack of beneficial data and possible worse outcomes[84].
A second line treatment option includes obeticholic acid for UDCA non-responders, which has shown some promising non-histological results. Its approval was based on the POISE study, a one-year placebo-controlled study that demonstrated significant reduction in ALP, total bilirubin and aminotransferases. Investigators also assessed underlying liver pathology with non-invasive measures such as TE and Enhanced Liver Fibrosis scoring, but results did not differ significantly between OCA and placebo groups. It should be noted that patients receiving OCA, experienced dose-dependent increased pruritus compared to placebo[85]. A biopsy substudy of POISE assessed histological outcomes when comparing paired liver biopsies prior to and after 3 years of treatment with OCA in patients with PBC concurrently taking UDCA. Results demonstrated improvement or stabilization of fibrosis (71% of patients), statistically significant reduction in collagen area ratio (-31%, P = 0.013), collagen fiber density (-35%, P = 0.021), collagen reticulation index (-7%, P = 0.008), and fibrosis composite score (-25%, P = 0.002)[86]. Currently OCA is being investigated in a phase 4 study (COBALT; NCT02308111) evaluating clinical outcomes, including non-invasive liver scores, and a biopsy substudy that may further support encouraging clinical outcomes in patients with PBC. In regard to the role of OCA in the treatment of PSC, the AESOP trial demonstrated biochemical improvement, however histological data was not collected[87].
Third line options for the treatment of PBC include bezafibrate, and its efficacy and safety were first demonstrated in the placebo-controlled phase 3 trial (BEZURSO; NCT01654731). Participants were assigned to receive bezafibrate or placebo in addition to UDCA for 24 mo. Results included normalization of ALP and aminotransferases in the bezafibrate group compared to placebo. This included reduction of liver stiffness by 15% and a decrease in Enhanced Liver Fibrosis scores in the treatment group vs placebo. A subset of patients had histologic data before and after the study, and changes in histologic stage, fibrosis stage and activity grade were not significantly different between the two groups. Significant adverse events included an elevation of baseline serum creatinine by 5% compared to a decrease of 3% in the placebo group. Myalgias were also more common in the treatment group, however this was not statistically significant[88].
In summary there are a multitude of drugs that have and continue to be tested in both PBC and PSC. However, many have proven to be ineffective in the treatment of cholestatic liver disease. Studies primarily investigate the biochemical effects of the drugs, and there are limited studies that assess liver fibrosis progression and/or regression.

Iron overload: Hereditary hemochromatosis and beta thalassemia: Accumulation of excess iron is toxic to liver cells as it allows for the generation of excessive reactive oxygen species that lead to damaged cells and secretion of pro-fibrogenic cytokines. The fibrotic response is not only mediated by oxygen species, but from a large array of iron-induced cell signaling pathways, HSC activation by iron related proteins and possibly iron-mediated ECM remodeling[89]. Phlebotomy is a commonly used treatment for hereditary hemochromatosis, as it not only removes excess systemic iron, but it promotes hematopoiesis which utilizes systemic iron stores. In a study conducted by Falize et al[90], 69% of participants with stage F3 and 35% with stage F4 fibrosis demonstrated regression of fibrosis following venesection (decrease of at least 2 METAVIR units). In those who cannot undergo phlebotomy, the iron chelator deferoxamine has been shown to be effective in the removal of excess iron from the liver and ultimately contributing to fibrosis control[91]. Benefits of iron chelation were also demonstrated by Deugnier et al[92] who conducted a study assessing the efficacy of deferasirox in individuals with beta thalassemia. Results demonstrated stability of Ishak fibrosis staging score or improvement (change of ≤ 2) in 82.6% of patients, and improvement of mean Ishak necroinflammatory score by a mean value of -1.3 (P < 0.001) in individuals treated for at least 3 years.

Other antifibrotic therapies: There have been a multitude of studies investigating the consumption of coffee and its protective effects on liver fibrosis and cirrhosis due a variety of etiologies[93]. In a study conducted by Modi et al[94], caffeine consumption above the 75th percentile for the study cohort was associated with reduced liver fibrosis (OR: 0.19; 95%CI: 0.05-0.66; P = 0.009). A recent prospective population- based study assessed liver stiffness in the general population with no established liver disease. The study concluded that the proportion of participants with liver stiffness measurements  8.0 kPa decreased with higher coffee consumption[95].
Inhibitors of the renin-angiotensin system have shown promise in reducing the progression of hepatic fibrosis in experimental models. In a study conducted by Moreno et al[96] targeted delivery of losartan to HSCs in rats with liver fibrosis secondary to bile duct ligation and carbon tetrachloride administration demonstrated a reduction in collagen deposition, myofibroblasts, inflammation and procollagen gene expression; reducing liver fibrosis. Similar results were demonstrated in a rat model of thioacetamide induced liver fibrosis. Rats that received the angiotensin II receptor antagonists losartan or telmisartan displayed decreased concentrations of tumor necrosis factor-alpha, transforming growth factor beta-1, and histologically reduced inflammation and liver fibrosis[97]. A recent systematic review and meta- analysis evaluating the effects of angiotensin-converting enzyme inhibitors and angiotensin receptor blockers on liver fibrosis or cirrhosis patients demonstrated a reduction of serum fibrosis markers including TGF-β, tissue inhibitor of metalloproteinase-1 (TIMP-1), MMP, collagen and displayed significantly lower fibrosis scores and smaller areas of fibrosis[98] A randomized open-label controlled study demonstrated the effects of candesartan in patients with compensated alcoholic liver fibrosis (≥ F2). Candesartan significantly reduced fibrosis score leading to histological improvement, reduced area of fibrosis and smooth muscle actin, and reduced expression of TGF-β, TIMP-1, and MMP (P < 0.05)[43]. Although efficacy has been demonstrated in both animal and human studies, further successful clinical trials are required to safely and confidently implement the use of these drugs in humans.
Hepatocyte growth factor is another agent that has been investigated in animal studies. It exerts its therapeutic affects by suppressing the action of TGF-β, inducing collagenase expression and inhibiting the growth of HSCs, preventing apoptosis[99]. Further human based studies are required to have a better understanding of any potential benefits in liver fibrosis.
Caspase inhibitors are an additional potential group of therapeutic agents. As discussed earlier, hepatocyte apoptosis is an inflammatory process that leads to cellular activation and fibrosis. Animal studies discovered that the use of the pancaspase inhibitor IDN-6556 (Emricasan) reduced hepatocyte apoptosis and liver injury, hepatic inflammation and hepatic fibrogenesis in a mouse model[100]. A recent randomized, placebo-controlled clinical trial (ENCORE-NF; NCT02686762) assessed the effects of emricasan in patients with NASH F1-F3 fibrosis. Emricasan treatment did not improve histology in these patients and even worsened fibrosis[101]. The phase 2 trial (ENCORE-PH; NCT02960204) assessed the effects of emricasan on hepatic venous pressure gradient (HVPG) in patients with cirrhosis and severe portal hypertension, defined as HVPG ≥ 12 mmHg. Results demonstrated no significant difference in the change of HVPG between various emricasan doses vs placebo. Although emricasan did demonstrate reduction in biomarkers such as aminotransferases, caspases and cytokeratins initially; these biomarkers returned to baseline by the end of the 48-wk treatment period[102]. It has also been reported in the media that the primary analysis of the phase 2 trial (ENCORE-LF; NCT03205345) demonstrated failure of emricasan to meet the study’s primary endpoint of event-free survival when compared to placebo.
The hepatic endocannabinoid system is one of the multiple cell-signaling pathways involved in the transformation of quiescent HSCs into myofibroblasts that produce the fibrous matrix. Activation of the CB1 receptor promotes hepatic steatosis, inflammation and subsequent fibrosis; commonly seen in both alcoholic and non-alcoholic fatty liver disease. The CB2 receptor primarily exerts anti-inflammatory and anti-fibrotic effects, displaying protective roles against liver injury[103,104]. In various animal studies inhibition of the CB1 receptor with rimonabant reduced TGF-β levels and fibrosis, as well as MMP activity and pro-fibrogenic and pro-inflammatory factors[105,106]. However, one draw-back to this treatment is abundance of neuropsychiatric effects as these receptors are highly expressed in the central nervous system[104]. CB2 agonism has shown to reduce inflammation and fibrosis and even accelerate the regenerative process in various mouse and rat models[105,107]. Although pharmaceuticals targeting both receptors may be promising in animal studies, CB2 agonists may be a more feasible treatment approach.
Other therapies aim to promote degradation of the fibrous matrix. In the 2004 study conducted by Parsons et al[108], blockage of TIMP-1 via anti-TIMP-1 antibody led to a reduction in collagen deposition in a rat model. Despite these findings there are currently no active clinical trials that attempt to target this pathway. Another approach to hinder the ECM is by antagonizing lysyl oxidase-2, one of the enzymes responsible for cross-linkage of fibrillar collagen[109]. A recently completed trial (NCT01672853) assessed the efficacy of Simtuzumab (anti lysyl oxidase-2 Ab) on PSC. After 96 wk of treatment there was no significant change in hepatic collagen content, reduction in Ishak fibrosis stage or progression to cirrhosis[110]. Similar clinical trials investigating simtuzumab in patients with advanced liver fibrosis secondary to NASH have been terminated after failing to show efficacy (NCT01672879 and NCT01672866).
Endothelin stimulates HSC contractility, and antagonists to its receptors initially showed promise for treatment of hepatic fibrosis. In an experimental model of liver fibrosis, scientists demonstrated that with the use of bosentan (an endothelin receptor antagonist) levels of type I collagen and cellular fibronectin mRNAs were reduced[111]. However, evidence of hepatotoxicity and possible teratogenicity developed, and its use was no longer recommended[112].
As discussed earlier, the cytokine TGF-β plays a major role in the development of fibrosis within the liver and other tissues. Therefore, it remains a major focus for various pharmaceutical treatments. There has been concern of systemic inhibition provoking inflammation and epithelial growth and subsequent neoplasia, which has led to further investigations into other treatments[113]. Antagonists to cell surface integrins, which allow for TGF-β activation has become an appealing target. One example is an inhibitory antibody to αVβ6 integrin, which has shown to significantly reduce collagen deposition in a mouse model of bile duct ligation[114]. Inhibition of the α (V) integrin has also been shown to attenuate liver fibrosis in an animal model[115].
Discussion of hepatic anti-fibrotic therapy would not be complete without brief discussion of herbal compounds, some of which have promising results in various studies. Silymarin (Silybum marianum) is a natural herbal flavonoid complex that is extracted from cardoon milk. In a study performed on cultured HSCs from human liver, silybin was found to inhibit pro-fibrogenic actions of HSCs including cell proliferation, cell motility and synthesis of extracellular matrix components[116]. However, a recently completed phase 2 trial titled (SyNCH; NCT00680407) concluded that although safe; there was no statistically significant histological improvement is NAFLD Activity Score in non-cirrhotic patients with NASH[117]. Curcumin (Curcuma longa) is a polyphenol that has shown effectiveness in animal studies. In a study by Shu et al[118], curcumin was shown to prevent liver fibrosis, and inhibit HSCs by triggering apoptosis in a rat model of CCl4 induced hepatic fibrosis. A current single-center, randomized, phase 2 study is underway examining the effects of curcumin on pediatric nonalcoholic fatty liver disease (NCT04109742). Salvianolic acid (Salvia) is extracted from Radix Salviae miltiorrhizae and has been used by traditional Chinese medicine for hundreds of years[119]. A double-blinded, randomized control study compared salvianolic acid to IFN-g for the treatment of hepatitis B. Surprisingly, individuals treated with salvianolic acid demonstrated increased reversal rates of fibrosis and inflammatory alleviation, plus decreased liver fibrotic scores and fibrotic markers. Salvianolic acid showed no side effects compared to IFN-, which had high rates of fever and transient decrease of leukocytes in study participants[120]. A complete list of herbal remedies for liver fibrosis is more thoroughly reviewed by Latief and Ahmad[121].

Current clinical studies
We have discussed a wide array of ongoing and completed clinical trials targeting various pathways of liver fibrosis. There are currently hundreds of clinical trials listed on ClinicalTrials.gov under the topic of “liver fibrosis,” in various phases of completion. We compiled a list of active phase 2-phase 4 trials, for various etiologies, that are recruiting or not recruiting at the time of this publication (Table 2). 
Examples of drugs under current investigation include Pirfenidone, a broad spectrum anti-fibrotic drug demonstrating abilities in prevention and removal of collagenous scar tissue in organs such as the lung and kidney[122]. Pegbelfermin (BMS-986036) and Aldafermin (NGM282), analogs of the fibroblast growth factor 21 and 19 respectively, are under investigation as treatment in NASH, as they demonstrate a variety of potentially beneficial biochemical and metabolic effects[123]. Completion of these clinical trials may provide efficacious results and implementation of their use in liver fibrosis, as these drugs are not currently commonly used in the clinical setting.

CONCLUSION
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Formation of liver fibrosis and progression to cirrhosis is a complex mechanism with interplay between formation of the fibrous matrix and its degradation. There is a plethora of etiologies leading to fibrosis and cirrhosis, which vary in prevalence based on worldwide geographic location. Despite the variations in the underlying pathology, many of the common biologic pathways that ultimately lead to HSC activation are shared amongst diseases. Over the years there have been a great number of pharmacologic and non-pharmacologic agents, as well as lifestyle modifications, that have shown some promise in preventing progression and even reversing hepatic fibrosis, ultimately making treatment a reality. As we continue to develop models and learn more about new and existing cellular pathways, newer safe and effective therapeutic targets will likely be developed given the magnitude of their clinical implications. Investigators will not only continue researching individual drug efficacy but should continue to develop combination therapies that target various points of the fibrosis cascade simultaneously. Potential benefit can also be explored by utilizing compounds that are implicated for other systemic forms of fibrosis, as many of the pathways are shared amongst organ systems.
Determination of drug efficacy remains a challenge as there are a variety of different modalities available to assess hepatic fibrosis, veering away from the traditional liver biopsy. As seen in this review there is a multitude of clinical trials that range from therapeutic and observational studies. In our opinion it is imperative that future studies standardize clinical endpoints and fibrosis measurement to allow for better understanding of drug efficacy as single agents or in combination with one another. While most of the trials are currently focused on MAFLD, continued research is needed amongst all etiologies of hepatic fibrosis in order to have improved worldwide benefit.
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Table 1 Drugs currently in phase 3 investigation trials for the treatment of nonalcoholic steatohepatitis according to ClinicalTrials.gov
	Drug name
	Mechanism of action
	Estimated completion
	Study/identifier

	Resmetirom (MGL-3196)
	Thyroid hormone receptor agonist
	March 2024
	[MAESTRO-NASH] NCT03900429

	Dapaglifozin
	SGLT-2 inhibitor
	November 2021
	[DEAN] NCT03723252

	Aramchol
	 SCD1 inhibitor
	December 2024
	[ARMOR] NCT04104321

	Cenicriviroc
	CCR2-CCR5 antagonist
	October 2028
	[AURORA] NCT03028740

	Elafibranor
	PPAR agonist
	December 2021
	[RESOLVE-IT] NCT02704403

	Obeticholic acid
	FXR agonist
	October 2022
	[REGENERATE] NCT02548351


CCR: Chemokine receptor; FXR: Farnesoid X receptor; PPAR: Peroxisome proliferator-activated receptor; SCD1: Stearoyl coenzyme A desaturase 1; SGLT-2: Sodium-glucose transport protein.


Table 2 Drugs currently in clinical trials for the treatment of various etiologies of hepatic fibrosis according to ClinicalTrials.gov
	Drug name
	Mechanism of action
	Condition(s)
	Clinical phase
	Study/Identifier

	Candesartan + Ramipril
	Angiotensin II receptor Antagonist, ACE inhibitor
	HCV
	3
	NCT03770936

	Pirfenidone
	Anti-inflammatory + Antifibrotic
	Multiple
	2
	[PROMETEO] NCT04099407

	BMS-986036, Pegbelfermin
	PEG-FGF21Analog
	NASH F3
	2
	[FALCON 1] NCT03486899

	
	
	NASH + Compensated, Cirrhosis
	2
	[FALCON 2] NCT03486912

	Aldafermin (NGM282)
	FGF19 Analog
	NASH
	2
	NCT02443116

	CC-90001
	JNK inhibitor
	NASH F3/F4
	2
	NCT04048876

	Entecavir
	Reverse transcriptase inhibitor
	HBV
	4
	NCT02849132

	Entecavir + Fuzheng Huaya + TCM granule
	Reverse transcriptase inhibitor + Traditional Chinese medicine
	HBV
	4
	NCT02241616

	Tropifexor + Licoglifozin
	FXR agonist + SGLT 1 and 2 inhibitor
	NASH F2/F3
	2
	[ELIVATE] NCT04065841

	Tropifexor + Cenicriviroc
	FXR agonist + CCR2-CCR5 antagonist
	NASH F2/F3
	2
	[TANDEM] NCT03517540

	Nitazoxanide
	Anti-protazoal
	NASH F2/F3
	2
	NCT03656068

	Mesenchymal stem cells
	Umbilical cord mesenchymal stem cells
	HBV + Decompensated cirrhosis
	2
	NCT03945487

	GXHPC1
	Adipose-derived stem cells
	Cirrhosis of multiple etiologies
	2
	NCT04088058

	G-CSF
	Granulocyte colony stimulating factor
	Decompensated cirrhosis of multiple etiologies
	2/3
	NCT03911037

	Mesenchymal stem cells
	Autologous bone marrow mesenchymal SCs
	Cirrhosis of multiple etiologies
	2
	NCT03626090

	ADR-001
	Adipose-derived stem cells
	HCV or NASH Cirrhosis
	2
	NCT03254758

	CD 34 + MSCs
	Autologous hematopoietic and mesenchymal SCs
	Cirrhosis of multiple etiologies
	4
	NCT04243681

	Simvastatin
	HMG-CoA Reductase Inhibitor
	Cirrhosis of multiple etiologies
	2
	NCT02968810

	ORMD-0801
	Oral insulin formulation
	NASH + Type 2 Diabetes
	2
	NCT02653300

	Atorvastatin
	HMG-CoA reductase inhibitor
	Cirrhosis of multiple etiologies
	4
	[STATLiver] NCT04072601

	Aldafermin (NGM282)
	FGF19 analog
	NASH F2/F3; NASH + Compensated cirrhosis
	2; 2
	[ALPINE 2/3] NCT03912532; [ALPINE 4] NCT04210245

	Obeticholic acid
	FXR agonist
	PBC + Hepatic impairment
	4
	NCT03633227

	Stem cell
	Autologous bone marrow mononuclear stem cells
	Liver cirrhosis + Biliary atresia
	2
	NCT03468699

	VK2809
	Thyroid receptor agonist
	NASH
	2
	[VOYAGE] NCT04173065

	Spironolactone + Carvedilol
	Aldosterone antagonist + Beta receptor blocker
	Compensated cirrhosis
	4
	NCT02907749

	Cenicriviroc
	CCR2-CCR5 antagonist
	NASH + Completion of CENTAUR and AURORA Study
	2
	NCT03059446

	Selonsertib + Firsocostat + Cilofexor + Fenofibrate + Vascepa ®
	ASK 1 inhibitor + ACC inhibitor + FXR agonist + Anti-lipid + Anti-lipid
	NAFLD, NASH
	2
	NCT02781584

	Erlotinib
	Tyrosine kinase inhibitor
	Fibrosis, Cirrhosis
	1/2
	NCT02273362

	Saroglitizar 
	PPAR agonist
	NAFLD, NASH
	2
	NCT03061721


[bookmark: OLE_LINK15]ACC: Acetyl-CoA carboxylase; ASK: Apoptosis signal-regulating kinase 1; CCR: Chemokine receptor; FXR: Farnesoid X receptor; HBV: Hepatitis B virus; HCV: Hepatitis C virus; HMG-CoA: Hydroxymethylglutaryl coenzyme A; JNK: C-Jun N-terminal kinase; NAFLD: Nonalcoholic fatty liver disease; NASH: Nonalcoholic steatohepatitis; PBC: Primary biliary cirrhosis; PEG-FGF21: PEGylated human fibroblast growth factor 21; PPAR: Peroxisome proliferator-activated receptor; SGLT-1: Sodium-glucose transport protein 1; SGLT-2: Sodium-glucose transport protein 2; TCM: Traditional Chinese Medicine.
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