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Abstract: Nonalcoholic fatty liver disease (NAFLD) is rapidly becoming the most common 

cause of chronic liver disease due to an increase in the prevalence of obesity. The development 

of NASH leads to an increase in morbidity and mortality. While the first line of treatment is 

lifestyle modifications, including dietary changes and increased physical activity, there are 

no approved pharmacological treatment agents for NAFLD and NASH currently. Due to its 

complex pathophysiology, different pathways are under investigation for drug development 

with the focus on metabolic pathways, inflammation, and slowing or reversing fibrosis. 

There are several agents advancing in clinical trials, and promising results have been seen 

with drugs that affect hepatic steatosis, inflammation, and fibrosis. This review will provide 

an overview on NAFLD and some of the mechanisms of disease that are being targeted with 

pharmacologic agents.

Keywords: nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, pharmacotherapy, 
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Introduction
Nonalcoholic fatty liver disease (NAFLD) has become the most common cause of 

chronic liver disease in the United States. NAFLD is associated with metabolic dis-

orders, such as type 2 diabetes mellitus, hypertension, dyslipidemia, and obesity. The 

prevalence of NAFLD is estimated to be between 20% and 30% in the USA, and in the 

upcoming decade, it is also expected to be the leading cause of liver transplantation.1,2 

NAFLD exists on a spectrum from simple steatosis to steatohepatitis (nonalcoholic 

steatohepatitis [NASH]), which is marked by lobular inflammation and ballooning. 

Across the spectrum of disease, fibrosis progression can lead to the development of 

cirrhosis, although fibrosis progression is typically more common and rapid with NASH 

as opposed to simple steatosis. It is important to note that not all patients with NASH 

will progress to cirrhosis and understanding which patients will progress and require 

treatment is an area of active investigation. Additionally, there are multiple potential 

therapeutic targets that are being explored for NASH and multiple novel therapies are 

on the horizon. In this article, the pathways and mechanisms of potential drugs and 

treatments will be reviewed.

Background
The pathophysiology of NASH is complex, multifactorial, and still under investigation. 

It is generally accepted that multiple pathways and mechanisms are involved in the 
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pathogenesis of NASH. These mechanisms include dietary 

factors, insulin resistance, genetic polymorphisms, lipotox-

icity, and altered gut microbiota. NAFLD can be diagnosed 

with the evidence of hepatic steatosis on imaging or histology 

and lack of secondary causes of hepatic fat accumulation 

(alcoholic steatosis, medications, or hereditary disorders). 

Nonalcoholic fatty liver (NAFL) is defined as the presence 

of ≥5% hepatic steatosis without evidence of hepatocellular 

injury in the form of hepatocyte ballooning. While the major-

ity of patients tend to remain in the benign NAFL stage, some 

patients progress to NASH, which is characterized by the 

presence of ≥5% steatosis and inflammation with hepato-

cyte injury, with or without fibrosis.3 An established scoring 

system for the assessment of histology in NAFLD is the 

NAFLD activity score (NAS). The NAS is quantified using 

the following characteristics: steatosis (0–3), lobular inflam-

mation (0–3), and hepatocyte ballooning (0–2), which are 

added together to arrive at a final score (0–8).4 NAS has now 

become frequently used as an inclusion criteria for clinical 

trials, and improvement in the NAS is often used as an end-

point as well. Ultimately, the liver histology can also exhibit 

signs of fibrosis, which raises concern for progressive and 

more advanced liver disease. NASH reflects hepatocellular 

damage and often the commencement of fibrosis progression, 

and yet, several long-term outcome studies have suggested 

that it is the fibrosis stage rather than the presence of NASH 

or an elevated NAS that predicts patient outcomes.5,6 This may 

be a reflection of retrospective studies with insufficient power 

or it may be that NASH is a more dynamic entity, which may 

spontaneously resolve as opposed to fibrosis, the presence 

of which is more intractable. The most valued endpoints for 

current clinical trials have thus become the “resolution of 

NASH” and/or the “improvement of fibrosis.”

Lifestyle modifications
Lifestyle modification is the first line of treatment for patients 

with NAFLD, which includes diet modification, sustained 

weight loss, and increase in exercise. In a meta-analysis, 

it was shown that 5% body weight reduction resulted in 

improvement in hepatic steatosis, whereas >7% reduction was 

associated with NAS improvement.7 These data have been 

supported by a prospective trial in which lifestyle modifica-

tion to induce weight loss was started in 261 subjects with 

liver biopsies before and after the intervention. High rates 

of NASH resolution and fibrosis regression were noted in 

patients with ≥10% weight loss.8 Calorie-restricted diet is 

associated with mobilization of liver fat, which also reduces 

cardiovascular (CV) risk. Mediterranean diet reduces the 

risk of CV diseases and has also been shown to improve 

steatosis.9 Mediterranean diet has been studied along with 

low-fat, high-carbohydrate diet in a 6-week trial in patients 

with biopsy-proven NAFLD and showed reduction in hepatic 

steatosis and improved insulin sensitivity.10 A recent study 

that included 58 patients with NAFLD matched with 58 

controls concluded that adherence to a Mediterranean diet 

is associated with less severe liver disease in patients with 

NAFLD.11 Increased protein intake may also be beneficial as 

a prospective study with 37 subjects with type 2 diabetes, 

placed on isocaloric, high-protein diet for 6 weeks, which 

showed reduced liver fat by 36%–48% and a decrease in 

serum fibroblast growth factor-21 (FGF21) correlating with 

hepatic fat loss.12 Increase in exercise and physical activity 

is also beneficial for NAFLD. Data suggest an improve-

ment in hepatic steatosis with exercise in patients involved 

in sustained physical activity more than 150 minutes per 

week and patients who increase their physical activity more 

than 60 minutes per week have shown a decrease in serum 

aminotransferases.13 Increased exercise in combination with 

diet modification is often recommended simultaneously in 

patients with NAFLD.

Current treatment options
Vitamin E and pioglitazone
There are currently no Food and Drug Administration 

(FDA)-approved medications to treat NASH. Despite not 

being FDA-approved specifically for NASH, treating NASH 

with vitamin E or pioglitazone is a consideration for certain 

patients. Vitamin E is an antioxidant that works as a free radi-

cal scavenger and protects cellular components from peroxida-

tion. The PIVENS trial (Pioglitazone vs Vitamin E vs Placebo 

for Treatment of Non-Diabetic Patients With Nonalcoholic 

Steatohepatitis) studied the effects of both pioglitazone and 

vitamin E in nondiabetic patients with biopsy-proven NASH. 

Two hundred forty-seven patients were randomized to piogli-

tazone, vitamin E, or placebo for 24 months. Inclusion criteria 

were definite or possible steatohepatitis with an NAS of 5 or 

more or definite steatohepatitis with an NAS of 4. Exclusion 

criteria included alcohol consumption, presence of cirrhosis, 

hepatitis C, heart failure, or use of medications known to 

cause steatohepatitis. Primary outcome was improvement in 

histological features of NASH. Results from PIVENS trial 

showed that vitamin E reduced the serum aminotransferase 

levels and was associated with a significantly higher rate of 

improvement in nonalcoholic steatohepatitis (43% vs 19%, 

P=0.001).14 In the TONIC (Treatment of Nonalcoholic Fatty 

Liver Disease in Children) trial, vitamin E was evaluated 
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along with metformin or placebo in children with biopsy-

proven NAFLD, and there was a significant increase in NASH 

resolution in children treated with vitamin E compared with 

placebo.15 According to the 2018 practice guidelines recom-

mended by American Association of Study of Liver Diseases, 

vitamin E (RRR-α-tocopherol) administered at a dose of 800 

IU/day should be considered for nondiabetic patients with 

biopsy-proven NASH.3 While vitamin E appears to have 

benefit in the treatment of NASH, debate about its influence 

on all-cause mortality and its influence on prostate cancer 

tempers enthusiasm for its use.16–18

Thiazolidinediones are peroxisome proliferator-activated 

receptor gamma (PPAR-γ) ligands and have been studied in 

NASH due to their ability to reverse adipose tissue dysfunc-

tion and insulin resistance. In the PIVENS trial mentioned 

above, comparison of pioglitazone therapy with placebo did 

not reach the prespecified P-value of 0.025 for the primary 

outcome (34% vs 19%, P=0.04; number needed to treat 

6.9) but achieved the secondary endpoint of NASH resolu-

tion.14 Weight gain was the most common side effect with 

pioglitazone. An additional meta-analysis suggests a benefit 

of pioglitazone in diabetic and nondiabetic patients with 

NASH.19 Excitement for pioglitazone is affected by concerns 

about weight gain, potential ill effects on bone density in 

certain populations, and a questionable influence on blad-

der cancer.19,20

Use of metformin in NASH
Metformin has shown benefits regarding improvement in 

insulin resistance and weight loss in diabetic patients. Sev-

eral studies have shown it to be effective for improvement 

in serum aminotransferases but two meta-analysis showed 

that metformin therapy did not improve liver histology.21,22

Use of statins in NAFLD and NASH
Patients with NAFLD often have elevated serum triglyceride 

(TG), low-density lipoprotein (LDL), and high apolipopro-

tein β to apolipoprotein A-1 ratio, with low high-density 

lipoprotein (HDL) levels.23 These changes are driven by 

hepatic lipid concentration and insulin resistance. Treatment 

of dyslipidemia reduces the risk of CV disease. The GREACE 

study (The GREek Atorvastatin and Coronary-heart-disease 

Evaluation) showed improvement in aminotransferases and 

CV outcomes with statins in patients with NAFLD-related 

elevated aminotransferases.24 The IDEAL trial (Initiating 

Dialysis Early and Late) suggested a benefit of high-intensity 

statins compared with moderate-intensity statins in patients 

with baseline elevated alanine aminotransferase (ALT).25 

Statin-induced hepatotoxicity is not higher in patients with 

chronic liver disease, and pravastatin has been specifically 

studied in a prospective randomized controlled trial with 

326 subjects with NASH and chronic hepatitis C. Pravastatin 

significantly lowered LDL cholesterol, total cholesterol (TC), 

and TG values at 12 weeks in comparison with placebo and 

was found to be safe and efficacious. The study demonstrated 

that hypercholesterolemic patients with compensated chronic 

liver disease can be treated with statins.26 Statin use has also 

been shown to be inversely related to the risk of death or 

liver transplant in patients with NAFLD.5 Despite the safety 

of statins in patients with NAFLD and their apparent benefit, 

statins are actually often underprescribed in patients with 

NAFLD.27

NASH clinical trials and their endpoints
A treatment agent can have different impacts on the NASH 

progression. Pharmacological agents can improve NASH or 

may influence fibrosis. These parameters need to be evaluated 

simultaneously to assess the potential benefits of any agent 

and to be sure that improvement in one does not worsen the 

other. The endpoint determination in NASH is challenging 

due to a long natural history of disease, which in turn raises 

the need to determine appropriate short-term surrogate mark-

ers for accelerated drug development pathway.

Histologic endpoints
Histologic endpoints to assess response to therapeutic inter-

vention can be defined as improvement in NAS, resolution 

of NASH, or improvement in liver fibrosis.28 When NAS is 

used as primary outcome, it is recommended that two-point 

improvement in the total score should be achieved with no 

worsening of fibrosis. For resolution of NASH, it is defined as 

complete resolution of hepatocyte ballooning with inflamma-

tion score of 0 or 1 and no worsening of fibrosis. Hepatocyte 

ballooning is an important parameter in NASH and has been 

shown to correlate with progressive disease and fibrosis. The 

fat accumulation in the ballooned hepatocyte causes oxidative 

injury, endoplasmic reticulum dysfunction, and abnormalities 

of cytoskeleton evident as Mallory–Denk body.29 Therefore, 

it is an important endpoint used in many of the drug trials.

For the trials focusing on the assessment of fibrosis, there 

should be no worsening of fibrosis in NASH or ideally an 

intervention showing some improvement of fibrosis.

Biomarkers as surrogates
Noninvasive modalities are gaining interest in the evaluation 

of steatosis, inflammation, and fibrosis. For hepatic steatosis 
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assessment, controlled attenuation parameter as part of vibra-

tion-controlled transient elastography (FibroScan) and MRI 

proton density fat fraction (MRI-PDFF) and multiparametric 

MRI (LiverMultiScan) are being used. For liver inflammation 

and ballooning, liver enzymes ALT and aspartate aminotrans-

ferase (AST) can be used. LiverMultiScan has gained atten-

tion for inflammation assessment but requires confirmatory 

data.30 Transient elastography, LiverMultiScan, MRI, or MR 

elastography can be used for analysis of fibrosis.31–33 There are 

limited biomarkers available for accurate hepatocyte fibrosis 

assessment at this time, but Pro-C3, FIB-4, NAFLD fibrosis 

score, and the enhanced liver fibrosis score are commonly 

investigated noninvasive tools for fibrosis assessment.3

Clinical endpoints
Clinical endpoints depend on the stage being studied. In early-

stage disease, the outcome assessment is challenging due to 

dynamic and generally indolent nature of disease progression. 

In the setting of cirrhosis, the endpoints might include changes 

in the degree of portal hypertension or hepatic decompen-

sation. Changes in portal hypertension can be assessed by 

measurement in the hepatic venous pressure gradient. Hepatic 

decompensation can be evaluated by Child–Turcotte–Pugh 

score, model for end-stage liver disease score, and develop-

ment of new or worsening in ascites, variceal bleed, hepatic 

encephalopathy, and hepatocellular carcinoma (HCC). Meth-

acetin breath test and HepQuant are under investigation and 

can be used to assess changes in liver function.

Pharmacological agents with completed 
phase II and undergoing phase III
Several pharmacological agents investigated for the treatment 

of NASH. Therapies are at various stages of drug develop-

ment (Table 1 and Figure 1).

Obeticholic acid
Obeticholic acid (OCA) is derived from chenodeoxycholic 

acid, which is a natural ligand for farnesoid X receptor 

(FXR).34 It regulates bile acid synthesis and transport, 

increases glucose-stimulated insulin secretion and periph-

eral glucose uptake, inhibits hepatic lipid synthesis by 

inhibiting CYP7A1 thus acting on the rate-limiting step 

for conversion of cholesterol to bile acids, and increases 

lipid uptake by adipocytes.34 It may also decrease the portal 

pressure and possess anti-inflammatory and antifibrotic 

activity.28,35,36 OCA was studied in the FLINT (Farnesoid X 

nuclear receptor ligand OCA for noncirrhotic, nonalcoholic 

steatohepatitis treatment) trial, which was a double-blind, 

randomized, placebo-controlled, phase IIb trial in patients 

with biopsy-proven NASH (NAS ≥4) without cirrhosis.37 

Patients were randomized to OCA 25 mg daily or placebo 

for 72 weeks. Patients in the treatment arm had significant 

histologic improvement with two-point improvement in 

NAS without worsening in fibrosis (P=0.0002). Interest-

ingly, patients treated with OCA showed improvement in 

fibrosis (35% vs 19%), hepatocyte ballooning (46% vs 31%), 

steatosis (61% vs 38%), and lobular inflammation (53% vs 

35%) compared with placebo. It was also associated with 

significant reduction in ALT, AST, γ-glutamyltransferase, and 

bilirubin. However, there was a modest increase in TC and 

LDL with a corresponding decrease in HDL raising some 

concern, given the increased CV risk that patients with NASH 

already possess. These changes did not sustain after comple-

tion of study or could generally be attenuated with the use of 

statins.38 Pruritus was also noted as adverse effect in 23% of 

subjects on OCA treatment with severe pruritus leading to 

stopping OCA in one subject. OCA is being evaluated in the 

REGENERATE trial, which is a phase III trial with a target 

of 2,000 subjects with biopsy-proven NASH and stage 1–3 

fibrosis randomized to 10 mg, 25 mg OCA, or placebo for 

72 weeks. Primary endpoints are reduction in fibrosis one 

point without worsening of NASH, resolution of NASH, 

all-cause mortality, and liver-related clinical outcomes. The 

initial histopathological analysis will be at 18 months with 

subsequent analysis at 48 months followed by final assess-

ment of outcomes at 6 years.28,39

Elafibranor
Elafibranor (GFT-505) is a dual peroxisome proliferator-

activated receptor alpha–delta (PPAR-α/δ) agonist, which is 

currently in phase III. PPAR-α receptor plays an important 

role by controlling lipid flux by modulation of fatty acid 

transport and oxidation and decreases TGs and increases 

HDL.34 It also inhibits inflammatory genes and decreases 

acute-phase response gene expression. PPAR-δ improves glu-

cose homeostasis, fatty acid transport, and oxidation and has 

an anti-inflammatory effect on Kupffer cells. It is also highly 

expressed in the adipocytes controlling adipocyte differen-

tiation, promoting fatty acid uptake, and increasing insulin 

sensitivity.28,40,41 GOLDEN-505 trial was a double-blinded, 

placebo-controlled, randomized, international phase IIb trial 

with biopsy-proven NASH without cirrhosis in 276 subjects.42 

The primary outcome was resolution of NASH defined as 

disappearance of steatosis, ballooning, or lobular inflamma-

tion. Subjects were randomized to receive elafibranor 80 mg 

vs 120 mg vs placebo for 52 weeks. The primary outcome was 
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not achieved as there was no statistically significant difference 

in three groups. However, the subjects with NASH and NAS 

≥4 showed higher proportion of NASH resolution compared 

with placebo in the elafibranor 120 mg group (20% vs 11%, 

P=0.018) along with significant histologic improvement in 

fibrosis in correlation with changes in ballooning and lobular 

inflammation.42 Elafibranor also resulted in favorable effects 

on the lipid profile with decreased TC, LDL, and TGs, while 

increasing HDL. Elafibranor also improved glucose homeo-

stasis in diabetic subjects in the 120 mg arm. There was no 

weight gain as well, but a mild reversible elevation in serum 

creatinine was noted. RESOLVE-IT is a randomized, placebo-

controlled phase III trial investigating these findings in 2,000 

subjects with biopsy-proven NASH (NAS ≥4) and fibrosis 

stage 1–3. Subjects will be randomized to elafibranor 120 

mg or placebo. The primary endpoint of NASH resolution 

Table 1 Pharmacological therapies for NASH

Agent and 
mechanism

Effect Phase Key inclusion and exclusion criteria

Obeticholic acid 
(OCA)
FXR receptor 
agonist

Improvement in NAS, steatosis, 
ballooning, and fibrosis

REGENERATE, phase III trial. Primary 
endpoint reduction in fibrosis ≥1 point 
without worsening of NASH, resolution 
of NASH, all-cause mortality, and liver-
related clinical outcomes

•	 Stage 1–3 fibrosis
•	 No cirrhosis
•	 No BMI >45
•	 No significant alcohol or other liver disease
•	 No poorly controlled diabetes

Elafibranor
PPARα/δ agonist

Modulation of fatty acid 
transport and β-oxidation, 
improves glucose homeostasis, 
and has anti-inflammatory effect

RESOLVE-IT, phase III, randomized, 
placebo-controlled trial
Primary endpoint NASH resolution 
without worsening fibrosis

•	 Stage 1–3 fibrosis
•	 No cirrhosis
•	 No poorly controlled diabetes
•	 No significant alcohol use

Cenicriviroc
CCR2/CCR5 
receptor antagonist

Anti-inflammatory and 
antifibrotic activity

AURORA, randomized, double-blind, 
placebo controlled trial. Primary 
endpoint improvement in fibrosis 
without worsening of steatohepatitis

•	 Stage 1–3 fibrosis
•	 No cirrhosis
•	 No significant alcohol use or other liver 

disease
Selonsertib
ASK-1 inhibitor

Inhibits inflammation and fibrosis STELLAR 3 – phase III trial in patients 
with bridging fibrosis; STELLAR 4 – 
patients with compensated cirrhosis. 
Primary endpoint improvement in 
fibrosis without worsening NASH

•	 STELLAR 3 – stage 3 fibrosis
•	 STELLAR 4 – stage 4 fibrosis
•	 No decompensated cirrhosis

Aramchol
Synthetic lipid 
molecule

Decreases lipogenesis and 
increases β-oxidation

Phase IIb trial. Primary endpoint liver 
triglyceride change

•	 Stage 1–3 fibrosis
•	 No cirrhosis

Emricasan
Pancaspase inhibitor

Decreases portal hypertension 
and blocks apoptotic and 
inflammatory caspase activation

ENCORE-NF, phase IIb trial. Primary 
endpoint improvement in fibrosis 
without worsening of NASH

•	 Stage 1–3 fibrosis
•	 No cirrhosis

NGM282
Recombinant FGF19 
agonist

Inhibits bile acid formation and 
improves insulin sensitization

Phase IIa trial. Primary endpoint change 
in hepatic steatosis

•	 Any diagnosis of NASH
•	 No clinically significant acute or chronic 

liver disease
BMS-986036
Recombinant FGF21 
agonist

Decreases hepatic 
gluconeogenesis and lipogenesis

Phase IIa trial. Primary endpoint change 
in hepatic fat fraction

•	 Any diagnosis of NASH
•	 No evidence for alternative liver diseases

GS-0976
Acetyl-CoA 
carboxylase inhibitor

Downregulation of steatosis Phase IIa trial. Primary outcome safety 
evaluation

•	 MRI-PDFF >8% steatosis
•	 Stage 1–3 fibrosis
•	 MR elastography ≥2.5 kPa
•	 No cirrhosis
•	 No alcohol use

MGL-3196
Thyroid hormone 
receptor β-agonist

Decreases TGL, LDL, and 
PCSK-9 and increases reverse 
cholesterol metabolism

Phase IIa trial. Primary endpoint change 
in hepatic fat content

•	 MRI-PDFF >10% steatosis
•	 Stage 1–3 fibrosis
•	 No cirrhosis

Liraglutide
GLP-1 analog

Increases free fatty acid 
β-oxidation

LEAN trial phase IIa. Primary endpoint 
resolution of NASH without worsening 
fibrosis

•	 No poorly controlled diabetes
•	 No advanced cirrhosis

Abbreviations: NASH, nonalcoholic steatohepatitis; FXR, farnesoid X receptor; PPAR, peroxisome proliferator-activated receptor; CCR2/CCR5, chemokine receptor 
2/chemokine receptor 5; ASK-1, apoptosis signal-regulating kinase 1; FGF, fibroblast growth factor; GLP-1, glucagon-like peptide-1; NAS, NAFLD activity score; NAFLD, 
nonalcoholic fatty liver disease; LDL, low-density lipoprotein; BMI, body mass index; PDFF, proton density fat fraction; TGL, triglycerides.
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without worsening fibrosis will be analyzed at 72 weeks. The 

study is estimated to last 4 years until the achievement of 

prespecified number of events of interest, all-cause mortality, 

and liver-related clinical outcomes.

Cenicriviroc
Cenicriviroc (CVC) is a CCR2/CCR5 chemokine receptor 

antagonist, which inhibits macrophage recruitment and 

migration to the liver resulting in reduced inflammation and 

an antifibrotic effect.43,44 CVC was evaluated in the CEN-

TAUR study (Efficacy and Safety study of Cenicriviroc for 

Treatment of NASH in Adult Subjects With Liver Fibrosis), 

a phase IIb, randomized, placebo-controlled study of 289 

subjects with biopsy-proven NASH (NAS ≥4, fibrosis stage 

1–3) and diabetes or the metabolic syndrome. Subjects were 

randomized to CVC 150 mg daily for 2 years vs placebo for 

1 year followed by CVC 150 mg daily for the next 1 year. At 

the end of the first year, the analysis did not show statistically 

significant rate of endpoint achievement; however, 20% of 

subjects in CVC arm achieved improvement in fibrosis by 

one stage without worsening steatohepatitis.28,38,45 A phase 

III clinical trial will assess the impact on fibrosis in subjects 

with NASH and fibrosis stage 2–3.

Selonsertib
Apoptosis signal-regulating kinase 1 (ASK-1) is an important 

pathway that can result in apoptosis and fibrosis. ASK-1 is 

activated by oxidative stress and inflammatory markers, which 

results in the production of inflammatory cytokines, expres-

sion of matrix remodeling genes, and promoting apoptotic cell 

death.34 Selonsertib (SEL) is an ASK-1 inhibitor studied in a 

phase IIb trial of 72 patients with biopsy-proven NASH, with 

NAS ≥5 and fibrosis stage 2–3. SEL was studied in combina-

tion with simtuzumab (SIM), which is an injectable mono-

clonal antibody to lysyl oxidase-like 2.38 SIM was initially 

believed to have an antifibrotic effect although its development 

was stopped for lack of efficacy, and in this particular trial, it 

is now viewed in hindsight as no better than placebo. Subjects 

were randomized 2:2:1:1:1 to receive SEL 18 mg or 6 mg ± 

SIM weekly vs SIM alone for 24 weeks. Fibrosis improve-

ment was noted in 43% of subjects in SEL 18 mg + SIM in 

comparison with 30% in SEL 6 mg + SIM and 20% in SIM 

alone arm (ie, placebo).28,46 There are currently two phase III 

trials for evaluation of safety and efficacy of SEL vs placebo in 

adults with bridging fibrosis (STELLAR 3) and compensated 

cirrhosis (STELLAR 4). The primary endpoint in both the trials 

is improvement in fibrosis without worsening of NASH.28,47,48

BMS-986026
Hyperglycemia/

insulin resistance

Elafibranor
GFT505

MGL-3169

TRB

Hepatic fat

Lipogenesis

FFA

Oxidative
stress

GS-0976

ACC

Mitochondria

ASK1 JNK

NFKB
AP1

Apoptosis

Kupffer cell

CCR2/5
inhibitors

Hepatic stellate
cell

Emricasan
ASK-1 inhibitor

FGF-21

FGFR1c

Cholesterol

CYP7A1 FGFR4

Bile acids

Volixibat

FXR

FXR agonist NGM 282

FGF-19

FFA

SCD1

Aramchol

Figure 1 Mechanism of action of pharmacotherapies for NASH.
Abbreviations: ACC, acetyl-CoA carboxylase; AP1, activator protein 1; ASK, apoptosis signal-regulating kinase; CCR2/5, C-C chemokine receptor type 2/5; CYP7A1, 
cytochrome P450 7A1; ER, endoplasmic reticulum; FFA, free fatty acids; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; FXR, Farnesoid X receptor; 
JNK, Jun N-terminal kinases; NASH, nonalcoholic steatohepatitis; ROS, reactive oxygen species; SCD, stearoyl-CoA desaturase; TRβ, thyroid receptor β.
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Promising pharmacological agents in 
phase IIA and IIB trials
NGM282 is a recombinant human fibroblast growth factor 

FGF19 agonist that binds to FGFR4 and FGFR1c. It not only 

inhibits bile acid formation from cholesterol by blocking 

CYP7a1 enzyme but also improves insulin sensitization and 

is believed to have favorable metabolic effects.49 It has been 

studied in a recent phase IIa, randomized, placebo-controlled 

trial by enrolling 82 patients with biopsy-confirmed NASH 

(NAS ≥4 with one point in each component, fibrosis stage 

1–3), with 8% liver fat content by MRI-PDFF and abnormal 

ALT. Subjects were randomized to 3 mg, 6 mg of NGM282, 

or placebo as a daily subcutaneous injection for 12 weeks. 

The primary endpoint was focused on assessing the change 

in hepatic steatosis (5% reduction in absolute liver fat 

content by MRI-PDFF). There was a significant reduction 

in liver fat content noted in the treatment arm. There was 

a significant absolute reduction in liver fat in both arms, 

with a 9.7% reduction of liver fat in the 3 mg arm and an 

11.9% absolute reduction in liver fat in the 6 mg arm. ALT 

normalization was also achieved in 35% and 37% of subjects 

with 3 mg and 6 mg, respectively, at 12 weeks. NGM282 

also resulted in reduced serum markers of fibrosis; however, 

a concern is a significant increase in LDL (>30 mg/dL 

increase in both treatment arms). The common side effects 

were increased stool frequency, loose stool, nausea, and 

injection site erythema.28,50

BMS-986036 is a recombinant FGF21 agonist, which 

mainly acts via FGFR1c pathway but also acts through 

FGFR2 and FGFR3. It improves glycemic control by 

decreasing hepatic gluconeogenesis, improves insulin 

sensitivity, decreases lipogenesis, and has a possible 

weight loss effect. A phase IIa, randomized, double-blind, 

placebo-control study enrolled 74 patients with biopsy-

proven NASH fibrosis stage 1–3, BMI25, and hepatic 

fat fraction 10% on MRI-PDFF. Patients received BMS-

986036 10 mg daily (QD), BMS-986036 20 mg weekly 

(QW), or placebo daily for 16 weeks. Primary endpoint 

was change in hepatic fat fraction by MRI-PDFF. Both 

treatment arms had a significant reduction in hepatic fat 

content, which was analyzed as absolute change in MRI-

PDFF (–6.8% in 10 mg daily, –5.2% in 20 mg weekly, vs 

–1.3% in placebo arm). There was also an improvement 

in ALT, pro-C3 (serum marker of fibrosis), and magnetic 

resonance elastography (MRE).51

Glucagon-like peptide-1 (GLP-1) is a hormone secreted 

by L cells in the distal ileum and regulates the insulin 

secretion after food intake and can also decrease gastric 

emptying and result in reduced appetite. It also causes an 

increase in PPAR-α and PPAR-γ expression, resulting in 

free fatty acid β-oxidation.34 GLP-1 liraglutide (LEADER 

trial) and semaglutide (SUSTAIN-6 trial) have been shown 

to reduce CV risk in type 2 diabetic patients with increased 

CV risk.52 The LEAN trial (Liraglutide efficacy and action 

in nonalcoholic steatohepatitis), a phase II, randomized, 

multicenter, double-blind, placebo-controlled trial, evalu-

ated 52 patients with liraglutide 1.8 mg daily (subcutaneous 

injections) vs placebo for 48 weeks. The primary outcome 

was resolution of definite NASH with no worsening in 

fibrosis. There was resolution of NASH in 39% of subjects 

receiving liraglutide vs 9% of subjects in the placebo group 

(P=0.019).53 Liraglutide use also resulted in weight loss, and 

further investigation into the potential of GLP-1 agents for 

NASH is warranted.

Acetyl-CoA carboxylase (ACC) inhibition reduces 

lipogenesis and increases lipid oxidation. GS-0976 is an 

ACC inhibitor and inhibits the conversion of acetyl-CoA 

to malonyl-CoA and downregulates steatosis.34 Preliminary 

data from a phase IIa clinical trial over a 12-week period 

involving 10 subjects with NASH receiving 20 mg of 

GS-0976 daily showed significant improvement in liver fat 

content by MRI-PDFF and noninvasive markers of fibrosis, 

as well as improvement in liver stiffness assessed by MRE.28 

A combination regimen of GS-0976 and GS-9674 (a FXR 

agonist similar to OCA) is also being explored in a phase 

IIa clinical trial.

NAFLD is associated with a high rate of overt and 

subclinical hypothyroidism. It results in decreasing thyroid 

hormone-regulated gene expression in liver consistent with 

liver-specific hypothyroidism. Hypothyroidism is associated 

with increased TGs and cholesterol.54 Thyroid hormone 

receptor β-agonist decreases free fatty acids and TGs and has 

been shown to reduce liver steatosis as well.37,38,55 MGL-3196 

is a thyroid hormone receptor β-agonist, which is currently in 

a phase IIa clinical trial with NASH stage 1–3. After 12 weeks 

of administration, MGL-3196 was shown to reduce liver 

steatosis by 36%–42% as assessed by MRI-PDFF. Addition-

ally, it had favorable effects on ALT and lipid parameters.56

Saroglitazar, MSDC-0602K, and IVA-337 are insulin sen-

sitizers currently in phase IIA clinical trials. Saroglitazar is a 

dual PPAR-α/γ agonist that has been shown to reduce TGs, 

increase HDL, and improve glycemic control without the 

weight gain associated with PPAR-γ agonists.57 A phase IIA 

clinical trial is underway for histologic endpoint assessment 
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in NASH patients. MSDC-0602K is a mitochondrial target 

of thiazolidinediones, which produces several of the benefits 

of PPAR-γ agonists with potentially less impact on weight 

gain and more impact on attenuating fibrosis.58 It is currently 

in phase IIa trial.34,59 IVA-337 (lanifibranor) is a pan-PPAR 

agonist (α/δ/γ) that has been shown to reduce steatosis, 

reduce inflammation, reduce ballooning, improve insulin 

sensitivity, and reduce fibrosis in models of NASH.60 The 

NATIVE trial (NASH Trial to Validate IVA337 Efficacy) is 

a phase IIa clinical trial evaluating drug effects on histology 

in NASH patients.61

Volixibat is an apical sodium-dependent bile acid trans-

porter inhibitor, which blocks the bile acid reabsorption, 

resulting in increased hepatic bile acid production, decreased 

cholesterol, and improved insulin sensitivity. It is currently in 

phase IIa trial with enrolling NASH subjects. The study end-

point is improvement in NAS without worsening fibrosis.34

Aramchol is a novel synthetic lipid molecule, which is 

obtained by conjugating cholic acid (bile acid) and arachidic 

acid (fatty acid) through an amide bond. Aramchol inhib-

its the stearoyl-coenzyme A desaturase 1 activity, which 

decreases lipogenesis and increases β-oxidation of fatty acids. 

In a phase IIb randomized, double-blind, placebo-controlled 

trial of 60 subjects with biopsy-confirmed NASH, Aramchol 

was given (100 mg or 300 mg) or placebo once daily for 

12 weeks. The primary endpoint was the change in liver fat 

content on nuclear MR spectroscopy. There was a relative 

improvement in liver fat content in 12 weeks compared with 

placebo group.62 These findings are being further evaluated 

in phase IIb trial.62,63

Emricasan is a pan-caspase inhibitor, which blocks 

apoptotic and inflammatory caspase activation involved in 

hepatocyte death and has been shown to result in decreasing 

portal pressure. Subjects treated with emricasan over 28 days 

had 17.2% decrease in hepatic portal venous gas (HPVG) 

from baseline of 12 mmHg. There was also improvement 

in hepatic function tests. ENCORE-NF, a multicenter, ran-

domized, double-blind, placebo-controlled phase IIb trial 

of emricasan in patients with NASH fibrosis, is underway. 

Subjects in the treatment arm were administered 5 mg or 50 

mg emricasan vs placebo for 72 weeks. The primary outcome 

is fibrosis improvement by one stage without worsening of 

steatohepatitis, improvement in NAS, and improvement in 

biomarker caspase 3/7.64 Another placebo-controlled, multi-

center, double-blind, randomized phase II trial of emricasan 

demonstrated its safety in advanced liver disease, however, 

failed to prove the support of caspase inhibition for acute on 

chronic liver failure treatment.65,66

Conclusion
Due to the increase in global prevalence of NAFLD/NASH 

and lack of approved pharmacological agents, there is a surge 

for emerging clinical trials with agents targeting via different 

pathways. Data from these studies have shown promising 

results for reduction in steatosis, inflammation, and fibro-

sis. Several agents are being investigated in phase II and III 

clinical trials and are showing encouraging results. The next 

several years will likely see a therapeutic breakthrough in the 

approval of a pharmacologic agent for NASH; however, we 

must continue to emphasize the benefit of weight loss and 

increased activity as treatment modalities that remain cheap, 

effective, and with very few side effects.
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