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Abstract

Liver fibrosis represents a response to chronic liver injury.
Metabolic dysfunction-associated fatty liver disease and
metabolic dysfunction-associated steatohepatitis are the
most common chronic liver diseases, both with increasing in-
cidence. Therefore, there is a great impetus for development
of agents targeting these conditions. Accumulating data on
possible treatment options for liver fibrosis are emerging
in the literature. However, despite extensive research and
much effort in the field, approved agents for liver fibrosis are
still lacking. In this critical review, we have summarized the
main data about specific treatment options for liver fibrosis
gained from ongoing clinical trials, with an emphasis on ef-
ficacy and safety of these agents.
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Introduction

Liver fibrosis represents a pathogenic response to chronic
liver injury.! Among the etiologies, viral hepatitis B and C
infections have been historically cited as the most common
causes. In the last 30 years, certain changes in prevalence
have occurred as a consequence of the spread of Western
lifestyle and therapeutic advances in the treatment of some
liver diseases. Intriguingly, while the prevalence of chronic
hepatitis B and alcoholic liver disease has remained stable,
the prevalence of chronic hepatitis C has decreased. Along
with the increasing prevalence of type 2 diabetes mellitus
(T2DM), obesity and metabolic syndrome, prevalence of
metabolic dysfunction-associated fatty liver disease (MAFLD)
has notably increased.? MAFLD,3 in particular, has become
the most common form of chronic liver disease, with global
prevalence of 25.4%,* and a major cause of liver cirrhosis
and hepatocellular carcinoma.3 Other, less common etiolo-
gies include cholestatic disease (primary biliary cholangitis
(PBC) and primary sclerosing cholangitis (PSC)), autoim-
mune hepatitis and such genetic diseases as hemochroma-
tosis, alpha antitrypsin deficiency, and cystic fibrosis.*

However, regardless of the cause, a common and the
most prominent feature of all advanced chronic liver dis-
eases is liver fibrosis.2 At the histopathological level, liver
fibrosis represents qualitative and quantitative changes in
extracellular matrix and deposition of type I collagen, pri-
marily, which ultimately results in disorganization of the liv-
er parenchyma architecture. Fibrosis stage is the strongest
predictor of prognosis in patients with chronic liver diseas-
es, linked not only to liver-related but also to extrahepatic
morbidity and mortality.>

During the last decades, basic science studies have in-
vestigated the underlying molecular and pathophysiologi-
cal mechanisms of liver fibrosis in detail, aiming to explore
potential new drug targets. Currently, at least six groups
of fundamental pathophysiological mechanisms of liver fi-
brosis development could be distinguished (Table 1) and
consequently treatment strategies can be differentiated
as treatments of the underlying disease(s), targeting cell
death, liver metabolism, gut-liver axis, fibrogenesis (in the
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Fig. 1. Treatments for metabolic dysfunction-associated fatty liver disease (MAFLD) and metabolic dysfunction-associated steatohepatitis (MASH)
according to mechanism of action. Abbreviations: ARB, angiotensin receptor blocker; CCR2/5, C-C motif chemokine receptor; ER, endoplasmic reticulum; FFA,
free fatty acids; FXR, farnesoid X receptor; GLP, glucagon-like peptide; HSC, hepatic stellate cell; LOXL 2, lysyl oxidase-like homolog 2; PPAR, peroxisome proliferator-
activated receptor; SHP, small heterodimer partner; SREBP, sterol regulatory element binding protein; TG, triglycerides; TGR5, Takeda G protein-coupled receptor 5;
THR, thyroid hormone receptor; TNF, tumor necrosis factor; UDCA, ursodeoxycholic acid; VLDL, very low-density lipoprotein.

narrow sense of the word), and inflammation.

In this critical review, we will present the latest findings
on underlying molecular and pathophysiological mecha-
nisms in the development of liver fibrosis and their utiliza-
tion as potential therapeutic targets, as shown in Fig. 1. The
boundaries between aforementioned pathways are arbitrary
and in vivo these pathways overlap continuously. Although
clinical trials have examined the effectiveness of lifestyle
changes, bariatric surgery and hepatitis C and B suppres-
sion, however, the same is out of the scope of this review.
This review focuses on pharmaceuticals; particularly, we will
highlight data about efficacy and safety of these potential
drugs gained from the currently ongoing or recently com-
pleted phases 2 and 3 clinical trials.

Treatment options for different pathophysiological
mechanisms of liver fibrosis development

Treatments of the underlying disease

Although cirrhosis is considered to be a definitive and irre-
versible stage of hepatic fibrosis, several studies have shown
that the cure or suppression of hepatitis C and B can result
in regression of hepatic fibrosis and even cirrhosis.®7 Specific
etiologic treatments for chronic hepatitis B and C that have
resulted in sustained virologic response have also been asso-
ciated with decreased fibrosis and cirrhosis regression. Simi-
larly, lifestyle changes or bariatric surgery achieving weight
loss in patients with metabolic dysfunction-associated stea-

tohepatitis (MASH) resulted in reduction of the histological
features of MASH and fibrosis reversal.8:°

Therefore, any treatment for liver fibrosis would ideally
include treatment of the underlying disease as well. Howev-
er, this is not always possible, and also, on the other hand,
in some cases of known and cured-cause of chronic liver
disease, the persistence of fibrosis or even its progression
can still be present.®10 One possible explanation for that
paradox might be that beyond a certain limit, the fibroge-
netic process gains a certain relative autonomy.!! In such
cases, etiologic treatment cannot eliminate life-threatening
complications. Therefore, regardless of the etiological fac-
tor, novel antifibrotic drugs represent an utmost need for
patients with cirrhosis.

Treatments targeting cell death

In chronic liver disease, hepatocyte death is a profibrotic
trigger.12 Moreover, an association between the extent of
hepatocyte death and the progression of fibrosis in MAFLD
was confirmed.13 Thus, it can be assumed that inhibition
of cell death pathways constitutes a promising target for
future antifibrotic treatments. However, different cell types
contribute to profibrotic or antifibrotic actions, respectively.
Hepatic stellate cells are a main collagen-producing cells
in liver fibrosis and, therefore, their apoptosis in terms of
regulated death could be crucial in stopping and revers-
ing fibrosis.* Therefore, the current concept of antifibrotic
therapy is cell-type specific.12/14

Vitamin E is a long-known antioxidant agent which could
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act protectively in the liver.1> Since it inhibits apoptosis and
oxidative stress, it could have a positive and maybe even a
curative effect. According to some studies, a therapy with
vitamin E could enhance biochemical and histological pa-
rameters in MAFLD.16:17 These results are promising but
sparse due to a short-lasting duration of these trials. Also,
safety and efficacy of vitamin E has yet to be evaluated. In
the PIVENS (pioglitazone, vitamin E or placebo for nonalco-
holic steatohepatitis) trial, vitamin E was investigated as a
therapy for MASH. The results were preferable in patients
treated with high-dose vitamin E (800 IU/day) for 96 weeks
compared to placebo. There was an improvement in some
histopathology findings recorded. Improved steatosis and
decreased alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels were found; however, effect
on fibrosis was not detected.7.18 Although a lot of vitamin E
benefits have been confirmed, some studies have indicated
that it could raise all-cause mortality, prostate cancer in
males older than 50, and hemorrhagic stroke risk.1® Meta-
analysis by Xu et al.1® confirmed that vitamin E supplemen-
tation is promising, with significant improvements in some
histological parameters in MASH patients, except fibrosis.
Since, the results cannot be generalized, as trials were lim-
ited, with a short follow-up duration and a small number of
participants, additional large-scale high-quality studies are
needed to obtain more comprehensive information on vita-
min E supplementation for clinical use.

Apoptosis and production of inflammatory cytokines
(interleukin (IL)-1B and IL-18), among others factors, are
regulated by caspases and enzymes activated by lipotox-
icity. Thus, a more specific therapeutic option could be
the inhibition of a pan-caspase enzyme by the use of em-
ricasan, a pan-caspase inhibitor (IDN-6556, PF-03491390,
Conatus Pharmaceuticals). Effective blockage of liver injury
and fibrosis by emricasan thoroughly inhibiting apoptosis
of hepatocytes has been demonstrated in a murine model
of MASH.20 These data supported the hypothesis that em-
ricasan may be a prospective antifibrotic drug in treatment
of MASH.20 One week of emricasan treatment ameliorated
liver fibrosis, portal hypertension and improved liver func-
tion in rats with advanced cirrhosis in a preclinical study
in 2019. Since beneficial effects, without any apparent he-
patic or systemic adverse effects, were demonstrated with
emricasan, further clinical evaluation in the treatment of
advanced chronic liver disease was encouraged.2! However,
in a double-blind, placebo-controlled phase 2 clinical trial
(ENCORE-NF, NCT02686762) involving 318 MASH patients
with fibrosis (stages F1-F3) after 72 weeks, emricasan did
not improve histopathological findings of liver fibrosis in
the majority of patients. On the contrary, it may have even
worsened it. ALT levels were lowered for short-term; how-
ever, it seems that emricasan could have redirected liver
cells to a different mechanism of cell death and thus re-
sulted in progression of fibrosis.22 Persistent normalization
of ALT in serum was observed during 72 weeks in a small
subset of patients. Therefore, only in @ minor subgroup of
patients, emricasan may have improved fibrosis, as deter-
mined by liver biopsy. Other caspase inhibitors under clini-
cal development, VX-166 (Vertex) and GS-9450 (Gilead)
have been reviewed recently.?

The third promising pathophysiological pathway is inhi-
bition of the apoptosis signal-regulating kinase 1 (ASK1)
preventing activation of the aberrant intracellular cascade
pathway, ending in cell death. It has been shown that inhibi-
tion of ASK1 resulted in the alleviation of hepatic steatosis
in diabetic obese mice (over a decade ago).23 Selonsertib
(GS-4997), an ASK1 inhibitor, was investigated in rodent
model of MASH, with promising results published in 2016.
Improvements in cholesterol, bile acid and lipid metabo-
lism, and a reduction of liver steatosis and fibrosis were
shown.24 Subsequently, a “pilot trail” with selonsertib was

conducted in 72 MASH patients with grades 2 or 3 fibrosis in
2018. This phase 2 trail (NCT02466516) confirmed fibrosis
improvement, as determined by liver biopsy and magnetic
resonance (MR) elastography. Decrease in liver collagen
content as well as less inflammation, and a decreased liver
stiffness were found.2> Recently selonsertib was investigat-
ed in two large phase 3 trials in MASH patients with either
advanced fibrosis (STELLAR-3, NCT03053050) or cirrhosis
(STELLAR-4, NCT03053063), respectively. However, the pri-
mary endpoint after 48 weeks was not met in either study
and selonsertib actually exhibited worse results than place-
bo.26:27 Nevertheless, selonsertib was included in the phase
2b of multicenter, randomized, double-blind, placebo-con-
trolled ATLAS trail (NCT03449446), with acetyl-coenzyme A
carboxylase (ACC) inhibitor firsocostat and the farnesoid X
receptor (FXR) agonist cilofexor in 395 MASH patients with
fibrosis (stage F3) or compensated cirrhosis (F4).28 How-
ever, the selonsertib monotherapy group was discontinued
after the STELLAR trials termination.2°

Treatments targeting liver metabolism

Most of the new pharmacological approaches are aiming to
diminish altered hepatic metabolism using targets such as
the FXR, the family of peroxisome proliferator-activated re-
ceptors (PPARs), ACC, fibroblast growth factor (FGF) 21, or
glucagon-like peptide (GLP) 1 agonists.30

One of the medications often used in treatment of choles-
tatic liver disease is ursodeoxycholic acid (UDCA), a second-
ary bile acid. The proposed mechanism of action of UDCA
is decrease of histamine production by mast cells (MCs).
MCs enter liver tissue and initiate fibrosis. Thus, inhibition
of MCs infiltrating liver might be a potential efficient ther-
apy for PSC. UDCA treatment significantly reduced levels
of gamma-glutamyl transferase (y-GT) and total bile acids
according to a study from 2017.3! Effectiveness of vitamin
E and UDCA in MAFLD and in patients without diabetes were
compared recently. UDCA was as effective as vitamin E
when combined with a specific dietary guidance and lifestyle
modification. UDCA can be used as an alternative to vitamin
E in the treatment of MASH, as it has minimal side effects
and equal tolerability.32? Side effects of UDCA are diarrhea,
elevated creatinine, elevated blood glucose, leukopenia,
peptic ulcer, skin rash, and thrombocytopenia.32

FXR is expressed in liver cells and intestine. Actually, it
belongs to a nuclear receptor family of transcription factors
and as such it regulates bile acid flow. Bile is a toxic sub-
stance, but the toxic effect of bile on hepatocytes and bile
duct epithelial cells can be minimized physiologically through
various mechanisms, such as high apical membrane choles-
terol and sphingomyelin content, bile hydration and alkali-
zation, micellar binding of bile acids, mucin formation, and
particularly bile flow.33 FXR is being explored as a prospec-
tive drug for cholestasis, since it could potentially protect
liver cells by binding bile acids. When bile acids are bound
to FXR, bile acid circulation is diminished and lipids and glu-
cose metabolism are regulated. FXR has an important role
in lipid synthesis, and in very low density lipoprotein and
triglyceride metabolisms also. Recently, FXR expression was
compared in specimens from fibrotic patients with MASH
and MAFLD and it was shown that FXR had lower expression
in MASH specimens compared to MAFLD, respectively, so it
could be hypothesized that FXR might slow liver fibrosis.34

Obeticholic acid (OCA) is a synthetic bile acid and a po-
tent activator of the FXR. In rodent models of MASH, it
improved insulin resistance and altered lipid metabolism,
showing positive effects on liver fibrosis.3> A preclinical
study in 2014 found that cirrhosis complications in the form
of decreased portal hypertension may be affected in the
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cirrhotic rat model.3® Currently, there is an ongoing rand-
omized global phase 3 study to evaluate the impact of OCA
on MASH with fibrosis (REGENERATE, NCT02548351) and
on MASH with cirrhosis (REVERSE, NCT03439254), expect-
ed to be completed in 2022. After 72 weeks of treatment
with 25 mg of OCA, the REGENERATE study showed im-
proved histology and biochemistry of liver fibrosis.37 Pruri-
tus was found in 51% of patients as the most common side
effects, and in addition an increase in serum cholesterol
levels was found in 17% of patients (compared to 7% of
patients on placebo). This low-density lipoprotein increase
could be resolved by administration of statins but its clini-
cal significance on cardiovascular mortality is still unclear.
Pruritus as side effect of OCA was registered earlier in 23%
of patients in the FLINT study in 2015.38 OCA improved the
histological features of MASH but its long-term benefits and
safety have not been clarified yet.38 Malaise, severe pruri-
tus, lowered high-density lipoprotein cholesterol, abdominal
pain and discomfort were documented as adverse effects of
OCA. According to the Food and Drug Administration, OCA
increases the risk of serious and fatal liver injury in patients
with moderate to severe liver impairment when dosed more
frequently than recommended. It may also increase the risk
of liver injury in patients with mild liver impairment receiv-
ing the recommended dose. However, the drug is approved
as a second-line therapy for PBC.3°

Cilofexor (GS-9674) is a nonsteroidal FXR ligand. It was
tested in 2019 in a phase 2 double-blind, placebo-controlled
study (NCT02854605) in patients with MASH. Improve-
ments were seen in biochemistry liver function tests and
markers of cholestasis. However, the most common side
effect recorded was pruritus. Other side effects also re-
ported were rib fracture, diarrhea/dehydration, and acute
kidney injury.% There is also an ongoing phase 3 trial (NCT-
03890120, PRIMIS) on 400 patients with PSC. Results are
expected in February 2023.41

Tropifexor (LIN-452) is another promising nonsteroidal
FXR agonist. According to preclinical research in two dis-
tinctive rodent models of MASH, it demonstrated impres-
sive effects in 2019. After 4 weeks of tropifexor therapy, an
amelioration of MASH histopathology and reduction in liver
triglycerides were observed. Mice that received tropifex-
or showed dose-dependent reversal of liver fibrosis.42 Of
course, these promising findings need further evaluation
in clinical trials. An active phase 2 trial (NCT02855164)
by Novartis Pharmaceuticals (FLIGHT) on 351 patient with
MASH was completed.43 First results showed amelioration
of ALT levels and markers of cholestasis.4* According to one
study from 2019, which included 95 healthy volunteers, the
tolerance was good at a single dose up to 3,000 pg and in
multiple doses up to 60 pg without significant alterations of
plasma lipids in healthy volunteers.4>

EDP-305 is also an FXR ligand. In animal models it im-
proved liver fibrosis.4¢ It was evaluated for nonalcoholic
steatohepatitis in a phase 2a study (ARGON-1) by ENANTA
Pharmaceuticals. EDP-305 efficiently reduced AST level af-
ter 12 weeks of therapy. Its adverse events were pruritus,
nausea, vomiting, diarrhea, headache, and dizziness. One
more trial with this agent is expected, a 2b trial (Argon-2)
for nonalcoholic steatohepatitis.4” Also a phase 2 study (IN-
TREPID, NCT03394924) was completed in January 2020 on
68 participants with PBC. Results were improvements in
ALT, AST, and markers of cholestasis. However, the primary
endpoint of at least 20% reduction in ALT was not met.48

Another interesting group of drugs are the PPAR agonists.
PPARs have an important role in the metabolism of glucose
and lipids and thus they have a great potential in therapy
of MAFLD. PPARa appears to play a role in the development
of MAFLD. PPARs also have a crucial role in beta-oxidation
of lipids and play an important role in hepatic fibrosis.!t
An agent from this group is fenofibrate. A study conducted
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in rats from 2012 showed amelioration of portal pressure
and hepatic fibrosis.4° A pilot trail in 2010 (NCT00575042),
including 20 PBC patients with an incomplete response to
UDCA, published its results. Patients were treated with a
combination of fenofibrate and UDCA. Results were signifi-
cant improvements in liver biochemistry. The most promi-
nent side effect was heartburn.>® Another study which in-
cluded 90 patients with MAFLD published in 2015 did not
show significant improvements in fibrosis.>!

Thiazolinediones, as PPARYy ligands, are a group of insulin-
sensitizing medications, including rosiglitazone and pioglita-
zone. The FLIRT study from 2008 included 63 patients with
MASH receiving rosiglitazone. Only half of the patients were
responders and had improvements in liver biochemistry,
but histopathological amelioration of fibrosis was absent.>?2
A FLIRT 2 trial (NCT00492700) was conducted in 2010, in-
cluding 53 patients with MASH, among which 18 of them
were treated with rosiglitazone. It improved liver biochem-
istry in the short term but in the long term it was not as ef-
ficient.53 Also, thiazolinediones have some side effects, such
as weight gain, edema, bone loss, increased risk of bladder
cancer, and cardiovascular complications, which limit their
use.>* However, in a meta-analysis by Musso et al.,8 which
included eight randomized clinical trials with 516 biopsy-
proven MASH patients, 24 months pioglitazone therapy was
associated with reversal of advanced fibrosis, improved
overall fibrosis stages, and resolution of MASH, regardless
of the presence of diabetes.>> The already mentioned PIV-
ENS study (NCT0063622), which included 247 patients with
MASH without diabetes, showed improvements in ALT and
AST levels, and hepatic steatosis reduction. However, im-
provements in liver fibrosis were not detected. Data from a
trial (NCT00994682) regarding pioglitazone were published
in 2018. Participants were MASH patients, among which 52
had T2DM and 49 were prediabetic. Improvements were
seen in histopathological findings of fibrosis and in insulin
tissue sensitivity.>¢

A PPARJ agonist seladelpar (MBX-8025) was tested in
obese, dyslipidemic, and diabetic mouse model, where
amelioration was confirmed by lipid levels, liver biochemis-
try results and hepatic cell balooning.5>” Consequently, it is
being evaluated for promising potential as a novel therapy
for PSC in a phase 2 trial (NCT04024813)38 and for MASH
(NCT03551522) and the results are expected in December
2020.5° Currently, there is also an ongoing phase 3 study
(NCT03602560) including seladelpar (ENHANCE) in 240
participants with PBC. The results are expected in Decem-
ber 2021.60

Elafibranor (GFT-505) is a combined PPARa and PPARd
agonist. A phase 2b trial GOLDEN-505 (NCT01694849) was
published in 2016 in patients with MASH, showing improve-
ments in hepatic enzymes, levels of lipids and glucose. Elafi-
branor modestly resolved MASH histology, but it has not
proven histological resolution of fibrosis.®! Currently, there
is an ongoing clinical trial (RESOLVE-IT) for elafibranor in
phase 3 investigation (NCT02704403). Final data are ex-
pected to become publicly available in 2021,52 when, based
on confirmed efficacy and safety of elafibranor itself or in
combinations with other developmental drugs, its possible
role in the future treatment of MAFLD/MASH will be eluci-
dated.62:63 However, an interim analysis published in May
2020 has shown disappointing results, without reaching
neither the primary nor secondary endpoint of the study.®*

Saroglitazar is another representative from the PPAR dual
(a and y) ligands group. It has been shown in preclinical
studies that it targets all the segments of MASH.®5 An analy-
sis from 2019 has concluded that it ameliorates ALT levels
and MAFLD.%6 There are two active phase 2 clinical trials
assessing saroglitazar in patients with MASH and assessing
its safety in PBC. A phase 2 trial (NCT03061721, EVIDENC-
ES IV) was completed in 106 MASH patients, resulting in
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amelioration of ALT levels, hepatic steatosis, dyslipidemia,
and insulin resistance.®” EVIDENCES VI (NCT03863574) will
be finished in December 2020 and EVIDENCES VII in July
2021 (NCT03617263).58.69 Results of a phase 2 trial (EPICS,
NCT03112681) assessing saroglitazar in PBC are expected
to become publicly available in July 2020.79 However, the
drug is already registered in India for diabetes treatment.#

There is one available pan-PPAR agonist, lanifibranor.
Lanifibranor (IVA 337), a moderately potent and well-bal-
anced pan-PPAR agonist’! is being evaluated as a potential
drug candidate for MASH treatment in an ongoing 2b trial
(NCT03008070-NATIVE) by INVENTIVA. The results are ex-
pected to be published in 2020.72 Lanifibranor is also being
investigated as a potential drug treatment of MAFLD and
T2DM in another phase 2 trial (NCT03459079), and these
results are expected in March 2021.73

Bezafibrate is a pan-PPAR agonist that was evaluated
in patients with PBC who had an inadequate response to
UDCA alone in a 24-month placebo-controlled phase 3 trial
(NCT01654731-BEZURSO). Co-administration of bezafi-
brate to UDCA resulted in a complete biochemical response
in 31% of patients, which was significantly higher than in
the placebo and UDCA-treated group. Amelioration of pruri-
tus, fatigue, and noninvasive measures of liver fibrosis were
persistent, with observed enhancement of biochemical pa-
rameters.”4

Telmisartan is a unique angiotensin receptor blocker
(ARB) that modulates PPAR-y activity and thereby increases
sensitivity to insulin, which decreases hepatic fat accumula-
tion. It also blocks the angiotensin II receptor, which inhibits
hepatic stellate cell activation and suppresses hepatic fibro-
genesis.”’> One study (FANTASY) was conducted in a period
from 2012 to 2014, comparing the effect of two ARBs (tel-
misartan and losartan) and aiming to support a theory that
telmisartan might be more effective than losartan in MAFLD
and in insulin resistance. Participants in this randomized
controlled trial were patients with MAFLD, T2DM and hyper-
tension treated with telmisartan and losartan. There was no
remarkable enhancement in these two groups. Free fatty
acids were decreased in the group telmisartan group. Also,
one thing worth mentioning is that the liver-to-spleen ratio
was better in the telmisartan group.’> Another prospective
randomized controlled trial was conducted in 2016 on 35
MASH patients, in whom telmisartan plus life style modifica-
tion were introduced, and 15 MASH patients, in whom only
life style modification was introduced. It revealed that tel-
misartan significantly improved the histology of MASH pa-
tients. One more trial was published in 2018 which included
two groups of patients with MAFLD treated with placebo and
telmisartan (dose of 20 mg per day). Telmisartan decreased
the level of IL-1B and IlI-1 and thus had an antifibrotic ef-
fect. Neither telmisartan not placebo improved histopathol-
ogy findings in MAFLD.’¢ Telmisartan side effects included
sinus pain and congestion, back pain, diarrhea, sore throat,
flu-like symptoms, upset stomach, muscle pain, headache,
dizziness, fatigue, and nausea.’’ Despite their potential
benefit, ARBs are not used for non-cardiovascular indica-
tions because of dose-limiting hypotension.”8

The thyroid hormone receptor B is a main liver receptor
for thyroxine. There are two available selective ligands for
MASH in this group, MGL-3196 (resmetirom), which initially
targeted dyslipidemia, and VK2809. Results from a phase 2
trial (NCT02912260) including 348 patients with MASH that
evaluated the use of resmetirom was published in 2019.
Resmetirom-treated patients showed reduction in liver fat
as assessed by MR imaging-proton density fat fraction. Re-
ported side effects were mostly mild or moderate and bal-
anced between groups, except for diarrhea and nausea.”®
Resmetirom (MGL-3196) is also being investigated in an on-
going phase 3 trial (MAESTRO-NASH) in MASH and cirrhosis
(NCT03900429) patients. The first results are expected to

be published in March 2024.80 VK2809 showed improve-
ments in liver lipids in a 3-month placebo-controlled phase
2 trial.# VK2809 is currently in an ongoing phase 2b trial for
nonalcoholic steatohepatitis (NCT04173065-VOYAGE). The
results are expected in November 2021.81 In 2019, a phase
2 study (NCT02927184) regarding VK2809 use in patients
with MAFLD and hypercholesterolemia was completed.82 It
showed amelioration in hepatic fat content in a 12-week pe-
riod, with no serious side effects, as compared to placebo.
Both ALT and AST levels were reduced.83

ACC1 and ACC2 have a crucial role in fatty acid metabo-
lism. Inhibition of ACC1 and ACC2 represents an interest-
ing pharmacological approach for another group of agents
targeting lipid metabolism through simultaneous inhibition
of fatty acid synthesis and stimulation of fatty acid oxida-
tion. An agent from this group is firsocostat. Recently, in a
study on diet-induced rodent models of MAFLD, an improve-
ment in liver steatosis was shown; however, a significant
increase in plasma triglyceride levels was also observed.84
Therefore, based on the results of this study, the poten-
tial therapeutic utility of liver-directed ACC inhibition in the
treatment of MAFLD remains to be further investigated.8* It
is worth mentioning that this drug induced hypertriglyceri-
demia that has shown a good response to statin treatment.*
Also, a phase 2 trial (NCT02856555) evaluating safety and
efficacy of GS-0976, an ACC inhibitor in liver, was recently
completed and decrease in hepatic steatosis and selected
markers of fibrosis, and liver biochemistry was confirmed.85
However, reported side effects included pruritus, headache,
diarrhea, and nausea.?®

Aramchol (arachidyl amido cholanoic acid) is a conjugate
of fatty bile acids. It inhibits stearoyl coenzyme A desatu-
rase 1, which is crucial in lipogenesis. A phase 2 trial (AR-
REST) completed in 2018 showed improvements in hepatic
fibrosis.8¢ Aramchol is currently in a phase 3 ongoing trial
(ARMOR) for MASH (NCT04104321).87

There are also newly emerging indication opportunities
for agents already used to treat diabetes, as numerous
patients with MASH are diabetics as well. GLP-1 agonists
exert various beneficial effects in T2DM, such as enhance-
ment of glucose-dependent insulin secretion, acceleration
of B-cell proliferation, inhibition of B-cell apoptosis, inhibi-
tion of motility and gastric emptying, and stimulation of the
sensations of satiety and fullness by direct action on the
central nervous system, with reduction in body weight.88
Two agents that might be beneficial in MASH treatment are
liraglutide and semaglutide. A phase 2 trial (NCT01237119,
LEAN) investigating efficacy and safety of liraglutide, a
long-acting GLP-1 analogue in nonalcoholic steatohepatitis
patients, was published relatively recently. Amelioration of
histopathology findings was confirmed; however, side ef-
fects including diarrhea, loss of appetite, and constipation
were also observed.8® A phase 2 study (NCT 03987451)
exploring efficacy and safety of semaglutide in MAFLD is
ongoing and the results are expected to become publicly
available in June 2021.90

A study was published in 2018 regarding a sodium-
glucose cotransporter 2 inhibitor, canagliflozin. The results
were amelioration of markers for hepatic fibrosis among
included patients with T2DM and MASH. There were no se-
rious side effects. As authors of the study stated, the limi-
tation of this trial is a small number of participants.°! A
phase 3 study (TCTR20190118008) evaluating canaglifozin
in MASH was completed in March 2020 and the results are
still expected.®?

Treatments targeting gut-liver axis

The term “gut-liver axis” represents an anatomical and func-
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tional unit formed of the small intestine and liver. A number
of signals, including hormones, chemokines and growth fac-
tors are released from the small intestine and enter the liver
via the portal vein. Also, on the other hand, bile acids and
other signals (IgA immunoglobulins) reach the small intes-
tine via the bile.®3 In a critical analysis of clinical trials in
2017, it was vividly described as “Whatever comes from the
gut enters the liver and the portal circulation is the affer-
ent and the biliary tree the efferent of the gut-liver-axis”.%*
In patients with liver fibrosis and cirrhosis, certain changes
within the gut-liver axis have been demonstrated, including
changes in the intestinal microbiota, as a potential target
for future antifibrotic drugs. In a prospective study in 2017,
it was demonstrated that MAFLD patients had a specific
metagenomic-derived signature of fecal microbiota which
enabled distinguishing patients with mild/moderate fibrosis
from advanced fibrosis.®> In several experimental animal
models the influence gut-derived signals, (e.g., intestinal
mucus layer and the content of the intestinal microbiota on
the fibrotic response in the liver) was determined.%®

Future perspectives of antifibrotic drugs include modu-
lating the gut microbiome. Twenty-one randomized clinical
trials on the effect of probiotics/synbiotics in MAFLD pa-
tients were evaluated in a recent meta-analysis. The au-
thors reported reduction in ALT, improvement in liver stiff-
ness measurement by elastography, and amelioration of
steatosis as determined by ultrasound imaging, primarily as
a probiotics/synbiotics effect on microbiome composition.%”
However, given the heterogeneity of the analyzed data and
since neither of randomized clinical trials examined sequen-
tial histological findings, as determined by liver biopsy, the
authors concluded that additional well-designed studies are
needed to determine the true value of probiotics/synbiotics
for treatment of liver fibrosis. It is worth mentioning that
currently there is an ongoing randomized clinical trial (PRO-
BILIVER TRIAL, NCT03467282) assessing 46 participants
with MASH, receiving 1 g of probiotic mix in comparison to
placebo. Results are expected in December 2021.98

Within the gut-liver axis field, promotion of useful gut
signals could have promising results. In humans, FGF19 is a
gut-derived hormone which regulates glucose homoeostasis
and bile acid synthesis. Its beneficial metabolic effects were
tested in a multicenter, randomized, double-blind, placebo-
controlled, phase 2 clinical trial (NCT02443116) involving
82 biopsy-confirmed MASH patients with fibrosis stages
1-3. An engineered FGF19 analogue (NGM282, aldafermin)
rapidly (after 12 weeks) and significantly diminished liver
fat content, as measured by MR imaging. The vast majority
of patients experienced at least one side effect, mostly the
mildest (injection site reactions, diarrhea, abdominal pain,
and nausea), while only a small percentage of patients ex-
perienced more severe side effects.®® Since the drug has
an acceptable safety profile, further studies are approved.
Currently, there is ongoing 2b phase of multicenter, rand-
omized, double-blind, placebo-controlled clinical trial (AL-
PINE 2/3, NCT03912532). The aim is to evaluate histologic
response and also safety and tolerability of subcutaneously
administered NGM282 for 24 weeks. The study included 152
histologically-confirmed MASH patients with fibrosis stage
2 or 3. Still, there is no result data available and it is esti-
mated to be completed in December 2020.100

Treatments targeting fibrogenesis (myofibroblast ac-
tivation and extracellular protein deposition)

Studies on xenograft liver models determined 10 years ago
that the key enzyme involved in extracellular collagen accu-
mulation is lysyl oxidase-like homolog 2 (LOXL2). It signifi-
cantly contributes to collagen stabilization catalyzing cross-
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linkage of collagen, and by such action has a profibrotic
effect. Inhibition of LOXL2 using monoclonal antibodies had
optimistic and promising preclinical results.10! Also, in ani-
mal models, irreversible inhibition of LOXL2 has resulted in
decreased fibrosis in mice.102

However, the results from the 2b phase of a clinical trials
in MASH patients investigating the efficacy of simtuzum-
ab as monoclonal antibody against LOXL2 were negative
(NCT01672866, NCT01672879). Indeed, the study was
terminated prematurely (after 96 weeks) for inefficiency
of simtuzumab, which had not shown any beneficial ef-
fect when compared to placebo.193 Similar negative results
were registered in a phase 2 study for PSC (NCT01672853)
without significant reductions in fibrosis.194 Also, in a study
including hepatitis C virus (commonly known as HCV) pa-
tients, human immunodeficiency virus (commonly known as
HIV) patients, or patients with HCV-HIV co-infection and
advanced liver disease, simtuzumab showed no improve-
ment in liver fibrosis after 22 weeks.10>

Inhibition of integrins, which are the receptors function-
ing in interactions between extracellular matrix and cells
and also activators of pure profibrotic cytokine-transform-
ing growth factor B-1, could have promising results in the
treatment of hepatic fibrosis. Inhibitor of the avp6 integ-
rin (GSK3008348) was investigated in phase 1 clinical trial
(NCT02612051) for the first time in humans for the treat-
ment of idiopathic pulmonary fibrosis. The drug was well
tolerated, with an acceptable safety profile; consequently,
further studies are warranted.106

Treatments targeting inflammation

The boundaries between aforementioned pathways are ar-
bitrary and, in vivo, these pathways overlap continuously.
This is especially true for inflammatory pathomechanisms.

In liver fibrosis, one of the functionally important inflam-
matory but also fibrogenetic pathways for targeted thera-
peutic action is the expression of the carbohydrate mole-
cule galectin 3 on inflammatory macrophages. Therefore,
inhibition of this pathway by GR-MD-02 (galactoarabino-
rhamnogalaturonate, belapectin; Galectin Therapeutics)
was tested in several rodent models, resulting in effective
reduction of liver fibrosis.197 After 3 years of the first hu-
man phase 1 GT-020 study, the safety and efficacy of GR-
MD-02 has been demonstrated.1%8 Though, in two phase 2
clinical trials, the efficacy of GR-MD-02 in MASH patients
did not produce the expected results. In a phase 2 clini-
cal trial involving 30 MASH patients with advanced fibro-
sis (NCT02421094), GR-MD-02 had no significant effect on
non-invasive biomarkers of liver inflammation or fibrosis
after 16 weeks, as measured by magnetic resonance elas-
tography and shear-wave ultrasonic elastography, since his-
topathology monitoring was not planned for this study.1%° In
another phase 2b, randomized clinical trial of the safety and
efficacy of GR-MD-02 involving 162 patients with MASH, cir-
rhosis, and portal hypertension (NCT02462967), GR-MD-02
showed no significant effect on liver fibrosis and liver-relat-
ed outcomes. However, in a subgroup of patients without
esophageal varices, GR-MD-02 has shown beneficial effects
in alleviating portal hypertension and development of var-
ices.110 According to a review from December 2019, a phase
3 clinical trial on GR-MD-02 in cirrhotic MASH patients be-
gan in the last quarter of 2019.11

The chemokine-receptor axis plays a pivotal role in
liver inflammation pathways. In chronic liver disease,
chemokines are released by Kupffer cells, stressed hepato-
cytes, endothelial and hepatic stellate cells. Liver inflamma-
tion is regulated by proinflammatory chemokines, promot-
ing recruitment, migration and infiltration of inflammatory
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cells (lymphocytes, monocytes, neutrophils) to the injury
site. However, different chemokines and their receptors are
characterized as the basis of various chronic liver diseas-
es. Even more so, recent research has shown that certain
chemokines and immune cells could have anti-inflammatory
and antifibrotic impacts.1!! One of the fundamental profi-
brotic pathways in chronic liver disease is the infiltration
of inflammatory monocytes via the CC chemokine recep-
tor (CCR)2.11t Accordingly, inhibition of CCR2 in an experi-
mental murine model of MAFLD has confirmed reduction of
hepatic inflammation and fibrosis.!!2 Another chemokine
receptor, CCR5, had also been determined to exert profibro-
genic effects in murine models, predominantly via impact
on hepatic stellate cell activation.113 An inhibitor of dual
chemokine receptors type 2 and 5 (CCR2/CCR5) was devel-
oped by Allergan, based on previous successful preclinical
research, and it was called cenicriviroc. In a 2-year rand-
omized, double-blind, multinational phase 2b clinical trial
involving 289 subjects with noncirrhotic MASH and liver fi-
brosis (stages 1-3; CENTAUR (NCT02217475)), cenicriviroc
has been evaluated as a promising antifibrotic therapeutic
agent.114 Although the primary outcome of steatohepatitis
alleviation has not been reached, the secondary endpoint of
liver fibrosis improvement by =1 stage was achieved after
1 year of therapy. Exploratory analyses after to 2 years of
follow-up showed sustained treatment benefit, with great-
er effects in patients with advanced fibrosis.115 At a dose
of 150 mg daily, cenicriviroc showed a satisfactory safety
profile in patients with mild-to-moderate hepatic impair-
ment, with only a few drug-related side effects (i.e. fatigue
with a frequency of 2.8%, and diarrhea with a frequency
of 2.1%).115 A phase 3 multicenter, randomized, double-
blind trial on efficacy and safety of cenicriviroc at a dose of
150 mg, known as the AURORA study (NCT03028740), is
currently underway, with enrollment of 2,000 histologically-
proven MASH subjects with fibrosis stage F2 or F3.116

The third inflammatory target is the vascular adhesion
protein-1 (VAP-1), also termed in the literature as amine
oxidase copper-containing 3. It is a membrane-bound
amine oxidase, which has a dual effect in initiating lympho-
cyte migration to the site of hepatic injury and also promot-
ing oxidative stress.1” In four murine models of hepatic
injury, inhibition of VAP-1 resulted in reduced inflammatory
cell recruitment to the liver and ameliorated liver fibrosis.117
Boehringer Ingelheim has been investigating BI 1467335
in a phase 2a trial (NCT03166735), as a pharmacological
inhibitor of VAP-1 in 150 MASH patients.118 However, the
company decided to discontinue the study for MASH due to
risk of drug interactions.119

Conclusions

Liver fibrosis remains without approved pharmacotherapy.
The treatment of the underlying disease, if possible, is the
sole approach, with liver transplantation being the ultimate
therapeutic option. For cases of MAFLD, representing the
leading cause of liver fibrosis in the world, only a few specific
therapeutic recommendations are available.18 Since fibro-
sis, as a consequence of chronic liver injury, is considered
a key factor in the prognosis and overall mortality, its reso-
lution is the main goal in new antifibrotic therapeutic ap-
proaches. Basic research and clinical trials have reinforced
the complexity of underlying signaling pathways in liver fi-
brosis development. In this context, novel antifibrotic drugs
are targeting cell death, abnormal liver metabolism, the
gut-liver axis, myofibroblast activation, extracellular protein
deposition, and inflammation. Promising new antifibrotic
compounds currently in phase 3 clinical trials are obetichol-
ic acid (FXR agonism) in REVERSE trials, elafibranor (dual

PPAR a/d agonist) in the RESOLVE-IT study, and cenicriviroc
(CCR2/CCRS5 inhibitor) in the AURORA study. A key issue
in the future will be potential combination therapy with a
synergistic effect, which could target multiple underlying
pathophysiological mechanisms of fibrosis. The modest ef-
fect sizes of different antifibrotic drugs will likely lead to
pursuit of drug combinations personalized to each stage of
the MAFLD disease spectrum.
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