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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) affects nearly 1.5 billion adults worldwide. It is
closely associated with type 2 diabetes mellitus and obesity. Longer duration of MASLD increases risk of
progression to metabolic dysfunction-associated steatohepatitis (MASH, the progressive form of MASLD that
requires pharmacological therapy), cirrhosis and hepatocellular carcinoma, as well as development of
cardiovascular complications. Despite the need for MASH pharmacologic intervention, several studies on new
investigational compounds have failed, with only Resmetirom and Semaglutide recently conditionally approved by
the Food and Drug Administration (FDA). The role of incretins may be more critical in the early phase of MASH
development, but integration with drugs that directly target the liver may represent the winning strategy. The
armamentarium of drugs for MASH is rapidly expanding, and several promising drugs are under investigation in
phase 2 of development. Integrating fibrosis stage-specific combination therapies targeting different steps of the
complex pathogenic mechanism of MASLD/MASH may lead to successful treatment rates larger than the
currently obtained 25%-30%. The effects of both FDA-approved compounds (Resmetirom and Semaglutide) on
clinical outcomes remain to be shown and will not be available before the conclusion of the respective outcome
studies in 2027 and 2028.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), recently re-named metabolic dysfunction-associated steatotic
liver disease (MASLD), is a complex, systemic disease that affects multiple body systems where insulin
resistance (IR) and related metabolic dysfunction play a driving role'".

MASLD is diagnosed based on the detection of at least 5% fat buildup in the liver, as shown by imaging or
histology, in addition to at least one of five cardiometabolic risk factors, including abdominal obesity,
elevated triglycerides (TGs), low high-density lipoprotein cholesterol levels, hyperglycaemia, and
hypertension'’. Diagnosis requires the absence of other secondary reasons of fat accumulation in the liver,
including excessive alcohol consumption or specific drugs such as tamoxifen, corticosteroids, antiretroviral
or antipsychotic, antidepressant and anticonvulsant.

The prevalence of MASLD ranges from 25.5% to 38% in accordance with population heterogeneity; given
the escalating epidemic that is tied to the surge in metabolic syndrome, obesity and type 2 diabetes mellitus
(T2DM), the proportion of subjects affected worldwide is expected to grow exponentially in the years to

come®?.

Metabolic dysfunction-associated steatohepatitis (MASH), formerly known as nonalcoholic steatohepatitis
(NASH), is the progressive form of MASLD".. Histologically, MASH is characterized by hepatocellular
ballooning, lobular inflammation and potentially fibrosis, in addition to steatosis. With progression, MASH
can eventually lead to various degrees of fibrosis, resulting in cirrhosis and liver failure. An overall
mortality rate of 12.6 per 1,000 person-years has been reported, with 4.2 per 1,000 person-years cardiac-

specific mortality. Liver diseases represent a cause of death in about 20% of cases'”.

The prevalence of MASH in the general population ranges from 5% to 7%, while MASH-related cirrhosis
has a prevalence of 1.8%". A bidirectional association between MASH and T2DM exists. Indeed, in subjects
with MASH, an increased risk of incident T2DM, peaking at up to 33%, as well as cardiovascular (CV)
disease, has been described". Conversely, in people with T2DM, the prevalence of MASH reaches 35%, and
that of the cirrhotic form 7% . IR and T2DM are the strongest predictors of progression to advanced
fibrosis and cirrhosis".

MASLD/MASH arises from a combination of factors acting on genetically predisposed individuals. These
factors include IR, adipose tissue-derived hormones, dietary influences and genetic and epigenetic
modifications™"'. Gut dysbiosis, bacterial overgrowth, and increased intestinal permeability have been
reported in MASLD/MASH"”. A high dietary sugar and saturated fat-rich diet may induce dysbiosis,
leading to an imbalance in gut microbiota and disruption of the gut vascular barrier. Consequences of this
disruption include the systemic translocation of bacteria and bacterial products, endotoxemia, and
inflammation. Diet management and, possibly, the cure of disruptions of intestinal epithelial and gut
vascular barriers are of utmost importance in MASH development!?..

Despite the need for pharmacologic intervention, several studies on new investigational compounds have
failed, with Resmetirom and Semaglutide both recently conditionally approved by the Food and Drug
Administration (FDA) for the treatment of MASH"*"*.. Resmetirom obtained European Medicines Agency
(EMA) approval for the treatment of MASH in August 2025. Approval of Semaglutide for MASH by the

el and

EMA is pending"”. However, the drug is already widely used in patients with T2DM and obesity'
real-world data on CV outcomes are available. Moreover, many patients randomized to all current

experimental compounds under evaluation are already receiving glucagon-like peptide 1 receptor agonists
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(GLP-1RA)"™. Resmetirom is an oral, liver-directed, thyroid hormone receptor-p (THR-B)-selective
agonist™, while Semaglutide is a drug pure targeting metabolic drivers and consequent dysfunctions®'.

This review will focus on the mechanisms of action of these two compounds according to disease
pathophysiology, and on the results of registration and real-world studies currently available in patients
without liver cirrhosis. Given the vast current and historical pipeline, compounds in phase 1 development
will not be discussed here.

PATHOPHYSIOLOGY

Pathophysiology of MASLD/MASH is complex. Excessive caloric intake associated with IR is responsible
for hepatic fat accumulation. Peripheral IR associated with MASLD/MASH requires higher insulin
secretion, but insulin-impaired action favors - in the liver and adipose tissue - incomplete suppression of
glucose production and adipose tissue lipolysis. The consequence is a higher fasting glucose concentration
and higher levels of circulating Free Fatty Acids (FFAs). Increased fasting insulin levels, decreased post-
hepatic insulin clearance, increased endogenous insulin release, and reduced glucose breakdown and lipid
oxidation characterize the MASLD/MASH metabolic derangement. The impairment of insulin action at the
liver and adipose tissue levels is proportional to both hepatic and visceral fat. Dysfunctional adipose tissue,
unable to expand in response to an excess of lipids derived from an increased rate of lipolysis, contributes to
the development of MASLD/MASH, leading to ectopic fat accumulation at the visceral level, including the

8-11]

liver!

Muscle IR is also an early event in MASLD/MASH. Increases in intramyocellular lipid content, which
typically occur prior to the onset of MASLD, cause muscle IR and result in inhibition of insulin signaling
and decreased insulin-stimulated glucose transport and muscle glycogen synthesis. Since ingested glucose
cannot be adequately stored as muscle glycogen, in the presence of excessive carbohydrate intake, it is
redirected to the liver. In the liver, glucose excess in combination with compensatory portal vein
hyperinsulinemia, because of muscle IR, promotes increased expression of hepatic enzymes that regulate
de novo lipogenesis (DNL), resulting in increased very-low-density lipoprotein (VLDL) production and
hypertriglyceridemia.

Interestingly, although MASLD/MASH and T2DM share pathophysiological pathways, including IR, altered
insulin secretion, and adipose tissue dysfunction, not all IR conditions associated with MASLD/MASH lead
to overt T2DM. As shown in recent studies, there are two main MASLD/MASH phenotypes: metabolic and
genetic. In patients with “genetic” MASLD/MASH, liver fat accumulates because of genetic causes; by
contrast, IR causes metabolic MASLD/MASH.

Genetic studies evaluating PNPLA3 (Patatin-like phospholipase domain-containing 3), TMSF2
(Transmembrane 6 superfamily Member 2), GCKR (Glucokinase regulatory protein), MBOAT?7
(Membrane-Bound O-acyltransferase Domain-containing 7) and HSD17B13 (Hydroxysteroid 17-beta-
dehydrogenase 13) polymorphisms suggest that an excess of fat in the liver causes progressive liver disease
without increasing the risk of T2DM" . This characterizes the genetic type of MASH in the absence of IR/
T2DM. In particular, the PNPLA3 variant, associated with a higher risk of MASLD/MASH, cirrhosis and
hepatocellular carcinoma (HCC), favors lipid accumulation in the hepatocytes by reducing the lipidation of
VLDL cholesterol”*!. Environmental factors, including lifestyle, excess caloric intake, social alcohol use
and smoking, act synergistically to increase the risk of MASH in genetically predisposed individuals.
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The liver plays a major role in the metabolism of fat, as FFAs are the major source of lipids for the liver. In
the healthy liver, lipid uptake and synthesis, esterification, B-oxidation, and elimination through VLDL are
well-balanced processes. Only when the liver is unable to cope with the excess of VLDL in the presence of
increased TG uptake and intra-hepatic fat production, MASLD and then MASH develop™.

The key role of the liver in such a complex metabolic mechanism emerges when MASH patients are
compared with healthy individuals. The liver acts as an adaptor to stress caused by an excess of FFAs; it
increases mitochondrial B oxidation, re-esterification in TG, release of VLDL cholesterol into the systemic
circulation and storage of FFAs as lipid droplets. In patients with MASH, the liver’s adaptive capacity
declines™.

Excess FFAs delivered to the liver, accumulation of lipotoxic lipid intermediates, and mitochondrial
dysfunction lead to an increase in oxidative stress and release of toxic metabolites. Reactive oxygen
species (ROS) are generated, and macrophages are recruited in response to cytokine release. All these events
induce inflammatory cells activation, cytokine release and hepatocyte damage. Chronic necroinflammation
results in the activation of stellate cells and a fibrogenic response. Indeed, in an attempt to repair the
damage, extracellular matrix proteins accumulate in the liver. Severity of fibrosis has been shown to be the
main driver of liver-related morbidity and mortality in patients with MASH®**. In particular, fibrosis of
stage 2 or greater is considered “at risk” and represents the criterion on which to decide the start of
pharmacologic treatment””),

The balance between the liver’s capacity to cope with stress and hepatic fat toxicity, and upstream drivers of
disease, explains the heterogeneity of MASH, progression, and severity of fibrosis, and emphasizes the key
role of the liver. Despite the focus on a broad metabolic disorder that involves the CV system and is
associated with co-morbidities, and increased risk of cancer, MASLD/MASH is a liver disease rather than
the hepatic manifestation of systemic IR.

Once the disease has progressed to “at-risk” fibrosis, liver-directed drugs are required.

On the other hand, obesogenic environments and metabolic drivers require the timely use of pharmacologic
compounds associated with metabolic and CV benefits.

RESMETIROM

Hepatic activity and thyroid signaling are closely intertwined. THR-B agonists have attracted attention due
to their selectivity for THR-B over thyroid hormone receptor-a (THR-a). The liver has more THR-B
receptors than any other organ. Triiodothyronine (T3) and thyroxine (T4) are essential for the regulation of
liver function, whereas the liver, in turn, is involved in the metabolism of thyroid hormone™. T3 and T4
play a role in liver lipid homeostasis and have direct effects on both cholesterol and fatty acid synthesis and
metabolism, promoting the expression of low-density lipoprotein receptors (LDL), and activity of
lipid-lowering liver enzymes with consequent reduction of LDL levels. The expression of apolipoprotein A1,
a major component of HDL, is also increased by thyroid hormone.

T3 and T4 modulate lipolysis of fat stores from white adipose tissue (which generates circulating FFAs),
promote hepatic cholesterol synthesis as VLDL from acetyl acetyl-coenzyme-A (CoA), and increase HDL
metabolism by stimulating cholesteryl ester transfer lipoprotein A activity to accelerate cholesterol

[30]

clearance.



Piazzolla et al. Metab Target Organ Damage. 2025;5:67 | https://dx.doi.org/10.20517/mtod.2025.152 Page 5 of 16

These observations have provided the rationale for therapeutic interventions with T3 and T4 in preclinical
models of MASLD. A small clinical trial showed that low-dose levothyroxine administration resulted in a
significant reduction in liver fat content from baseline.

Resmetirom targets the significant overlap of metabolic and liver mechanisms of MASH development. The
primary mechanism of action of Resmetirom in MASH relies on modulation of hepatic lipid metabolism by
enhancing cholesterol and TG breakdown and reducing DNL"', thereby reducing liver fat content - the
major driver of MASH development - and decreasing inflammation and fibrosis progression. Metabolic
dysregulation, which characterizes MASLD, is based on the abrogated action of deiodinase 1. This enzyme
in the normal liver converts the inactive circulating pro-hormone T4 into its active form T3. In the setting
of MASLD, deiodinase 1 is not active, while deiodinase 3 is upregulated and converts T4 to reverse T3,
resulting in less conversion of T4 to free T3. Stimulating THR-B function restores normal deiodinase 1
activity. Moreover, Resmetirom provides benefits in atherogenic coronary artery disease by decreasing levels
of LDL cholesterol and other lipoproteins.

In a randomized, double-blind, placebo-controlled phase 2 clinical trial, Resmetirom was studied in patients
with MASH (fibrosis stage 1-3)"). Eighty-four patients were randomized to 80 mg of Resmetirom and 41 to
placebo for 36 weeks. Patients treated with Resmetirom showed a relative reduction of hepatic fat at weeks
12 and 36 compared to placebo (in both cases, least squares mean differences of -22.5% and -37.3% were
statistically significant, P < 0.0001 for both). Biopsy - performed at 36 weeks - showed that the histological
features of MASH were reduced.

The phase 3 study MAESTRO-NASH (the original name refers to the old nomenclature) (NCT03900429)
led to FDA approval of this compound for patients with MASH with at least three metabolic risk factors,
histological features of MASH, and fibrosis stage 3. Overall, 966 patients were randomized 2:1 to
Resmetirom 80 mg, 100 mg, or placebo. Patients with cirrhosis (F4) were excluded. The inclusion of only
a limited number of Black and Asian patients may require confirmatory studies in other ethnic groups.

MAESTRO-NASH demonstrated 30% vs. 10% MASH resolution and 26% vs. 14% fibrosis improvement by
> 1 stage, in patients receiving 100 mg of Resmetirom vs. placebo"”. LDL cholesterol levels significantly
declined by 16.3% vs. 0.1% in the placebo group at week 24. Apolipoprotein B declined by 19.8% vs. 0.4% in
the placebo group. Lipoprotein A declined by 35.9% vs. 0.8% in the placebo group"”. Although the outcome
results will be available in 2027, a reduction in apolipoprotein B and LDL cholesterol levels of this

magnitude may be predictive of improvements in CV outcomes"”.

Resmetirom has not been associated with significant safety issues. Diarrhea is the most frequent side effect
observed in 33% of patients treated with 100 mg as compared to 16% in the placebo group. Nausea was
reported in 16% of patients receiving 100 mg as compared to 13% in the placebo group. Reduced T4 levels
have not been associated with clinical consequences'. Increased levels of sex hormone-binding globulin
(SHBG) were also not associated with any changes in sex hormones.

Interestingly, although real-world data highlight the limitations of current non-invasive diagnosis of
fibrosis, the FDA approval of Resmetirom does not require liver histology for diagnosis'”. Liver biopsy
represents the gold standard for the identification of MASH. However, due to the invasive nature, the high
rate of patient reluctance makes its use impractical for both diagnosis and response monitoring. Non-
invasive assessments of liver disease are essential for assisting in diagnosis; they include Fibrosis-4 index for
liver fibrosis (FIB-4), liver stiffness measurement (LSM) by Transient Elastography, and magnetic resonance
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elastography™. In MASH with fibrosis, a 30% reduction from baseline in magnetic resonance imaging-
derived proton density fat fraction (MRI-PDFF) is considered the most accurate tool to assess treatment
response; however, it is not available everywhere™. In addition, treatment response monitoring will be
based on a combination of alanine aminotransferase (ALT), LSM by FibroScan, and MRI-PDFF".

Response assessment should not be performed before 12 months of treatment**”),

Other compounds in the same category are in development. VK2809, a liver-specific THR-B agonist"*®
tested in a multicenter, randomized, double-blind, placebo-controlled phase 2 trial for safety, tolerability,
and efficacy in patients with MASLD; no liver histology-based MASH diagnosis was required. Overall, 337
patients with MASLD and liver fat content measured by MRI-PDFF 2 8% were assigned to three different
doses (2.5, 5, or 10 mg) of VK2809 or placebo for 12 weeks. At the end of treatment, a statistically significant
reduction in liver fat was observed in patients treated with VK2809 compared with placebo-treated patients.
These effects were maintained at the week-16 assessment. Safety was also assessed at week 16 (4 weeks
following completion of the treatment with active compound). VK2809 was well tolerated, and no serious
adverse events were reported in any cohort"™. These data reinforce the utility of THR-B agonists in MASLD/
MASH.

, was

SEMAGLUTIDE

Glucagon-like peptide 1 (GLP-1) is a hormone produced by enteroendocrine L cells, endocrine pancreas
and nucleus tractus solitarius neurons in the brain™. It promotes satiety and weight loss through direct
effect on the central nervous system'. In addition to reversing IR and targeting lipotoxicity, Semaglutide
offers additional extrahepatic benefits at the CV and kidney level. GLP-1 acts via the GLP-1 receptors (GLP-
1Rs). As GLP-1Rs are not present in the liver, semaglutide is a pure metabolic dysfunction regulator, as
proven in phase 3 trials for T2DM (NCT03989232), obesity (NCT 03548935), CV disease (NCT 03574597),
chronic kidney disease (NCT03819153)"", obstructive sleep apnea (OSA) (NCT07281196), and polycystic
ovary syndrome (PCOS) (NCT03919929). While earlier suggestions supported a direct effect on hepatic
glucose/lipid metabolism, more recent studies favor the amelioration of IR through changes in body
weight"". Thus, the primary value of Semaglutide in MASH lies in its capacity to reduce caloric intake,
thereby significantly reducing body weight and improving glycemic control. A first phase 2 study
(NCTo01237119), namely the Liraglutide efficacy and action in NASH (LEAN) study, including 14 patients
randomized to Liraglutide, the ancestor of GLP-1RA, demonstrated the possible mechanisms by which the
metabolic effects of this drug class in patients with MASH can be explained*”. On this background, studies
on Semaglutide were started. Preliminary evidence from a phase 2 study (NCT02970942) in non-cirrhotic
patients suggested that Semaglutide, at doses ranging from 0.25 to 2.6 mg weekly, reduces body weight,
improves glycemic control, and significantly improves MASH. However, significant improvement in MASH
in phase 2b was not accompanied by a significant reduction in fibrosis*’’.

The recent phase 3 study (NCTo04822181), ESSENCE, evaluating weekly 2.4 mg subcutaneously,
demonstrated in patients with fibrosis stages 2 and 3 that, after 72 weeks, Semaglutide was associated with a
significant improvement in MASH (62.9% vs. 34.3% in the placebo group)™". In this study, improvement of
fibrosis was also observed in 38.8% of patients receiving Semaglutide as compared to 22.4% for the placebo
group. Both comparisons were statistically significant (P < 0.001). As recent trials [cardiovascular disease
(NCT03574597); chronic kidney disease (NCT03819153)] further underscore the CV and renal benefit of
Semaglutide!”, based on the interconnection between obesity, T2DM and MASH, the benefit of
Semaglutide on liver-related outcomes is expected. It will be assessed at the outcome completion final
analysis of the ESSENCE study in 2028. Semaglutide results were supported by data illustrating the holistic
benefits of the compound'.
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However, although comparison between studies may be limited by baseline differences in patient
populations, readout timing, histology scoring, adjudication, and definition variances, it should be noted
that the rate of patients with F3 (Fibrosis stage 3) in the ESSENCE study is lower than in MAESTRO-
NASH"*!. The placebo-adjusted histologic benefits of Semaglutide for fibrosis improvement are modest,
14.4% vs. 13.4% for Resmetirom. In the subgroup of patients with T2DM, Semaglutide shows a placebo-
adjusted subtracted effect of 8.9% as compared to the corresponding rate of 11% for Resmetirom. American
Association for the Study of Liver Diseases (AASLD)", European Association for the Study of the Liver
(EASL) and European Association for the Study of Obesity (EASO)™ suggest starting Semaglutide in the
presence of T2DM and Obesity.

Semaglutide side effects are primarily gastrointestinal (GI) in nature and dose-related. They include nausea
and vomiting and resolve over time. In the ESSENCE study, nausea, vomiting, diarrhea, and constipation
were reported in 30%-50% of patients, compared with 12%-13% in controls'*. Rapid weight reduction and
loss of lean muscle mass might represent emerging concerns. The strong effects leading to sarcopenia might
represent a limitation in patients with lean MASH and cirrhosis. However, conclusions on this aspect may
be limited by the short follow-up study published on Semaglutide treatment of cirrhotic patients
Moreover, a rapid glucose drop may induce hypoglycemia when semaglutide is associated with insulin or
insulin secretagogues™™. All in all, the ESSENCE study provides compelling evidence for Semaglutide as a
potential cornerstone of MASH patients’ therapy, although some questions remain to be answered.

[48]

DRUGS IN DEVELOPMENT: PHASE 2

Dual and triple GLP-1 receptor agonists

Dual agonists combining GLP-1RAs with glucose-dependent insulinotropic polypeptide (GIP) (tirzepatide)
or GLP-1RA with glucagon (Survodutide, Efinopegdutide or Pemvidutide) have been shown to be
promising for their potential role in T2DM, obesity and MASH.

The dual GLP-1RA/GIP agonist tirzepatide combines the action of GLP-1R inhibition with that of GIP. The
role of GIP in MASH seems to decrease liver fat content, but the exact mechanism of action in MASH is not
clear®,

Dual GLP-1RA/Glucagon agonists are Survodutide, Efinopegdutide and Pemvidutide. The rationale for
their use in MASH relies on the combined metabolic effects with direct hepatic action via glucagon receptor
agonism. Glucagon increases energy expenditure, mobilizing hepatic fat and inducing lipolysis and fatty
acid oxidation"),

Dual GLP-1RA-GIP agonist tirzepatide

Tirzepatide has been evaluated in patients with T2DM and MASH after 52 weeks of treatment, in a sub-
study of the main SURPASS-3 trial (NCT04255433)"**%. As compared to insulin degludec, in patients who
underwent magnetic resonance imaging (MRI), a significant difference in liver fat content of -4.7% in favor
of Tirzepatide was observed (P < 0.0001)"". In the SYNERGY NASH study (NCT04166773), a phase 2
multicenter, double blind, randomized, placebo-controlled study on 190 patients with histologically
diagnosed MASH of fibrosis stage 2 or 3, Tirzepatide dosages of 5, 10, and 15 mg were administered
subcutaneously once weekly. The percentage of those who had resolution of MASH without worsening of
fibrosis at week 52 of treatment was 44%, 56%, and 62% with 5, 10, and 15 mg once weekly, as compared to
10% with placebo. Fibrosis improvement of at least one stage without worsening of MASH was observed in
55%, 51% and 51%, in comparison to 30% in the placebo group"?.
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In the SURPASS phase 3 study, focusing on T2DM", Tirzepatide-treated subjects reported the most
common mild to moderate GI adverse events that decreased over time. Nausea was reported by 12%-24%,
diarrhea by 15%-17%, decreased appetite by 6%-12%, and vomiting by 6%-10%. These rates were higher than
those observed in patients treated with insulin degludec (2%, 4%, 1%, and 1%, respectively). Hypoglycemia
(< 54 mg/dL or severe) was reported by 1%, 1%, and 2% of subjects on Tirzepatide 5, 10, and 15 mg,
respectively, vs. 7% by those receiving insulin degludec®™. Adverse events leading to treatment
discontinuation were more common in the tirzepatide groups than in the insulin degludec group. Five
subjects died during the study; in none of them was death considered to be related to the study treatment.

Mild to moderate side effects were a driver of premature treatment discontinuations and might have some
impact in real-life experience.

Dual GLP-1RA/glucagon agonists

Survodutide is an investigational dual agonist, a promising candidate for the management of MASH. As a
probable consequence of increased glucagon-related energy expenditure, it has demonstrated superior
weight loss and glycemic control compared with GLP-1RA".

In a phase 2, multicenter, double-blind, randomized, placebo-controlled study (NCT04771273) for 24 weeks
of treatment, efficacy, safety, and tolerability of multiple subcutaneous doses of Survodutide were evaluated
for the treatment of patients with MASH and Fibrosis of stage 2 and 3"°.. The primary endpoint, defined as
improvement in MASH (2 2-point decrease in the MASLD activity score with at least 1 point decrease in
either lobular inflammation or hepato-cellular ballooning) without worsening of fibrosis, was achieved in a
significant proportion of participants across different dosage groups (P < 0.001). Specifically, 47% of the
patients in the 2.4 mg group, 62% in the 4.8 mg group, and 43% in the 6 mg group met the endpoint, in
comparison to only 14% in the placebo group. Furthermore, improvement in fibrosis was noted in 50%,
45%, and 50% of the participants in the 2.4, 4.8, and 6.0 mg groups, respectively, in contrast to 21% in the
placebo group™.

The most commonly reported adverse effects were nausea, vomiting, and diarrhea™. Diarrhea was reported
in 50% and nausea in 66% of patients on 6.0 mg as compared to 23% for patients in the placebo group.

As shown in a very recent meta-analysis including different studies on incretins and also analyzing
Tirzepatide, the risk of cholelithiasis was higher than with anti-diabetic drugs not associated with weight
loss, although the difference did not reach statistical significance"”. Pancreatitis and intestinal obstruction
have also been reported at an increased rate, but the results are not consistent across the studies.
Gastroesophageal reflux disease (GERD) has also been reported at a higher rate in patients with MASH and
obesity, treated with GLP-1RA, which induces weight loss, potentially as a result of delaying gastric
emptying and slowing GI mobility"”.

Triple GLP-1RA/GIP/glucagon agonist

Retatrutide is a triple GLP-1/GIP/Glucagon receptor agonist evaluated in a 48-week phase 2a international
trial involving 98 individuals with MASLD, not MASH. The primary objective of this study was to assess the
main relative change from baseline in liver fat, not to study MASH resolution and or fibrosis improvement
as in all the previously reported studies. Patients were treated with weekly subcutaneous 1, 4, 8 and 12 mg of
Retatrutide”. The study demonstrated significantly greater mean liver fat change as compared to placebo
(-42.9%, -57.0%, -81.4% and -82.4%, respectively, vs. +0.3). A phase 3 study (NCT05931367) is currently
ongoing.
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PPAR agonists: lanifibranor

Lanifibranor is a triple peroxisome proliferator-activated receptor (PPAR) agonist, targeting the o, v, and &
isoforms. PPARy agonists can increase lipolysis and modulate lipogenesis and lipoprotein secretion,
reducing IR in the adipose tissue, as previously demonstrated by Pioglitazone. PPARa stimulates B oxidation
in various organs, and PPARS promotes fatty acid oxidation and increases energy metabolism and energy
expenditure, leading to increased insulin sensitivity. All the PPARs reduce inflammation, and PPARy is

59,60)

associated with stellate cells inactivation®*’’.

Lanifibranor improves IR at the liver, muscle and adipose tissue level, reduces intrahepatic TGs in the liver
and inflammation, and increases adiponectin. Positive results were attained in a phase 2b NATIVE trial
(NCT03008070) that in a 24 weeks course of treatment showed a significant reduction of MASH evaluated
by 2 points Steatosis-Activity-Fibrosis score (SAF-score) reduction without worsening of fibrosis (55% and
48% after 1,200 or 800 mg vs. 33% in placebo group) and a significant improvement in fibrosis in the group
receiving 1,200 mg (48% vs. 29%). After 24 weeks of treatment, tolerability was good™"’.

At variance with GLP-1RA, Lanifibranor acts as an insulin sensitizer. Indeed, a study conducted by
Barb et al. included 38 patients with T2DM with good glycemic control, and MASLD treated with
Lanifibranor 800 mg daily or placebo for 24 weeks. The primary endpoint was the change in intrahepatic fat
quantified by magnetic resonance spectroscopy. Although only 28 individuals completed the study, a
remarkable reduction of IR at the liver and muscle levels was demonstrated'®”’,

Phase 3 NATIV3 study (NCT04849728) includes 900 patients with F2/F3 fibrosis treated for 72 weeks. Final
results are expected in 2026.

In the phase 2 study (NCT03008070), the safety profile of Lanifibranor was favorable®. Diarrhea was
reported in 12% and fatigue in 13% of patients treated with 1,200 mg as compared to 1% and 10%,
respectively, in the placebo group. A discussed side effect is the modest weight gain (2.5%-3%) in the
majority of patients treated"*’’.

The increase in body weight is due to the increase in subcutaneous fat mass and may raise the question
whether, as for Pioglitazone (PPARa agonist), the risk of heart failure exists. Interestingly, the interim
analysis of the Legend phase 2 study that combines 800 mg Lanifibranor with Empaglifozin showed that no
weight gain was observed with this combination, suggesting positive results with this approach. Reduction

[62]

of visceral adipose fat was also registered in the Empaglifozin/Lanifibranor arm'*.

FGF21 analogues: efruxifermin
Fibroblast growth factor 21 (FGF21) is an endocrine regulator of glucose and lipid metabolism and of
whole-body energy homeostasis, able to increase insulin sensitivity'.

FGF21, acting in an autocrine fashion, also reduces cellular stress. It increases mitochondrial capacity,
induces antioxidant pathways, and restores proteostasis. In adipose tissue, FGF21 stimulates glucose uptake,
suppresses lipolysis in the fed state, and enhances adiponectin secretion'*"..

FGF21 analogs can reduce hepatic steatosis, inflammation, and fibrosis in patients with metabolic-
associated diseases, resulting in a possible treatment option for MASH. Efruxifermin is a long-acting
Fibroblast Growth Factor 21 (FcFGF21) fusion protein analog'** ..
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In phase 2a randomized controlled study (NCT 03976401), treatment with Efruxifermin for 12 weeks was
associated with a reduction of MRI-derived absolute hepatic fat fraction (HFF) changes from baseline. Fat
reduction ranged from 12% to 14% across all doses'”. Within MASH patients, all the patients treated with
Efruxifermin achieved 2 30%, and 88% achieved 2 50%, relative reduction in liver fat. HFF was normalized
in 67% of subjects at the highest dose (70 mg). Across all Efruxifermin-treated patients, when an end-of-
treatment biopsy was available, a 2 2-point reduction in NAFLD Activity score (NAS) was observed in 85%

and a 2 2-point reduction in NAS without worsening of fibrosis, in 78% of cases'*’..

In 16- to 24-week phase 2 trials (NCT 03976401) of patients with Fibrosis stage 1 to 3 (F1 to F3) or
cirrhosis, Efruxifermin improved liver fibrosis and resolved MASH'"". In particular, in the phase 2b
HARMONY study (NCTo04767529)"", Efruxifermin was evaluated at the doses of 50 or 28 mg
subcutaneously in patients with Fibrosis stage 2-3 (F2-F3) fibrosis stage with baseline histological diagnosis
and on treatment liver biopsy at weeks 24 and 96. The primary endpoint of the study was at least one stage
improvement in fibrosis and no worsening in MASH at week 24; at week 96, the secondary endpoint was
not only the improvement of 1 or 2 fibrosis stages, but also resolution of MASH without worsening of
fibrosis. Combined MASH resolution and fibrosis improvement represented an additional secondary
endpoint. The phase 3 trial SYNCHRONY (NCT06528314) is ongoing.

At the week-24 analysis of this phase 2 study [Table 1], the results failed to demonstrate achievement of the
primary endpoint. However, fibrosis improvement of 2 points without worsening of MASH was attained
after 96 weeks of treatment. Both dosages were associated with results higher than placebo, 31% and 36% vs.
3%, respectively. In this case, the results were also confirmed by the intention-to-treat analysis. In particular,
an extremely relevant result was that participants on 50 mg showed fibrosis improvement in 30% of cases
and participants on 28 mg in 8%, in comparison to 0% in the placebo. Fibrosis improved to Fibrosis stage 0-
1 (Fo or F1) in combination with MASH resolution and liver fat content normalization'*.

Recently, results from the phase 2b SIMMETRY study (NCT05039450) in patients with compensated
cirrhosis due to MASH, treated for 96 weeks, were presented. MASH resolution was achieved in 55% of
patients on 50 mg and in 50% of those on 28 mg vs. 15% on placebo. Cirrhosis reversal was observed in 27%
after higher dosages and in 21% after lower dosages vs. 11% on placebo'®. This is the first trial showing
cirrhosis reversal after treatment. An increase in the number of patients with cirrhosis reversal from week 36
to week 96 was demonstrated. In addition, improvement in Homeostatic Model Assessment (HOMA) IR
was demonstrated, suggesting that Efruxifermin has a positive effect on metabolic outcomes.

Treatment-associated adverse events (TEAE) of Efruxifermin were observed in 9% of subjects on placebo as
compared to 10% and 16% on the 28 and 50 mg groups. No TEAE leading to death were reported. TEAE
leading to discontinuation were 0 in placebo vs. 10% and 12% for subjects receiving 28 and 50 mg,
respectively. The most frequently reported drug-related TEAEs were GI with diarrhea in 16% of patients on
placebo vs. 40% and 37% in those receiving 28 and 50 mg, respectively. Corresponding rates of nausea were
12% vs. 30% and 33%, and of increased appetite 7% vs. 18% and 33%. While no significant changes in bone
mineral density (BMD) were observed at week-24, at week-96 the BMD reduction was statistically
significant; its clinical relevance remains to be determined!.

Pegozafermin

Pegozafermin is a long-acting glyco-pegylated recombinant FGF21 analog, evaluated in a phase 2b study
(ENLIVEN) (NCT 02371369)"”. MASH resolution with no worsening of fibrosis was observed in 2% of
patients on placebo as compared to 37%, 23%, and 26% of patients on 15, 30 and 44 mg of Pegozafirmin,
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Table 1. Characteristics of drugs in phase 2/3 of development for MASH/MASLD

Study Year Population Weeks of Study phase Intervention MASH. F ibrosis
treatment resolution improvement

NCT 2021 MASH 24 2b Lanifibranor ~ 49%° 48%°

03008070 F2/F3

SYNERGY- 2024 MASH 52 2 (dose Tirzepatide 62%" 51%°

NASH F2/3 finding)

NCT 2024 MASH 52 2b Survodutide  43%° 34%'

04771273 F2/F3

HARMONY 2023 MASH 24 2b Efruxifermin =~ 57% 46%
F2/F3

NCT 2024 MASH 52 2b Denifanstant  26% 30%

04906421 F2/F3

NCT 2024 MASLD 48 2a Retatrutide N/A N/A

04881760

NCT 2025 MASH 24 2 Efimosfermin  67.7%° 45.2%"

04880031

NCT 2023 MASH 24 2b Pegozafermin 26%' 27%'

04929483

a’bUsing Lanifibranor 1,200 mg; C'dusing Tirzepatide 15 mg; e’fusing Survodutide 6 mg; g’husing Efimosfermin 300 mg; “"using Pegozafermin 44 mg.
Percentages of MASH resolution and fibrosis improvements are provided based on the dosages expressly reported. MASH: Metabolic-associated
steatohepatitis; MASLD: metabolic dysfunction-associated steatotic liver disease; NCT: National Clinical Trial.

respectively. Fibrosis improvement of at least 1 stage was observed in 22%, 26% and 27% of patients
receiving 15, 30 and 44 mg, respectively, as compared to 7% in the placebo group. The phase 3
ENLIGHTEN study (NCT06318169) is ongoing. Nausea and diarrhea were the most common adverse
events associated with Pegozafirmin therapy.

Efimosfermin

Efimosfermin « is a long-acting FGF-21 analog that can be administered once a month. This compound has
been evaluated in a phase 2a study (NCT 07221227) on 31 patients receiving active treatment and 34
patients on placebo over 24 weeks”". Efimosfermin « at a dosage of 300 mg has demonstrated improved
fibrosis in 45.2% of treated patients, compared with 20.6% of those on placebo (P = 0.038). MASH resolution
without worsening of fibrosis was observed in 67.7% vs. 29.4% of the placebo group (P = 0.002). The most
frequent TEAE were GI (nausea, vomiting and diarrhea) in nature, mild to moderate in severity, and
resolved spontaneously. GI TEAEs were reported in 46% of participants receiving 300 mg as compared to
49% of patients on placebo.

Denifanstat

Fatty acid synthase (FASN) is a lipogenic enzyme playing a key role in lipogenesis. FASN inhibitor
denifanstat reduces liver fat and improves metabolic, inflammatory and pro-fibrotic markers. In a phase 2b
trial (NCT4906421), denifanstat achieved improvement of 2 1 stage in 41% of patients with MASH F2 or F3
fibrosis stage compared to 18% of placebo-treated patients and led to 2 2 points NAS resolution and MASH
improvement without worsening of fibrosis compared to placebo”.

REIMBURSEMENT

Given the chronic nature of the disease, reimbursement criteria are key aspects of MASH’s future treatment.
Despite its efficacy, Resmetirom cost will be a major driver of its accessibility and should be adjusted to both
epidemiological and economic characteristics of the different countries. If priced within a moderate range,
considering the long-term treatment results in reductions of the liver failure rate, Resmetirom will have
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widespread adoption. The cost of GLP-1 inhibitors is affordable; however, when a liver-targeted treatment is
also needed, a reduction of costs and expenses could be desirable.

IMPROVEMENT IN CARDIOMETABOLIC PARAMETERS
In addition to demonstrating CV safety, GLP-1RAs have shown a protective CV effect”.

Compared with placebo, Semaglutide was associated with a statistically significant 13% reduction of non-
fatal myocardial infarction, non-fatal stroke and death from CV causes. This was true in patients with
T2DM or in obese, overweight patients without T2DM"*. For subjects treated with Resmetirom, the CV
outcomes need to be demonstrated by the results of the ongoing outcome study, whose results will be
available in 2027. Based on evidence of ability to lower LDL-C and other atherogenic lipid and lipoprotein
levels even in patients with atherosclerotic coronary vascular disease, such as those with heterozygous
familial hypercholesterolemia, an improvement of CV outcomes is not unexpected, also with
Resmetirom'”.

EXPERT CONSIDERATIONS

An upstream systemic metabolic dysfunction causes hepatic lipotoxicity, inflammation and fibrosis in the
liver of patients with MASH. Treatment needs to focus on the liver, but also on controlling the metabolic
drivers of the disease. Incretins, with their ability to induce weight loss, will play a key role in MASH
treatment. However, a few aspects, such as the injectable administration, GI adverse events, adherence
issues, and weight regain after discontinuation, may limit their impact. In theory, the role of GLP-1RAs may
be more important in the early phase of the disease, but possible integration with drugs targeting liver
fibrosis may represent a winning strategy. Looking ahead, combination regimens may provide answers to
subgroups of patients with MASH and at-risk fibrosis presenting with T2DM and/or obesity. As shown in
MAESTRO-NASH, no additional side effects were reported in patients who had been on stable GLP-1RA
doses for at least three months before the start of Resmetirom™'. Data on the safety of GLP-1RAs initiated
after the start of Resmetirom will be provided by real-world experience generated in the USA, where both
Resmetirom and Semaglutide have already been approved for MASH with fibrosis. Other multi-pathway
approaches, such as the combination of FG21 and Semaglutide targeting fibrosis and metabolic drivers of
MASH, will be explored in the near future. Combination trials are underway, and their results will help in
stratifying the risks and selecting patients who would benefit the most from a multiple-targeted approach.

After facing the surprisingly challenging search for treatments of MASLD/MASH since 2014, A substantial
number of patients are waiting for single or combined therapies capable of reducing fat accumulation,
inflammation, and reversing fibrosis. It is an exciting time for patients with MASH and their physicians, as
we are now seeing promising results from more than one agent"””. Notably, the side effects of the approved
drugs are manageable and not a reason for concern.
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