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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) is characterized by
hepatic steatosis and strongly associated with cardiometabolic risk factors, including
obesity, type 2 diabetes (T2D), and hypertension. Its global prevalence continues to rise,
and pharmacologic interventions are gaining attention, particularly the incretin-based
agents, which offer benefits beyond weight loss and glycemic control, such as potential
improvements in hepatic inflammation and fibrosis. This review collates current evidence
on incretin-based therapies for MASLD and metabolic dysfunction-associated
steatohepatitis (MASH), emphasizing their therapeutic potential and the need for robust
data on long-term hepatic outcomes. A comprehensive literature search across multiple
databases was conducted to evaluate the role of incretin-based agents in MASLD/MASH
management. Incretin mimetics demonstrate broad metabolic benefits, with growing
evidence supporting their ability to resolve steatohepatitis and mitigate liver fibrosis. While
weight reduction and improved insulin sensitivity are primary mechanisms, additional
pathways may contribute. Gastrointestinal adverse effects are common but generally
manageable, allowing preservation of hepatic and cardiometabolic benefits. Early-phase
trials reporting reductions in hepatic fat and favorable histologic changes show promising
efficacy, however, most data are limited to small phase 2 studies. Large-scale phase 3 trials
are essential to confirm effectiveness, establish long-term safety, and guide clinical
integration.
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INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD) is defined by hepatic steatosis,
characterized by triglyceride accumulation in more than 5% of hepatocytes, alongside any cardiometabolic
risk factor establishes a diagnosis of MASLD".. If left untreated, MASLD can progress to MASH and hepatic
fibrosis, with some patients ultimately developing cirrhosis and hepatocellular carcinoma (HCC)"!. In 2023,
major international societies endorsed a shift from the previous terminology, non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH), to MASLD and MASH". This change was made to
better reflect the central role of metabolic dysfunction in pathogenesis, reduce stigmatizing “non-alcoholic”
language, and improve diagnostic clarity, while aligning disease definitions with clinical risk stratification.
Incorporating this updated nomenclature is essential for accurately describing disease burden and guiding
therapeutic development.

MASLD represents the hepatic manifestation of systemic insulin resistance and adipose tissue dysfunction,
driven by excess hepatic lipid influx, de novo lipogenesis, oxidative stress, inflammation, and fibrogenesis'>*.
Its development is strongly associated with metabolic risk factors such as obesity, type 2 diabetes (T2D), and
hypertension, and its prevalence has risen markedly over recent decades. Current estimates suggest MASLD
affects approximately 55.5% of individuals with T2D and up to 64.4% of those with obesity"..

In its early stages, MASLD is typically asymptomatic and often detected incidentally through imaging or
routine laboratory tests, leading to delayed diagnosis and silent progression that disrupts metabolic
homeostasis, including glycemic and lipid regulation'. Globally, MASLD now affects nearly one-third of the
population, with prevalence increasing by 50% over the past 30 years!”.

Cardiovascular disease remains the leading cause of death in individuals with MASLD or diabetes,
particularly when both coexist. Histology-based cohort studies and meta-analyses consistently identify
fibrosis stage as the strongest predictor of liver-related outcomes, including cirrhosis, HCC, and liver-related
mortality"®'°!. In patients with advanced fibrosis (= F2), termed “at-risk MASH,” liver disease becomes a
major contributor to mortality!"".

The renaming of NAFLD/NASH to MASLD/MASH in June 2023 underscores the central role of metabolic
dysfunction and has been adopted by major liver societies, with updated guidelines emphasizing
non-invasive risk stratification and integrated cardiometabolic care. Progression from simple steatosis to
MASH and fibrosis involves complex interactions among host factors (e.g., T2D, obesity, sex, ethnicity,
genetic and epigenetic variations, immune responses, gut microbiome) and environmental determinants
(e.g., diet, alcohol intake, physical activity, socioeconomic status)"?. Among these, T2D is a potent driver of
fibrogenesis and connotes poorer outcomes!**?.

Management of MASLD and MASH targets four evidence-based goals: (1) resolution of MASH by reducing
hepatic inflammation and hepatocyte ballooning without worsening fibrosis, assessed via biopsy or
non-invasive tests; (2) regression of MASLD by reducing hepatic fat, inflammation, or fibrosis;
(3) prevention of fibrosis progression, as advanced fibrosis (F3-F4) markedly increases risk of severe
complications and mortality"*'*’; and (4) improvement of overall cardiometabolic health by addressing
comorbidities such as obesity, dyslipidemia, hypertension, and T2D. Lifestyle modification remains the
cornerstone of therapy, with guidelines recommending 7%-10% weight loss to reduce hepatic lipid
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accumulation and improve insulin sensitivity"” while > 10% weight loss offers superior benefits, including
fibrosis regression>'*). However, sustaining lifestyle changes is challenging, particularly in patients with
multiple comorbidities"”, prompting growing interest in pharmacologic interventions. Until recently, only
vitamin E and pioglitazone were the only pharmacological agents recommended for off-label use in MASH
but more recently, with the U.S. Food and Drug Administration (FDA) approval of resmetirom" and
semaglutide®’ for treatment of MASH, more options may be viable.

This review summarizes current therapeutic strategies, with a focus on incretin-based agents that target both
hepatic and cardiometabolic risk, highlighting their emerging role in MASLD/MASH management.

PATHOPHYSIOLOGY

Disordered hepatic energy metabolism

MASLD arises predominantly from disrupted hepatic energy handling. Under normal physiology, the liver
coordinates the processing and storage of dietary carbohydrates and lipids. Excess energy intake, typical of
Western-style diets (rich in sucrose, fructose, and saturated fats), creates an intrahepatic energy surplus.
High carbohydrate consumption, especially monosaccharides and disaccharides, drives de novo lipogenesis
(DNL), converting sugars into triglycerides and accelerating steatosis'*?\.

At the same time, increased dietary fat augments the influx of fatty acids into the liver, promoting
esterification and further triglyceride accumulation. Elevated free fatty acids induce lipotoxicity, precipitating
hepatocyte dysfunction and death. The buildup of lipids heightens susceptibility to oxidative and
endoplasmic reticulum stress, fostering hepatocyte injury, apoptosis, and dysregulation of adipokines,
thereby amplifying inflammation and fibrogenic signaling>>**..

Insulin resistance as the central node

Insulin resistance (IR), marked by impaired suppression of hepatic glucose production, links MASLD with
type 2 diabetes mellitus (T2DM) and is widely recognized as a defining and early event in disease
development™. IR disrupts insulin signaling, upregulating lipogenic transcriptional programs and enhancing
adipose tissue lipolysis, which substantially increases free fatty acid flux to the liver and fuels intrahepatic
lipid accumulation'***/,

Early murine studies proposed that insulin resistance impairs insulin-stimulated tyrosine phosphorylation,
triggering activation of protein kinase C-epsilon (C-¢) and c-Jun N-terminal kinase (JNK), key mediators of
insulin resistance”*°). Furthermore, hepatic accumulation of diacylglycerol, a triglyceride synthesis
intermediate, exacerbates insulin resistance by activating protein kinase C-¢, which inhibits insulin receptor
kinase activity””"*?!. Concurrently, c-Jun N-terminal kinase in hepatocytes can become hyperactivated by
proinflammatory cytokines, endoplasmic reticulum stress, and reactive oxygen species originating in adipose
tissue and skeletal muscle, compounding hepatic insulin resistance*.

Given the pivotal role of IR in glucotoxicity and lipotoxicity, therapies that modulate incretin pathways,
particularly glucagon-like peptide-1 (GLP-1) receptor agonists, may attenuate hepatic DNL and improve
peripheral insulin sensitivity indirectly through weight loss, enhanced glycemic control, and reduced
inflammatory tone"". The incretin effect describes meal-stimulated augmentation of insulin secretion and
suppression of glucagon mediated by gut-derived GLP-1 and glucose-dependent insulinotropic polypeptide
(GIP), primarily acting on pancreatic B-cells.
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Innate immunity, inflammation, and fibrogenesis

Persistent hepatic lipid accumulation triggers chronic inflammation, a key driver of progression from
steatosis to steatohepatitis and ultimately to fibrosis and malignancy™. In the early inflammatory phase,
Kupffer cells adopt a proinflammatory M1 phenotype and release cytokines that recruit immune cells,
creating an inflammatory microenvironment. In reparative contexts, macrophages transition toward an
anti-inflammatory M2 phenotype to facilitate tissue remodeling. Loss of M1-M2 equilibrium in
MASLD/MASH results in sustained inflammation, steatosis, and fibrogenesis through secretion of mediators
such as interleukin-1 beta (IL-18), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and C-X-C
motif chemokine ligand 10 (CXCL10)"****). Following injury, Kupffer cells undergo metabolic
reprogramming that activates inflammasomes and amplifies reactive oxygen species generation®. Beyond
macrophages, hepatic natural killer cells promote MASH progression by engaging Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) and nuclear factor kappa-light-enhancer of activated B cells
(NF-«B) signaling, elevating reactive oxygen species and proinflammatory cytokines*’’. Neutrophil
infiltration appears necessary for the initiation and propagation of hepatic inflammation, with neutrophils
contributing via reactive oxygen species, cytokine release, and formation of neutrophil extracellular traps.
Chronic inflammatory signaling activates hepatic stellate cells, leading to extracellular matrix deposition,
architectural distortion, and progressive fibrosis'**.

Genetic susceptibility and disease modifiers

Genetic and heritable factors substantially influence susceptibility, onset, and progression of MASLD, as
demonstrated in family and twin studies'*>**). Recent progress in genome-wide association studies and
next-generation sequencing has identified variants that perturb lipid droplet biology, very low-density
lipoproteins (VLDL) assembly, DNL, glucose homeostasis, and innate immune responses*>**. Among
genetic alterations, single-nucleotide polymorphisms (SNPs) are most implicated, with five reproducible risk
loci most consistently associated with MASLD/MASH: patatin-like phospholipase domain-containing
protein 3 (PNPLA3), hydroxysteroid 17-beta dehydrogenase 13 (HSD17B13), transmembrane 6 superfamily
member 2 (TM6SF2), membrane-bound O-acyltransferase domain-containing 7 (MBOAT?7), and
glucokinase regulatory protein (GCKR)"”. Among these genetic risk factors, PNPLA3 and HSD17B13 have
emerged as primary therapeutic targets for MASH in clinical trials. PNPLA3 encodes a lipase that hydrolyzes
lipid droplets; the Isoleucine 148 methionine (I148M) variant markedly reduces enzymatic activity, favoring
steatosis!**.. In murine models, overexpression of human PNPLA3 [148M induces steatosis with insulin
resistance and hepatocyte ballooning**°. This impairs triglyceride mobilization by interfering with PNPLA3
ubiquitylation and proteasomal degradation”", may suppress adipose triglyceride lipase activity to reduce
hepatic triglyceride hydrolysis'*>*’!, and can activate proinflammatory pathways such as STAT1 and
NE-xBP*,

Beyond disease risk, emerging evidence indicates that common genetic variants can also modulate treatment
response and thus represent an important avenue for future personalized therapeutic strategies. For example,
carriers of the PNPLA3 [148M variant appear to have differential responses to both lifestyle-based and
pharmacologic interventions. Human metabolic flux studies demonstrate that individuals homozygous for
PNPLA3 I148M exhibit impaired hepatic mitochondrial function, reduced de novo lipogenesis, and a
metabolic shift toward ketogenesis, features that may diminish the metabolic adaptability required for
efficient intrahepatic triglyceride mobilization during weight loss interventions. In a detailed physiological
investigation using stable isotope tracers, Luukkonen et al. reported that homozygous carriers display
increased intrahepatic lipolysis and elevated fasting p-hydroxybutyrate, suggesting altered lipid flux patterns
that may limit the steatosis-reducing effects typically achieved through caloric restriction and weight loss;
these intrinsic differences in hepatocellular lipid handling help explain why PNPLA3 risk-allele carriers often
require more substantial weight reduction to achieve comparable improvements in hepatic steatosis relative
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to non-carriers””®. Evidence from interventional studies and systematic reviews further supports
genotype-specific variability in therapeutic response: a recent systematic synthesis found moderate evidence
that PNPLA3 I148M homozygotes benefit substantially less, or not at all, from omega-3 carboxylic acid
supplementation, whereas individuals with the ancestral allele demonstrate measurable reductions in hepatic
fat; low-certainty evidence in the same review suggests that lifestyle-based interventions (diet and exercise)
remain beneficial in [148M carriers and may even be more effective than in wild-type individuals in some
analyses"”. These observations align with mechanistic models proposing that the 1148M mutant protein on
hepatocellular lipid droplets interferes with triglyceride hydrolysis, potentially attenuating the efficacy of
interventions that rely on enhancing lipolysis or hepatic fat oxidation. Collectively, these data indicate that
PNPLA3 I1148M homozygotes exhibit a distinct metabolic phenotype, marked by impaired lipid droplet
turnover, altered mitochondrial function, and modified hepatic lipid flux, that may blunt expected
therapeutic responses to some steatosis-targeting strategies. Conversely, early data indicate that therapies
targeting hepatic lipogenesis or fibrosis pathways may have enhanced therapeutic potential in this genetically
defined subgroup.

HSD17B13 encodes a hepatic retinol dehydrogenase predominantly localized on lipid droplet surfaces.
Silencing HSD17B13 has been reported to attenuate fibrosis, potentially via effects on pyrimidine catabolism,
although complete deficiency does not uniformly protect against MASH in mice®®. Emerging evidence
suggests protein kinase A mediated phosphorylation of HSD17B13 enhances its interaction with adipose
triglyceride lipase, promoting lipolysis and attenuating MASH progression'*. The rs72613567 variant may
increase hepatic phospholipid content, a core lipid droplet component, and is associated with reduced
MASH risk'®’. Collectively, these findings highlight HSD17B13 as a promising therapeutic target for MASH.
Other risk loci are implicated in complementary pathways: TM6SF2 affects lipoprotein secretion and VLDL
assembly; MBOAT7 modulates phospholipid remodeling; GCKR influences glucose and lipid flux, each
contributing to steatosis and progression through distinct metabolic and inflammatory mechanisms. As the
field advances, integrating genetic and epigenetic profiling, including polygenic risk scores, transcriptomic
signatures, and methylation markers, may enable more nuanced risk stratification and guide personalized
treatment selection. Future clinical trials incorporating genotype-specific subgroup analyses will be essential
for establishing precision approaches to MASLD management. Figure 1 outlines the various mechanisms
involved in the pathophysiology of MASLD.

Therapeutic implications

The multifactorial nature of MASLD/MASH, spanning energy surplus, insulin resistance, innate immune
activation, and genetic predisposition, supports a multi-target therapeutic strategy. While numerous agents
aim to reduce hepatic steatosis, inflammation, and fibrosis, only a small proportion have advanced to phase
IIT trials, underscoring the translational challenges. Incretin-based therapies, by addressing weight, glycemia,
and inflammatory milieu, hold promise as integrative treatments that intersect key pathogenic nodes.

GLP-1 receptor agonists

Over the past two decades, treatment options for type 2 diabetes have evolved significantly. Incretin-based
therapies, particularly GLP-1 receptor agonists (GLP-1 RAs), have provided clinicians with effective
strategies to manage hyperglycemia while addressing underlying metabolic disturbances such as obesity,
insulin resistance, and NAFLD/MASLD.

GLP-1 RAs mimic its actions by enhancing insulin secretion from pancreatic p-cells, suppressing glucagon
release, delaying gastric emptying, and promoting satiety, leading to weight reduction and improved
glycemic control. These effects improve hepatic glucose uptake, reduce hepatic glucose production, and
decrease DNL. Additionally, GLP-1 signaling modulates hepatic lipid metabolism by downregulating genes
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Figure 1. Pathophysiology of MASH/MASLD. The key pathophysiologic mechanisms involved in MASH/MASLD, including nutrient-driven
hepatic lipid accumulation, insulin resistance mediated increases in fatty acid flux, and activation of inflammatory and fibrogenic pathways.
Oxidative stress, cytokine signalling, and immune cell activation promote hepatocellular injury and fibrosis. Genetic variants (PNPLA3,
TM6SF2, MBOAT7, HSD17B13, GCKR) modulate disease susceptibility through effects on lipid metabolism and inflammation. These
combined mechanisms contribute to progression from steatosis to steatohepatitis and fibrosis, with GLP-1 receptor agonism highlighted as
a potential therapeutic target. Created in BioRender. Elangovan, S. (2026) https://app.biorender.com/illustrations/697b672051a9c9e287
df5dab. MASH: Metabolic dysfunction-associated steatohepatitis; MASLD: metabolic dysfunction-associated steatotic liver disease;
GLP-1: glucagon-like peptide-1; VLDL: very-low-density lipoprotein; DAG: diacylglycerol; PKCe: protein kinase C epsilon; JNK: Jun
N-terminal kinase; ROS: reactive oxygen species; PNPLA3: patatin-like phospholipase domain-containing protein 3; TM6SF2:
transmembrane 6 superfamily member 2; MBOAT7: membrane-bound O-acyltransferase domain-containing 7, HSD17B13: hydroxysteroid
17-beta dehydrogenase 13; GCKR: glucokinase regulatory protein; IL-1B: interleukin-1 beta; IL-6: interleukin-6; TNF-a.: tumor necrosis
factor-alpha; CXCL10: C-X-C motif chemokine ligand 10.

involved in lipid processing, reducing triglyceride release and very low-density lipoproteins secretion.
Collectively, these mechanisms help mitigate hepatic steatosis and inflammation, positioning GLP-1 RAs as
promising therapeutic agents for MASLD!*"?. Figure 2 summarizes the multisystem actions of incretin-based
therapy relevant to MASLD.

Clinical evidence

Table 1 provides a consolidated overview of the key clinical trials evaluating incretin-based therapies in
MASLD/MASH, including their study populations, dosing regimens, and primary histologic or metabolic
outcomes.

The Liraglutide Efficacy and Action in Non-alcoholic Steatohepatitis (LEAN) trial, a phase 2 randomized
clinical trial (RCT), was the first to assess histologic outcomes of a GLP-1 RA in NASH. Among 52
participants, NASH resolution occurred in 39% of those receiving liraglutide vs. 9% on placebo (RR 4.3;
95%Cl: 1.0-17.7; P = 0.019). Fibrosis progression was also less frequent with liraglutide (9% vs. 36%; RR 0.2;

95%CI: 0.1-1.0; P = 0.04),
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INCRETIN THERAPY
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Figure 2. Metabolic and hepatic effects of incretin-based therapy. In the pancreas, incretin therapy enhances insulin secretion and
suppresses glucagon release. In the stomach and brain, it delays gastric emptying and increases satiety, promoting weight reduction.
These effects improve hepatic glucose uptake, reduce glucose and triglyceride release, and decrease lipid-processing pathways, lowering
VLDL secretion. Collectively, these metabolic actions reduce hepatic steatosis and inflammation, supporting incretin therapy as a potential
option for MASLD. Created in BioRender. Elangovan, S. (2026) https://app.biorender.com/illustrations/697b04b9ede664bc1684c975.
MASLD: Metabolic dysfunction-associated steatotic liver disease; VLDL: very-low-density lipoprotein.

Semaglutide, a long-acting GLP-1 RA, is available as a once-weekly injection and a daily oral formulation.
Both are approved for type 2 diabetes, while the higher-dose injectable form is indicated for obesity. Among
GLP-1 mono-agonists, semaglutide demonstrates the greatest efficacy in glycemic control and weight
reduction'® and has shown promise in MASH resolution. In the first phase 2 trial (NCT02970942) involving
320 patients with biopsy-confirmed NASH and F2-F3 fibrosis, semaglutide significantly increased NASH
resolution without fibrosis worsening at 72 weeks: 40%, 36%, and 59% for daily doses of 0.1, 0.2, and 0.4 mg,
respectively, vs. 17% with placebo (P < 0.001). Improvements were also noted in steatosis scores, liver
enzymes [60% reduction in alanine aminotransferase (ALT), 50% reduction in aspartate transaminase (AST)
and 52% reduction in gamma-glutamyl transferase (GGT)], glycated hemoglobin A1c (HbA1c) (1.2%
reduction), and body weight (12.3 kg reduction). However, fibrosis improvement was similar across groups,
likely due to short treatment duration and high placebo response!*.

In the second phase 2 trial (NCT03987451) involving 71 patients with NASH cirrhosis, once-weekly
semaglutide 2.4 mg did not significantly improve fibrosis at 48 weeks (11% vs. 29% placebo), nor NASH
resolution, despite meaningful weight loss and metabolic benefits'*”. Advanced liver disease stage and limited
duration of therapy, particularly for an agent without direct antifibrotic activity, likely explain these
findings'””. Semaglutide has since advanced to phase 3 evaluation.

A recent meta-analysis of 11 RCTs confirmed a strong correlation between GLP-1 RA induced reductions in
liver fat based on magnetic resonance imaging (MRI) and body mass index (BMI) (r* = 0.791)!**). The
ESSENCE trial (NCT04822181) is a pivotal, phase 3, randomized, double-blind, placebo-controlled study
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Table 1. Summary of major clinical trials of incretin-based therapies in MASLD/MASH

. . Dose(s) . Primary/Key -
Incretin thera Trial (Phase . Study population . Key findings
Py ( ) studied Yy pop endpoints y g
lv::rﬁai?ﬁrlu;:sg NASH resolution: 39%
) . ) o
Liraglutide (GLP-1RA) LEAN Trial (Phase Daily 1.8 mg 5.2 patients with fibrosis vs. 9 /0 placgbo .
2)te3 biopsy-proven MASH 2 Fibrosis -Less fibrosis progression:
) . 9% vs. 36%
progression
-Dose-dependent MASH
. . . resolution: 40%, 36%,
NCT02970942 Daily 0.1, 20 patients with MASH resolution 59% vs. 17% placebo
biopsy-confirmed MASH,  without fibrosis L .
(Phase 2)t%) 0.2,0.4mg F2-F3 worsenin ‘Big improvements in
g ALT/AST, weight loss
(~12 kg)
Fibrosis No significant fibrosis or
Semaglutide (GLP-1RA) 2556'203987451 (Phase Weekly Z:rfha;;?:ts with MASH improvement zleA;S!:ér:qp;rtc;\l;irlr;:nt
2.4 mg -MASH resolution pit
benefits
‘MASH resolution: 62.9%
‘Fibrosis vs. 34.1%
ESSENCE Trial (Phase ~ Weekly ~1,200 pts with MASH, improvement -Fibrosis improvement:
3)re 2.4 mg F2-F3 ) . 37% vs. 22.5%
MASH resolution -Met both endpoints:
32.8% vs. 16.2%
-Resolution: 44%, 56%,
1 H 0 0,
SYNERGY-NASH Weekly 5, 157 pts wnthl MASH rgsoluﬁon 6>2 % Vs. 104 plgcebo
(Phase 2)18 10,15 mg biopsy-confirmed MASH,  without fibrosis -2 1-stage fibrosis
! F2-F3 progression improvement: 55%, 51%,
Tirzepatide 51% vs. 30%
(GLP-1/GIP-RA)
Percentage liver fat ~47% reduction in liver
SURPASS-3 MRI Weekly 296 T2D patients on reductior:g fat
substudy (Phase 3)""  5.15 mg metformin + SGLT2i ‘Reduced VAT, SAT,
(MRI-PDFF) . .
improved lipids
Efinopegdutide Li?i::;lint;/\\glltzméFLD 72.7% liver fat reduction
pee NCT04944992 Weekly e by ! ., Liverfatreduction  vs. 42.3% semaglutide
(GLP-1/Glucagon confirmed liver fat 210%,
; (Phase 2a)ten 10 mg S . (MRI-PDFF) (low-dose comparator)
Co-agonist) in individuals with ~8.5 ke weight loss
metabolic risk factors 2 Kgwelg
. Weekly . . . Percentage weight .
(82] O/ - 0
Obesity (Phase 2) 24-4.8 mg 387 patients with obesity reduction 12.5%-14.9% weight loss
Survodutide ‘Resolution: 47%, 62%,
(GLP-1/Glucagon RA) . 293 patients with ‘Fibrosis 43% vs. 14% placebo
g/\)st Trial (Phase 24,48, biopsy-confirmed F1-F3 improvement -Fibrosis improvement:
6mg MASH ‘MASH resolution 34%-36% vs. 22%
placebo
. ‘Resolution: 58% & 52%
o . s MASH resolution
Pemividutide Weekly 1.2, 212 patients with biopsy . A - vs. 20% placebo
[84]
(GLP-1/Glucagon RA) IMPACT (Phase 2b) 1.8 mg confirmed MASH without f'|br05|s -Fibrosis improvement
progression S
similar to placebo
Retatrutide (Triple Obesity trial with Weekly 4 8 338 patients with obesity  -Percentage liver fat  -Liver fat normalization in
GIP/GLP-1/Glucagon MASLD substudy 12 mg Y &S (98 patients in the reduction > 85% at 8-12 mg

RA)

(Phase 2)

MASLD substudy)

-Steatosis resolution

-Up to 24% weight loss

GLP-1RA: GLP-1receptor agonist; MASLD: metabolic dysfunction-associated steatotic liver disease; MASH: metabolic dysfunction-associated
steatohepatitis; NASH: non-alcoholic steatohepatitis; ALT: alanine aminotransferase; AST: aspartate transaminase; T2D: type 2 diabetes; GLP-1:
glucagon-like peptide-1; GIP-RA: glucose-dependent insulinotropic polypeptide receptor agent; MRI: magnestic resonance imaging; VAT: visceral
adipose tissue; SAT: subcutaneous adipose tissue; MAFLD: metabolic associated fatty liver disease.

evaluating once-weekly subcutaneous semaglutide 2.4 mg in adults with biopsy-confirmed MASH and stage
2-3 fibrosis'®. Enrolling approximately 1,200 participants, the trial’s Part 1 analysis assessed histologic
outcomes over 72 weeks. Histological evaluation followed established methodologies, including the NAFLD
Activity Score (NAS) for grading steatosis, inflammation, and hepatocellular ballooning, and the NASH
Clinical Research Network (CRN) fibrosis staging system for quantifying fibrosis severity. The primary
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endpoints, MASH resolution without worsening of fibrosis and 2 1-stage fibrosis improvement without
worsening of steatohepatitis, align with FDA-accepted surrogate markers considered reasonably likely to
predict long-term clinical benefit. Interim results demonstrated that semaglutide provided significant
histologic improvement compared with placebo. MASH resolution without fibrosis worsening was achieved
in 62.9% of semaglutide-treated participants vs. 34.3% of controls, while fibrosis improvement of > 1 stage
without steatohepatitis worsening occurred in 36.8% vs. 22.4%, respectively. Additionally, 32.8% of patients
receiving semaglutide met both primary endpoints (concurrent steatohepatitis resolution and fibrosis
improvement) compared with only 16.2% in the placebo arm. These findings highlight semaglutide’s
potential as a disease-modifying therapy that meaningfully impacts both inflammatory activity and fibrotic
progression in MASH. Reflecting the strength of these data, FDA granted accelerated approval for
semaglutide in August 2025 for adults with MASH and moderate to advanced fibrosis"”". This regulatory
pathway facilitates earlier access to therapies based on validated surrogate endpoints, while requiring
confirmatory evidence of long-term clinical benefit. The ESSENCE trial will continue to follow participants
over a total duration of 240 weeks, with Part 2 designed to evaluate definitive clinical outcomes, including
liver-related events, progression to cirrhosis, and all-cause and liver-related mortality. Collectively, the
interim results and ongoing long-term evaluation position semaglutide as a transformative therapeutic
option in the evolving management landscape of metabolic liver disease.

GLP-1/GIP receptor coagonism

GIP is a short-acting incretin hormone secreted by intestinal K cells in response to carbohydrate- and
fat-rich meals, with a plasma half-life of approximately seven minutes. While GIP exerts insulinotropic
effects on pancreatic p-cells, its potency is lower than that of GLP-1. GIP acts through the GIP receptor, a
class B G protein-coupled receptor that is minimally expressed in hepatic tissue”.

Recent advances in peptide engineering have enabled the development of single molecules capable of
activating multiple incretin receptors simultaneously. Dual agonism of GLP-1 and GIP receptors enhances
the metabolic benefits of GLP-1 receptor agonists, improving glycemic control and promoting greater weight
reduction. Emerging evidence also suggests that this approach may confer additional benefits in managing

72]

MASH, partly through direct effects on white adipose tissue and systemic lipid metabolism!

Tirzepatide, the first GLP-1/GIP receptor coagonist, is administered as a once-weekly subcutaneous injection
and has received FDA approval for type 2 diabetes and obesity management. Clinical trials demonstrate that
tirzepatide achieves superior glycemic control and weight loss compared with GLP-1 receptor agonists
alone!””). In obese individuals, weekly doses of 5, 10, or 15 mg over 72 weeks produce substantial and
sustained weight reduction”. Enhanced incretin signaling not only supports prolonged weight loss but also
improves glycemic parameters, underscoring its therapeutic potential for MASH. Notably, tirzepatide has
been associated with dose-dependent increases in adiponectin and reductions in MASH-related biomarkers,
including ALT, cytokeratin-18, and procollagen III, in patients with type 2 diabetes™".

Clinical evidence

The SYNERGY-NASH trial (NCT04166773), a 52-week phase 2 randomized controlled study, evaluated
tirzepatide in 157 patients with biopsy-confirmed MASH and stage F2-F3 fibrosis. MASH resolution without
fibrosis progression occurred in 44%, 56%, and 62% of patients receiving tirzepatide at 5, 10, and 15 mg,
respectively, compared with 10% in the placebo group. Tirzepatide also improved histologic features of
steatosis, lobular inflammation, hepatocellular ballooning, and fibrosis. An improvement of at least one
fibrosis stage was observed in 55%, 51%, and 51% of patients across the three dose groups vs. 30% with
placebo. These findings were accompanied by reductions in body weight, liver enzymes, and biomarkers of
hepatic fat content”.
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Further evidence comes from a sub study of SURPASS-3, which included 296 participants with type 2
diabetes receiving metformin with or without an SGLT2 inhibitor. Using MRI-derived proton density fat
fraction, tirzepatide was shown to reduce liver fat by approximately 47% relative to baseline, alongside
significant reductions in subcutaneous and visceral adipose tissue and improvements in plasma lipid
profiles!””). Collectively, tirzepatide demonstrates superior efficacy in achieving MASH resolution and
promoting fibrosis regression, highlighting the promise of dual incretin-based therapies in MASLD
treatment.

GLP-1 and glucagon receptor agonism

Glucagon acts through its receptor, a class B G protein-coupled receptor highly expressed in hepatic tissue.
Activation of this receptor exerts diverse metabolic effects, including stimulation of lipolysis, enhancement of
basal energy expenditure, and modulation of hepatic lipid processing”**"'. In the context of MASLD,
glucagon receptor activation may complement GLP-1 RA by promoting hepatic fatty acid oxidation and
suppressing lipogenesis, thereby reducing intrahepatic fat accumulation. Additionally, glucagon signaling
may attenuate hepatic inflammation and fibrosis, highlighting its potential as a therapeutic strategy for
MASLD.

Several dual GLP-1/glucagon receptor agonists are currently under clinical investigation. Efinopegdutide and
survodutide have advanced into phase 2 and phase 3 trials targeting MASH-related fibrosis. In a phase 2a
study (NCT04944992) comparing efinopegdutide with semaglutide in patients with NAFLD, weekly
administration of efinopegdutide (10 mg for 24 weeks) achieved a 72.7% reduction in liver fat content vs.
42.3% with semaglutide'™. The caveat was that lower doses of semaglutide were used as comparator, rather
than the effective 2.4 mg dose. Beyond steatosis reduction and an average weight loss of 8.5 kg,
efinopegdutide significantly improved lipid parameters, including total cholesterol (-15.2%), LDL (-13.0%),
HDL (-8.1%), triglycerides (-30.9%), and apolipoprotein B (-14.7%). These findings suggest that glucagon
receptor agonism augments hepatic lipid metabolism beyond the effects of GLP-1 receptor agonism alone.
While semaglutide and tirzepatide have demonstrated benefits in MASLD, direct comparative data on
liver-specific outcomes remain limited.

Survodutide has shown promising results in obesity and MASH. In a large phase 2 trial involving 387
participants across 12 countries, weekly survodutide administration for 46 weeks produced dose-dependent
weight reductions of 12.5% to 14.9% at doses of 2.4-4.8 mg"*?. Gastrointestinal adverse events were common,
occurring in 75% of treated patients compared to 42% in controls. In the NCT04771273 trial, a multicenter
phase 2 study in patients with biopsy-confirmed MASH and fibrosis stages F1-F3, survodutide achieved
MASH resolution without fibrosis worsening in 47%, 62%, and 43% of patients receiving 2.4, 4.8, and 6 mg,
respectively, vs. 14% with placebo after 48 weeks™!. Improvement of at least one fibrosis stage without MASH
progression was observed in 34%, 36%, and 34% of patients across dose groups compared to 22% in the
placebo arm.

Pemividutide, another GLP-1/glucagon receptor coagonist, was evaluated in the phase 2b IMPACT trial®"..
At 24 weeks, MASH resolution without fibrosis worsening occurred in 58% and 52% of patients receiving 1.2
and 1.8 mg, respectively, compared to 20% with placebo. However, fibrosis improvement without MASH
progression did not differ significantly between treatment and placebo groups.

GLP-1, GIP and glucagon receptor agonism

Retatrutide (RETA) is a once-weekly injectable triple agonist targeting GIP, GLP-1, and glucagon receptors,
and it has demonstrated unprecedented efficacy in obesity management. In a phase 2 trial, RETA achieved
weight reductions of up to 24% after 48 weeks, approaching outcomes typically associated with bariatric
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surgery. A sub-study in participants with NAFLD/MASLD revealed that all RETA doses significantly
reduced liver fat compared with placebo, with the 8 and 12 mg doses resolving hepatic steatosis (liver fat
content < 5%) in more than 85% of patients by week 48"/ These findings underscore the transformative
potential of multi-agonist therapies for treating MASH in overweight or obese individuals.

The strong metabolic benefits of incretin-based therapies, coupled with emerging histological improvements,
highlight this drug class as a promising candidate for future MASLD treatment. In the absence of direct
head-to-head trials, it remains impossible to conclusively favor one agent over the other based solely on
liver-related outcomes. The development of GLP-1 receptor agonists with additional receptor activity
presents theoretical advantages compared to GLP-1 RAs alone, making this an area of ongoing significant
interest. However, it is important to recognize that pivotal trials in this therapeutic class, such as ESSENCE
and SYNERGY-NASH, deliberately target patients at highest near-term risk of progression (fibrosis stage
F2-F3), thereby enriching the study populations for severe obesity and type 2 diabetes. While this design
strategy enhances histologic signal detection, it may under-represent non-obese MASLD or earlier-stage
fibrosis phenotypes typically encountered in community practice, ultimately limiting the generalizability of
these findings to the broader MASLD spectrum.

Although much of the therapeutic benefit of incretin-based therapies has been attributed to
weight-loss-mediated metabolic improvement, there is evidence to suggest that these agents also exert direct
hepatic effects that may be clinically meaningful in lean MASLD, a phenotype highly prevalent in Asian
populations. Although hepatocytes express low levels of GLP-1 receptors, indirect mechanisms via
weight-independent improvements in insulin resistance, altered gut-liver axis signaling, and changes in
adipokine and inflammatory profiles appear to contribute meaningfully to reductions in steatosis and
necroinflammation®*, Clinical trials of agents such as semaglutide and dual incretin agonists demonstrate
histological improvement in MASH that correlates not only with weight loss but also with glycemic and
metabolic improvements, suggesting partially weight-independent effects. Nonetheless, the magnitude of
benefit in truly lean individuals (BMI < 23 kg/m” in Asian populations) remains insufficiently characterized,
as most pivotal trials enrolled overweight or obese participants. Therefore, while mechanistic and early
clinical data support the plausibility of direct and weight-independent hepatic benefits, dedicated studies in
lean MASLD are required to determine whether incretin-based therapies can achieve clinically meaningful
MASH resolution when BMI reduction is not the primary therapeutic driver.

Rapid weight loss induced by potent incretin-based therapies has raised concerns regarding unintended
reductions in lean body mass, particularly in vulnerable groups'®. Given that both elderly individuals and
patients with cirrhosis are at heightened risk for sarcopenia, it is important to incorporate routine
monitoring of muscle mass during treatment. Dose attenuation is required to allow for milder and more
gradual weight loss to mitigate the effects of weight-loss-related sarcopenia. Simple, clinically feasible
approaches, such as handgrip strength assessment or bioelectrical impedance analysis (BIA), can help
identify early declines in muscle function or composition. Incorporating these measures into therapeutic
monitoring ensures that metabolic and hepatic benefits are balanced against the need to preserve functional
status and avoid exacerbating sarcopenia.

It is essential to acknowledge the substantial cost and accessibility barriers associated with agents such as
tirzepatide and the emerging triple agonist retatrutide. These medications are priced at levels that may limit
availability in many healthcare settings, particularly in low-resource environments and in publicly funded
systems where prioritization decisions must balance efficacy with budget constraints. Issues of equitable
distribution are therefore critical, as disproportionate access may widen existing health disparities, especially
among populations already experiencing a high burden of MASLD. In this context, prioritizing treatment for
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Table 2. Comparative safety profile and discontinuation rates of incretin-based therapies in MASLD/MASH clinical trials

Agent

Most common adverse events

Serious adverse events Discontinuation rate

Liraglutidets!

Semaglutide
(NEJM 2021)t!

Semaglutide
(Lancet Gastro Hep
2023)[66]

Tirzepatidel®

Survodutide!®283

Pemvidutidet®4

Efinopegdutide!®”

Retatrutide!®

Gl disorders in 81% vs. 65% placebo; diarrhea
38% vs. 19%; constipation 27% vs. 0%; decreased
appetite 31% vs. 8%

Nausea 42% vs. 11%; constipation 22% vs. 12%;
vomiting 15% vs. 2% (0.4mg vs. pooled placebo)

Any adverse event 89% vs. 79% in placebo group

Gl events were most common, mostly
mild-moderate

Nausea 66% vs. 23%, diarrhea 49% vs. 23%,
vomiting 41% vs. 4% any dose vs. placebo

Gl adverse events (class-typical) with details not
quantified

Not reported

Not reported

Not elevated

Neoplasms: 15% vs. 8% in
placebo group

13% vs. 8% in placebo
group

Not highlighted as excess
vs. placebo. Safety profile

consistent with class

8% vs. 7% (placebo)

Nil

Not reported

Not reported

~13% overall

~11% overall

Not reported

~13% overall
Dose reductions in 20% (10 mg)
and 7% (15 mg)

~4% overall

0% (1.2 mg), 1% (1.8 mg) vs. 2%
(placebo) at 24 weeks
Not reported

Not reported

MASLD: Metabolic dysfunction-associated steatotic liver disease; MASH: metabolic dysfunction-associated steatohepatitis; Gl: gastrointestinal.

high-risk groups such as individuals with advanced fibrosis, multiple cardiometabolic comorbidities, or rapid
disease progression may offer the greatest clinical benefit. However, implementing such prioritization poses
challenges for health systems, which must integrate risk-stratification pathways, manage escalating
medication costs, and ensure long-term treatment adherence. Addressing these structural and economic
barriers is essential to maximizing the real-world impact of incretin-based therapies and ensuring that
therapeutic advances translate into improved outcomes across diverse patient populations.

Safety profile

GLP-1 RAs are generally well tolerated and rarely cause hypoglycemia. The most common adverse effects are
gastrointestinal (nausea, vomiting, altered bowel habits), affecting 40%-65% of patients, primarily due to
delayed gastric emptying. A recent systematic review and meta-analysis of 55 trials by Chiang et al. evaluated
the gastrointestinal and biliary safety of GLP-1RAs in people with type 2 diabetes, overweight/obesity, and
MASH/MASLD"™. The analysis found that GLP-1RAs increased the risk of cholelithiasis and likely increased
the risk of GERD, though the absolute risk increases were small (2 extra cholelithiasis cases and 4 extra
GERD cases per 1,000 treated patients). The heightened GERD risk was mainly seen in studies involving
overweight/obese patients, those with MASH/MASLD, and those using higher dose or weight-loss focused
GLP-1RAs. No increased risk was observed for other outcomes such as cholecystitis, pancreatitis, intestinal
obstruction, or other serious gastrointestinal or biliary events*”. Rare but serious risks include aspiration
during anaesthesia, pancreatitis (especially in those with prior history), and potential sarcopenia,
underscoring the need for resistance training and adequate protein intake (1.2-1.6 g/kg/day). GLP-1 RAs
carry an FDA black box warning for medullary thyroid carcinoma based on preclinical data, though clinical
incidence is extremely low; large cohort studies show no significant increase in thyroid cancer risk™. Table 2
provides a comparative summary of the safety profiles and discontinuation rates observed across major
incretin-based therapy trials, complementing the safety considerations outlined in this section.

In certain regions, nearly one-third of patients discontinue GLP-1 RA therapy within the first year of
initiation”?. Although high treatment cost remains a major barrier, adherence patterns require further
investigation to inform strategies that improve long-term persistence. Expanding indications for
incretin-based therapies may amplify these concerns, as premature discontinuation often results in
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significant weight regain, likely reflecting the composition lost during clinical trials. The physiological
consequences of this rebound effect on organ health remain poorly understood but could have important
implications for payer coverage decisions and patient selection criteria.

Contextualizing incretin therapies within the expanding MASLD/MASH treatment pipeline

Beyond incretin-based therapies, the expanding therapeutic landscape for MASLD/MASH now includes
several mechanistically distinct drug classes that warrant discussion to contextualize the relative efficacy and
safety of incretins. Resmetirom, a selective thyroid hormone receptor-pg (THR-B) agonist, was approved in
the United States in 2024 following pivotal trials demonstrating MASH resolution in approximately 26%-27%
of treated patients compared with 9%-13% with placebo, along with favorable effects on atherogenic lipids
and acceptable tolerability™. These results provide an important benchmark when comparing the magnitude
of benefit seen with GLP-1 RAs and dual/triple incretin agonists, which in phase 2 and 3 studies have shown
higher rates of MASH resolution but with less consistent antifibrotic effects.

Fibroblast growth factor 21 (FGF21) analogues remain a major non-incretin class of emerging therapeutics.
Agents such as aldafermin and pegozafermin have demonstrated dose-dependent reductions in liver fat,
improvements in dyslipidemia, and signals toward fibrosis improvement®". Efruxifermin (EFX), another
bivalent FGF21 analogue, has shown encouraging results across multiple fibrosis stages. Phase 2b trials in
both pre-cirrhotic and compensated cirrhotic MASH demonstrated improvements in fibrosis in subsets of
patients, with long-term data suggesting a potential benefit despite some studies not meeting the primary
endpoint at 36 weeks!”?). Efruxifermin also continues to advance in large global Phase 3 programs
(SYNCHRONY), evaluating its antifibrotic and metabolic efficacy across the spectrum of MASH/MASLD".

Additional metabolic-targeted approaches include diacylglycerol O-acyltransferase 2 (DGAT?2) inhibitors,
such as elafibranor, which act via direct inhibition of hepatic lipogenesis and have demonstrated early signals
of therapeutic benefit™".

A distinct mechanistic class is represented by lanifibranor, a pan-peroxisome proliferator-activated receptor
(pan-PPAR) agonist that activates PPAR-a, PPAR-5, and PPAR-y to modulate inflammation, fibrosis, and
metabolic pathways. Phase 2 studies showed significant reductions in intrahepatic triglyceride content,
improvements in insulin resistance, and histologic markers of disease activity®”. Lanifibranor is currently
being evaluated in the large global Phase 3 NATiV3 trial, which has completed enrollment and is expected to
publish results in the second half of 2026, potentially positioning lanifibranor as the next oral therapy for
MASH.

Integrating these agents into the broader therapeutic discussion highlights the heterogeneity of mechanisms
under development, ranging from enhancement of hepatic mitochondrial function (THR-p agonists), to
modulation of adipose-liver crosstalk (FGF21 analogues), to direct suppression of lipogenesis (DGAT2
inhibitors), to systemic metabolic and antifibrotic modulation (pan-PPAR agonists such as lanifibranor).
This comparative framework helps contextualize where incretin-based therapies fit within the evolving
treatment paradigm, especially given their characteristic gastrointestinal tolerability profile, weight-centric
mechanisms, and variable antifibrotic performance relative to other emerging modalities.

Incretin-based chemoprevention and evolving risk stratification in MASLD

Emerging evidence suggests that incretin-based therapies may exert chemopreventive effects against HCC in
MASLD. GLP-1 RAs beneficially modulate several key pathways implicated in hepatocarcinogenesis,
including metabolic dysfunction, insulin resistance, chronic inflammation, and fibrosis progression, thereby
potentially reducing long-term oncogenic risk. In a large retrospective cohort study of nearly 1.9 million
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individuals with type 2 diabetes, Wang et al. demonstrated that GLP-1 RA use was associated with a
significantly lower incidence of HCC compared with insulin, sulfonylureas, and metformin, alongside a
reduced risk of hepatic decompensation across subgroups with and without underlying metabolic liver
disease’™. Similarly, a national cohort of more than 16,000 patients with MASLD and diabetes showed that
GLP-1 RA therapy was linked to lower rates of cirrhosis progression, hepatic decompensation, and HCC, but
only when initiated prior to the development of cirrhosis. Patients who began therapy after cirrhosis onset
did not experience these protective effects, highlighting the importance of early initiation of GLP-1 RAs for
potential chemoprevention”. Collectively, mechanistic data and early clinical evidence suggest that
incretin-based therapies may influence long-term HCC risk in MASLD, complementing their established
metabolic and histologic benefits.

Parallel advances in MASLD risk stratification and hepatocarcinogenesis underscore the need to integrate
structured assessment pathways with emerging therapeutics. Prospective validation of the EASL-EASD
algorithm indicates that systematic fibrosis-4 index (FIB-4)-based screening followed by elastography
identifies advanced MASLD in approximately 21% of patients with elevated FIB-4, reinforcing the value of
stepwise non-invasive evaluation in routine practice”. Real-world implementation studies further highlight
both the feasibility and the challenges of applying this algorithm at scale: in a large retrospective cohort of
14,814 adults undergoing abdominal ultrasound, 3,052 (20.6%) met MASLD criteria, and age-adjusted FIB-4
stratification classified 15.2% as high-risk and 18.0% as indeterminate, yet more than half of patients in these
elevated-risk categories did not receive appropriate hepatology referral or secondary testing, revealing
persistent gaps in real-world care pathways”’). Complementing these findings, the multinational
vibration-controlled transient elastography (VCTE)-Prognosis study (n = 12,950) demonstrated that the
two-step FIB-4 followed by elastography approach effectively delineates low-, intermediate-, and high-risk
groups, with the high-risk cohort exhibiting a markedly increased 5-year incidence of liver-related events
(10.8%), thereby validating the prognostic utility of the EASL-EASD algorithm in routine practice"*. At the
same time, recent multicenter evidence confirms that MASLD is now a major cause of non-cirrhotic HCC,
emphasizing that carcinogenesis may occur even in early-stage disease. The multicenter study by
Romero-Gutiérrez et al. demonstrated that a substantial proportion of MASLD-related HCC arises in
non-cirrhotic livers, strengthening the rationale for expanding surveillance to high-risk individuals,
particularly those with metabolic dysfunction, elevated fibrosis markers, or increasing liver stiffness,
regardless of cirrhosis status"*'’. Together, these findings highlight that MASLD confers a meaningful
oncogenic risk across the fibrosis spectrum and that early identification and targeted surveillance, in
combination with therapies that may mitigate carcinogenic drivers, are essential to reducing progression to
HCC.

Linking early diagnostic strategies with emerging incretin-based treatments

To further strengthen the clinical relevance of incretin-based therapies in MASLD, it is important to
recognize that their potential benefits extend beyond pharmacologic treatment and intersect meaningfully
with broader disease-management strategies. Given that MASLD is highly prevalent among individuals with
T2D, incorporating early detection strategies into routine diabetes care may substantially improve clinical
outcomes. Early identification of hepatic steatosis, fibrosis risk, and related metabolic complications enables
timely intervention, whether through lifestyle modification, optimization of glycemic control, or initiation of
agents such as GLP-1 RAs, dual or triple incretin agonists, which have demonstrated favorable effects on
steatosis, inflammation, and weight regulation across phase 2 and phase 3 trials included in this review.
Integrating structured screening approaches (e.g., non-invasive fibrosis assessments, imaging-based liver fat
quantification, and risk-stratification tools) into T2D management pathways therefore offers an opportunity
to enhance patient selection, prevent disease progression, and leverage the therapeutic impact of
incretin-based treatments more effectively. This broader, proactive approach complements the emerging
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evidence base and underscores the importance of early risk mitigation in the evolving landscape of MASLD
care.

CONCLUSION

Effective management of MASLD requires a comprehensive approach that addresses its strong association
with IR, metabolic syndrome, and T2D. While lifestyle modification remains the cornerstone of therapy, the
integration of targeted pharmacologic interventions offers additional benefits, particularly in early disease
stages when reversal and prevention of progression are most achievable.

Whilst the therapeutic landscape for MASH is rapidly evolving, with numerous agents demonstrating
encouraging results in clinical trials, meaningful comparisons between therapies remain challenging due to
heterogeneity in trial design and variability in placebo response rates.

Recent RCT's underscore the complexity of molecular pathways driving MASLD and the growing array of
investigational agents targeting these mechanisms. Among these, incretin-based therapies have emerged as
some of the most promising candidates. GLP-1 RAs and dual or triple agonists incorporating GIP and/or
glucagon receptor activity exhibit broad metabolic benefits, including improvements in steatosis, insulin
sensitivity, inflammation, and body weight. Early-phase studies report favorable outcomes in hepatic fat
reduction, metabolic parameters, and even histologic endpoints; however, most evidence is derived from
small phase 2 trials. Consequently, MASLD drug development remains at an exciting yet preliminary stage,
and large-scale phase 3 studies are essential to confirm efficacy, establish long-term safety, and define
evidence-based pharmacologic options for clinical practice.

Importantly, despite their substantial metabolic and hepatic benefits, incretin therapies have not yet been
shown to reduce all-cause mortality or prevent HCC. As such, their role in altering long-term liver-related
outcomes remains to be established, highlighting the need for continued investigation.

Given the multisystemic nature of MASLD, multidisciplinary collaboration bringing together hepatologists,
endocrinologists, cardiologists, and primary care physicians, is essential to optimize patient care.
Furthermore, broad implementation of structured screening pathways, including those informed by
algorithms endorsed by societies such as EASL-EASD, will be critical to improving early detection, risk
stratification, and timely initiation of therapy in individuals with T2D and other high-risk groups.

Continued scientific progress and translation of research into practical treatments bring the prospect of
addressing MASH and improving patient outcomes closer to reality. The next decade will likely witness a
paradigm shift in MASLD management, driven by incretin-based therapies and other innovative therapies
that target the disease at its metabolic core.
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