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Abstract

Background As the prevalence of metabolic dysfunction-associated steatohepatitis (MASH) continues to rise, drug develop-
ment has accelerated, with growing interest in therapeutic strategies that harness metabolic hormones. Metabolic hormone-
based approaches, particularly those originally developed for obesity and diabetes, have shown potential to mitigate MASH.
Notably, the glucagon-like peptide-1 receptor (GLP-1R) agonist semaglutide received accelerated approval for MASH in
2025. In addition, GLP-1R-based multi-agonists and candidates leveraging the metabolic actions of fibroblast growth factor
(FGF) 21 are in active clinical development for liver disease.

Area covered This review provides an overview of metabolic hormone-based therapies, including incretin-based drugs and
FGF analogs, that are currently under clinical development for MASH. It also discusses liver-targeting strategies to achieve
selective hepatic delivery, which may vary according to the expression of liver-specific receptors and fibrosis degree.
Expert opinion Within the MASH therapeutic landscape, incretin-based therapies are evolving from GLP-1R mono-agonist
to multi-agonist approaches that aim to combine weight loss-mediated benefits with mechanisms that directly modulate
hepatic lipid handling and inflammation. Moreover, the therapeutic actions of metabolic hormones in MASH, together with
the expression profiles of their corresponding receptors, play a critical role in determining targeting strategies. Stage-specific
and liver-selective delivery strategies will likely distinguish next-generation candidates. This review summarizes the phar-
macological mechanisms and delivery strategies of each agent class and further explores these receptors as potential targets
to inform the development of precision therapeutic approaches.

Keywords Metabolic dysfunction-associated steatohepatitis - Glucagon-like peptide-1 receptor agonist - Fibroblast
growth factor - Liver targeting

Introduction

Metabolic dysfunction-associated steatohepatitis (MASH),
formerly known as nonalcoholic steatohepatitis (NASH),
is the progressive inflammatory phenotype of metabolic
dysfunction-associated steatotic liver disease (MASLD),
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among adults was about 5.8% in 2020 and is projected to
increase to 7.9% by 2050 (Le et al. 2025).

Despite the disease’s clinical burden, until recently, no
therapy for MASH had been approved; however, the thera-
peutic landscape has shifted rapidly. Resmetirom (Rez-
diffra®) received accelerated approval in March 2024
for noncirrhotic MASH with stage F2-F3 fibrosis based
on liver histology results. In August 2025, semaglutide
(2.4mg, Wegovy®) likewise received accelerated approval
for adults with MASH and moderate-to-advanced fibrosis
based on interim liver histology results, with follow-up in
confirmatory phase 3 outcomes trials ongoing (Keam, 2024;
U.S. Food and Drug Administration, 2025).

To address the heterogeneous and multifactorial patho-
physiology of MASH, various therapeutic agents with
different mechanisms of action are currently under devel-
opment for the treatment of MASH. MASLD pathogene-
sis and its progression to MASH and cirrhosis are closely
associated with metabolic imbalance and insulin resistance
(Llovet et al. 2023). Individuals with type 2 diabetes mel-
litus (T2DM) show a greater tendency toward liver fibro-
sis progression (Huang et al. 2023). Obesity is also linked
to both the development and progression of MASLD, and
increasing body mass index correlates with a higher inci-
dence of MASLD and progressive hepatic fibrosis (Koliaki

Incretin analogs

et al. 2025). This overlapping pathophysiology underscores
the need for therapies that address obesity, T2DM, and
MASH simultaneously. Accordingly, incretin-based thera-
pies such as glucagon-like peptide-1 receptor (GLP-1R)
agonists and fibroblast growth factor (FGF) family analogs,
which were originally developed for the treatment of T2DM
and obesity, are now being explored as potential treatments
for MASH (Fig. 1). These agents may exert both direct and
indirect effects on the liver, offering the potential to improve
metabolic dysfunction and attenuate fibrogenesis. In addi-
tion, thyroid hormone receptor-p (THR-}) agonists, farne-
soid X receptor (FXR) agonists, and oligonucleotide-based
therapeutics are under development. This review introduces
the therapeutic mechanisms of metabolic hormones, sum-
marizes clinical advances, and discusses delivery strategies
for MASH therapies.

Incretin analogs for MASH treatment

GLP-1R agonists

GLP-1R agonists have been approved for the treatment of
T2DM and obesity (Park et al. 2016; Holst, 2024). Recently,

semaglutide received accelerated approval for MASH treat-
ment, expanding the class’s clinical relevance. GLP-1 is
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Fig.1 Clinical development of metabolic hormone-based MASH therapies. MASH/NASH therapeutics in development, organized by year through

those with active phase 3 status. Created with BioRender.com
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secreted from intestinal L-cells and acts on pancreatic
B-cells to increase insulin secretion in a glucose-dependent
manner (Kjems et al. 2003; Meloni et al. 2013). GLP-1 also
suppresses a-cell glucagon release, thereby improving gly-
cemic control. In energy balance, GLP-1 signaling regulates
appetite and caloric intake via receptors expressed in several
brain regions that govern satiety. Circulating GLP-1R ago-
nists bind to GLP-1 receptors in the myenteric plexus, delay-
ing gastric emptying (Halim et al. 2018). They also reduce
leptin resistance, thereby enhancing leptin signaling, which
increases satiety, reduces food intake, and elevates energy
expenditure (Elmquist et al. 1998; Ronveaux et al. 2015).
GLP-1R agonists also suppress appetite through actions on
the central nervous system. The binding of GLP-1R agonists
to receptors in the nucleus tractus solitarii of the brainstem
activates serotonergic neurons, which induces satiety and
reduces food intake (van Bloemendaal et al. 2014). In addi-
tion, activation of GLP-1 receptors in the area postrema of
the brainstem decreases appetite via dopaminergic signaling
(Rinaman, 2010). Activation of hypothalamic GLP-1 recep-
tors increases the secretion of anorexigenic peptides while
decreasing the secretion of orexigenic peptides (Secher et
al. 2014; Geloneze et al. 2017). Moreover, GLP-1R ago-
nists reduce inflammation, thereby improving adipose tis-
sue function and enabling the appropriate regulation of fat
storage and release, which ultimately reduces ectopic fat
deposition and body weight (Alharbi, 2024). Through these
mechanisms, GLP-1R agonists slow gastric emptying and
lower body weight. For treatment of MASH in humans,
however, the precise mechanism of action is not fully under-
stood and likely involves multiple pathways mediated by
weight loss and other factors.

In MASH, most of the observed clinical benefits of GLP-
IR agonists appear to be largely mediated by weight loss.
However, whether GLP-1R agonists have clinically mean-
ingful direct hepatocellular actions remains uncertain. Some
preclinical work suggests enhanced fatty-acid oxidation,
whereas other datasets report minimal hepatocyte GLP-1R
expression and no direct hepatic actions. Evidence sup-
porting direct hepatic actions of GLP-1R agonists includes
studies demonstrating GLP-1R expression in hepatocytes.
Gupta et al. reported that GLP-1R mRNA and protein are
expressed in both primary human hepatocytes and Huh-7
cells, and that GLP-1 induces GLP-1R internalization in
these cells (Gupta et al. 2010). In the same study, treatment
with the GLP-1R agonist exendin-4 (EX-4) activated GLP-
IR signaling. Ben-Shlomo et al. showed that GLP-1 treat-
ment in primary hepatocytes increased intracellular cAMP
levels and regulated hepatic lipogenesis via AMPK signal-
ing activation (Ben-Shlomo et al. 2011). Lee et al. demon-
strated that treatment of palmitic acid-loaded HepG2 cells
with the GLP-1R agonist dulaglutide significantly increased

both protein levels and mRNA expression of FAM3A, a
factor promoting fatty acid oxidation, thereby confirming
that GLP-1R agonists enhance fatty acid p-oxidation (Lee
et al. 2022). Additionally, De Mesquita et al. demonstrated
that treatment with liraglutide decreased a-smooth muscle
actin (a-SMA) and collagen I expression in human primary
hepatic stellate cells (HSCs) and reduced a-SMA and plate-
let-derived growth factor receptor B expression in chronic
liver disease rats (De Mesquita et al. 2017).

Conversely, other studies have reported limited GLP-1R
expression in hepatocytes. In a positron emission tomogra-
phy imaging study with the GLP-1R tracer ®*Ga-exendin-4,
Eriksson et al. reported high pancreatic uptake and minimal
uptake in other abdominal tissues, consistent with negligible
hepatic GLP-1R expression (Eriksson et al. 2019). Consis-
tently, GLP-1R was not detected in monkey liver cells (Pyke
et al. 2014). Seo et al. found that GLP-1 and EX-4 showed
limited hepatic distribution in diet-induced obesity rats (Seo
et al. 2017). Furthermore, da Silva Lima et al. reported that
treatment of human hepatocytes and HSCs with the GLP-
IR agonist liraglutide failed to improve fibrotic markers or
activate insulinotropic signaling pathways (Da Silva Lima
et al. 2024).

Clinically, weight reduction correlates with histo-
logic response in steatohepatitis, supporting guideline
targets>7-10% weight loss for histologic benefit (Tacke
et al. 2024). The therapeutic effects of GLP-1R agonists
in MASH appear to be predominantly indirect and medi-
ated by weight loss. Indeed, RNA sequencing of liver tis-
sue from healthy participants, patients with MAFLD, and
patients with MASH showed minimal GLP-1R expression
(Da Silva Lima et al. 2024). Collectively, GLP-1R agonists
may improve MASH through indirect, weight-loss-driven
mechanisms rather than through direct hepatocyte actions.

GLP-1R/GIPR dual agonist

Secreted from K-cells, glucose-dependent insulinotro-
pic polypeptide (GIP) enhances insulin secretion through
direct activation of GIPR on pancreatic B-cells in a glucose-
dependent manner and promotes nutrient uptake into adi-
pose tissue (Seino et al. 2010; Seino & Yamazaki, 2022).
Additionally, GIP can increase glucagon secretion from
pancreatic a-cells, which may secondarily augment its insu-
linotropic activity at lower glucose levels (Lewandowski et
al. 2024). The body weight-reducing effects of GIPR ago-
nists are more pronounced when these agents are co-admin-
istered with GLP-1R agonists than when they are used alone
(Finan et al. 2013). Similar to GLP-1Rs, GIP receptors are
also expressed in brain regions involved in appetite regu-
lation (Samms et al. 2021). Therefore, GLP-1R/GIPR dual
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agonists have been developed for the treatment of diabetes
and obesity.

The mechanism underlying GIPR agonism in the treat-
ment of MASH remains unclear (Newsome & Ambery,
2023), and its therapeutic effects appear to be indirect, simi-
lar to those of GLP-1R agonists. RNA sequencing of liver
tissue from healthy individuals, individuals with MAFLD,
and individuals with MASH revealed minimal GIPR
expression (Da Silva Lima et al. 2024). Despite this lim-
ited mechanistic understanding, clinical evaluation of GLP-
IR/GIPR dual agonists in MASH is ongoing. In patients
with diabetes, the GLP-1R/GIPR dual agonist tirzepatide
improved biomarkers relevant to MASH, including alanine
aminotransferase (ALT), aspartate aminotransferase, kera-
tin 18, PRO-C3, a marker of type III collagen formation,
as well as adiponectin (Hartman et al. 2020). Moreover, in
adults with MASH and fibrosis, tirzepatide improved liver
histology, with higher rates of MASH resolution and fibro-
sis improvement (Loomba et al. 2024).

GLP-1R/GCGR dual agonists

Oxyntomodulin is an endogenous peptide hormone that
acts as an agonist at both the GLP-1R and glucagon recep-
tor (GCGR) (Zimmermann et al. 2022), thereby mediating
meaningful weight reduction and increased energy expen-
diture through its dual agonist activity (Wynne et al. 2005,
2006). However, its very short half-life, approximately
12min, limits its therapeutic applicability (Schjoldager et
al. 1988). Nevertheless, it provided the conceptual basis for
GLP-1R/GCGR dual agonism and thereby motivated the
development of long-acting GLP-1R/GCGR dual agonists.
Mechanistically, GLP-1 induces weight loss by sup-
pressing appetite and delaying gastric emptying (Moiz et al.
2025), while glucagon exerts anorectic effects and promotes
energy expenditure (Al-Massadi et al. 2019). Accordingly,
dual agonism offers the potential for synergistic benefits
in the treatment of obesity. Moreover, glucagon may con-
tribute to improved glycemic control by potentiating -cell
insulinotropic signaling, especially in the presence of
GLP-1 (Finan et al. 2020). Consistent with this proposed
mechanism, co-administration of GLP-1 and glucagon
resulted in a 2.4-fold increase in insulin secretion compared
with GLP-1 monotherapy (Tan et al. 2013). Furthermore,
the GLP-1R/GCGR dual agonist cotadutide demonstrated
superior effects on insulin sensitivity compared with those
of liraglutide and the GCGR agonist g1437 (Laker et al.
2025). Specifically, dual agonism improved the glucose
infusion rate and produced greater improvements in insulin
sensitivity, supporting its therapeutic potential in diabetes.
Glucagon receptor engagement promotes hepatic fatty
acid oxidation and reduces liver fat, but excessive activation
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can also increase blood glucose levels. Dual GLP-1R/GCGR
agonism is designed to preserve these hepatic lipid-low-
ering effects while reducing caloric intake and increasing
energy expenditure, with GLP-1-mediated insulinotropic
activity helping offset the glycemic liability associated with
GCGR activation. The overall benefit depends on the GLP-
IR:GCGR activity ratio, dose, exposure profile, and back-
ground metabolic control. As many patients with MASH
have comorbid T2DM, and hyperglycemia can accelerate
MASH progression, careful optimization of this balance is
essential to capture hepatic benefit while maintaining glyce-
mic control. Unlike GLP-1R or GIPR, GCGR is abundantly
expressed in the liver (Svoboda et al. 1994). Therefore, com-
bined targeting of GCGR and GLP-1R offers the potential
for direct hepatic pharmacology in addition to weight-loss-
mediated benefit. Glucagon promotes hepatic fatty acid oxi-
dation while suppressing de novo lipogenesis (Wang et al.
2016), and it can modulate glycogen flux and improve mito-
chondrial turnover and function, thereby reducing hepatic
lipid content (Boland et al. 2020). This liver-predominant
expression profile makes GCGR an attractive target for the
active targeting strategies discussed later. In rodent MASH
models, GLP-1R/GCGR dual agonists such as pemvidutide
and NN1177 improved liver enzyme levels, body weight,
steatosis, inflammation, and fibrosis (Nestor et al. 2022;
Monfeuga et al. 2024; Harrison et al. 2025). In addition,
cotadutide inhibited hepatic lipogenesis and showed supe-
rior antifibrotic effects compared with a GLP-1R agonist
and an FXR agonist (Boland et al. 2020).

GLP-1R/GIPR/GCGR triple agonists

GLP-1R/GIPR/GCGR triple agonists are being developed
for obesity and T2DM, combining the incretin-mediated
benefits of GLP-1R and GIPR agonism on glycemic control
and appetite suppression with GCGR agonism to increase
energy expenditure (Fig. 2). Their potential in MASLD/
MASH is also being explored. Finan et al. demonstrated that
investigational unimolecular triple agonists produced supe-
rior effects on weight loss and glycemic control compared
with mono or dual agonist approaches (Finan et al. 2015).

FGF analogs for MASH treatment

Among the FGF family, FGF19 and FGF21 function as
metabolic hormones that influence energy homeostasis
(Zhang et al. 2015). Although no FGF-based therapies have
been approved to date, multiple FGF analogs for MASH are
being developed based on their metabolic effects (Fig. 3).



Journal of Pharmaceutical Investigation

Liver Stomach Pancreas Brain
T Insulin sensitivity 1 B-cell Insuli ti T Satiety
GLP-1 1 De novo lipogenensis Delayed Gastric Emptying fresilinaulevencreation 1 Leptin resistance

4 : 4 { a-cell Glucagon secretion :

{ Liver fat fraction (Indirect) { Food intake
T B-cell Insulin secreation .

GIP 1 a-cell Glucagon secretion 4Food intake

T Insulin sensitivity
GCG TFatty acid oxidation Delayed Gastric Emptying 1 B-cell Insulin secreation 1 Food intake

4 De novo lipogenensis
4 Liver fat fraction (Direct)

Fig. 2 Therapeutic mechanisms of GLP-1, GIP, and glucagon in the liver, stomach, pancreas, and brain. Created with BioRender.com

Fig. 3 Therapeutic mechanisms
of FGF19 and FGF21 in the liver
and adipose tissue. Created with
BioRender.com
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FGF19 (the human ortholog of rodent FGF15) is a hormone
produced in the ileum (Talukdar & Kharitonenkov, 2021) in
response to FXR activation. FGF signaling requires fibro-
blast growth factor receptors (FGFRs) and the co-receptor
B-Klotho (KLB) (Kurosu et al. 2007). FGFRs belong to the
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receptor tyrosine kinase family, whereas KLB is a mem-
brane protein that functions as a co-receptor (Lemmon &
Schlessinger, 2010). In humans, KLB is expressed in the
liver, adipose tissue, pancreas, small intestine, and muscle
(Harrison et al. 2024).

Initially, FGF19 was developed for bile acid regula-
tion, T2DM, and obesity (Wu & Li, 2011). FGF19 was
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investigated as a therapeutic agent for diabetes by suppress-
ing gluconeogenesis, promoting glycogen synthesis (Kir et
al. 2011; Potthoff et al. 2011), and improving insulin sen-
sitivity (Tomlinson et al. 2002). In MASH, the therapeu-
tic effects of FGF19 are mediated primarily through the
regulation of bile acid synthesis. Accumulation of excess
bile acids promotes HSCs activation, contributing to
hepatic fibrosis (Svegliati-Baroni et al. 2005), inflamma-
tion, and liver injury (Li et al. 2017). FGF19 engages the
hepatic FGFR4/KLB complex and suppresses CYP7Al,
thereby reducing bile acid synthesis (Henriksson & Ander-
sen, 2020), thereby decreasing hepatotoxic lipids, such as
diacylglycerols, ceramides, and free cholesterol (Zhou et
al. 2017). In addition, FGF19 enhances insulin sensitiv-
ity, allowing insulin to inhibit free fatty acid release from
adipose tissue, limiting their accumulation in hepatocytes
(Tomlinson et al. 2002). Moreover, FGF19-mediated inhi-
bition of lipogenic enzymes and transcriptional activators
suppresses de novo lipogenesis (Bhatnagar et al. 2009).
Beyond lipid regulation, FGF19 may also contribute to the
treatment of MASH through increased energy expenditure
and subsequent weight reduction (Fu et al. 2004).

A key liability of native FGF19 is its mitogenic FGFR4
signaling observed in preclinical systems, which prompted
engineering of FGF19-based analogs designed to retain
metabolic activity while minimizing mitogenic potential,
which is an essential consideration for chronic use in MASH
(Zhou et al. 2017).

FGF21

FGF21 is under development for hypertriglyceridemia, dys-
lipidemia, T2DM, and obesity, and is also being increas-
ingly evaluated in MASH (Harrison et al. 2024). FGF21
is predominantly synthesized and activated in the liver and
adipose tissue (Dolegowska et al. 2019). Similar to FGF19,
FGF21 binds to the FGFR-KLB receptor complex, with the
highest affinity for FGFR1c-KLB, while engaging FGFR3c
(Suzuki et al. 2008). Within the C-terminal tail of FGF21,
two sites interact with the KL1 and KL2 domains of KLB
(Shi et al. 2018). The amino acid sequence spanning P158—
S181 binds a broad surface within the extracellular domain
of KLLB (Aaldijk et al. 2023), the DP and SPS motifs medi-
ating direct interactions (Kuzina et al. 2019). Compared
with FGF19, FGF21 displays higher specificity for KLB
than a-Klotho, thereby conferring greater receptor selectiv-
ity (Shi et al. 2018). Recent studies have further suggested
that, in addition to FGFR and KLB, heparin is required for
FGF21 signaling (Suzuki et al. 2008; An et al. 2023).
FGF21 secretion is regulated by dietary composition. Its
secretion increases under conditions of low protein intake
or high fructose or carbohydrate consumption (Dushay et
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al. 2015), as well as during fasting (Inagaki et al. 2007).
Following secretion, FGF21 enhances insulin sensitivity,
thereby suppressing free fatty acid release from adipose tis-
sue and limiting free fatty acid accumulation within hepato-
cytes (Dushay et al. 2015). Furthermore, FGF21 promotes
lipolysis in white adipose tissue and stimulates ketogenesis
in the liver (Inagaki et al. 2007). It also promotes the uptake
of glucose and lipids in adipose tissue (Kharitonenkov et al.
2005; Schlein et al. 2016). Consequently, FGF21 reduces
blood glucose, triglyceride, and cholesterol levels, as well
as body weight (Hecht et al. 2012). Beyond its peripheral
actions, FGF21 can modulate central circuits by acting on
glutamatergic neurons, leading to reduced hepatic triglycer-
ide levels and improved fibrosis (Rose et al. 2025). Through
its ability to suppress fibrosis and lipid accumulation,
FGF21 demonstrates therapeutic potential for the treatment
of MASH. As proven by F21 knockout mice, compared with
wild-type mice, as they exhibit reduced hepatic fatty acid
activation and B-oxidation, elevated free fatty acid levels,
and more severe hepatic steatosis, fibrosis, inflammation,
and peroxidative damage (Fisher et al. 2014).

While the metabolic benefits have made FGF21 an
attractive target, multiple rodent studies, including FGF21-
overexpression models, have shown reduced bone mass,
with mechanisms involving PPARy-mediated suppression
of osteoblastogenesis and increased osteoclast activity
(Wei et al. 2012). These preclinical bone-loss risks war-
rant prospective monitoring in clinical programs, including
dual-energy X-ray absorptiometry and procollagen type 1
N-terminal propeptide/C-terminal telopeptide of type I col-
lagen assessment, especially in long-duration studies and in
patients with baseline osteopenia or osteoporosis. Available
human data over short-to-mid-term treatment are generally
reassuring, but multi-year safety remains to be established
(Loomba et al. 2023).

Ongoing clinical trials for MASH therapies

Table 1 summarizes incretin analogs, FGF analogs, oligo-
nucleotide, and small molecules in clinical trials for MASH
therapies.

GLP-1R agonist
Semaglutide

Semaglutide, a GLP-1R agonist developed by Novo Nord-
isk, is approved as a once-weekly subcutaneous injection,
marketed as Ozempic® for T2DM and as Wegovy® for
chronic weight management and cardiovascular risk reduc-
tion, and as a once-daily oral tablet, marketed as Rybelsus®
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for T2DM. In August 2025, Wegovy® received acceler-
ated approval in the USA for the treatment of noncirrhotic
MASH with moderate-to-advanced liver fibrosis (F2-F3) in
adults, as an adjunct to a reduced-calorie diet and increased
physical activity. The MASH indication remains contingent
on confirmatory outcome data.

The phase 3 ESSENCE program (NCT04822181) ran-
domized adults with biopsy-proven MASH and F2-F3
fibrosis 2:1 to semaglutide 2.4mg SC weekly or placebo
for 240 weeks. Part 1, a planned interim analysis at week
72 in the first approximately 800 participants, evaluated
coprimary histologic endpoints: resolution of steatohepatitis
without worsening of fibrosis and at least 1-stage improve-
ment in fibrosis without worsening of steatohepatitis. Part 2
continues through week 240, with cirrhosis-free survival as
the primary endpoint (Sanyal et al. 2025).

In Part 1, semaglutide met both histologic primary end-
points: 62.9% achieved MASH resolution without fibrosis
worsening, whereas it was 34.3% with placebo, and 36.8%
achieved fibrosis improvement without MASH worsening,
whereas it was 22.4% with placebo. Mean body-weight
change at week 72 was —10.5% with semaglutide whereas
it was —2.0% with placebo (Sanyal et al. 2025). For con-
text, weight loss with semaglutide 2.4 mg in general obe-
sity (STEP1) averaged —14.9% at 68weeks, suggesting
that weight reduction may be smaller in the MASH popu-
lation, likely reflecting disease-specific characteristics and
differences in trial design (Wilding et al. 2021). Therefore,
Wegovy® received accelerated approval, and its indication
was expanded to include noncirrhotic MASH with moder-
ate-to-advanced liver fibrosis in adults.

GLP-1R/GIPR dual agonist
Tirzepatide

Tirzepatide is a once-weekly GLP-1R/GIPR dual agonist
developed by Eli Lilly and is the first agent in this class
to receive FDA approval. It is marketed as Mounjaro® for
T2DM (May 13, 2022) (Eli Lilly and Company, 2022), as
Zepbound® for chronic weight management (November 8,
2023) and for moderate-to-severe obstructive sleep apnea
in adults with obesity (December 20, 2024) (Eli Lilly and
Company, 2025).

In the phase 2 SYNERGY-NASH trial (NCT04166773),
adults with biopsy-confirmed MASH and F2-F3 fibrosis
were randomized to receive tirzepatide at doses of 5, 10, or
15mg or placebo once-weekly for 52 weeks. The primary
endpoint was resolution of MASH without worsening of
fibrosis, and a key secondary endpoint was> 1-stage fibro-
sis improvement without worsening of MASH. Tirzepatide
produced dose-dependent benefits: 44, 56, and 62% met the

primary endpoint in the 5, 10, and 15mg groups, respec-
tively, compared with that of placebo at 10%; 55, 51, and
51% achieved fibrosis improvement in the corresponding
dose groups, compared with that of placebo at 30%. Mean
body weight change at week 52 was —10.7%, —13.3%, and
—15.6% for 5, 10, and 15mg, respectively, compared with
that of placebo at —0.8% (Loomba et al. 2024).

GLP-1R/GCGR dual agonist
Survodutide

Survodutide (BI 456906) is a once-weekly GLP-1R/GCGR
dual agonist being developed for MASH and obesity by
Boehringer Ingelheim, and it was originally licensed from
Zealand Pharma.

Under conditions of 100% human plasma, survodutide
exhibits ECy, values of 1.0 and 8.3nM for GLP-1R and
GCGR, respectively, corresponding to a potency ratio of
approximately 8:1 (Zimmermann et al. 2022). Based on
this receptor balance, survodutide produced significant
reductions in hepatic fat and improved glycemic con-
trol in rodent disease models. Clinical development has
advanced through phase 2 trials for obesity, T2DM, and
MASH (NCT04667377, NCT04153929, NCT04771273).
Phase 3 trials are underway for MASH with moderate or
advanced fibrosis (NCT06632444), MASH with cirrhosis
(NCT06632457), and obesity (NCT06066515).

In a phase 2 study in MASH, adults with biopsy-proven
MASH (F1-F3) were randomized 1:1:1:1 to receive sur-
vodutide 2.4, 4.8, or 6.0mg or placebo once weekly for
48 weeks, including a titration phase. The primary endpoint
was histologic improvement in MASH, defined as a>2-point
decrease in the NAFLD Activity Score, without worsening
fibrosis. In the planned treatment analysis, response rates
were 47, 62, and 43% for 2.4, 4.8, and 6.0 mg, respectively,
compared with that of placebo at 14% with placebo. Key
secondary analyses showed fibrosis improvement>1 stage
in 34, 36, and 34%, respectively, compared with that of pla-
cebo at 22% (Sanyal et al. 2024). These findings did not
show a clear dose-response pattern. However, actual-treat-
ment analyses, based on the received maintenance dose,
were also reported in the Supplementary Appendix accom-
panying the original phase 2 study, and showed a more pro-
nounced dose-response pattern, because participants who
could not tolerate gastrointestinal adverse events (AEs)
were allowed to down-titrate during escalation (Sanyal et
al. 2024). The most frequent AEs were gastrointestinal;
treatment discontinuation occurred in 20% with survodutide
compared with that of placebo at 3%, predominantly during
the dose-escalation phase, suggesting that slower titration
might improve tolerability.
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Pemvidutide

Pemvidutide (ALT-801) is a once-weekly GLP-1R/GCGR
dual agonist under development by Altimmune, with a bal-
anced potency at both GLP-1R and GCGR (Klein et al.
2022). Clinical development has progressed through com-
pletion of phase 2 trials in obesity (NCT05295875) and
MASH (NCT05989711).

Recently, the IMPACT phase 2b trial in adults with
biopsy-confirmed MASH and F2—F3 fibrosis (N=212; 1:2:2
randomization to weekly 1.2mg, 1.8mg, or placebo for
24 weeks) was completed, and topline results were reported
(Altimmune, 2025). At the 24-week topline analysis,
MASH resolution without fibrosis worsening was achieved
in 59.1% and 52.1% of participants receiving pemvidutide
1.2 and 1.8 mg, respectively, compared with that of placbo
at 19.1%. Fibrosis improvement>1 stage without worsen-
ing of MASH occurred in 31.8% and 34.5%, respectively,
compared with that of placebo at 25.9%. A supplemental
artificial intelligence-based histology analysis showed
significantly greater fibrosis reduction, including a>60%
reduction in fibrosis in 30.6% of patients receiving 1.8 mg,
compared with that of patients receiving placebo at 8.2%.
Mean weight loss was —5.0% and —6.2% with pemvidutide
1.2 and 1.8 mg, respectively (placebo, —1.0%), with no pla-
teau at 24 weeks.

Owing to its balanced GLP-1:GCG activity, glycemic
control was maintained, with minimal HbAlc changes
regardless of diabetes status. The safety profile was favor-
able, with AE-related discontinuation rates of 0.0% (1.2 mg)
and 1.2% (1.8 mg) compared with that of placebo at 2.4%; no
drug-related serious adverse events (SAEs) were reported.
The IMPACT phase 2b trial of pemvidutide was completed
on November 25, 2025, and the topline 48-week results for
key secondary endpoints have been reported.

DDO1

DDO1 is a once-weekly dual GLP-1 and glucagon receptor
agonist being developed by D&D Pharmatech for MASH.
The molecule is PEG-conjugated, supporting prolonged sys-
temic exposure; the sponsor describes DDO1 as a liver-tar-
geted agent with a half-life of approximately 7-8 d and slow
absorption (T,,,, approximately 6 d), enabling true once-
weekly dosing without lengthy titration (D&D Pharmatech,
2025). DD01’s GLP-1:GCG potency ratio of approximately
11:1, together with its prolonged pharmacokinetic profile,
is proposed to support rapid liver fat reduction while main-
taining favorable metabolic effects, including reductions in
body weight and HbAlc.

Phase 2 development is ongoing in a 48-week, double-
blind trial in overweight or obese adults with MASLD/

@ Springer

MASH (NCT06410924). After 2weeks at 20mg, partici-
pants continue with 40mg once weekly. At the planned
12-week analysis reported in June 2025, the study met its
primary endpoint: 75.8% of DDOI-treated participants
achieved at least a 30% reduction in liver fat by magnetic
resonance imaging—proton density fat fraction (MRI-PDFF)
compared with that in placebo at 11.8%; mean liver fat
decreased by 62.3% with DD0O1 compared with placebo
at 8.3%, and 48.5% reached<5% liver fat, indicating nor-
malization. Noninvasive fibrosis markers also improved,
including magnetic resonance elastography (MRE), PRO-
C3, and enhanced liver fibrosis (ELF). Reported AEs were
predominantly gastrointestinal and generally mild-to-
moderate, with few discontinuations (three participants at
database lock for the week 12 primary analysis). Notably,
achieving at least a 30% MRI-PDFF reduction is associated
with higher odds of histologic response in MASH across
trials (Stine et al. 2021), underscoring the clinical relevance
of the 12-week readout while awaiting biopsy data. The trial
includes a 48-week histologic assessment of MASH resolu-
tion and fibrosis (Stine et al. 2021).

Efinopegdutide

Efinopegdutide (MK-6024) is a GLP-1R/GCGR dual ago-
nist that was initially advanced as JNJ-64565111 by Janssen
for obesity. In August 2020, Merck (MSD) licensed global
rights from Hanim Pharmaceutical and is now developing
efinopegdutide for MASH. In a randomized phase 2a study
in MASH, once-weekly efinopegdutide 10 mg reduced liver
fat content more than semaglutide at 1 mg over 24 weeks,
supporting its potential for steatohepatitis indications
(Romero-Gomez et al. 2023).

Efinopegdutide is a modified oxyntomodulin peptide that
is site-specifically linked via an approximately 10 kDa PEG
moiety to the constant (Fc) region of human IgG4, which
prolongs systemic exposure and enables once-weekly sub-
cutaneous dosing. Its reported terminal half-life in humans
is on the order of approximately 112-276h, consistent with
weekly administration. The in vitro potency ratio for GLP-
IR and GCGR is 2:1 (Romero-Gomez et al. 2023).

Earlier trials in obesity, including studies in populations
with and without T2DM, showed dose-dependent weight
loss but no HbAlc reduction in the T2DM dose-ranging
study, despite a higher incidence of GI AEs than placebo and
liraglutide (Alba et al. 2021). A phase 2b, placebo-controlled
study in precirrthotic MASH is ongoing (NCT05877547),
with histologic endpoints including MASH resolution with-
out fibrosis worsening; the study also includes an open-label
semaglutide (Wegovy®) arm for contextualization.
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GLP-1R/GIPR/GCGR triple agonist
Efocipegtrutide

Efocipegtrutide (HM15211) is a long-acting triple ago-
nist of GLP-1, GIP, and glucagon that is being developed
by Hanmi Pharmaceutical for MASH. It is designed as a
peptide-PEG-IgG Fc domain conjugate, which prolongs
systemic exposure and supports once-weekly dosing. In
preclinical models, efocipegtrutide improved steatohepa-
titis and fibrosis. In MCD-diet mice, it improved liver
injury and fibrosis, as evidenced by reductions in ALT and
hydroxyproline (Choi et al. 2018). Furthermore, in AMLN-
diet mice, 8 weeks of efocipegtrutide treatment produced a
significant improvement in liver fibrosis (Kim et al. 2021).
A randomized, double-blind phase 2 clinical trial in adults
with biopsy-confirmed MASH is ongoing over 52 weeks
and includes histologic endpoints (NCT04505436).

FGF analog
Aldafermin

Aldafermin (NGM282, M70) is a non-tumorigenic analog
of FGF19 that acts on the FGFR1¢c-KLB and FGFR4-KLB
(Harrison et al. 2021). Unlike wild-type FGF19, it contains
N-terminal modifications that retain CYP7A1 suppression
while reducing FGF19-induced hepatocarcinogenic poten-
tial through inhibition of signal transducer and activator of
transcription 3 (Zhou etal. 2017). Activation of the FGFR1¢c—
KLB complex reduces liver steatosis and improves insulin
sensitivity, whereas activation of the FGFR4-KLB complex
suppresses CYP7A1 expression, leading to reduced bile
acid synthesis.

Aldafermin has completed phase 2 clinical evaluation.
After 48 weeks of daily subcutaneous administration, fibro-
sis improvement was observed in 23 and 21% of patients
receiving 3 and 1 mg, respectively, compared with that in
the placebo group at 15% (Rinella et al. 2024). However,
despite these findings, the development of aldafermin for
MASH was discontinued after earlier clinical studies failed
to meet the primary endpoint (Ngm Biopharmaceuticals,
2021).

Efruxifermin

Efruxifermin (EFX) is a long-acting Fc-FGF21 analog
being developed by Akero Therapeutics for MASH. EFX is
a bivalent fusion protein comprising two engineered human
FGF21 polypeptides linked to an IgG1 Fc scaffold, and is
designed to deliver sustained, balanced signaling through
FGFR1c/2¢/3c with B-Klotho in the liver and adipose tissue.

Therefore, this addresses steatosis, inflammation, and fibro-
sis while supporting once-weekly dosing (Harrison et al.
2021).

In the phase 2b HARMONY trial (adults with F2-F3
fibrosis and MASH, 24weecks; NCT04767529), in the
liver-biopsy analysis set, the primary endpoint of at least
1-stage fibrosis improvement without MASH worsening
was achieved by 39% of patients receiving EFX 28 mg,
41% receiving EFX 50mg, and 20% in the placebo. In the
full analysis set, wherein missing biopsies were counted as
a nonresponse, rates were 36% (28mg) and 33% (50mg)
compared against the 19% of the placebo. Gastrointestinal
AEs, notably diarrhea and nausea, were the most frequent
and were generally mild-to-moderate (Harrison et al. 2023).

Phase 3 development, through the SYNCHRONY
program, is ongoing and comprises three randomized,
placebo-controlled studies: SYNCHRONY Histology
(biopsy-confirmed F2-F3), SYNCHRONY Outcomes
(compensated cirrhosis, F4), and SYNCHRONY Real-
World (noninvasively diagnosed MASLD/MASH, F1-F4).

Pegozafermin

Pegozafermin (BIO89-100) is a long-acting glycoPE-
Gylated FGF21 analog engineered for sustained activation
of B-Klotho—dependent FGFR 1¢/2¢/3c¢ signaling in the liver
and adipose tissue. Site-specific O-linked glycoPEGylation,
involving an approximately 20-kDa linear PEG, extends the
terminal half-life to about 55-100h, thereby enabling once-
weekly (QW) or every-2-weeks (Q2W) subcutaneous dos-
ing (Rosenstock et al. 2023; Mansbach & Margalit, 2024).
In KLB-expressing cell systems, pegozafermin has shown
higher potency than native FGF21.

In the phase 2b ENLIVEN trial, patients with biopsy-
confirmed MASH received pegozafermin 44mg Q2W, 30,
or 15mg QW for 24 weeks. Histologic outcomes favored
pegozafermin: MASH resolution without fibrosis worsen-
ing occurred in 37% (15mg QW), 23% (30mg QW), and
26% (44mg Q2W), compared with that of placebo at 2%;
>1-stage fibrosis exhibiting significant improvement with-
out MASH worsening was observed in 26% (30mg QW)
and 27% of patients (44 mg Q2W), compared with that of
placebo at 7%. The most common AEs were gastrointestinal
and generally mild-to-moderate, and discontinuations were
infrequent (Loomba et al. 2023).

Phase 3 development is underway (ENLIGHTEN-Fibro-
sis and ENLIGHTEN-Cirrhosis).

Efimosfermin alfa

Efimosfermin alfa (BOS-580) is a once-monthly Fc-FGF21
analog under development for MASH. The molecule
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comprises an engineered FGF21 moiety fused to human
IgGl Fc and incorporates stabilizing design elements,
including an additional disulfide bond, point mutations to
reduce aggregation and proteolysis, and an effector-silent
Fc with LALA substitutions. These features produce about
21-d half-life, supporting monthly SC dosing and balanced
FGFR1c/2¢/3¢c—B-Klotho signaling in the liver and adipose
tissue (Rader et al. 2022).

In a randomized, double-blind phase 2a study in partici-
pants with phenotypic MASH, efimosfermin achieved large
MRI-PDFF reductions after 12 weeks and showed a favor-
able, predominantly gastrointestinal safety profile (Loomba
et al. 2025). In a separate 24-week study in adults with
biopsy-confirmed F2-F3 MASH, efimosfermin 300mg
every 4 weeks (Q4W) met prespecified histologic endpoints,
with MASH resolution without fibrosis worsening in 68%
compared with placebo at 29%, and >1-stage fibrosis exhib-
iting improvement without MASH worsening in 45% vs
21% in the biopsy analysis set. Additionally, noninvasive
assessments, including MRI-PDFF, ELF, and vibration-con-
trolled transient elastography liver stiffness measurement,
improved, and gastrointestinal AEs were generally mild-to-
moderate, with low discontinuation rates (Alkhouri, 2024).

Oligonucleotide

Oligonucleotides are short nucleic acid molecules, typi-
cally comprising 8—50 nucleotides, that regulate target RNA
expression through Watson—Crick base pairing (Lakhia et
al. 2019). For the treatment of MASH, antisense oligonu-
cleotides (ASOs) and small interfering RNAs (siRNAs) are
under development as possible treatments for MASH. ASOs
bind to target mRNA and induce RNase H-mediated cleav-
age or suppress protein expression through steric blockade
or splice modulation (Li et al. 2024). siRNAs silence target
gene expression by promoting the degradation of mature
mRNA (Hu et al. 2020; Alshaer et al. 2021). While ASOs
bind to mRNA or pre-mRNA as single strands, siRNAs
are incorporated into the RNA-induced silencing complex,
which retains the guide strand and directs binding to com-
plementary mRNA targets (Watts & Corey, 2012).
AZD2693 is a PNPLA3-targeting ASO designed to treat
hepatic steatosis, inflammation, and fibrosis associated with
the 1148M mutation (isoleucine-to-methionine substitution
at position 148 in PNPLA3) (Armisen et al. 2025). The
molecule uses GalNAc conjugation for liver targeting, but
phase 2 development was terminated because efficacy was
insufficient. ION224, another ASO targeting DGAT2 for
MASH, has completed a phase 2 trial. In a study involving
monthly subcutaneous injections of 90 or 120mg, 46.2%
and 58.8% of participants, respectively, achieved the pri-
mary endpoint, compared with that in the placebo at 18.7%
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(NCT04932512) (Loomba et al. 2025). ARO-PNPLA3
(JNJ-75220795), a GaINAc-conjugated siRNA targeting the
PNPLA3 mutation, has completed phase 1 studies (Jeon et
al. 2025). ALN-HSD (an siRNA targeting HSD17B13) is a
GalNAc-conjugated siRNA currently being evaluated in a
phase 2 trial for MASH treatment (NCT05519475).

Small molecules
THR-PB agonist

THR-B is a nuclear receptor predominantly expressed in the
liver (Xue & Wei, 2024). Resmetirom, a selective THR-f3
agonist, became the first FDA-approved therapy for adults
with noncirrhotic MASH with moderate-to-advanced fibro-
sis in 2024 (Keam, 2024). Resmetirom exerts its therapeutic
effects through THR-B binding, promoting mitochondrial
fatty acid oxidation and suppressing de novo lipogenesis
(Petta et al. 2024). Additionally, it enhances the conver-
sion of free thyroxine (T4) to triiodothyronine (T3), thereby
increasing THR-B binding and stimulating hepatic FGF21
expression via T3-mediated THR-B activation (Adams et
al. 2010). These metabolic effects support its development
as a treatment for MASH. Selective targeting of THR-f is
critical for THR agonists, as activation of THR-o may lead
to AEs in the heart, skeletal muscle, and other tissues (Xue
& Wei, 2024). Resmetirom incorporates a chemical moi-
ety that confers selective binding to THR-f3, demonstrating
28-fold selectivity over THR-a (Kelly et al. 2014).

In the 52-week biopsy analysis of the phase 3 MAE-
STRO-NASH trial, resmetirom 80 and 100mg met both
histologic primary endpoints against placebo: MASH reso-
lution without fibrosis worsening (approximately 25.9% and
29.9% vs 9.7%, respectively) and >1-stage fibrosis improve-
ment without MASH worsening (approximately 24.2% and
25.9% vs 14.2%, respectively), along with improvements in
lipids, including low-density lipoprotein cholesterol (Har-
rison et al. 2024).

FXR agonist

FXR is a bile acid—activated nuclear receptor that regulates
bile acid homeostasis, suppresses inflammatory responses,
inhibits fibrogenesis, and prevents HSCs activation (Zhang
et al. 2013; Ferrell et al. 2019; Clifford et al. 2021; Berto-
lini et al. 2022; Wang et al. 2024). FXR agonists have been
developed for MASH treatment; however, concerns regard-
ing AEs have limited their clinical progress.

Obeticholic acid (OCA), a steroidal bile acid derivative,
was the first FXR agonist to enter phase 3 clinical develop-
ment for MASH (Wang et al. 2024). In the phase 3 REGEN-
ERATE trial, the primary histologic endpoint was>1-stage
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improvement in fibrosis without worsening of MASH
after 18 months of treatment. Published analyses showed
that fibrosis improvement without worsening of MASH
was achieved in 22.4% of patients receiving OCA 25mg
compared to those receiving placebo at 9.6%. Meanwhile,
MASH resolution without worsening of fibrosis occurred
in 6.5% compared with those in the placebo group at 3.5%
(NCT03439254). In terms of safety, pruritus was the most
common treatment-emergent AE, and OCA was also asso-
ciated with increases in low-density lipoprotein cholesterol
(Ng et al. 2023).

GW4064, a nonsteroidal FXR agonist, was developed
as a selective FXR activator (Maloney et al. 2000). How-
ever, its clinical potential was limited by low bioavailability,
short half-life, and stilbene-related photolability and toxic-
ity. To overcome these limitations, GS-9674 (cilofexor) was
developed by replacing the stilbene structure with a cyclo-
propyl group, thereby improving photostability, the toxicity
profile, FXR affinity, and pharmacokinetics (Li et al. 2020).
Cilofexor has completed a phase 2 trial. In addition, liver
fat content was assessed using MRI-PDFF after 24 weeks
of once-daily oral administration. Treatment-emergent
AEs occurred in 89.3%, 76.8%, and 67.9% of patients in
the cilofexor 100mg, 30mg, and placebo groups, respec-
tively, whereas discontinuation due to treatment-emergent
AEs occurred in 1.8%, 8.9%, and 7.1% of patients in the
respective groups. A>30% reduction in MRI-PDFF was
observed in 39% of the 100mg group, 14% of the 30mg
group, and 13% of the placebo group. Median relative per-
centage changes in liver fat content were —22.7%, —1.8%,
and +1.9%, respectively (Patel et al. 2020).

Delivery strategies for liver-selective therapy in
MASLD/MASH

MASLD/MASH therapeutics may benefit from hepatic
targeting regarding both efficacy and safety. For instance,
nonselective THR activation can induce thyrotoxicosis-
associated AEs, including tachycardia, muscle wasting, and
bone impairment (Saponaro et al. 2020). In contrast, resme-
tirom is a substrate of the hepatocyte-enriched membrane
transporters OATP1B1 and OATP1B3, enabling preferential
hepatic delivery, and it exhibits high THR-B selectivity to
enhance hepatic metabolic regulation while minimizing off-
target effects (Hones et al. 2022). Therefore, liver-targeting
strategies are likely to be particularly important for drug
classes whereby extrahepatic adverse effects represent a key
safety concern.

Tuning passive design features to match hepatic micro-
anatomy and its disease-associated remodeling enhances
liver-selective delivery. For instance, hydrodynamic size
needs to be appropriately adjusted. In the healthy liver,

fenestrated liver sinusoidal endothelial cells (LSECs; typi-
cally ~100-150nm pores; broader range ~50-300nm)
allow sub-~150nm constructs to access the Space of Disse
(Deleve, 2015; Szafranska et al. 2021). With MASLD/
MASH progression, defenestration and capillarization
reduce parenchymal access and tend to increase reticuloen-
dothelial capture by Kupffer cells (KCs) (Qu et al. 2024).
Small-sized entities ($10nm) are predominantly cleared
renally, whereas larger particles (2150-200 nm) more read-
ily undergo hepato-splenic sequestration and experience
slower interstitial transport (Choi et al. 2011; Colino et al.
2020). In earlier disease, tuning size within roughly ~30-
120nm can often balance liver exposure with parenchymal
access; as fenestrations close, smaller and/or longer-circu-
lating formats may be required to sustain hepatocyte and
HSC delivery without overwhelming KC uptake.

PEGylation can confer beneficial effects, such as reduced
opsonization, enhanced stability and prolonged half-life
(Pasut & Veronese, 2012; Park et al. 2019; Jin et al. 2025).
Moreover, conjugating PEGs of appropriate size and archi-
tecture (linear vs branched) can shift intrahepatic distri-
bution toward or away from KC uptake (Suk et al. 2016).
For peptide/peptide-like biologics, moderate PEGylation
often achieves long-acting profiles while preserving recep-
tor engagement. In addition, in a liver-fibrosis model,
PEGylation of interferon-y increased hepatic uptake and
antifibrotic efficacy, consistent with distributional shifts
associated with enlarged hydrodynamic size (Bansal et al.
2011).

Beyond passive features, active targeting is required to
achieve liver-specific delivery. This can be accomplished
using ligands that bind receptors enriched in specific hepatic
cell types (Fig. 4). Taken together, receptor-guided deliv-
ery combined with rational physicochemical tuning offers a
promising approach to achieving cell-selective exposure in
MASLD/MASH.

Targeting hepatocytes

The asialoglycoprotein receptor (ASGPR) is highly
expressed on hepatocytes and rapidly internalizes ligands
through clathrin-mediated endocytosis (Spiess, 1990). Tri-
antennary N-acetylgalactosamine (GalNAc) has emerged
as a clinical standard for hepatocyte delivery of siRNA and
ASO payloads, and this strategy can be extended to other
payloads, including small-molecule conjugates and poly-
meric or lipid nanoparticles with surface-displayed Gal-
NAc (Setten et al. 2019; Kasiewicz et al. 2023). ASGPR
targeting is well-suited to silencers or degraders designed
to address hepatocyte-intrinsic drivers, such as lipotoxic
stress pathways and bile-acid dysregulation (Debacker et al.
2020). Important design variables include GalNAc valency
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and spatial presentation, linker stability, and ligand density,
which together modulate receptor avidity, endocytic flux,
and endosomal escape (Holland et al. 2021).

Targeting hepatic stellate cells

Upon activation, HSCs upregulate PDGFR- and av-class
integrins, notably avp3 and avP5, which can be engaged
by antibodies, antibody fragments or RGD/cRGD peptides
to concentrate antifibrotic cargoes, such as TGF-B path-
way modulators, lysyl oxidase (LOX/LOXL) inhibitors,
and siRNA against collagen-processing enzymes, within
the fibrotic niche (Friedman, 2008; Henderson et al. 2013;
Giannelli et al. 2016; Chen et al. 2020). An orthogonal strat-
egy leverages HSC vitamin A handling. Retinol-binding
protein 4 (RBP4) is a protein predominantly expressed in
hepatocytes, secreted into the bloodstream, and forms a
complex with retinol (vitamin A) to transport it as a reti-
nol-RBP4 holoprotein (holo-RBP) (Maher, 2013). HSCs,
as retinol-storing cells, can take up holo-RBP (Gjeen et al.
1987; Lee et al. 2015). By coupling retinol/retinoid motifs
or RBP-mimetic ligands, delivery can be enriched in lipid-
droplet—containing HSCs while minimizing off-target
uptake by hepatocytes (Chen et al. 2020).
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Targeting Kupffer cells

Targeting KCs is a key strategy for treating liver diseases
through the use of surface receptors, such as the mannose
(CD206) and scavenger receptors, to deliver anti-inflamma-
tory payloads, including NF-kB modulators or siRNA (Van
Der Heide et al. 2019). The main obstacle is off-target drug
accumulation in other macrophage populations, particularly
in the spleen, where similar receptors are also expressed
(De Souza et al. 2025). To improve liver selectivity, current
research focuses on optimizing nanoparticle characteristics,
such as ligand density and surface charge, and employing
pharmacological strategies, such as dose fractionation, to
saturate the mononuclear phagocyte system. In addition to
using advanced bio-inspired approaches, such as “don’t-cat-
me” (CD47) signals and hepatic blood-flow-tuned infusion
profiles (Alexis et al. 2008; Elias et al. 2013).

Targeting liver sinusoidal endothelial cells

Targeting LSECs is inherently stage-dependent, and two
complementary strategies have emerged. An early, restor-
ative approach exploits the Stabilin-2 (hyaluronan receptor
for endocytosis) scavenger receptor, which is abundantly
expressed on healthy LSECs, to ferry hyaluronan (HA)-
decorated carriers that deliver endothelial-protective or anti-
inflammatory payloads, such as S1P-axis modulators and
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NO-dependent cytoskeletal regulators (Harris et al. 2008).
HA valency, molecular weight, and surface density tune
Stabilin engagement and endocytic flux, and can improve
parenchymal access when fenestrations are preserved (Liu
et al. 2019; Kaps et al. 2023). This pathway narrows with
MASLD/MASH progression: capillarization with defenes-
tration and basement-membrane deposition limits exchange
and impairs HA uptake. Therefore, this diminishes the utility
of Stabilin-directed delivery in advanced fibrosis; off-liver
uptake via Stabilin-expressing endothelia and reticuloen-
dothelial tissues also warrants attention to dose and corona
management (Deleve, 2015; Qu et al. 2024).

As capillarization and inflammation progress, an alter-
native strategy is to leverage inducible adhesion molecules
such as Intercellular adhesion molecule-1 (ICAM-1). In
inflamed or cholestatic states, LSECs maintain these mol-
ecules, thereby allowing carriers modified with antibodies,
peptides, or aptamers to undergo cell adhesion molecule
(CAM)-mediated adhesion and endocytosis despite reduced
fenestrations (Gulubova, 1998; Muro et al. 2003). Key
development challenges for this approach center on opti-
mizing affinity and avidity to ensure firm capture under
sinusoidal shear, tuning carrier size and deformability to
prevent microvascular obstruction, and managing exposure
to mitigate extrahepatic endothelial uptake, such as in the
lung and systemic vasculature (Muro et al. 2008).

Thus, HA/Stabilin targeting is best suited to earlier dis-
case stages with preserved fenestration, whereas ICAM-
1-directed approaches may retain function as capillarization
advances. The optimal approach is disease-state dependent,
requiring patient stratification, such as noninvasive fibrosis
staging, together with passive design levers, including size,
charge and corona, to bias hepatic over splenic deposition
while safeguarding endothelial function.

Targeting fibrotic lesions/extracellular matrix

Fibrotic septa expose accessible binding sites on fibrillar col-
lagens I/I1I and other extracellular matrix components within
the Space of Disse; these sites can therefore be exploited to
localize carriers to fibrotic lesions (Mcquitty et al. 2020).
Matrix-binding ligands, such as collagen-binding peptides
or domains, including vWF-A3 or other CBD motifs, as
well as collagen-reactive antibodies, can prolong tissue
residence and increase local concentrations within lesions
even without strict cell specificity. Therefore, complement-
ing HSC/Kupfter-directed strategies and mitigating washout
in high-flow sinusoids (Healing 2000; Wahyudi et al. 2016).
Liver-focused examples include collagen-binding nanopar-
ticle probes that preferentially accumulate in fibrotic liver,
supporting the translational feasibility of collagen anchoring
as a strategy for intralesional retention (Zhang et al. 2023).

Enzyme-responsive (“smart”) linkers cleavable by matrix-
associated proteases, such as MMP-2/9 substrate sequences
including GPLGIAGQ, PLGLAG, and GPVGLIGK, can
trigger on-site cargo release, thereby improving on-target
activation while limiting parenchymal exposure (Vrettos et
al. 2018). As MMP expression and activity in liver fibrosis
vary with etiology and disease stage, cleavage kinetics and
specificity should be validated for the intended disease stage
to avoid under- or over-release (Duarte et al. 2015; Geerv-
liet & Bansal, 2020).

Future perspective

With the recent USA approvals of a THR-f} agonist (resme-
tirom) in 2024 and GLP-1R agonist (semaglutide) in 2025
for adults with MASH and moderate-to-advanced fibro-
sis, the field is shifting from generalized metabolic control
toward multi-mechanism targeting and stage-aware, liver-
selective interventions. Early multi-mechanism approaches
are exemplified by the GLP-1R/GIPR/GCGR triple agonist
(retatrutide) (Sanyal et al. 2024) and GLP-1R/GCGR dual
agonist (survodutide), which extend metabolic debulking
beyond GLP-1 monotherapy.

Systematic evaluation of combination and sequencing
strategies is now a critical priority. Combination strategies
may pair upstream metabolic debulking agents (GLP-1
monotherapy, GLP-1R/GCGR dual agonists, and next-
generation triple agonists) with liver-directed therapies,
including THR-B agonists, FXR agonists, FGF21 analogs,
and antifibrotic agents that more directly target fibrosis and
intrahepatic pathology. Such an approach may facilitate
early improvements in body weight, insulin resistance, and
steatosis, while subsequently promoting more durable his-
tologic improvements. In addition, a sequential treatment
strategy may offer further advantages, whereby initial meta-
bolic debulking establishes a more favorable hepatic envi-
ronment before introducing agents specifically designed to
target activated HSCs, fibrotic lesions, or other intrahepatic
drivers of persistent fibrosis. Early clinical signals support
GLP-1+FGF21 strategies under evaluation, informing
rational co-administration or sequence designs with pre-
specified safety architectures (Harrison et al. 2025).

Beyond selecting therapeutic mechanisms and treatment
sequences, optimizing the delivery of these agents will also
be essential for the long-term management of MASH. Given
that MASH requires chronic treatment, and that most incre-
tin- and FGF-based therapies are being developed as repeat-
edly administered subcutaneous injectable formulations, the
development of long-acting drug delivery systems (DDSs)
may improve treatment durability, reduce dosing frequency,
enhance patient adherence, and stabilize systemic exposure.
For GLP-1-based therapies, a rapid increase in peak plasma
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concentration resulting from excessive initial burst release
may contribute to gastrointestinal adverse events, such as
nausea and vomiting. Therefore, sustained-release depot
formulations require careful optimization of release kinetics
to minimize the initial burst and maintain stable systemic
exposure (Kim et al. 2024; Maharjan et al. 2024).

Stage-specific selection of liver-targeting strategies is
also critical in MASH. In earlier disease stages, relatively
preserved fenestration may facilitate access to hepatocytes
and LSECs, making GalNAc-mediated ASGPR targeting
of hepatocytes or LSEC-restorative approaches more fea-
sible. As MASH progresses, fenestration loss and capillar-
ization increasingly affect intrahepatic drug distribution. In
advanced fibrotic stages, activated HSCs may represent a
more suitable target, as illustrated by vitamin-A-modified
lipid nanoparticles carrying HSP47 siRNA (BMS-986263;
phase 1/2 in hepatic fibrosis), which exploit the retinoid
uptake pathway enriched in activated HSCs (Qosa et al.
2023). Together, these examples highlight the importance of
tailoring ligand selection and carrier design to disease stage
and target cell type.

Alongside advances in delivery, efficient assessment of
therapeutic efficacy remains a critical challenge in MASH.
While the definitive endpoint for MASH remains long-term
liver-related outcomes, which necessitate large and lengthy
trials, the field relies on histologic improvement as a surro-
gate endpoint for accelerated approval, as seen with resme-
tirom and semaglutide. However, liver biopsy constitutes a
significant bottleneck because of its invasive nature, patient
risk, sampling variability, and challenges with pathologist
concordance. This limitation underscores the urgent need
for robust, noninvasive tests (NITs). A significant effort is
underway to validate NITs, including MRI-PDFF, MRE,
corrected T1, Fibroscan, ELF, and PRO-C3, against his-
tologic data and long-term outcomes. As these NITs gain
regulatory acceptance, they may evolve from exploratory
markers to primary endpoints. The successful validation and
integration of these tools are expected to streamline patient
stratification and accelerate future MASH therapeutic
development (Sanyal et al. 2023). Ultimately, the next wave
of MASH therapeutics will be defined not only by what they
target but also by where and how they act within the liver,
and by the quality of evidence linking those actions to fibro-
sis and clinical benefit.

Conclusion

The therapeutic landscape for MASH is rapidly evolv-
ing. The pharmacological paradigm is shifting from indi-
rect-acting incretins (GLP-1R, GIPR agonists) toward
multi-agonist strategies that harness direct hepatic actions

@ Springer

(GCGR, FGFR). Looking forward, integrating these potent
metabolic hormones with advanced, liver-selective delivery
strategies will be crucial. Optimizing cell-specific targeting
(e.g., hepatocyte vs HSC) and tailoring strategies to fibrosis
stage will be essential for maximizing therapeutic efficacy
while minimizing systemic off-target effects. This conver-
gence of mechanism-based pharmacology and precision
delivery will be essential for halting and ultimately revers-
ing liver fibrosis in this complex disease.
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