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Abstract: Fibroblast growth factor 21 (FGF21) is an endocrine hepatokine that coordinates systemic energy metabolism by linking
hepatic nutrient sensing with adipose and central signalling pathways. Experimental and clinical studies identify FGF21 as a critical
modulator of lipid oxidation, insulin sensitivity, and inflammatory balance, processes central to the pathogenesis of metabolic
dysfunction-associated steatohepatitis (MASH). Endogenous FGF21 rises in response to fasting, lipotoxicity, and mitochondrial stress,
yet this compensatory increase is insufficient in chronic metabolic disease, reflecting target-tissue resistance. Pharmacologic augmen-
tation with engineered FGF21 analogues demonstrates robust reductions in hepatic fat, serum transaminases, and fibrosis biomarkers,
along with improvements in triglyceride and adiponectin levels as well as liver histology. In a Phase 2b trial, efruxifermin reversed
cirrhosis in 39% of participants. These agents act across the MASH cascade, mitigating lipotoxic injury, inflammation, and stellate-cell
activation while favorably modifying cardiometabolic risk. FGF21 therefore represents a unifying therapeutic axis that integrates
hepatic and systemic metabolic correction. Ongoing Phase 3 studies will determine whether these biochemical and histologic
improvements translate into long-term clinical benefit, positioning FGF21 analogues as cornerstone therapies for metabolic disease.
This review aims to synthesize current evidence on the molecular mechanisms and therapeutic potential of FGF21 in metabolic
dysfunction-associated steatohepatitis. It highlights emerging clinical data on FGF21 analogues and their role in targeting key
pathways of disease progression, with implications for future therapeutic strategies.
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Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) has emerged as the most prevalent chronic liver
condition worldwide, affecting an estimated 38% of the global population.' Metabolic dysfunction-associated steatohe-
patitis (MASH), the progressive form of MASLD, is increasingly common and closely parallels the rising burden of
obesity and type 2 diabetes. Clinically, MASH is defined by hepatic steatosis, inflammation, and hepatocellular injury,
with a subset progressing to advanced fibrosis, cirrhosis, hepatocellular carcinoma, and liver-related mortality, while also
conferring substantial cardiovascular risk. Current treatment remains centered on lifestyle intervention, while approved
and emerging pharmacologic options such as resmetirom and semaglutide offer important advances but are limited by
restricted indications, adverse effects, and incomplete coverage of the metabolic, inflammatory, and fibrotic pathways that
drive disease progression. In this context, fibroblast growth factor 21 (FGF21) analogues are attractive because they
target multiple components of MASH biology simultaneously, with potential to improve steatosis, inflammation, fibrosis,

and broader cardiometabolic risk.
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FGF21 is a hepatokine that orchestrates systemic adaptation to nutritional and metabolic stress. First described in
2000, FGF21 has emerged as a central mediator linking hepatic energy metabolism with adipose tissue, skeletal muscle,
the pancreas, and the central nervous system.” Unlike paracrine members of the fibroblast growth factor family, which act
locally in development and repair, FGF21 belongs to the endocrine subgroup characterized by poor heparin binding,
enabling its secretion into the circulation.? Its discovery reframed hepatokines as endocrine effectors that maintain whole-
body metabolic balance. In rodent models, hepatic FGF21 expression increases during fasting, ketogenic diets, cold
exposure, and mitochondrial stress.* FGF21 acts through a receptor complex comprising fibroblast growth factor receptor
Ic (FGFRI1c) and the co-receptor B-Klotho (KLB). The presence of KLB dictates tissue sensitivity, explaining why
FGF21 primarily targets adipose tissue and select brain regions.” Pharmacologic analogues of FGF21 have since become
leading candidates for the treatment of metabolic dysfunction-associated steatohepatitis (MASH) and related cardiometa-
bolic diseases.

This review aims to provide a comprehensive and mechanistic overview of FGF21 biology and its therapeutic
relevance in MASH. It integrates preclinical and clinical evidence to contextualize the role of FGF21 analogues across
the metabolic, inflammatory, and fibrotic spectrum of disease. By synthesizing emerging trial data, this review highlights
FGF21 as a promising multi-target therapeutic strategy in metabolic liver disease.

The Fibroblast Growth Factor Family and FGF21’s Position

The FGF superfamily includes twenty-two proteins with diverse roles in development, repair, and metabolism.® Based on
their signalling mode, FGFs are divided into three subfamilies: Paracrine FGFs, such as FGF1, 10, 16, 18, 20, and 22, act
locally through high-affinity binding to heparan sulphate to regulate growth and angiogenesis. Intracrine FGFs (FGF11,
14) remain within cells and modulate ion channels rather than cell-surface receptors. Endocrine FGFs, FGF19 (rodent
FGF15), FGF21, and FGF23 circulate systemically and require Klotho co-receptors for receptor activation.” FGF21
signals through a heterodimeric receptor complex comprising FGFR isoforms (primarily FGFR1c) and the obligate co-
receptor B-Klotho, which confers tissue specificity by restricting signalling to KLB-expressing metabolic organs. This
receptor requirement is central to its endocrine mechanism, linking ligand binding to downstream ERK and AKT
pathway activation.

FGF21 is structurally distinct because of its weak heparin affinity, a feature that enables endocrine action.® Its
C-terminal domain binds B-Klotho, while the N-terminal domain engages FGFR1c, FGFR2c, and FGFR3c to trigger
ERK and AKT signalling. This dual-binding requirement confines FGF21 activity to KLB-expressing tissues, maintain-
ing specificity despite broad FGF-receptor (FGFR) distribution. Importantly, it is distinguished from FGF19 by its
inability to bind FGFR4.’

Compared with other members of the FGF family, FGF21 is structurally distinct due to its low affinity for heparan
sulphate, which enables endocrine secretion rather than local paracrine signalling. Unlike paracrine FGF's that act at the
tissue level, FGF21 circulates systemically and requires the B-Klotho co-receptor in complex with FGFR 1¢ to mediate its
effects, conferring tissue specificity. Functionally, FGF21 is uniquely adapted for metabolic regulation, coordinating
lipid, glucose, and energy homeostasis, in contrast to other FGFs that primarily regulate development, repair, or mineral
metabolism.

FGF21 Signalling and Physiologic Role

Tissue Sources
The liver is the dominant source of circulating FGF21 under normal physiological conditions. Other tissues, including
adipose tissue, skeletal muscle, pancreas, and heart, contribute under stress or injury.'® Cold exposure stimulates FGF21
production in brown and white adipose tissue to enhance thermogenesis, while skeletal muscle releases FGF21 as
a stress-induced myokine in mitochondrial dysfunction or intense exercise.'""'?

FGF21 expression shows marked tissue specificity, with the liver serving as the primary source of circulating FGF21
under basal physiological conditions. In contrast, adipose tissue, skeletal muscle, pancreas, and heart contribute to FGF21

production in a context-dependent manner, particularly during metabolic stress, cold exposure, mitochondrial
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dysfunction, or injury. Notably, hepatic FGF21 is predominantly endocrine in function, whereas extrahepatic expression
often reflects localized autocrine or paracrine signalling, highlighting organ-specific differences in both magnitude and
functional role.

Regulation of Expression
FGF21 expression is governed by multiple nutrient-sensing and stress-response pathways that enable the liver to adapt to
fluctuating metabolic states. During fasting, hepatic peroxisome proliferator-activated receptor alpha (PPARa) acts as
a major transcriptional driver, linking FGF21 expression to enhanced fatty acid oxidation and ketogenesis.'> Under
conditions of protein restriction, activation of the GCN2-elF2a-ATF4 pathway upregulates FGF21, integrating amino
acid availability with metabolic reprogramming.'* In contrast, carbohydrate overload induces hepatic FGF21 via
carbohydrate response element-binding protein (ChREBP), establishing a feedback mechanism that suppresses simple-
sugar preference and moderates glycemic flux.'> Beyond nutrient sensing, mitochondrial and endoplasmic reticulum
stress markedly increase FGF21 transcription through ATF4 and CHOP activation, positioning it as a sentinel for cellular
stress across diverse physiological contexts.'®

FGF21 transcription is highly tissue-specific and regulated by distinct transcription factors depending on metabolic
context. As described above, in the liver (hepatocytes), the primary source of circulating FGF21, expression is driven by
PPARa and cAMP response element-binding protein H (CREBH) during fasting, carbohydrate-responsive element-
binding protein (ChREBP) in response to glucose, and activating transcription factor 4 (ATF4) with C/EBP homologous
protein (CHOP) under cellular stress.'®!” In adipose tissue, specificity is governed by specificity protein 1 (Sp1) for basal
transcription, while c-Jun N-terminal kinase (JNK) signalling enhances FGF21 production in obesity, and Rev-erb alpha
modulates signalling through repression of beta-Klotho (B-Klotho), the FGF21 coreceptor.'® In skeletal muscle, FGF21
expression is minimal at baseline but induced during mitochondrial stress through myogenic differentiation 1 (MyoD)
and activating transcription factor 2 (ATF2), with additional regulation via the phosphoinositide 3-kinase (PI3K)/Akt/
mechanistic target of rapamycin (mTOR) pathway.'? In contrast, cardiac tissue has minimal intrinsic FGF21 production
and largely depends on endocrine FGF21 derived from adipose tissue, particularly during injury. Collectively, these
mechanisms highlight how FGF21 integrates nutrient, stress, and tissue-specific signals through context-dependent
transcriptional control."’

These combined inputs make FGF21 a dynamic mediator of metabolic resilience, integrating dietary, hormonal, and
stress cues into a unified endocrine signal.

Target Tissues and Receptors

FGF21 exerts its biological effects through interaction with FGFR isoforms lc or 3¢, which must heterodimerize
with the co-receptor P-Klotho to initiate downstream signalling.”*° Because P-Klotho expression is tissue-
restricted, the physiologic actions of FGF21 are confined mainly to metabolic organs that express both receptor
components. Adipose tissue represents the principal peripheral target, where FGF21 enhances insulin sensitivity,
promotes lipolysis, and augments energy expenditure.”' In the central nervous system, p-Klotho is highly expressed
in the hypothalamus, allowing FGF21 to influence appetite, circadian rhythm, and even alcohol consumption.*
Additional sites of action include the pancreas, where FGF21 modulates insulin secretion, and the heart, where it
mitigates oxidative and metabolic stress during injury or overload.>*** The spatial precision conferred by B-Klotho
thus ensures that endocrine FGF21 signalling remains physiologically specific despite widespread FGFR
distribution.

While FGFRI1c is the predominant receptor mediating the metabolic effects of FGF21 in adipose tissue, FGFR2c
also contributes to FGF21 signalling in specific contexts, particularly in the liver and epithelial tissues. In the presence
of the co-receptor B-Klotho, FGFR2c can facilitate FGF21-induced metabolic and proliferative signalling, although its
role is less well defined compared to FGFR1c. FGFR3¢c may provide complementary or tissue-specific signalling,
highlighting that FGF21 activity is mediated through a spectrum of fibroblast growth factor receptors depending on
tissue context.
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Physiologic Functions

FGF21 coordinates a comprehensive adaptive response that spans energy, glucose, lipid, and behavioral regulation. In the
fasting state, FGF21 promotes hepatic fatty acid oxidation and ketogenesis while supporting gluconeogenic pathways that
maintain systemic energy supply.”” By stimulating glucose transporter 1 (GLUT1) expression in adipocytes, it enhances
glucose uptake and improves insulin responsiveness, effectively lowering circulating glucose and insulin levels.>* FGF21
also reduces plasma triglyceride concentrations by suppressing hepatic lipogenesis and stimulating lipoprotein lipase-
mediated clearance.?’ It promotes adiponectin secretion, an adipokine that enhances insulin sensitivity and exerts anti-
inflammatory effects.”® Beyond peripheral metabolism, FGF21 acts on the brain to modulate sweet-taste preference and
alcohol intake, linking hepatic metabolic signals to behavioral regulation.”” Collectively, these actions establish FGF21
as a key endocrine integrator that aligns hepatic nutrient sensing with whole-body metabolic and neurobehavioral
adaptation. Figure 1 shows the triggers for FGF21 release and its target sites.
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L Liver fat (MRI-PDFF) 1 TNF-q, IL-6, IL-1B 1 De novo lipogenesis (SREBP-1c)| | | Stellate cell activation
1 ALT/AST 1 IL-10, Nrf2 activation T Fatty acid oxidation (PPARQ) (a-SMA, COL1A1)
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Figure | Triggers, signalling pathways, and tissue-specific effects of fibroblast growth factor 21 (FGF2I). FGF21 is induced in response to diverse metabolic and cellular
stressors, including fasting, protein restriction, carbohydrate excess, mitochondrial and endoplasmic reticulum stress, cold exposure, intense exercise, hyperglycemia, and
cardiac pressure overload, through nutrient- and stress-sensing pathways such as PPARa, GCN2-elF2a-ATF4, ChREBP, PERK, and ATF4/CHOP. Once secreted, primarily
from the liver; FGF21 acts via FGFR I c/B-Klotho signalling on multiple target tissues. In the liver, it enhances fatty acid oxidation, suppresses SREBP- | c-mediated lipogenesis,
and promotes ketogenesis. In adipose tissue, it increases insulin-independent glucose uptake, lipolysis, and adiponectin secretion. Systemically, these effects improve insulin
sensitivity. In the pancreas, FGF2 1 reduces glucotoxic stress and modulates insulin secretion, while in the central nervous system it suppresses sweet-taste preference, alters
circadian feeding behaviour, and increases sympathetic outflow to brown adipose tissue thermogenesis. In the heart, FGF21 improves fatty acid oxidation efficiency and limits
oxidative stress and hypertrophic signalling. Together, these coordinated actions position FGF21 as a central endocrine regulator of metabolic homeostasis across organs.
(Upward arrow: increases, downward arrow: decreases).
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FGF21 in Obesity, Insulin Resistance and Type 2 Diabetes

FGF21 plays a central role in the metabolic adaptations associated with obesity, insulin resistance, and type 2 diabetes
mellitus. It is produced primarily by the liver in response to metabolic stress and acts through FGFR1c and B-Klotho in
adipose tissue and the central nervous system to regulate nutrient handling and energy balance. The rise in circulating
FGF21 seen in obesity and diabetes reflects a compensatory signal that becomes inadequate as receptor expression and

downstream responsiveness decline.’

Obesity

FGF21 influences body weight through effects on adipose tissue, the central nervous system, and whole-body energy
expenditure. In white adipose tissue, it enhances insulin-independent glucose uptake, increases fatty acid oxidation, and
promotes the release of adiponectin, which improves systemic insulin sensitivity.>' In brown and beige adipose depots,
FGF21 stimulates thermogenesis and increases energy expenditure through activation of UCP1 and mitochondrial
biogenesis.>> Central actions reduce simple-sugar intake and modulate reward pathways, lowering preference for
sweet foods.>® These mechanisms collectively oppose the metabolic consequences of caloric excess.

In diet-induced obese rodents and non-human primates, FGF21 administration produces consistent reductions in body
weight, fat mass, and circulating triglycerides.?’” Treated animals exhibit higher energy expenditure, increased thermo-
genesis, and improved adipose tissue insulin signalling. Acute weight reduction often depends on adipose tissue, but
chronic effects on energy balance occur even when adipose-mediated pathways are impaired, suggesting both adipose-
dependent and independent mechanisms.** Across models, improvements in hepatic steatosis accompany weight loss,
indicating a systemic correction of lipid metabolism.

Human studies show that FGF21 analogues such as LY2405319, pegbelfermin, efruxifermin, and pegozafermin are
safe and well tolerated. However, weight loss in obesity trials has been modest and inconsistent. In early trials, treated
patients experienced small reductions in body weight despite large improvements in triglycerides, HDL cholesterol, and
adiponectin.*>’ Efruxifermin and BFKB8488A showed mild reductions in body weight, but changes rarely matched
preclinical observations.®*° This contrast highlights limitations in translating FGF21-mediated weight loss from animals

to humans.

Insulin Resistance

FGF21 enhances insulin sensitivity by improving glucose uptake in adipose tissue through induction of GLUT1, reducing
hepatic glucose output, and suppressing de novo lipogenesis.26 It shifts cellular metabolism toward fatty acid oxidation
and lowers circulating non-esterified fatty acids, which reduces hepatic substrate burden. The FGF21 adiponectin axis
further amplifies systemic insulin sensitization. These molecular actions position FGF21 as a key counter-regulatory
hormone in states of metabolic overload.

In rodent models of insulin resistance, FGF21 lowers blood glucose, enhances insulin sensitivity, and improves
glucose tolerance independent of insulin secretion.*® These improvements occur rapidly and are tightly linked to p-
Klotho expression in adipose tissue. In FGF21-deficient mice, insulin resistance worsens, hepatic steatosis progresses,
and inflammatory signalling rises, confirming FGF21’s endocrine role in metabolic homeostasis.*’

In insulin-resistant humans, FGF21 analogues improve adiponectin levels, triglycerides, HDL cholesterol, and hepatic
fat content.*? Yet glycemic endpoints have shown limited improvement. Pegbelfermin and BFKB8488A improved
insulin sensitivity indices but did not significantly reduce fasting glucose or HbAlc in most patients with insulin
resistance.’’*” These data underscore a discrepancy between molecular potential and clinical metabolic outcomes.

Type 2 Diabetes Mellitus

FGF21 reduces hepatic gluconeogenesis, increases peripheral glucose uptake, and enhances fatty acid oxidation. In
models of diabetes, it decreases pancreatic stress, improves B-cell survival, and reduces glucotoxicity.*> These actions
support the physiological hypothesis that FGF21 should have antidiabetic potential.
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FGF21 markedly lowers blood glucose in diabetic rodents and non-human primates. It improves glucose tolerance
and reduces HbA ¢ in animals with marked insulin resistance. In these models, both acute and chronic glucose-lowering
effects are reproducible and robust.**** These findings drove initial enthusiasm for the translation of FGF21 analogues
into antidiabetic therapies.

Despite strong preclinical efficacy, clinical trials in type 2 diabetes have not met primary glycemic endpoints.
LY2405319 improved triglycerides and HDL cholesterol but produced only small reductions in fasting glucose and
HbAlc.* Pegbelfermin, efruxifermin, and BFKB8488A produced similar metabolic improvements but modest glycemic

benefit.>’%4® The failure to replicate preclinical glucose-lowering effects likely reflects several factors:

e FGF21 resistance: Obesity and diabetes are associated with high endogenous FGF21 levels and reduced B-Klotho
expression, limiting target-tissue sensitivity.*’

e Pharmacokinetics: Even optimized analogues may not fully mimic physiological pulsatility or tissue distribution
patterns.

e Interspecies differences: Human adipose and CNS responses differ significantly from rodents, especially in
thermogenesis.

e Complexity of metabolic disease: Redundant hormonal pathways in humans may blunt the antidiabetic effect of
isolated FGF21 signalling.

Together, these limitations explain why FGF21 analogues show strong effects on lipids, adiponectin, and hepatic fat
but only modest glycemic responses in people with obesity and type 2 diabetes.

Effects on Systemic Metabo-Inflammation

FGF21 plays an important role in regulating systemic metabolic inflammation, or metaflammation, which is a hallmark of
obesity, insulin resistance, and type 2 diabetes. Chronic nutrient excess drives activation of inflammatory pathways in
adipose tissue, liver, and immune cells. FGF21 counters these processes by improving metabolic homeostasis and by
exerting direct anti-inflammatory actions on multiple cell types.

FGF21 reduces inflammatory signalling in adipocytes, preadipocytes, and macrophages. It lowers expression of key pro-
inflammatory cytokines, including TNF-a, IL-1f, and IL-6, while increasing anti-inflammatory cytokines such as IL-10.
These effects arise through suppression of the NF-kB pathway and activation of Nrf2-dependent antioxidant responses.*®
Experimental models of obesity and type 2 diabetes show that FGF21 administration reduces tissue inflammation, decreases
circulating inflammatory markers, and improves glucose metabolism as inflammatory tone declines.*’

Distinct signalling pathways mediate these anti-inflammatory effects in different tissues. In adipose tissue, FGF21
signals through FGFR substrate 2 and ERK1/2 to reduce cytokine expression and improve adipocyte function. In
macrophages, FGF21 modulates oxidative stress responses through activation of Nrf2.* Together, these pathways
attenuate local tissue inflammation and reduce systemic metabolic stress.

In metabolic syndrome and fatty liver disease, circulating FGF21 levels correlate with markers of inflammation such
as IL-6, TNF-q, and hs-CRP.**" Impaired FGF21 responses are associated with exaggerated postprandial inflammation,
suggesting that endogenous FGF21 normally acts as a brake on inflammatory activation during nutrient excess.’” In diet-
induced obesity, loss of FGF21 signalling worsens adipose tissue inflammation and hepatic injury, whereas endogenous
FGF21 protects against progression of metaflammation.*’ In contrast, pharmacologic FGF21 analogues in clinical trials
have shown variable anti-inflammatory effects, and are discussed in later sections.

Overall, FGF21 functions as an endocrine regulator of systemic metaflammation. By decreasing inflammatory
cytokine production, enhancing antioxidant defence, and alleviating metabolic stress, FGF21 interrupts the cycle that
links nutrient overload with chronic inflammation. These actions complement its metabolic effects and contribute to its
therapeutic potential in obesity, insulin resistance, type 2 diabetes, and metabolic liver disease.
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Rationale for the Use of FGF21 in MASH

Over the course of the last two decades, the core elements of the pathogenic underpinning of MASH have been
established.>> MASH progression is driven by a tightly interconnected cascade linking lipid accumulation, oxidative
stress, inflammation, and fibrosis. Hepatic lipid overload, driven by increased de novo lipogenesis (via sterol regulatory
element-binding protein 1¢ {SREBP-1c¢}) and impaired B-oxidation, leads to lipotoxicity with accumulation of toxic lipid
species such as free fatty acids and ceramides. This promotes mitochondrial dysfunction and generation of reactive
oxygen species (ROS), activating oxidative stress pathways including c-Jun N-terminal kinase (JNK) and nuclear factor
erythroid 2-related factor 2 (Nrf2). Oxidative stress in turn triggers hepatocyte injury and release of damage-associated
molecular patterns (DAMPs), which activate Kupffer cells and recruit inflammatory cells through nuclear factor-kappa
B (NF-kB) signalling and inflammasome pathways (eg., NLRP3).

This inflammatory milieu amplifies hepatocellular injury and perpetuates cytokine release, including tumor necrosis
factor alpha (TNF-a), interleukin-1 beta (IL-1p), and interleukin-6 (IL-6), creating a feed-forward loop between oxidative
stress and inflammation. Chronic inflammation then activates hepatic stellate cells through transforming growth factor
beta (TGF-fB) and platelet-derived growth factor (PDGF) signalling, driving extracellular matrix deposition and fibrogen-
esis. Importantly, these processes are not linear but bidirectional, as fibrosis further exacerbates hypoxia and oxidative
stress, reinforcing disease progression.

FGF21 integrates into this pathway as a stress-responsive hepatokine that counteracts multiple nodes of injury. It
enhances fatty acid oxidation, reduces lipogenesis, and improves mitochondrial function, thereby limiting lipotoxicity
and oxidative stress, while simultaneously suppressing NF-kB-mediated inflammation and promoting anti-inflammatory
signalling. These combined metabolic and anti-inflammatory effects position FGF21 analogues as promising therapeutic
agents to interrupt disease progression and promote fibrosis regression in MASH.

Figure 2 shows the effects of FGF21 in MASH.

As we will explore below, the emerging consensus is that FGF21 analogues consistently improve hepatic steatosis,
lipid profiles, and insulin sensitivity, with several agents demonstrating clinically meaningful signals for MASH
resolution and fibrosis improvement. However, variability in antifibrotic efficacy across trials and agents highlights
ongoing uncertainty, particularly in advanced fibrosis and cirrhosis, where results have been more modest or inconsistent.
Clinically, reductions in liver fat and improvements in non-invasive biomarkers are reproducible, but translation to hard
histologic and long-term outcomes remains an area of active investigation.

Strengths of FGF21 analogues include their multimodal mechanism targeting lipid metabolism, inflammation, and
fibrosis simultaneously, along with generally favourable safety profiles. Limitations include potential FGF21 resistance,
heterogeneity in receptor engagement and pharmacokinetics across agents, and incomplete durability data. Overall, while
FGF21-based therapies represent a promising class, further phase 3 data are needed to define their long-term clinical
benefit, optimal patient selection, and positioning relative to other metabolic and antifibrotic therapies.

Effects on Hepatic Metabolism
FGF21 regulates key aspects of hepatic lipid and glucose metabolism. It increases fatty acid oxidation, suppresses de
novo lipogenesis, and reduces hepatic triglyceride accumulation.”® These actions are mediated through PPARa activation,
enhanced mitochondrial p-oxidation, and inhibition of SREBP-1 driven lipogenesis.’* In models of MASLD, FGF21
reduces hepatic steatosis, improves insulin sensitivity, and restores metabolic flexibility.>

FGF21 analogues such as pegbelfermin, efruxifermin, and pegozafermin produce substantial reductions in liver fat in
clinical trials.*®**>® Decreases in ALT, AST, triglycerides, and PRO-C3 accompany these improvements, indicating both
metabolic and structural benefit. Through these coordinated actions, FGF21 addresses the metabolic overload that
initiates and perpetuates MASLD.

Effects on Oxidative Stress, Mitochondrial Health, and ER Stress
Lipotoxicity and mitochondrial dysfunction are central drivers of MASLD progression.”” FGF21 functions as a stress-
responsive hepatokine that counters these processes. It activates Nrf2-dependent antioxidant pathways, which reduce
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Figure 2 Hepatocyte stress-induced FGF2I signalling and downstream metabolic, inflammatory, and antifibrotic effects. Hepatocellular lipotoxicity, oxidative stress, and
endoplasmic reticulum stress induce FGF2| expression and secretion as an adaptive response. Circulating FGF21 signals through the FGFR1/B-Klotho receptor complex to
coordinate protective actions across metabolic and immune pathways. In the liver, FGF21 reduces hepatic fat content and serum transaminases. It suppresses inflammatory
signalling by lowering TNF-a, IL-6, and IL- 1, promoting IL-10 production, activating Nrf2, and favouring anti-inflammatory macrophage polarization. Metabolic effects include
inhibition of SREBP-|c-mediated de novo lipogenesis, activation of PPARa-driven fatty acid oxidation, increased adiponectin, improved insulin sensitivity, higher HDL
cholesterol, and reduced triglycerides. FGF21 also exerts antifibrotic effects by limiting hepatic stellate cell activation, decreasing expression of 0-SMA and COLIAI, and
improving non-invasive fibrosis markers such as PRO-C3 and ELF score. Collectively, these integrated actions position FGF21| as a central stress-response hepatokine that
counteracts the key drivers of MASH progression. (Upward arrow: increases, downward arrow: decreases).
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reactive oxygen species and enhance cellular resilience.® FGF21 improves mitochondrial capacity, supports mitochon-
drial biogenesis, and restores proteostasis in hepatocytes exposed to lipid excess.

FGF21 also reduces ER stress by improving protein folding capacity and maintaining cellular homeostasis during
nutrient overload.>® In preclinical studies, it protects hepatocytes from lipotoxicity-induced apoptosis and prevents
progression from simple steatosis to steatohepatitis.°” These actions reduce cellular injury signals that fuel inflammation
and fibrosis in MASLD.

Effects on Innate Immune Activation
Innate immune activation amplifies hepatocellular injury in MASLD.' FGF21 suppresses macrophage-mediated inflam-
mation through inhibition of NF-kB and activation of Nrf2.*® It reduces production of pro-inflammatory cytokines such
as TNF-a, IL-1p, IL-6, and IFN-y while increasing anti-inflammatory IL-10.°*> FGF21 acts directly on macrophages and
indirectly via adipose tissue, where it reduces inflammatory cytokine release from adipocytes and preadipocytes.*’
FGF21 also modulates neutrophil and monocyte function, enhancing phagocytosis and oxidative burst
capacity.®® Despite this, the overall effect remains anti-inflammatory in the setting of metabolic disease. In
MASLD, circulating FGF21 levels correlate with inflammatory markers, and impaired FGF21 signalling is
associated with exaggerated postprandial inflammation. Administration of FGF21 analogues improves hepatic
inflammatory markers in clinical studies, whereas systemic anti-inflammatory effects were primarily demonstrated

in preclinical models.*®45:64

Effects on Fibrosis

Fibrosis is the major determinant of prognosis in MASLD.® FGF21 has consistent antifibrotic actions across multiple
models. It reduces stellate-cell activation, decreases collagen deposition, and lowers expression of fibrogenic genes such
as 0-SMA and collagen 1. These effects arise from direct antagonism of myofibroblast differentiation, inhibition of TGF-
B1/Smad signalling cascades, induction of apoptosis in activated myofibroblasts, and regulation of cytoglobin expression
in hepatic stellate cells.®*¢’

FGF21 analogues have shown meaningful antifibrotic activity in humans. In clinical trials of pegozafermin and
efruxifermin, fibrosis biomarkers such as PRO-C3, ELF score, and liver stiffness decline during treatment.®*°® In the
HARMONY and BALANCE trials, some patients demonstrated histologic improvement in fibrosis stage, indicating
a direct disease-modifying effect. The combination of metabolic correction, anti-inflammatory activity, and stellate-cell

suppression positions FGF21 as a strong antifibrotic candidate in MASLD.

Emerging Data on Regeneration

FGF21 has shown regenerative effects in peripheral nerve injury by reducing oxidative damage and regulating autophagy,
suggesting broader roles in tissue repair.’” FGF21 accelerates cutaneous wound healing by promoting keratinocyte
migration and differentiation via SIRT1-dependent autophagy.’® In diabetic wound models, FGF21 treatment restored
endothelial cell proliferation, migration, and tube-forming ability under hyperglycemic conditions while reducing
inflammatory responses and mitochondrial damage.”"

Although limited, emerging data suggest that FGF21 may support hepatic regeneration. In animal models, FGF21
improves mitochondrial health and reduces oxidative and ER stress, conditions that favour hepatocyte survival and
recovery.’” In zebrafish models of targeted liver cell ablation, FGF21 increased the regeneration area of damaged liver
and improved survival rates by activating AMPK-mTOR-mediated autophagy while reducing apoptosis and oxidative
stress.”” These findings complement the clinical data on fibrosis reversal in MASH discussed previously, suggesting
FGF21 supports both hepatocyte survival during acute injury and structural remodelling in chronic disease. These
findings remain preliminary but raise the possibility that FGF21 may contribute to hepatic regeneration in addition to

its metabolic and antifibrotic actions.
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Types of FGF21 Available for Use as Drugs and Differences Across FGF21

Analogues
Native FGF21 has a short plasma half-life of less than two hours, rapid renal clearance, and susceptibility to proteolytic
degradation. These properties limit its direct clinical use. To overcome these limitations, several engineered analogues
have been developed to prolong half-life, improve receptor affinity, and optimize tissue distribution. Modifications
include PEGylation, Fc-fusion, and amino-acid substitutions that resist cleavage by dipeptidyl peptidase IV.”* Each class
of analogue differs in pharmacokinetics, receptor selectivity, and clinical performance.

Table 1 summarises the various FGF21 agents available for use as drugs.

Early Studies and Clinical Development of FGF2| Analogues
Pegbelfermin (BMS-986036)

Pegbelfermin is a PEGylated recombinant FGF21 analogue designed for once-daily or once-weekly dosing. It was the
first FGF21 analogue to show clear metabolic and hepatic efficacy in humans, establishing proof of concept for this
therapeutic class.”

In a randomized phase 2a, 16-week, double-blind, placebo-controlled trial in patients with biopsy-confirmed NASH
(F1-F3), pegbelfermin achieved significant reductions in absolute hepatic fat fraction compared with placebo.>® More
than half of patients in pegbelfermin groups achieved >30% relative reduction in hepatic fat fraction, a threshold
associated with histological response. Significant decreases in PRO-C3 and increased adiponectin levels were seen in
pegbelfermin groups compared to placebo. Improvements were also observed in lipid profiles and markers of liver injury.

In the phase 2b FALCON-1 and FALCON-2 trials in biopsy-proven NASH, once-weekly pegbelfermin for
24-48 weeks produced approximately 30—40% relative reductions in hepatic fat fraction, improvements in ALT and
AST, and decreases in fibrosis markers such as PRO-C3 and ELE.”®”” Adverse events were mainly mild gastrointestinal

Table | Comparative Characteristics of FGF2| Analogues in Development for MASLD/MASH

Drug Modification/Type Dosing Key Clinical Status/ Notable Differences
Name Frequency Pharmacokinetic Indication
Features
Efruxifermin Fc-fusion protein Once weekly Extended half-life Phase 2/3 for Potent reduction in fibrosis, steatosis;
(bivalent) MASH, fibrosis bivalent structure
Pegbelfermin PEGylated FGF2I Daily or Prolonged half-life via Phase3 for MASH, Improves insulin sensitivity,
weekly PEGylation fibrosis adiponectin; PEGylation
Pegozafermin GlycoPEGylated Once weekly Extended half-life, Phase 2/3 for Significant fibrosis improvement;
FGF21 improved stability MASH, fibrosis glycoPEGylation
BOS-580 Long-acting FGF2I Not Engineered for longer Phase 2 for Preclinical/early clinical data
analogue specified duration MASLD/MASH
FGF21-164 Highly glycosylated Not Markedly prolonged Preclinical Enhanced glycosylation, sialylation
FGF2| mutant specified half-life
HSA- Albumin-fused FGF21 | Twice weekly ~20x longer half-life Preclinical Albumin fusion, tissue distribution
mFGF21 mutant than native
Efimosfermin Not detailed Not Not specified Phase 2 for MASH, Limited published data
specified fibrosis

Notes: This table summarizes key pharmacologic features of representative FGF2|-based therapies, including molecular modification or construct type, dosing frequency,
pharmacokinetic properties, and current clinical development status. Differences among agents reflect distinct engineering strategies such as PEGylation, glycoPEGylation,
Fc-fusion, albumin fusion, or glycosylation, which influence half-life, tissue exposure, and metabolic potency. Collectively, these agents highlight the evolution of FGF2| from
a short-lived hepatokine into a diverse therapeutic class targeting hepatic steatosis, fibrosis, and cardiometabolic risk in MASLD and MASH.
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symptoms and transient injection-site reactions, indicating a favourable safety profile. However, histologic NASH
resolution and fibrosis improvement endpoints were achieved in only a modest proportion of patients.

Pegbelfermin has not advanced into phase 3 development for MASH. The limited histologic response in FALCON,
coupled with the emergence of more potent and durable FGF21 analogues, led to strategic discontinuation of further late-
phase trials in favor of next-generation agents.

Efruxifermin (AKR-001)

Efruxifermin is an Fc-fusion FGF21 analogue with a terminal half-life of about 3—4 days, enabling once-weekly dosing.
It provides balanced FGFR1c, FGFR2c, and FGFR3c activity while remaining B-Klotho dependent, and currently
represents the most advanced FGF21 agent in development.’®

Early 2a studies in patients with NASH and metabolic risk factors showed that efruxifermin rapidly reduced liver fat,
improved triglycerides and HDL cholesterol, and increased adiponectin.*® The BALANCED phase 2a trial demonstrated
that efruxifermin significantly reduced hepatic fat fraction in patients with biopsy proven NASH and F1-F3 fibrosis, by
up to 13% vs 0.3% in placebo. Beyond hepatic steatosis, efruxifermin improved multiple metabolic and hepatic
parameters, including increasing adiponectin levels and improved lipid profiles compared to placebo. These trials
demonstrated good tolerability, with mostly mild gastrointestinal events, and established dose ranges suitable for longer-
term histologic studies.

In the phase 2b HARMONY trial, weekly efruxifermin for 24 weeks in patients with NASH and fibrosis stage F2-F3
resulted in NASH resolution without fibrosis worsening in up to 41% of participants, and at least one-stage fibrosis
improvement in 39%.%%%* Liver fat reduced by about 60-70% on MRI-PDFF, and fibrosis markers such as PRO-C3 and
TIMP-1 improved. Liver fat normalised (<5%) in 30-50% of patients on efruxifermin, compared to 2% with placebo.
The efficacy appeared preserved in patients taking GLP-1 receptor agonists and was unrelated to baseline statin use.

The SYMMETRY phase 2b trial in compensated NASH cirrhosis confirmed beneficial effects on liver stiffness,
collagen turnover, and metabolic parameters, with a consistent safety profile.”” The primary outcome was reduction of at
least one stage of fibrosis without worsening MASH at week 36, and was not achieved. However, at week 96,
efruxifermin demonstrated a clinically meaningful benefit, with 29% of patients achieving fibrosis reduction without
worsening MASH compared to 11% with placebo. Multiple secondary endpoints, including reductions in hepatic fat
fraction, liver stiffness by MRE and biomarkers of liver injury and fibrosis were noted in the treatment group. These
findings positioned efruxifermin as a leading candidate among FGF21 analogues.

Efruxifermin is now being evaluated in the SYNCHRONY phase 3 program, including a large randomized, placebo-
controlled trial in non-cirrhotic MASH with fibrosis stage F2-F3 (NCT06215716). This study will assess NASH
resolution and fibrosis regression over long-term treatment and will provide definitive data on efficacy, safety, and
durability. Additional phase 3 trials in compensated cirrhosis due to MASH are also underway (NCT06528314).

Pegozafermin (BIO89-100)

Pegozafermin is a glyco-PEGylated FGF21 analogue with site-specific modifications that extend its half-life to about
90 hours. It combines potent FGFR1c/B-Klotho activation with infrequent dosing and a strong triglyceride-lowering
profile.®

Multiple-ascending-dose and short-term studies in patients with NASH or dyslipidemia showed that pegozafermin
substantially reduced triglycerides, increased HDL cholesterol, and lowered hepatic fat content, with good tolerability
and low immunogenicity.’®*® These results provided early evidence of dual hepatic and cardiovascular benefit.

The ENLIVEN phase 2b trial demonstrated that pegozafermin significantly improved fibrosis (27% of patients
receiving 44 mg every 2 weeks vs 7% with placebo) and NASH resolution (37% vs 2% in placebo) in patients with
biopsy-confirmed NASH and F2-F3 fibrosis.®® Substantial reductions were noted in liver fat content measured by MRI-
PDFF, with improvements in ELF scores, liver stiffness and liver volume. In the ENTRIGUE trial, pegozafermin reduced
triglycerides by 50-60% and improved HDL cholesterol in patients with severe hypertriglyceridemia, supporting its
development both for MASH and for atherogenic dyslipidemia.®!
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Phase 3 development of pegozafermin includes the ENLIGHTEN-Fibrosis trial (NCT06318169), a randomized,
placebo-controlled study in adults with MASH and fibrosis stage F2-F3. This trial evaluates whether pegozafermin
can achieve fibrosis improvement without worsening MASH or MASH resolution without worsening fibrosis after
one year of treatment. A companion phase 3 study, ENLIGHTEN-Cirrhosis, is assessing pegozafermin in compensated
MASH cirrhosis (NCT06419374) to determine its efficacy and safety in more advanced disease.

BFKB8488A (Roche/Genentech)

BFKB8488A is a humanized monoclonal antibody that selectively agonizes the FGFR1/B-Klotho complex, avoiding
FGFR2 and FGFR3 activation. It is unique among FGF21-based therapies as a receptor-targeted biologic with long
dosing intervals and high specificity.

In a Phase I trial in obese and diabetic adults, single and multiple doses of BFKB8488A produced dose-dependent
reductions in hepatic fat, plasma triglycerides, and body weight, along with marked increases in adiponectin.®
Participants also reported reduced preference for sweet foods, consistent with FGF21’s central role in dietary reward
and sugar intake. The safety profile was favourable, with mostly mild gastrointestinal symptoms. Detailed histologic data
in MASH remain limited compared to efruxifermin and pegozafermin.

As of November 2025, BFKB8488A has not entered phase 3 trials for MASH. Ongoing and planned phase 2 studies
will determine whether its selective FGFR1/B-Klotho activation and long-acting antibody format justify progression to
large-scale histologic and outcome-based trials.

Potential Risks and Safety Profile of FGF2| Analogues

Across clinical trials, FGF21 analogues have demonstrated an excellent overall safety profile. The most frequent adverse
events include mild gastrointestinal symptoms such as nausea, diarrhea, or decreased appetite, which are typically
transient and dose-related.® Injection-site reactions are infrequent and self-limited. Laboratory findings show modest,
reversible decreases in serum bone formation markers, possibly reflecting FGF21 effects on bone turnover observed in
animal studies.®>* However, no increase in fracture incidence or bone mineral density loss has been reported in human
trials. Minor reductions in blood pressure and heart rate have been noted, attributed to improved autonomic tone and
metabolic efficiency rather than direct cardiovascular toxicity.*> No significant hepatotoxicity, renal impairment, or
immune-mediated hypersensitivity has been documented to date. Given the endocrine breadth of FGF21, long-term
surveillance for potential effects on thyroid, reproductive, and bone metabolism remains warranted, but cumulative trial
data support an excellent benefit-to-risk balance.

Future Role of FGF2l in MASH and Beyond

FGF21 analogues represent a paradigm shift toward multi-target metabolic therapy for MASH. Unlike agents that act on
single pathways, such as FXR or PPARs, FGF21 addresses the full metabolic-inflammatory-fibrotic spectrum. It
improves hepatic steatosis, insulin sensitivity, lipid metabolism, and systemic inflammation while mitigating fibrosis
progression. The next generation of trials will determine whether histologic and biochemical benefits translate into
clinical outcomes such as reduced progression to cirrhosis, decompensation, and cardiovascular events. Combination
strategies with GLP-1 receptor agonists or thyroid hormone receptor B agonists (eg., resmetirom) may further enhance
efficacy through complementary mechanisms. Beyond MASH, FGF21 analogues are being explored for the treatment of
metabolic and fibrotic disorders, including chronic kidney disease, heart failure with preserved ejection fraction, and
obesity-related cardiomyopathy.'® The hormone’s pleiotropic effects on mitochondrial efficiency, oxidative stress, and
inflammation make it an attractive candidate for systemic metabolic modulation.

Role of FGF21 Beyond MASH to Other Liver Diseases

FGF21 is primarily studied in the context of MASH, but preclinical and clinical data suggest broader relevance. In
alcohol-associated liver disease, elevated FGF21 levels are associated with a protective response, and FGF21 adminis-
tration can reverse disease progression and reduce fibrosis, indicating therapeutic potential.*® Experimental models of
toxin-induced hepatic fibrosis (eg., dimethylnitrosamine-induced) show that FGF21 attenuates fibrogenesis by inhibiting
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hepatic stellate cell activation and modulating TGF-B/Smad2/3 and NF-xB signalling pathways, suggesting direct
antifibrotic actions independent of metabolic dysfunction.®” Additionally, FGF21 deficiency has been linked to increased
risk and severity of HCC, and its presence may mitigate oncogenic processes in the liver, although clinical translation in
HCC remains investigational.®® FGF21’s effects on fibrosis appear to be mediated by both direct actions on hepatic
stellate cells and indirect effects via modulation of inflammation, lipid metabolism, and cellular stress responses.

Beyond the Liver: FGF21 in Extrahepatic Fibrotic and Metabolic Diseases
Fibroblast growth factor 21 (FGF21) plays a significant antifibrotic and metabolic regulatory role in extrahepatic tissues,
including the lung, kidney, heart, adipose tissue, and pancreas, beyond its established hepatic effects.

FGF21 exerts antifibrotic effects in the lung: In idiopathic pulmonary fibrosis (IPF), FGF21 levels are elevated, and
animal models show that FGF21 deficiency worsens lung fibrosis, while administration of FGF21 analogs mitigates
fibrogenesis, primarily by inhibiting alveolar epithelial cell apoptosis rather than directly altering fibroblast phenotype.®
Similarly, in the kidney, FGF21 is upregulated in response to fibrotic injury and directly inhibits renal fibrosis by
suppressing the Wnt/B-catenin signalling pathway, as demonstrated in mouse models of unilateral ureteral obstruction.””
In the cardiovascular system, FGF21 is associated with reduced risk and progression of atherosclerosis, coronary artery
disease, and heart failure, likely through its anti-inflammatory, antioxidative, and metabolic actions.”! Elevated FGF21
levels predict the incidence and progression of cardiovascular and metabolic diseases, and experimental models suggest
FGF21 protects against cardiac injury and remodelling.”? Metabolically, FGF21 regulates glucose and lipid homeostasis
in adipose tissue, enhances insulin sensitivity, promotes browning of white adipose tissue, and increases energy
expenditure.*® In the pancreas, FGF21 has anti-inflammatory effects and may preserve B-cell function.'® Elevated
FGF21 is observed in obesity, type 2 diabetes, and metabolic syndrome, and is associated with disease severity and

complications, including nephropathy and atheromatosis.”*

Summary and Future Directions

FGF21 has emerged as one of the most promising metabolic hormones in the treatment of MASH. Over the past two
decades, the understanding of FGF21 has progressed from its initial description as afasting-induced hepatokine to its
current recognition as asystemic regulator of energy homeostasis, lipid turnover, and inflammatory balance. Through its
actions on the liver, adipose tissue, skeletal muscle, and brain, FGF21 coordinates an integrated response to metabolic
stress that directly targets the pathogenic drivers of MASH.

FGF21 improves insulin resistance by enhancing fatty acid oxidation, reducing de novo lipogenesis, and correcting
hepatic and adipose metabolism. These metabolic effects are reinforced by anti-inflammatory and antifibrotic actions,
partly through the FGF21 adiponectin axis. In preclinical models, FGF21 supplementation reverses steatohepatitis,
lowers oxidative and ER stress, and down-regulates fibrogenic gene expression, supporting pharmacologic replacement
in MASH, where endogenous FGF21 is elevated but functionally resistant.

Clinical trials with pegbelfermin, efruxifermin, and pegozafermin confirm reductions in hepatic fat, triglycerides, and
non-invasive fibrosis markers, along with increases in HDL cholesterol and adiponectin, with good tolerability. These
agents also improve systemic insulin sensitivity and lipid balance, suggesting dual hepatic and cardiovascular benefit in
a population with high cardiometabolic risk. Key remaining questions include whether these improvements translate into
fewer cirrhosis-related events and cardiovascular outcomes, and whether long-term maintenance therapy will be required
to sustain benefit.

Combination therapy is another promising frontier. FGF21 analogues may complement agents that target parallel
metabolic pathways, such as GLP-1 receptor agonists, FXR agonists, or THR-$ modulators, such as resmetirom. These
combinations could enhance weight loss, lipid metabolism, and fibrosis regression beyond the effect of any single drug.
Moreover, FGF21’s favorable safety and cardiovascular profile make it an ideal backbone for such regimens. Precision
medicine approaches that incorporate genetic, metabolic, and transcriptomic data may also help identify subgroups, such
as those with pronounced dyslipidemia or adiponectin deficiency, who are most likely to benefit.

Beyond MASH, FGF21’s physiological role extends to other chronic diseases characterized by metabolic stress and
fibrosis. Studies in animal models show beneficial effects in cardiac hypertrophy, renal fibrosis, and obesity-related
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cardiomyopathy. These data highlight FGF21’s potential as a systemic antifibrotic and metabolic modulator rather than
a liver-specific intervention. Its impact on mitochondrial function, oxidative balance, and cellular survival pathways
suggests applicability to a wide range of chronic fibrotic and metabolic conditions.

In conclusion, FGF21 represents a unifying concept in metabolic medicine, a single pathway capable of influencing
lipid flux, insulin action, inflammation, and fibrosis across organ systems. Among the many agents in development for
MASH, it is distinguished by its broad action and its ability to improve the metabolic phenotype underlying both hepatic
and cardiovascular disease. As phase 3 data mature, FGF21-based therapies may redefine the management of MASH,
shifting the focus from isolated hepatic endpoints toward holistic metabolic restoration. The ongoing evolution of long-
acting analogues and rational combination strategies offers an opportunity not only to alter the course of MASH but to
establish FGF21 as a cornerstone therapy for systemic metabolic fibrosis.
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