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Abstract

Fibroblast growth factor 21 (FGF21) is an endocrine hormone central to metabolic regulation under nutritional and cellular
stress. Predominantly synthesized by the liver, FGF21 exerts pleiotropic effects through fibroblast growth factor receptor
Ic (FGFRI1c) and its co receptor B-Klotho, targeting adipose tissue, skeletal muscle, pancreas, and the central nervous
system. In diabetes mellitus, FGF21 enhances insulin sensitivity, stimulates adiponectin secretion, alleviates hepatic ste-
atosis, and protects pancreatic 3-cells from oxidative and endoplasmic reticulum stress. These effects are mediated via key
molecular pathways, including AMPK, SIRT1, PGC-1a, and mTOR signaling. Interestingly, despite elevated circulating
FGF21 levels in obesity and type 2 diabetes, biological responsiveness is diminished—a phenomenon termed FGF21
resistance, characterised by impaired receptor expression, inflammatory signaling interference, and downstream signaling
deficits. This review presents an in depth mechanistic overview of FGF21 signaling, its regulatory networks, and impli-
cations for glucose and lipid homeostasis, inflammation, mitochondrial health, and autophagy. Additionally, it discusses
the development of pharmacologically optimized FGF21 analogs and multi agonists designed to overcome resistance and
enhance therapeutic efficacy. As our comprehension of FGF21 biology deepens, elucidation of its molecular processes,
resistance phenomena, and pharmacological refinement will be crucial in establishing FGF21 as a fundamental element
of precision medicine for metabolic illnesses. The incorporation of FGF21 based strategies with combinatorial pharma-
cotherapy and tissue targeted delivery methods offers a potential approach to tackle the complicated pathophysiology of
diabetes and improve clinical outcomes in affected populations.
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Introduction

Diabetes mellitus (DM) represents one of the most pressing
global health challenges of the 21st century, with an esti-
mated 537 million adults affected worldwide as of 2021, a
figure projected to escalate to 783 million by 2045 [1]. Char-
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necessitating the exploration of novel mechanistic targets
and disease modifying interventions [5].

In this context, fibroblast growth factor 21 (FGF21) has
emerged as a potent endocrine regulator of energy homeo-
stasis and an attractive candidate for therapeutic exploita-
tion in metabolic diseases [6, 7]. Initially identified in 2000
through genome wide screens of fasting induced hepatic
genes, FGF21 belongs to the atypical endocrine FGF sub-
family, which includes FGF19 and FGF21 [8, 9]. Unlike
canonical FGFs that act via autocrine/paracrine mechanisms
and require heparan sulfate for receptor binding, endocrine
FGFs function systemically, relying on co receptor interac-
tions—specifically, B-Klotho—for selective tissue targeting
[10-12]. FGF21 is predominantly secreted by the liver, but
is also expressed in white and brown adipose tissue, skeletal
muscle, and pancreas, with its levels dynamically regulated
by metabolic and hormonal signals such as fasting, keto-
genic diet, cold exposure, and PPARa/y activation [13, 14].

The physiological actions of FGF21 are pleiotropic and
context dependent. In the liver, it promotes gluconeogen-
esis and fatty acid oxidation; in adipose tissue, it induces
browning, thermogenesis, and insulin sensitization; in the
central nervous system, it has protective role in nerve injury
and cognitive impairment; and in pancreatic islets, it exerts
cytoprotective effects on B-cells [15, 16]. Notably, FGF21
knockout models develop glucose intolerance, hepatic ste-
atosis, and increased adiposity, underscoring its essential
role in maintaining metabolic homeostasis [17, 18]. Phar-
macological administration of recombinant FGF21 or its
analogs in animal models and clinical trials on humans has
demonstrated improvement in insulin sensitivity, reductions
in blood glucose and triglyceride levels, declines in body
weight, and improvements in non-alcoholic steatohepati-
tis (NASH) [19-22]. These findings caused an increased
interest in FGF21 based therapies. Individuals with obesity,
T2DM, and metabolic syndrome often have increased circu-
lating levels of FGF21, a condition referred to as “FGF21
resistance,” indicating impaired receptor signaling or post
receptor abnormalities despite the presence of high ligand
levels [23]. Similar to leptin and insulin resistance, this
resistance impairs the therapeutic response and demands
enhanced molecular understanding. Furthermore, several
studies link FGF21 to essential processes including autoph-
agy, mitochondrial biogenesis, reduction of endoplasmic
reticulum (ER) stress and modulation of inflammatory path-
ways—functions that expand its reach beyond metabolic
control [24-29].

This review describes an overall and mechanistic view
of FGF21 in the pathogenesis of diabetes. This review dis-
cusses regulation of FGF21 expression and endocrine and
paracrine effects on peripheral tissues, including its cross
talk with metabolic signaling pathways (AMPK, SIRTI,
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mTOR, PGC-1a). In addition, this review discusses about
FGF21 resistance, its effect on translational medicine, as
well as recent progresses towards the discovery and devel-
opment of long acting FGF21 analogs and/or mimetics.
Taken together, these observations highlight the promising
role of targeting FGF21 pathways in diabetes prevention
and treatment, in the context of the emerging landscape of
precision medicine.

Structure, expression, and regulation of
FGF21

The human FGF2I gene is located on chromosome 19
(19q13.33), spanning four exons and encoding a 209 amino
acid protein that includes an N terminal signal peptide and
a mature FGF domain [30-32]. Post translational process-
ing by proprotein convertases such as furin is necessary for
its full activation. FGF21 signals through fibroblast growth
factor receptors (primarily FGFR1¢, FGFR2c, and FGFR3c)
in the presence of the obligate co receptor f-Klotho, which
confers tissue specificity by restricting FGF21 activity to
B-Klotho expressing cells [33].

The expression of FGF2I is highly tissue and context
dependent. Under basal conditions, the liver is the pre-
dominant source of circulating FGF21, although significant
expression is also observed in white and brown adipose tis-
sue, pancreas, and skeletal muscle. The transcriptional regu-
lation of FGF21 is tightly linked to nutritional and metabolic
states. Fasting and ketogenic diets robustly induce hepatic
FGF21 expression through peroxisome proliferator-acti-
vated receptor a (PPARa) activation [34]. In hepatocytes,
PPARa directly binds to the FGF21 promoter in response to
fatty acid accumulation during fasting, leading to enhanced
transcription [13]. Notably, PPARa-null mice fail to induce
FGF21 during starvation, underscoring the importance of
this axis in nutrient sensing [35, 36].

Beyond the liver, FGF2] expression in adipose tissue
is modulated by PPARY, particularly during conditions of
overnutrition or thiazolidinedione treatment [37]. Adipocyte
derived FGF21 may act in an autocrine or paracrine manner
to promote browning of white adipose tissue and enhance
thermogenesis. In brown adipose tissue (BAT), cold expo-
sure triggers FGF21 expression via the sympathetic nervous
system and B-adrenergic signaling pathways, contributing
to adaptive thermogenesis [38]. This dual role of FGF21—
both as a fasting induced hepatokine and a cold induced
batokine illustrates its dynamic regulation in response to
physiological stressors.

FGF21 expression is also subject to hormonal regula-
tion. Glucagon, via cAMP response element binding pro-
tein (CREB), induces FGF2] transcription during energy
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deficit states, whereas insulin appears to suppress it under
fed conditions [39]. Recent studies also implicate the acti-
vating transcription factor 4 (ATF4) pathway in stress
induced FGF21 expression, particularly under ER stress
and mitochondrial dysfunction, highlighting its role as an
integrated stress response (ISR) effector [40]. Recent stud-
ies have identified Inorganic Pyrophosphatase 1 (PPA1) as
a novel regulator of hepatic FGF21 expression under meta-
bolic stress conditions. Experimental evidence suggests that
PPAI acts as a negative modulator of the GCN2—elF2a—
ATF4 signaling pathway, which plays an important role in
integrated stress response mediated induction of FGF21. In
obesity associated metabolic stress, increased PPA1 activity
has been associated with suppression of el[F2a phosphory-
lation and reduced ATF4 dependent FGF21 transcription,
thereby impairing adaptive metabolic signaling in hepa-
tocytes. Dysregulation of this pathway may contribute to
hepatic lipid accumulation and progression of metabolic
dysfunction associated steatotic liver disease (MASLD).
Conversely, inhibition of PPA1 has been shown to restore
activation of the GCN2—ATF4 pathway and enhance endog-
enous FGF21 [16, 41, 42]. These findings suggest that the
PPA1 mediated stress response pathway may represent a
potential therapeutic target for improving metabolic homeo-
stasis in obesity related disorders. Moreover, sirtuins (e.g.,
SIRT1) and AMP-activated protein kinase (AMPK) have
been shown to modulate FGF21 expression, linking energy
sensing with metabolic adaptation [43].

Fibroblast activation protein (FAP) is a serine protease
highly expressed in liver and plasma, which cleaves circu-
lating FGF21 at the proline residue 171 thus reducing its
biological activity [44]. FAP inhibitors have been proposed
as another way to prolong the half-life of FGF21 to increase
its therapeutic potential. Overall, the expression and regula-
tion of FGF21 is controlled by a variety of transcriptional,
hormonal, environmental as well as post translational regu-
lators. This remarkably versatile regulation permits FGF21
to function as an essential hormone mediator of metabolic
stress, coordinating the response to fasting, diet overabun-
dance, cold temperatures, or injury. Understanding the reg-
ulatory mechanisms of FGF21 expression upstream could
assist in developing therapies for re-establishing the benefi-
cial actions of FGF21 in diseases such as diabetes.

Physiological functions of FGF21

FGF21, a pleiotropic endocrine hormone, regulating adap-
tive responses to multiple metabolic stressors. First identi-
fied as a fasting hormone produced by the liver, previous
studies have demonstrated that FGF21 has pleiotropic
effects on several metabolic organs, such as liver, adipo-
cytes, central nervous system (CNS), pancreas, and skeletal

muscle [14]. FGF21 together with FGFR1c and B-Klotho
plays an important role in maintaining the energy balance,
especially in conditions of nutrients scarcity, thermal stress,
or cellular damage [45].

Liver: metabolic adaptation during fasting
and ketosis

FGF21 is a critical regulator of the hepatic response to fast-
ing [46—48]. It is transcriptionally induced by PPARa under
fasting condition, promoting a shift in metabolism from
glucose to lipid substrates through activation of fatty acid
oxidation and ketogenesis. This is accomplished partially
via the activation of genes like CPT/A (carnitine palmito-
yltransferase 1 A), HMGCS2 (3-hydroxy-3-methylglutaryl-
CoA synthase 2), and ATGL (adipose triglyceride lipase),
consequently increasing hepatic lipid catabolism. FGF21
also suppresses lipogenic transcription factors such as
SREBP-1c¢, contributing to decreased de novo lipogenesis
and attenuation of hepatic steatosis [49].

Additionally, FGF21 enhances insulin independent glu-
cose uptake in hepatocytes by modulating gluconeogenic
gene expression, although its direct effects on hepatic glu-
cose production remain context dependent [50]. In obese
and diabetic models, exogenous FGF21 administration
reduces hepatic triglyceride content and improves liver his-
tology in non-alcoholic fatty liver disease (NAFLD) and
NASH, in part through anti-inflammatory and anti-fibrotic
mechanisms [51].

Adipose tissue: thermogenesis, lipolysis,
and insulin sensitization

Adipose tissue is both a target and a source of FGF21. In
white adipose tissue (WAT), FGF21 enhances insulin sensi-
tivity by upregulating glucose transporter expression (e.g.,
GLUT]1) and activating insulin receptor signaling cascades,
including PI3K/Akt pathways [52]. One of the most striking
effects of FGF21 is its ability to induce “browning” of WAT,
characterized by increased expression of UCP! and other
thermogenic genes, resulting in elevated energy expendi-
ture. These effects are mediated by activation of PGC-1a
and involve B-Klotho—expressing adipocytes as primary
effectors of systemic FGF21 activity.

In BAT, FGF21 expression is increased by cold expo-
sure through sympathetic stimulation, and the hormone in
turn amplifies thermogenic capacity and mitochondrial bio-
genesis [53]. These actions support adaptive non-shivering
thermogenesis and contribute to improved metabolic flexi-
bility. Furthermore, FGF21 promotes lipolysis in adipocytes
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via PKA dependent phosphorylation of hormone sensitive
lipase, facilitating the release of fatty acids for hepatic oxi-
dation. FGF21 also stimulates adiponectin secretion from
adipose tissue, which plays a critical role in mediating its
systemic insulin sensitizing and anti-inflammatory effects
[54]. The FGF21-adiponectin axis has been shown to be
crutial for the full metabolic benefits of FGF21 in both mice
and humans.

Central nervous system: regulation of
energy intake and circadian rhythm

Although FGF21 does not readily cross the blood brain bar-
rier under physiological conditions, f-Klotho expression in
specific hypothalamic regions such as the suprachiasmatic
nucleus (SCN) and paraventricular nucleus (PVN) permits
central FGF21 signaling [55]. Within the CNS, FGF21
regulates circadian behavior, suppresses sugar and alcohol
intake, and influences sympathetic outflow to peripheral tis-
sues, including BAT and the adrenal gland [56].

In rodents, FGF21 administration decreases sweet and
alcohol preference through modulation of dopaminergic
reward pathways, an effect that appears to be evolutionarily
conserved [57]. Furthermore, FGF21 alters the expression
of circadian clock genes, aligning metabolic rhythms with
nutrient availability, which may contribute to improved gly-
cemic control in metabolic disease settings [58].

Pancreatic islets: B-Cell protection and
insulin secretion

FGF21 is expressed in the pancreas, and its receptor com-
plex is present in pancreatic islets, particularly B-cells. Sev-
eral studies have shown that FGF21 exerts cytoprotective
effects on PB-cells under conditions of glucolipotoxicity,
oxidative stress, and ER stress. These protective actions
include the suppression of pro-apoptotic signaling path-
ways, enhancement of mitochondrial function, and promo-
tion of antioxidant defenses.

FGF21 also appears to support B-cell function by preserv-
ing insulin gene expression and insulin content, although its
direct effect on insulin secretion is variable and may depend
on disease stage and metabolic context. FGF21 analogs in
diabetic rats retain B-cell mass and delay hyperglycemia,
highlighting their therapeutic potential.
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Skeletal muscle: mitochondrial homeostasis and
glucose utilization

Skeletal muscle, while not a primary location for FGF21
production under typical circumstances, has an augmented
response to FGF21 via increased mitochondrial biogenesis
and oxidative phosphorylation, particularly under stress
conditions such mitochondrial myopathies or obesity. The
positive effects are mediated by AMPK-PGC-1a signaling,
enhancing insulin sensitivity and promoting substrate shift
towards fatty acid oxidation [59].

In pathological situations like chronic metabolic stress
or exercise induced injury, muscle derived FGF21 may
function in an autocrine or paracrine manner to alleviate
inflammation and facilitate regeneration. Literature sug-
gests that circulating FGF21 levels have been associated
with skeletal muscle mass and insulin sensitivity, indicating
its potential role in avoiding sarcopenia in diabetic patients
[60]. Together, these diverse physiological functions posi-
tion FGF21 as an important node of energy homeostasis,
glucose/lipid metabolism, endocrine integration, and stress
resistance. Its broad tissue distribution, diverse signaling
capabilities, and metabolic benefits under both normal and
disease states underscore its therapeutic promise in diabetes
and related metabolic disorders. An overview of the endo-
crine actions of FGF21 on the liver, adipose tissue, skeletal
muscle, pancreas and CNS is depicted in Fig. 1.

FGF21 in diabetes

FGF21 enhances insulin sensitivity via -Klotho-
FGFR1c-ERK1/2 signaling and adiponectin-
mediated AMPK activation

FGF21 primarily improves insulin sensitivity by acting on
white adipose tissue (WAT), where the co receptor B-Klotho
is abundantly expressed alongside FGFR1c. Upon ligand
binding, FGF21 induces FGFR1c autophosphorylation on
key tyrosine residues (Y653/Y654), leading to recruitment
and phosphorylation of FRS2a, a critical adaptor protein
that serves as a scaffold for downstream effector recruit-
ment. This initiates a Ras—Raf-MEK-ERK1/2 signaling
cascade, which translocates to the nucleus and drives tran-
scription of insulin sensitizing genes, including GLUTI,
GLUTH4, and IRSI [61]. In parallel, FGF21 enhances the
insulin receptor signaling axis. In insulin stimulated con-
ditions, it increases the tyrosine phosphorylation of the
insulin receptor B-subunit (IRp), resulting in amplification
of PI3K-Akt-AS160 signaling. This cascade promotes
GLUT4 translocation from cytoplasmic vesicles to the



Molecular Biology Reports (2026) 53:943

Page50f 18 943

Physiological Functions o
FGF21

FGF21 (Fibroblast Growth Factor 21)
is an endocrine hormone derived from
the liver that exerts pleiotropic effects
on the body systems to maintain
overall metabolic homeostasis.

Liver
Gluconeogenesis

Fatty acid
oxidation

Improve lipid
metabolism

A/
/4

FGF21 Protein Overview

v v

v v

Skeletal Adipose

muscle tissue
Mitochondrial Thermogenesis
homeostasis
Lipolysis
Glucose
sensitization Enhance insulin

sensitization

Pancreas CNS
Insulin Appetite
secretion regulation
Beta cell Regulation of
proliferation circadian
rhythm

Fig. 1 Systemic physiological functions of FGF21 in metabolic
organs. FGF21 is secreted predominantly by the liver and acts in an
endocrine manner on multiple target tissues, including liver, skeletal
muscle, white and brown adipose tissue, pancreas and the central ner-
vous system (CNS), to maintain whole body metabolic homeostasis.
In the liver, FGF21 promotes gluconeogenesis, fatty acid oxidation

and improves lipid metabolism. In skeletal muscle it supports mito-
chondrial homeostasis and glucose utilization, while in adipose tissue
it stimulates thermogenesis, lipolysis and insulin sensitization. In pan-
creatic islets FGF21 enhances insulin secretion and p-cell survival, and
in the CNS it regulates appetite and circadian rhythm
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plasma membrane, substantially augmenting glucose uptake
in adipocytes [62].

Beyond direct receptor signaling, FGF21 induces robust
expression and secretion of adiponectin, particularly its
high molecular weight (HMW) isoform, which is more
efficacious in activating downstream metabolic pathways.
Adiponectin binds to AdipoR1 and AdipoR2 in hepato-
cytes and myocytes, leading to Ca?*-dependent activation
of CaMKKJp and subsequent phosphorylation of AMPK at
Thr172. Activated AMPK phosphorylates ACC at Ser79,
inhibiting malonyl-CoA synthesis and disinhibiting CPT1A,
thereby promoting mitochondrial fatty acid P-oxidation.
Concurrently, AMPK phosphorylates FOXO1 and inhib-
its mTORCI, leading to enhanced insulin sensitivity and
energy expenditure [63, 64]. Genetic and pharmacological
studies confirm that adiponectin is indispensable for FGF21
mediated glycemic benefits. In adiponectin deficient mice,
FGF21 fails to improve insulin tolerance, glucose disposal,
or hepatic lipid content, underscoring the centrality of this
endocrine axis. Moreover, FGF21 suppresses pro-inflam-
matory adipokines such as resistin and TNF-0, improving
adipose insulin responsiveness by reducing cytokine medi-
ated IRS1 serine phosphorylation, a known negative regula-
tor of insulin signaling [65].

FGF21 preserves B-Cell viability by suppressing
apoptosis, restoring ER proteostasis, and enhancing
mitochondrial function

In pancreatic islets, particularly under diabetic conditions,
B-cells are exposed to multiple converging stressors includ-
ing chronic hyperglycemia (glucotoxicity), elevated free
fatty acids (lipotoxicity), and inflammation induced ER
stress. FGF21 exerts cytoprotective effects through direct
and indirect mechanisms, many of which converge on sur-
vival signaling, redox homeostasis, and functional gene
expression [15]. FGF21 signaling in B-cells is initiated
through FGFR1c¢/B-Klotho, leading to activation of ERK1/2
and inhibition of pro-apoptotic JNK and p38 MAPK path-
ways [33]. ERK1/2 phosphorylates and sequesters FOXO1
in the cytoplasm, thereby downregulating pro-apoptotic
genes like Bim and PUMA. Simultaneously, ERK1/2
enhances transcription of anti-apoptotic genes such as Bcl-
2, survivin, and XIAP [66]. Inhibition of JNK, a kinase com-
monly activated by inflammatory cytokines (e.g., IL-1p,
TNF-a), reduces phosphorylation of IRS1 at Ser307, indi-
rectly preserving insulin signaling in -cells.

Under ER stress conditions, FGF21 modulates the
unfolded protein response (UPR) to favor adaptive rather
than apoptotic outcomes. Specifically, FGF21 downregu-
lates the PERK—eIF20—~ATF4-CHOP axis, a primary medi-
ator of ER stress induced B-cell death [67]. By decreasing
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CHOP expression, FGF21 prevents upregulation of pro-
apoptotic genes and caspase activation [68]. Concurrently,
FGF21 upregulates ER chaperones like GRP78/BiP and
protein disulfide isomerase (PDI), enhancing the protein
folding capacity of the ER [69, 70].

Mitochondrial function, critical for both insulin secre-
tion and B-cell survival, is another key target of FGF21.
Through AMPK activation, FGF21 stimulates SIRT1 medi-
ated deacetylation and activation of PGC-1la, the master
regulator of mitochondrial biogenesis and oxidative metab-
olism. This results in increased transcription of nuclear
encoded respiratory genes (NDUFBS, COX54, ATP5D)
and enhanced mitochondrial fusion via increased MFN2
and reduced DRPI expression. The outcome is improved
mitochondrial membrane potential (Aym), decreased ROS
production, and higher ATP/ADP ratios, which are essential
for insulin granule exocytosis [71].

FGF21 also promotes expression of B-cell identity and
functional maintenance genes. It upregulates PDX1, MafA,
and NeuroD1, all of which are required for insulin gene tran-
scription, insulin granule biosynthesis, and regulated insulin
secretion. These effects help preserve the B-cell’s glucose
responsiveness even under prolonged metabolic stress [72].

FGF21 regulates hepatic lipid flux and inhibits de
novo lipogenesis through PPARa and SREBP-1¢
modulation

FGF21 is primarily secreted by the liver, yet it also exerts
significant autocrine and endocrine actions within hepatic
tissue, especially in the context of ectopic lipid accumula-
tion and insulin resistance. One of its major metabolic roles
is to rebalance hepatic lipid metabolism by enhancing fatty
acid oxidation and inhibiting lipogenesis.

Upon binding to hepatic FGFR1c¢/B-Klotho complexes—
although B-Klotho expression is relatively lower in hepato-
cytes compared to adipocytes—FGF21 signaling can still
be augmented under conditions such as fasting, PPARa acti-
vation, or pharmacologic induction. Once engaged, FGF21
promotes PPARa transcriptional activity by increasing its
expression and co-activator recruitment (e.g., PGC-1a).
PPARGa in turn induces a suite of B-oxidation genes includ-
ing CPTI1A (carnitine palmitoyltransferase 1 A), ACOXI
(acyl-CoA oxidase 1), and MCAD (medium-chain acyl-CoA
dehydrogenase), promoting mitochondrial and peroxisomal
breakdown of long-chain fatty acids [33]. Simultaneously,
FGF21 inhibits key lipogenic pathways. The hormone sup-
presses SREBP-1c (sterol regulatory element binding pro-
tein lc) transcriptionally and post-transcriptionally. FGF21
interferes with SREBP-1c¢ maturation via decreased insulin-
mediated Akt/mTORCI] signaling and inhibits its nuclear
translocation by increasing ERK1/2 phosphorylation of
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lipin-1, a negative regulator of nuclear SREBP-1lc. As a
result, the expression of downstream lipogenic enzymes—
FASN (fatty acid synthase), ACC! (acetyl-CoA carboxylase
1), and SCDI (stearoyl-CoA desaturase-1)—is markedly
reduced [73]. FGF21 directly remodels hepatic lipid metab-
olism by suppressing de novo lipogenesis and enhancing
fatty acid oxidation, thereby reducing hepatic triglycer-
ide availability for VLDL assembly, while simultaneously
accelerating peripheral VLDL processing through adipose
tissue dependent mechanisms [74, 75]. FGF21 increases the
activity of lipoprotein lipase, which breaks down triglyc-
eride-rich lipoproteins in peripheral tissues. This process
releases fatty acids that are taken up by cells and used for
energy production, especially in adipose tissue and brown
fat [74, 75]. FGF21 reduces hepatic VLDL output pri-
marily by limiting triglyceride availability and enhancing
peripheral lipoprotein clearance, while autophagy depen-
dent degradation of ApoB100 has also been proposed as a
parallel mechanism regulating VLDL secretion. However,
most evidence supporting this pathway is currently derived
from experimental and animal studies, and its precise con-
tribution to human metabolic disease remains incompletely
understood [75—78]. Importantly, in models of diet-NASH,
FGF21 reduces liver fibrosis by downregulating profi-
brotic genes (COLIAI, TGF-f1, a-SMA) and inhibiting
SMAD?2/3 phosphorylation in hepatic stellate cells. These
hepatoprotective actions of FGF21 are critical in prevent-
ing the transition from steatosis to steatohepatitis in patients
with T2DM [79]. The integrated signaling network through
which FGF21 modulates hepatic lipid handling, adipose
tissue browning and whole-body energy expenditure, and
how this becomes dysregulated in obesity associated FGF21
resistance, is summarized in Fig. 2.

FGF21 resolves inflammatory signaling via NF-kB,
JNK, and macrophage polarization pathways

Chronic low grade inflammation is a pivotal contributor to
insulin resistance and B-cell failure in T2DM. FGF21 pos-
sesses strong anti-inflammatory properties, operating at both
systemic and tissue specific levels to modulate immune sig-
naling. In adipose tissue, FGF21 reduces infiltration of pro-
inflammatory M1 like macrophages (CD11c*) and promotes
polarization toward M2-like macrophages (CD206%), which
secrete anti-inflammatory cytokines like IL-10 and TGF-p.
Mechanistically, FGF21 suppresses monocyte chemotactic
protein-1 (MCP-1) and its receptor CCR2, impairing the
chemotaxis of monocytes into adipose tissue. It also inhib-
its the activation of the NLRP3 inflammasome by reducing
TXNIP expression and mitochondrial ROS—key triggers of
caspase | activation and IL-1p maturation [80, 81].

FGF21 directly inhibits NF-xB signaling through sta-
bilization of the cytosolic inhibitor IkBa. It prevents [kBa
phosphorylation and degradation, thereby blocking nuclear
translocation of the p65/p50 heterodimer and downstream
transcription of pro-inflammatory genes including 7NF-
a, IL-6, and IL-1f [82]. During metabolic or inflamma-
tory stress, FGF21 suppresses stress activated MAPK
pathways, especially JNK and p38 MAPK. By doing so,
it reduces inflammatory and apoptotic responses and pre-
vents abnormal serine phosphorylation of IRS1, helping
to preserve normal insulin signaling [83, 84]. In the liver,
FGF21 blunts TLR4 mediated activation of Kupffer cells
and reduces hepatic infiltration of neutrophils and lympho-
cytes. It attenuates STAT3 activation, which is associated
with hepatic inflammation and hepatocellular carcinoma
risk in metabolic disease. Additionally, FGF21 increases
circulating adiponectin, which independently suppresses
inflammatory cytokines via AMPK activation and inhibi-
tion of NF-kB. Moreover, FGF21 has been shown to modu-
late hypothalamic inflammation, particularly in the arcuate
nucleus, where it improves leptin sensitivity, thus contribut-
ing to the neuroendocrine regulation of energy and glucose
metabolism [56, 85-87].

FGF21 reestablishes redox balance and
mitochondrial quality control via AMPK-SIRT1-PGC-
Ta-NRF2 axis

Oxidative stress, characterized by an imbalance between
ROS production and antioxidant defenses, is a major driver
of insulin resistance and B-cell apoptosis in diabetes. FGF21
exerts powerful antioxidative effects, largely through the
activation of the AMPK—SIRT1-PGC-10—NRF2 signaling
cascade. FGF21 induced AMPK activation phosphorylates
and activates SIRT1, a NAD*-dependent deacetylase that
subsequently deacetylates PGC-1a, enhancing its transcrip-
tional co-activator function. Activated PGC-1a promotes
the expression of mitochondrial biogenesis regulators such
as TFAM, NRFI, and NRF2, increasing mtDNA replica-
tion, transcription of electron transport chain (ETC) genes
(NDUFS1, COX411), and overall mitochondrial respiration
[55]. Through NRF2 activation, FGF21 upregulates antiox-
idant enzymes including SOD2 (mitochondrial superoxide
dismutase), GPxI (glutathione peroxidase), and Catalase,
reducing oxidative injury in liver, muscle, and B-cells.
FGF21 also enhances mitophagy, the selective autopha-
gic clearance of damaged mitochondria, by upregulating
PINK1 and Parkin, thereby preserving mitochondrial integ-
rity and metabolic flexibility [88]. These effects are particu-
larly important in pancreatic B-cells, where mitochondrial
dysfunction leads to defective ATP generation, impaired
insulin secretion, and initiation of apoptotic signaling. By
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FGF21 and Lipid Metabolism Regulation
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Fig. 2 FGF21 mediated regulation of lipid metabolism, energy expen-
diture and FGF21 resistance in obesity. FGF21 produced mainly by
the liver and acting via FGFR1/B-Klotho in adipose tissue activates
PPARo/PPARYy and downstream AMPK—SIRT1-PGC-1a. signaling to
induce UCP1 expression, white adipose tissue (WAT) browning and
increased energy expenditure. Alongside, FGF21 suppresses lipogen-

restoring Aym and reducing mitochondrial fragmentation,
FGF21 preserves B-cell function under diabetic stress [89].

FGF21 induces autophagy and attenuates ER stress
via mTOR-ULK1 and PERK-elF2a-CHOP modulation

Autophagy and ER stress are tightly interlinked processes
that become dysregulated in T2DM, contributing to B-cell
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esis and improves systemic lipid and glucose homeostasis. In obesity
and type 2 diabetes, chronic overnutrition and inflammation down-
regulate B-Klotho/FGFR1 expression and impair AMPK and PGC-1a
signaling, leading to FGF21 resistance, reduced WAT browning and
persistence of excess adiposity

failure and hepatocellular damage. FGF21 restores autopha-
gic flux and ER homeostasis, facilitating cellular resilience
in metabolic stress environments.

FGF21 activates autophagy through the AMPK-mTOR-—
ULK1 pathway. AMPK activation inhibits mTORCI1 via
Raptor phosphorylation, thereby relieving its inhibitory
effect on ULK1. Phosphorylation of ULK1 at Ser555 ini-
tiates autophagosome formation. Increased expression of
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Beclin-1, LC3B-II conversion, and decreased p62 accu-
mulation are observed in FGF21 treated hepatocytes and
B-cells, indicative of enhanced autophagic clearance [90—
93]. Simultaneously, FGF21 reduces ER stress by modu-
lating the PERK—elF20—~ATF4-CHOP branch of the UPR.
FGF21 downregulates PERK phosphorylation and elF2a
activation, thereby attenuating ATF4-driven expression of
CHOP, which is a key executor of ER stress mediated apop-
tosis. This is accompanied by increased levels of GRP78
and calreticulin, enhancing the ER’s protein folding capac-
ity and resolving proteotoxic stress [70]. By restoring both
autophagy and ER function, FGF21 prevents cellular dys-
function and death in insulin target tissues. This dual regula-
tion also contributes to improved insulin receptor signaling
by reducing ER stress mediated IRS1 serine phosphorylation
and enhancing downstream PI3K/Akt pathway integrity.

FGF21 resistance in diabetes and obesity

The paradox of elevated circulating FGF21: a hallmark of
endocrine resistance

The concept of FGF21 resistance arises from the obser-
vation that individuals with obesity, metabolic syndrome,
and T2DM consistently present with elevated serum lev-
els of FGF21, yet display blunted metabolic responses to
the hormone. This paradox mirrors well characterized
endocrine resistance syndromes, such as insulin and leptin
resistance. FGF21 concentrations in obese individuals are
often increased 3 to 10 fold compared to lean controls [94].
Despite this, improvements in glucose handling, lipid oxi-
dation, or adiponectin secretion are minimal, implicating
target tissue insensitivity. This resistance is not merely a
reflection of increased production by the liver in response to
metabolic stress but rather denotes a failure of downstream
signaling and responsiveness. Recent longitudinal studies in
patients with NAFLD and T2DM show that higher FGF21
levels correlate positively with markers of hepatic steatosis,
insulin resistance (HOMA-IR), and visceral adiposity, but
negatively with metabolic function, confirming a dissocia-
tion between hormone abundance and action [95].

In addition to peripheral defects, recent evidence high-
lights the presence of central FGF21 resistance in obesity.
FGF21 acts on the central nervous system, particularly on
B-Klotho—expressing neurons within the hypothalamic
paraventricular nucleus, including oxytocin (OXT) neurons
that regulate nutrient preference and energy balance. Under
normal conditions, FGF21 activates these neurons and sup-
presses simple sugar intake.

However, in diet induced obesity, despite elevated cir-
culating FGF21 levels, the neuronal response to FGF21 is
markedly attenuated. Reduced activation of OXT neurons,

reflected by diminished c-Fos induction following FGF21
stimulation, has been observed, indicating impaired central
sensitivity [96]. Functional disruption of FGF21 signaling
specifically in OXT neurons further results in increased
sugar intake, hyperphagia, and accelerated weight gain,
supporting a causal role of central resistance in metabolic
dysregulation.

This phenomenon parallels peripheral FGF21 resistance,
where obesity is characterized by elevated hormone lev-
els but impaired downstream signaling, including reduced
ERK1/2 activation and blunted induction of immediate
early genes such as c-Fos and EGR1 [23]. Collectively,
these findings indicate that FGF21 resistance is a multi-
level defect involving both central neuroendocrine circuits
and peripheral metabolic tissues.

Receptor level defects: downregulation of B-Klotho
and FGFR1c in target tissues

A central mechanism underpinning FGF21 resistance
involves the transcriptional and post-translational down-
regulation of its co receptor $-Klotho and primary receptor
FGFRI1c. B-Klotho is critical for FGF21 binding and sig-
nal propagation; its expression is highly enriched in white
and brown adipose tissue, liver, and certain hypothalamic
nuclei.

In obesity, adipose tissue B-Klotho expression is signifi-
cantly decreased, as demonstrated in both rodent models
and human biopsies. Literature suggests that K/ mRNA and
B-Klotho protein levels are reduced by nearly 70% in adi-
pose tissue of DIO mice, accompanied by impaired ERK1/2
phosphorylation following FGF21 administration [97]. Sim-
ilar findings have been corroborated in humans with visceral
obesity, where KLB expression inversely correlates with
BMI, CRP, and insulin resistance indices [98]. Mechanisti-
cally, B-Klotho downregulation occurs due to both inflam-
matory signaling (e.g., TNF-a, IL-1B) and lipotoxicity.
Proinflammatory transcription factors such as NF-kB and
CHOP repress the KIb promoter, while ER stress reduces
its mRNA stability. Recent chromatin immunoprecipitation
(ChIP) assays show that CHOP binds directly to the KIb
promoter under tunicamycin induced ER stress. In parallel,
FGFR1c expression is also diminished under chronic nutri-
ent excess, though to a lesser extent than f-Klotho [99]. Fur-
thermore, impaired trafficking and membrane localization
of B-Klotho and FGFR1c¢ have been observed. In obese adi-
pocytes, oxidative modifications (such as carbonylation and
glycation) of these proteins lead to endoplasmic reticulum
retention or misfolding, hence restricting surface accessibil-
ity for FGF21 interaction [100].
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Inflammatory cytokines disrupting FGF21 signaling
cascades

Chronic low-grade inflammation, a hallmark of obesity
and metabolic syndrome, markedly disrupts FGF21 signal
transduction. Pro-inflammatory cytokines, including TNF-
a, IL-6, and MCP-1, released by hypertrophic adipocytes
and invading M1 macrophages, activate signaling pathways
that diminish FGF21 responsiveness. TNF-a promotes the
IKKB/NF-«xB and JNK pathways, both of which hinder insu-
lin and FGF21 signaling. Specifically, JINK phosphorylates
IRS-1 on Ser307, inhibiting insulin signaling, and has been
shown to suppress ERK1/2 activation following FGF21
stimulation. In vitro studies in 3T3-L1 adipocytes pretreated
with TNF-a revealed a marked reduction in FGF21-induced
ERK1/2 and Akt phosphorylation, with a corresponding
decline in glucose uptake [101]. Further, inflammatory
cytokines induce expression of suppressor of cytokine
signaling 3 (SOCS3), which binds to FGFRI1c associated
signaling components and impairs downstream phosphor-
ylation events. SOCS3 upregulation also correlates with
adiponectin suppression and impaired AMPK activation,
further exacerbating insulin resistance [102]. Importantly,
macrophage polarization contributes to this phenotype.
Obese adipose tissue is infiltrated by M1 macrophages that
release proinflammatory mediators, disrupting local FGF21
action. Studies in mice with macrophage specific $-Klotho
deletion show attenuated FGF21 signaling and increased
adipose inflammation [103], indicating a bidirectional regu-
latory loop between inflammation and FGF21 resistance.
In the liver, Kupffer cells and hepatic stellate cells release
IL-1B and TGF-B, which suppress f-Klotho in hepatocytes
and promote fibrosis, respectively. These effects reduce
FGF21’s hepatoprotective functions, facilitating progres-
sion to NASH despite elevated FGF21 levels.

Therapeutic potential of FGF21 and analogs in
diabetes

Native FGF21 and the need for pharmacological
optimization

Although endogenous FGF21 plays a vital role in maintain-
ing energy homeostasis, its native form is suboptimal for
therapeutic applications due to rapid proteolytic degrada-
tion, a short plasma half-life, and modest receptor affinity.
The half-life of human FGF21 in circulation is less than two
hours, primarily due to proteolytic cleavage by FAP and
clearance via renal filtration. Furthermore, in metabolic dis-
ease states such as T2DM and obesity, elevated circulating
levels of FGF21 often fail to elicit appropriate metabolic
responses due to FGF21 resistance—a state characterized
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by impaired receptor expression, post receptor signaling
defects, and chronic inflammation in target tissues. These
limitations have prompted the development of structurally
modified FGF21 analogs to enhance pharmacokinetic prop-
erties and overcome signaling deficits.

Development of FGF21 analogs: from LY2405319 to
efruxifermin

Given the pharmacokinetic limitations of native FGF21—
namely its short half-life, susceptibility to proteolytic deg-
radation, and limited bioavailability—a new generation of
engineered FGF21 analogs has been developed to enhance
therapeutic potential. These analogs are engineered in such
a way so as to preserve or enhance the metabolic effects of
endogenous FGF21 while addressing its intrinsic instabil-
ity and limited in vivo longevity. LY2405319, a recombi-
nant FGF21 analog, is one of the first and most thoroughly
investigated compounds. It preserves the functional struc-
ture of the original protein while integrating three site spe-
cific amino acid changes to enhance solubility and diminish
aggregation. The non-glycosylated design avoids post trans-
lational complexity, yielding a molecule with improved bio-
chemical stability and maintained signaling effectiveness
via the FGFR1c—f3-Klotho complex [19].

PF-05231023, developed from this platform, is a novel
compound that combines FGF21 with the Fc region of
human IgG1, using neonatal Fc receptor (FcRn) recycling
pathways to substantially extend systemic half-life. This
approach prolongs pharmacological exposure to 60-80 h
after a single dosage, facilitating less frequent dosing sched-
ules while preserving metabolic effectiveness [104].

Pegbelfermin (BMS-986036), a PEGylated analog of
FGF21, has covalent bonding of polyethylene glycol chains
that improves protease resistance and plasma retention.
This alteration enhances water solubility and bioavail-
ability, promoting prolonged efficacy and reducing immu-
nogenicity [105]. Recently, Efruxifermin (AKR-001), an
Fc-fused, long acting analog, has shown a strong binding
affinity for FGFR1c/B-Klotho, potent activation of down-
stream ERK1/2 signaling, and a good pharmacokinetic
profile suitable for once-weekly dosing. Efruxifermin has
shown significant effectiveness in preclinical models by
lowering hepatic steatosis, enhancing insulin sensitivity,
and restoring lipid profiles [106, 107]. These analogs have
expanded the therapeutic applications of FGF21 therapy,
demonstrating promise in T2DM as well as in NAFLD and
NASH. A comparative summary of major FGF21 analogs,
their structural modifications, pharmacokinetic strategies,
therapeutic indications, and clinical outcomes is presented
in Table 1. Collectively, these developments demonstrate
the gradual transition of FGF21 based therapeutics from
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Table 1 Structural and functional evolution of major FGF21 analogs during clinical development
Analog Engineering Half life Primary Therapeutic =~ Current Devel-  Clinical Status ~ Major Clinical Key
Strategy Extension Target opment Focus Findings Clinical
Approach Reference
LY2405319 Site directed Improved T2DM and obesity Glucose and Early clini- Significant improve- [19]
mutagenesis molecular lipid regulation  cal studies ments in lipid
with protein stability completed parameters (| LDL-
stabilization and reduced C, |triglycerides,
modifications  aggregation THDL-C), increased
adiponectin, and
modest weight loss,
with only limited
glucose lowering
effects.
PF-05231023 Antibody scaf- FcRn Obesity and T2DM ~ Metabolic Early clinical Significant reduc- [104]
fold conju- mediated regulation and  development tions in triglycer-
gated FGF21  prolonged dyslipidemia ides, LDL-C and
analog systemic total cholesterol,
circulation increased HDL-C
and adiponectin,
with body-weight
reduction but no
significant improve-
ment in glycemic
control.
Pegbelfermin PEGylated Reduced renal NAFLD/NASH and  Hepatic steato-  Phase 2 Significant reduction [105]
(BMS-986036) FGF21 analog clearance and T2DM sis and lipid in hepatic fat frac-
enhanced metabolism tion with increased
proteolytic adiponectin
stability levels and favorable
improvements in
lipid parameters
Efruxifermin Fc fused Extended MASH/NASH and Hepatometa- Phase 2/3 Significant reduction [127]
(AKR-001) FGF21 analog plasma half  metabolic disease bolic disease in hepatic fat frac-
life and and fibrosis tion with improved
sustained lipid profile and
receptor insulin sensitivity
engagement
Pegozafermin  Gly- Prolonged MASH and severe Hypertriglyceri- Phase 2 Reduced hepatic [128]
coPEGylated  systemic hypertriglyceridemia  demia and liver steatosis and
FGF21 analog circulation disease triglyceride levels
and enhanced with improved
metabolic lipid and metabolic
stability parameters

glucose centered metabolic regulation toward broader
hepatometabolic and liver targeted clinical applications.
The therapeutic efficacy of these analogs has been estab-
lished in initial phase human trials. Human clinical studies
evaluating FGF21 analogs have demonstrated variable but
clinically relevant effects on glucose homeostasis in patients
with obesity and T2DM. Early phase trials reported mod-
est reductions in fasting plasma glucose, fasting insulin,
and HbAlc, along with improvements in insulin sensitivity
and adiponectin levels following FGF21 analog administra-
tion. However, compared with the pronounced metabolic
improvements observed in preclinical studies, the glucose
lowering efficacy in humans was generally moderate and
less consistent across different patient populations. These
observations further support the concept of partial FGF21

resistance in human metabolic disease and highlight the
importance of optimizing patient selection and therapeutic
responsiveness during clinical development. In a pivotal
Phase 1b randomized controlled trial, Gaich et al. (2013)
analyzed the outcomes following LY2405319 administra-
tion in obese subjects with T2DM [19]. In a 28 day treat-
ment course, patients showed significant reductions in
fasting plasma glucose, LDL cholesterol, and triglycerides,
with significant increases in adiponectin levels, an impor-
tant FGF21 downstream effector. A small but continuous
reduction in body weight occurred and the analog was toler-
able without side effects, thus providing proof-of-concept
for FGF21 mediated metabolic control in humans.

Despite these encouraging findings, early clinical trials
conducted in the 2010s revealed important limitations in
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the metabolic efficacy of FGF21 based therapies [19, 108].
Although these studies consistently reported improvements
in lipid parameters, such as reductions in triglycerides and
LDL cholesterol, the effects on blood glucose control and
body weight were modest. In several trials, FGF21 analogs
did not produce significant or sustained reductions in fasting
glucose or HbAlc, and weight loss was limited [19, 109,
110].These findings suggested a gap between strong pre-
clinical results and clinical outcomes, which may be partly
due to FGF21 resistance in humans. As a result, the focus of
research gradually shifted toward conditions where FGF21
showed more reliable benefits. In particular, dyslipidemia
and metabolic dysfunction associated steatotic liver disease
(MASLD/MASH) became key targets, as later studies dem-
onstrated consistent improvements in liver fat content and
lipid profiles. This shift has guided the current development
of FGF21 analogs, with greater emphasis on liver and lipid
related outcomes rather than direct glucose lowering effects
[16].Similarly, Pegbelfermin in a 12 week Phase 2 trial in
patients with T2DM and NAFLD. Dose dependent reduc-
tions of liver fat measured by MRI proton density fat frac-
tion (MRI-PDFF) and changes in serum triglycerides, HDL
cholesterol, and inflammatory markers (CRP and MCP-1)
were produced by the treatment [111]. Notably, adiponectin
was significantly increased, demonstrating a persistent tis-
sue responsiveness and activation of canonical FGF21 path-
ways in the setting of systemic FGF21 resistance.

Barriers to translation: resistance and
pharmacokinetics

Despite promising results, the clinical application of FGF21
therapy faces several challenges. The primary concern is
FGF21 resistance, characterized by diminished B-Klotho
expression, disrupted ERK1/2 signaling, and interfer-
ence from inflammatory cytokines in metabolically active
regions. This resistance necessitates those analogs be
administered at increased dosages or modified to improve
their receptor affinity and signaling duration. In addition,
pharmacokinetic issues remain despite the development of
better analogues. The endogenous FGF21 is rapidly inacti-
vated through actions of proteolytic enzymes and eliminated
by renal clearance. Immunogenicity and the production of
anti-drug antibodies have been identified with some ana-
logs, which may potentially limit long term use. In addi-
tion to pharmacokinetic limitations, safety related concerns
remain important during the clinical development of FGF21
receptor agonists. Experimental studies have suggested that
prolonged FGF21 exposure may influence bone remodeling
pathways by suppressing osteoblast activity and promot-
ing bone resorption, raising concerns regarding possible
effects on bone density during long term therapy [112, 113].
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Although these observations have not been consistently
confirmed in human studies, careful monitoring of skele-
tal safety remains important during extended clinical use.
Gastrointestinal adverse effects including nausea, diarrhea,
reduced appetite, and abdominal discomfort have also been
reported with some FGF21 analogs, although these effects
generally appear less severe than those commonly associ-
ated with GLP-1 receptor agonists [114, 115]. In addition,
variability in therapeutic response, limited glucose lower-
ing efficacy, immunogenicity, and pharmacokinetic insta-
bility contributed to the translational challenges observed
with several earlier generation analogs. These limitations
partly explain the subsequent shift in clinical focus toward
dyslipidemia, hepatic steatosis, and metabolic dysfunction
associated steatohepatitis, where FGF21 based therapies
demonstrated more consistent therapeutic benefits. More
importantly, although the glycemic efficacy is durable, it
is typically modest relative to established agents such as
GLP-1 receptor agonists, necessitating combination therapy
to optimize the therapeutic potential of FGF21.

Engineering solutions: PEGylation, Fc-Fusion, and
stabilization

Various engineering solutions have been used to over-
come these obstacles. PEGylation, seen in Pegbelfermin,
increases molecule size, hence improving plasma retention
and diminishing renal clearance. It further offers a protec-
tive barrier against proteases, enhancing stability. Fc-fusion
techniques, as in PF-05231023 and Efruxifermin, associate
the FGF21 molecule with an immunoglobulin Fc domain,
therefore prolonging half-life via FcRn mediated recy-
cling. Site-directed mutagenesis is a crucial technique that
involves targeted amino acid alterations to enhance folding,
solubility, and receptor affinity while maintaining bioactiv-
ity. These developments have facilitated the development
of long-acting FGF21 analogs appropriate for weekly or
biweekly dosage schedules.

Emergence of dual and tri-agonists: synergizing
hormonal pathways

An emerging therapeutic strategy is the development of
multi hormone agonists that integrate FGF21 action with
other metabolic regulators. For example, GLP-1/FGF21
dual agonists integrate the complementing effects of GLP-1
induced insulin secretion and appetite suppression with
FGF21 mediated lipid oxidation. In preclinical studies,
these dual agents have demonstrated superior effects on
weight loss, insulin sensitivity, and hepatic lipid clearance
compared to monotherapies. Even more advanced are tri
agonists, such as GLP-1/glucagon/FGF21 chimeras, which
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activate multiple G protein coupled and tyrosine kinase
pathways to maximize metabolic benefits. These agents
have shown dramatic improvements in glucose tolerance,
body weight, and liver fat in rodent and primate models,
with early phase human trials underway.

FGF21 analogs represent a novel class of endocrine
therapeutics that target the complex pathophysiology of
diabetes, obesity, and fatty liver disease. Although resis-
tance and pharmacokinetic limitations remain a challenge,
advances in molecular engineering and multi agonist studies
have increased their therapeutic potential enormously. The
progression from natural hormones to synthetic analogs to
combinatorial agonists reflects a significant shift towards
precision metabolic therapy, where hormonal synergy, cus-
tomized delivery, and tissue-specific targeting present novel
opportunities for managing complex metabolic disorders.

Emerging areas and future directions

Despite the significant advances made in the elucidation of
FGF21 biology and translation into clinical analogs, a few
important frontiers still await addressing. One attractive
approach is clarifying the role of FGF21 in type 1 diabetes,
as initial studies suggest that FGF21 may protect B-cells and
govern immune function in an insulin independent manner.
This suggests a potential disease modifying function beyond
classical metabolic control. Combination therapies are also
one of the strategies. The combination of FGF21 analogs
and GLP-1 receptor agonists or SGLT2 inhibitors can syner-
gize therapeutically by acting on complementary pathways
of insulin sensitization, lipid metabolism and mitochondrial
function. Preliminary preclinical results in the case of dual
and tri agonists (for example GLP-1/FGF21 or GLP-1/glu-
cagon/FGF21 chimeras) are proving to be more effective,
resulting in a decrease in steatosis and better glycemic con-
trol, supporting further translational development.

Emerging evidence also highlights the gut-liver—-FGF21
axis. Microbial metabolites and bile acids influence FGF21
expression and responsiveness, while FGF21 reciprocally
modulates microbiota composition and bile acid profiles.
Understanding this bidirectional interaction may unlock
microbiome targeted strategies to enhance therapeutic
efficacy.

Inter individual variability in response to FGF21 analogs
calls for a precision medicine approach. Genetic variants
in FGF21 signaling components, sex hormones, epigenetic
factors, and age related decline in B-Klotho expression all
affect treatment outcomes. Several genetic variants within
the FGF21 signaling pathway have been associated with
inter individual differences in metabolic regulation and
may influence responsiveness to FGF21 based therapies.
Polymorphisms in the FGF21 gene, particularly rs838133,

have been linked with increased carbohydrate and sweet
food preference, altered macronutrient intake, and adipos-
ity related traits in human populations [116]. Similarly,
Similarly, variants in the B-Klotho (KLB) gene, includ-
ing rs17618244, rs7670903, rs7674434, and rs12152703,
have been associated with obesity susceptibility, altered
lipid metabolism, insulin resistance, and MASLD related
metabolic dysfunction. Since B-Klotho is an essential co
receptor for FGF21 signaling, these variants may contrib-
ute to altered tissue responsiveness and impaired metabolic
actions of FGF21[97, 117, 118]. These observations suggest
that genetic variability in the FGF21-KLB axis contributes
to differences in therapeutic responsiveness among patients
receiving FGF21 analogs. In addition to genetic factors,
several circulating biomarkers helps predict treatment out-
comes and identify metabolically responsive patient popu-
lations. Elevated baseline serum FGF21 levels are often
considered indicative of underlying FGF21 resistance and
impaired metabolic sensitivity [119]. Conversely, Increases
in adiponectin following FGF21 analog administration
are considered mechanistically linked to enhanced insulin
sensitivity and improved metabolic outcomes. Biomark-
ers related to hepatic steatosis and systemic inflammation,
including triglycerides, ALT, AST, C reactive protein, and
hepatic fat fraction, may further assist in predicting clini-
cal responsiveness, particularly in patients with MASLD/
MASH [120, 121]. These findings support the growing
importance of precision medicine approaches in FGF21
based therapy, where integration of genetic profiling and
metabolic biomarkers may improve patient stratification,
therapeutic selection, and long term clinical outcomes.

Stratified clinical trial design based on molecular profil-
ing may optimize patient selection and therapeutic response.
Another important area for future research is the develop-
ment of strategies that improve tissue responsiveness to
endogenous FGF21 rather than relying only on stronger
receptor agonists. Since FGF21 resistance is associated with
reduced B-Klotho expression, chronic inflammation, and
metabolic stress, interventions targeting these abnormalities
may improve therapeutic outcomes. Experimental studies
suggest that suppression of inflammatory pathways such
as NF-kB, JNK, and endoplasmic reticulum stress signal-
ing may partially restore f-Klotho expression and improve
downstream FGF21 signaling activity [122—-124].

Lifestyle interventions including weight reduction, regu-
lar physical activity, caloric restriction, and dietary modifi-
cation also improves FGF21 sensitivity by reducing adipose
tissue inflammation and improving mitochondrial function
[125]. In addition, pharmacological agents targeting AMPK,
and gut microbiota associated metabolic pathways may
enhance endogenous FGF21 responsiveness [126]. Com-
bination approaches integrating FGF21 analogs with anti
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inflammatory or insulin sensitizing therapies could there-
fore represent a promising strategy for overcoming FGF21
resistance and improving long term metabolic outcomes.

Moreover, FGF21 shows promise in mitigating diabetes
related complications. It has demonstrated protective effects
in models of nephropathy, neuropathy, and retinopathy,
largely through mitochondrial preservation, anti-inflamma-
tory signaling, and vascular stabilization. These findings
expand its relevance beyond glycemic regulation toward
broader organ protection.

Emerging evidence also suggests that modulation of
upstream regulators of FGF21 expression provide new
therapeutic opportunities in metabolic disease. Recent
findings identifying PPA1 as a negative regulator of the
GCN2-ATF4-FGF21 signaling pathway provide additional
insight into mechanisms linking obesity associated meta-
bolic stress with impaired adaptive endocrine responses.
Targeting this pathway could therefore help restore endog-
enous FGF21 activity and improve metabolic outcomes in
obesity and MASLD. Looking ahead, innovations in drug
design—such as protease resistant analogs, depot formu-
lations, tissue targeted delivery, and mRNA based or gene
therapy approaches— could potentially overcome some of
the present drawbacks. Together, these developments posi-
tion FGF21 not only as a metabolic hormone but also as a
pivotal regulator of systemic resilience in chronic disease.

Conclusion

FGF21 has emerged as a pivotal endocrine modulator with
diverse roles in metabolic regulation, particularly in the
context of diabetes mellitus. Its ability to enhance insulin
sensitivity, promote lipid oxidation, preserve pancreatic
B-cell function, and reduce inflammation highlights an
integrative mechanism that extends beyond conventional
glucose lowering therapies. However, the observation of
elevated circulating FGF21 levels alongside diminished tis-
sue responsiveness in obesity and type 2 diabetes reveals
the challenge of endocrine resistance, underscoring the need
for deeper insights into receptor dynamics and post receptor
signaling pathways.

Recent progress in developing FGF21 analogs—engi-
neered to improve stability, extend half-life, and enhance
receptor affinity—has shown encouraging metabolic and
hepatoprotective effects in both animal models and early
phase human studies. These pharmacological advances, par-
ticularly Fc-fusion proteins and PEGylated variants, address
key pharmacokinetic limitations, yet reduced responsive-
ness in target tissues remains a significant translational
barrier. Moving forward, research efforts should focus on
restoring B-Klotho and FGFR1c expression, counteracting
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inflammation mediated signaling disruptions, and explor-
ing combination approaches such as dual or tri agonists to
achieve synergistic hormonal effects.

Moreover, growing evidence suggests that FGF21 influ-
ences immune regulation, mitochondrial quality control,
and systemic redox balance, indicating therapeutic potential
beyond glucose regulation, including in diabetic complica-
tions like nephropathy and steatohepatitis. Applying preci-
sion medicine approaches that integrate genetic, epigenetic,
and microbiome profiling may help identify patients most
likely to benefit from these therapies. Ultimately, gaining
a more detailed understanding of FGF21 biology, together
with innovations in molecular design and targeted delivery,
will be essential for its full therapeutic potential in manag-
ing diabetes and its related complications.
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