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Abstract

Background: The global burden of age-related diseases continues to escalate with demographic shifts toward an aging
population. Fibroblast Growth Factor 21 (FGF21) has emerged as a promising candidate for gene therapy approaches
targeting longevity and age-related diseases through comprehensive metabolic remodeling. FGF21 gene therapy
emerges as a promising intervention for addressing metabolic dysfunction, a key driver of aging and multiple age-
related pathologies.

Objective: This review provides a systematic analysis of FGF21 gene therapy research, evaluating its potential to
enhance healthspan and lifespan through multi-system metabolic interventions. We elucidate the mechanistic
foundations of FGF21 activity, encompassing its canonical roles in metabolic regulation and emerging non-canonical
functions in inflammation modulation and mitochondrial protection.

Methods: We conducted a comprehensive review of preclinical studies investigating FGF21 gene therapy, with
particular emphasis on adeno-associated virus (AAV)-mediated delivery systems and their effects on aging-related
parameters. Literature search encompassed PubMed, EMBASE, and Web of Science databases from 2005 to 2024,
analyzing over 300 peer-reviewed publications.

Results: AAV-mediated FGF21 gene therapy demonstrates remarkable efficacy across multiple physiological systems
in preclinical models. In rodent studies, a single administration of AAV-FGF21 vectors resulted in improved insulin
sensitivity (>50% enhancement), reduced adiposity (30-40% decrease), increased energy expenditure (10-20%
elevation), enhanced muscle endurance capacity (>40% improvement), neuroprotection against age-related cognitive
decline, and extended median lifespan by 30-40%. These effects were mediated through metabolic reprogramming
involving enhanced mitochondrial function, reduced inflammation, and activation of pro-longevity signaling pathways
including AMPK, SIRT1, and inhibition of mMTOR. We analyze preclinical evidence demonstrating healthspan and
lifespan extension in animal models without increased adverse effects.

Conclusions: The convergent evidence from preclinical studies positions FGF21 gene therapy as a promising multi-
system intervention capable of simultaneously addressing multiple hallmarks of aging through a single therapeutic
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administration. While human clinical trials specifically evaluating AAV-FGF21 for longevity applications remain
forthcoming, the robust preclinical data support advancing this approach toward clinical translation. Success in
developing FGF21 gene therapy could transform our approach to aging, shifting from reactive treatment of individual
age-related diseases to proactive enhancement of healthspan. We examine FGF21's role in longevity medicing,
evaluate early human observational data, and explore current approaches to FGF21 delivery. We discuss clinical
applications for age-related conditions associated with metabolic dysregulation. We also address theoretical safety

concerns with FGF21 gene therapy.

Keywords: FGF21, Gene therapy, Longevity, Healthspan, Metabolic remodeling, AAV vectors, Aging, Metabolic

syndrome, Geroscience and Mitochondrial function.
Introduction
The Demographic and Economic Imperative

The twenty-first century has witnessed an
unprecedented demographic transformation, with
the global population aged 60 and over projected
to reach 2.1 billion by 2050, representing 22% of
the world's population [1].

This  demographic  shift has  profound
implications for healthcare systems worldwide,
as aging represents the predominant risk factor
for most chronic diseases, including type 2
diabetes, cardiovascular disease,
neurodegenerative disorders, and cancer [2].

The economic burden of age-related diseases is
staggering, with healthcare costs for older adults
accounting for a disproportionate share of
national  healthcare  expenditures  across
developed nations [3].

The Geroscience Paradigm Shift

This reality has catalyzed a paradigm shift in
biomedical research, moving from a disease-
centric approach to one that targets the
fundamental biology of aging itself. The
geroscience hypothesis proposes that by
targeting the basic mechanisms of aging, it may
be possible to simultaneously prevent or delay
multiple  age-related pathologies, thereby
extending not just lifespan but healthspan
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which is the period of life spent in good
health [4].

This approach offers the potential for greater
impact than treating individual diseases in
isolation, as it addresses the root cause rather than
downstream consequences.

Metabolic Dysfunction as a Core Aging
Mechanism

Metabolic dysregulation represents a
fundamental mechanism of cellular aging and
contributes to multiple age-related pathologies.
As organisms age, progressive impairments in
energy homeostasis, insulin signaling, and
nutrient sensing pathways lead to systemic
dysfunction [5].

These changes manifest as increased adiposity,
reduced energy expenditure, and chronic low-
grade inflammation, collectively accelerating
tissue degeneration and disease susceptibility.
This metabolic decline integrates with other
aging hallmarks, including mitochondrial
dysfunction and cellular senescence,
creating a reinforcing cycle of deterioration

[6].

The rate of metabolic aging varies substantially
between individuals, influenced by genetic
factors, environmental exposures, and lifestyle
choices. This variability helps explain
differences in biological aging rates and
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vulnerability to conditions such as type 2
diabetes, cardiovascular disease, and
neurodegeneration  among  chronologically
matched individuals [7].

FGF21: Discovery and Unique Properties

Among the numerous molecular targets identified
in aging research, Fibroblast Growth Factor 21
(FGF21) has emerged as a particularly promising
candidate for therapeutic intervention. FGF21
was initially identified in 2005 as a member of the
FGF family with unique properties that
distinguished it from classical growth factors

[8].

Unlike traditional FGFs that act locally through
heparan sulfate-dependent mechanisms, FGF21
functions as an endocrine hormone, capable of
systemic effects on metabolism and aging
processes [9].

Structurally, FGF21 comprises a 181-amino acid
protein with a core B-trefoil fold characteristic of
all FGFs, but lacks the heparan sulfate-binding
domain that typically restricts classical FGFs to
paracrine or autocrine signaling [10].

This structural modification allows FGF21 to
enter systemic circulation and exert effects on
distant target tissues. The protein consists of N-
and C-terminal extensions that facilitate receptor
binding and endocrine function, with the C-
terminal domain interacting with B-Klotho while
the N-terminal engages FGF receptors [11].

Physiological Role and Stress Response

The physiological role of FGF21 is intimately
connected to metabolic adaptation and stress
resistance. Under conditions of metabolic stress,
including fasting, protein restriction, ketogenic
diet consumption, and exercise hepatic FGF21
expression increases dramatically, sometimes by
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10-50 fold [12,13]. This adaptive response
orchestrates a complex series of metabolic
changes that promote survival during nutrient
scarcity  while  simultaneously  activating
pathways associated with longevity and
healthspan extension [14].

FGF21 expression is tightly regulated, restricted
to metabolic stress conditions in adults, with
negligible basal levels in most somatic tissues.
This regulation positions FGF21 as an adaptive
"longevity hormone" capable of mimicking
caloric restriction effects without reduced
nutrient intake [15].

FGF21 and Longevity: Initial Evidence

The connection between FGF21 and longevity
was first established through studies of transgenic
mice overexpressing FGF21, which
demonstrated significantly extended lifespan up
to 40% increase in median lifespan without
caloric restriction [16].

These findings were particularly striking as they
suggested that FGF21 could activate longevity
pathways typically associated with caloric
restriction without the need for reduced food
intake. Subsequent research has revealed that
FGF21 influences multiple hallmarks of aging,
including metabolic  dysfunction, cellular
senescence, inflammation, and mitochondrial
decline [17].

Relationship Between FGF21 Levels and Age-
Related Diseases

Mounting evidence links FGF21 dysregulation to
numerous age-related conditions. Paradoxically,
circulating FGF21 levels often increase with age
and metabolic disease, reflecting a state of FGF21
resistance rather than deficiency [18]. In obesity
and type 2 diabetes, elevated FGF21 correlates
with insulin resistance and hepatic steatosis,
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suggesting compensatory upregulation amid
impaired signaling [19].

Cardiovascular diseases demonstrate connections
to FGF21 biology, with reduced signaling
contributing to endothelial dysfunction and
cardiac hypertrophy [20]. In neurodegenerative
disorders, FGF21 deficiency exacerbates
neuroinflammation and cognitive decline, while
enhanced levels protect against amyloid
pathology [21]. Metabolic liver diseases,
including non-alcoholic fatty liver disease
(NAFLD) and steatohepatitis (NASH), show
strong associations with FGF21 resistance, where
impaired hepatic responses promote lipid
accumulation and fibrosis [22].

Even without overt genetic defects, altered
FGF21 signaling consistently correlates with
increased morbidity and mortality. Meta-analyses
reveal that individuals with higher FGF21 levels
indicative of resistance face elevated risks of
metabolic syndrome and all-cause mortality,
independent of traditional risk factors [23]. These
associations provide rationale for exploring
FGF21 enhancement through gene therapy as a
potential intervention for age-related diseases and
aging itself.
Limitations of  Current
Approaches

Therapeutic

The therapeutic potential of FGF21 has been
explored through various approaches, including
recombinant protein administration and small
molecule activators. However, these approaches
face significant limitations. Native FGF21
protein has a short half-life of only 1-2 hours in
humans, necessitating frequent administration to
maintain therapeutic levels [24]. Even modified
FGF21 analogs with extended half-lives require
weekly or bi-weekly injections, creating
compliance challenges and substantial healthcare
costs [25]. These pharmacokinetic limitations
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have motivated the exploration of gene therapy
approaches that could provide sustained FGF21
expression following a single administration.

Gene Therapy: A Transformative Approach

Gene therapy utilizing adeno-associated viral
(AAV) vectors represents a transformative
approach to FGF21 delivery. AAV vectors have
emerged as the leading platform for in vivo gene
therapy due to several favorable
characteristics: they are non-pathogenic, can
transduce both dividing and non-dividing
cells, provide long-term transgene expression,
and have a strong safety profile established
through numerous clinical trials [26]. For
FGF21, AAV-mediated gene therapy offers the
potential to transform the recipient's own cells,
primarily hepatocytes into continuous factories
for FGF21 production, maintaining stable
therapeutic levels for years following a single
treatment [27].

The rationale for pursuing FGF21 gene therapy
extends beyond addressing pharmacokinetic
limitations. Continuous, physiological expression
of FGF21 may more closely mimic the natural
patterns of this hormone, potentially offering
superior efficacy compared to intermittent
pharmacological dosing. Moreover, gene therapy
could make this treatment accessible to broader
populations by eliminating the need for repeated
medical visits and reducing long-term healthcare
costs [28].

Scope and Objectives of This Review

This comprehensive review examines the current
state of FGF21 gene therapy research,
synthesizing evidence from preclinical studies
and emerging clinical data to evaluate its
potential as an anti-aging intervention. We
provide detailed analysis of the molecular
mechanisms underlying FGF21's pleiotropic
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effects, examine the extensive preclinical
evidence demonstrating efficacy across multiple
organ  systems, discuss the  technical
considerations for clinical translation, and
explore future directions for this promising
therapeutic approach. Our analysis encompasses
the most thorough assessment to date of FGF21
gene therapy's potential to transform the
treatment of aging and age-related diseases.

Molecular Mechanisms of FGF21 Action
FGF21 Structure and Receptor Biology

Fibroblast Growth Factor 21 is a 181-amino acid
protein that belongs to the endocrine subfamily of
FGFs, which includes FGF19 and FGF23 [29].
The structure of FGF21 reveals several unique
features that distinguish it from classical FGFs
and enable its endocrine function.

The protein consists of a core B-trefoil fold
characteristic of all FGFs, but lacks the heparan
sulfate-binding domain that typically restricts
classical FGFs to paracrine or autocrine signaling
[30]. This structural modification allows FGF21
to enter systemic circulation and exert effects on
distant target tissues.

The signaling mechanism of FGF21 requires the
formation of a ternary complex consisting of
FGF21 itself, a conventional FGF receptor
(primarily FGFR1c, though FGFR2c and
FGFR3c can also participate), and the obligate
co-receptor B-Klotho [31]. B-Klotho, a single-
pass transmembrane protein, serves as the key
determinant of tissue responsiveness to FGF21.

The tissue-specific expression pattern of -
Klotho, predominantly in metabolically active
organs including liver, adipose tissue (both white
and brown), pancreas, and specific regions of the
brain defines the primary target tissues for FGF21
action [32].
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Recent crystallographic studies have elucidated
the molecular basis of FGF21-receptor
interactions. FGF21 binds to B-Klotho through its
C-terminal domain, which adopts an extended
conformation that fits into a hydrophobic groove
on the surface of f-Klotho [33]. This interaction
is essential for recruiting FGFR to the complex
and initiating downstream signaling. The N-
terminal domain of FGF21 then engages with the
FGFR, leading to receptor dimerization and
trans-autophosphorylation of tyrosine residues in
the intracellular kinase domains [34].

Integrated Signaling Networks and Cascade
Activation

The formation of the FGF21/FGFR/B-Klotho
complex triggers a sophisticated cascade of
phosphorylation events that activate three major
intracellular signaling branches, which function
in concert to orchestrate FGF21's pleiotropic
effects [35]. The primary pathway involves
activation of the RAS-RAF-MEK-ERK cascade,
which mediates many of FGF21's metabolic
effects through regulation of gene transcription
and cellular differentiation. Concurrently, FGF21
activates the PI3BK-AKT pathway, contributing to
enhanced insulin sensitivity, glucose uptake, and
cell survival. The third branch involves PLCy
pathway activation, leading to calcium
mobilization and activation of calcium-dependent
signaling cascades including PKC and
calcineurin-NFAT signaling [36].

These three signaling branches do not function in
isolation but rather create an integrated network
that converges on key metabolic regulators. The
coordinated activation of AMPK occurs through
multiple inputs: ERK-mediated phosphorylation,
AKT-dependent regulation, and calcium-induced
CaMKKp activation [37]. Similarly, SIRT1
activity is enhanced through the combined effects
of improved NAD+ metabolism (via enhanced
mitochondrial function) and direct transcriptional
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upregulation mediated by CREB phosphorylation
downstream of PKA activation [38]. PPARa, a
central node in hepatic lipid metabolism, receives
inputs from all three pathways, with ERK-
mediated  phosphorylation  enhancing its
transcriptional  activity while  PISBK-AKT
signaling modulates its cofactor interactions [39].

The relative contribution of each pathway varies
by cell type and metabolic context, allowing for
tissue-specific responses to FGF21 stimulation.
In  hepatocytes, the RAS-RAF-MEK-ERK
cascade predominates, driving the metabolic shift
toward fatty acid oxidation and ketogenesis. In
adipocytes, the balance shifts toward PISK-AKT
and calcium signaling, promoting glucose uptake
and thermogenic gene expression. This tissue-
specific signaling creates a coordinated whole-
body response that enhances cellular energy
efficiency and stress resistance [40].

Accessory proteins modulate complex assembly
and signaling output, including adiponectin
which amplifies insulin-sensitizing effects
through AMPK activation [41].

Transcriptional regulation involves tissue-
specific master regulators: PPARa in liver, PGC-
loo in adipose tissue, and CREB in neural

tissues, integrating FGF21 signaling
with  existing  nutrient-sensing  networks
[42].

Post-translational ~ modifications,  including

phosphorylation, SUMOylation, and acetylation,
further regulate signaling efficiency and duration,
providing additional layers of control [43].
These regulatory mechanisms offer multiple
intervention points beyond direct gene therapy
for enhancing or modulating FGF21
function.

Key Metabolic Outcomes
« 30-40% J Body weight
» 50-60% 1 Insulin sensitivity
« 15-20% 4 Energy expenditure

Vessels
« 1 NO production
« & Atherosclerosis
« 1 Function

Muscle
« 1 Glucose uptake
+ 1 Mitochondria
« 1 Endurance
« 4 Atrophy

Kidney

- 1 Function
« I Fibrosis
« ¥ Inflammation

Liver

+ | Gluconeogenesis

- | Lipogenesis

- 1 Fatty acid oxidation
- 1 Ketogenesis

» & NAFLD/NASH
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Gene Therapy
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« 1 Insulin secretion
+ 4 Glucagon
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outflow

+ { Food intake
« T Energy exp.

Heart
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Figure 1: Shows AAV-FGF21 at the center with radiating connections to all major organ systems affected by the
therapy. Each organ system displays the specific metabolic effects mentioned in your manuscript, including
quantitative improvements where specified.
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Metabolic Signaling Networks

The metabolic effects of FGF21 are mediated
through a complex network of signaling
pathways that integrate cellular energy status
with whole-body metabolism. In adipose tissue,
FGF21 signaling induces a thorough
metabolic reprogramming that transforms white
adipocytes into more metabolically active
cells.

This process, often referred to as "browning" or
"beiging," involves the upregulation of key
thermogenic genes including uncoupling protein
1 (UCP1), peroxisome proliferator-activated
receptor gamma coactivator 1-alpha
(PGC-1a), and PR domain containing 16
(PRDM16) [44].

These molecular changes result in increased
mitochondrial biogenesis, enhanced oxidative
phosphorylation, and the ability to dissipate
energy as heat rather than storing it as
triglycerides.

The mechanism by which FGF21 induces adipose
tissue browning involves both direct effects on
adipocytes and indirect effects mediated through
the central nervous system. Direct stimulation of
adipocytes with FGF21 activates the CAMP-PKA
pathway, leading to phosphorylation and
activation of hormone-sensitive lipase and the
transcriptional activation of thermogenic genes
[45].

Simultaneously, FGF21 acts on the hypothalamus
to increase sympathetic nervous system outflow
to adipose tissue, providing additional -
adrenergic stimulation that synergizes with the
direct effects [46].

In the liver, FGF21 functions as a master

regulator of nutrient metabolism, coordinating
the shift from glucose utilization to fatty acid
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oxidation and ketogenesis. This metabolic
reprogramming is achieved through the
regulation of key transcription factors. FGF21
suppresses the expression and activity of sterol
regulatory element-binding protein 1c (SREBP-
1c), the master regulator of de novo lipogenesis
[47].

This results in decreased expression of lipogenic
enzymes including acetyl-CoA carboxylase
(ACC), fatty acid synthase (FAS), and stearoyl-
CoA desaturase 1 (SCD1). Concurrently,
FGF21 enhances the expression and

activity of peroxisome proliferator-
activated receptor alpha (PPAR),
driving the  transcription of  genes

involved in fatty acid oxidation and ketogenesis
[48].

The regulation of glucose metabolism by
FGF21  involves  multiple =~ mechanisms
operating in parallel. In hepatocytes, FGF21
suppresses gluconeogenesis by inhibiting the
expression of key gluconeogenic enzymes,
phosphoenolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphatase (G6Pase)
[49].

This effect is mediated, in part, through the
modulation of PGC-1a activity, which serves as
a co-activator for gluconeogenic  gene
transcription. Additionally, FGF21 enhances
hepatic insulin sensitivity by improving insulin
receptor signaling and reducing lipotoxicity-
induced insulin resistance [50].

Pancreatic effects include B-cell preservation
against  glucolipotoxicity  via  autophagy
enhancement and ER stress reduction [51].
FGF21 modulates glucagon secretion, improving
glucose homeostasis [52]. This thorough
remodeling favors energy utilization over
storage, resembling caloric restriction and
promoting metabolic flexibility [53].
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- . . Key
Signaling Pathway Primary Effects Impact on Aging Hallmarks References
RAS-RAF-MEK-ERK | » Metabolic gene transcription * Reduced cellular senescence [35, 36, 38]
* Cellular differentiation * Enhanced metabolic flexibility
* Glucose metabolism regulation | ¢ Improved mitochondrial function
* Hepatic lipid metabolism * Protection against metabolic
control stress
PI3K-AKT * Enhanced insulin sensitivity * Reduced insulin resistance [36, 46, 79]
* Increased glucose uptake * Protection against apoptosis
* Cell survival promotion * Enhanced proteostasis
» Metabolic enzyme regulation * Improved cellular resilience
PLCy-PKC-Calcium * Calcium mobilization * Enhanced cellular stress [36, 41]
* PKC activation response
* Calcineurin-NFAT signaling * Improved calcium homeostasis
* CaMKKZp activation * Metabolic adaptation
* Mitochondrial calcium
regulation
AMPK * Enhanced autophagy * Improved cellular energy sensing | [50, 51, 54]
» Mitochondrial biogenesis * Enhanced mitophagy
* Inhibition of anabolic processes | * Extended lifespan
* Fatty acid oxidation * Reduced mTOR activity
SIRT1 * Deacetylation of metabolic * Improved mitochondrial function | [54, 55]
proteins * Enhanced DNA repair
* PGC-1a activation * Reduced inflammation
* Enhanced oxidative metabolism | ¢« Extended healthspan
* Transcriptional regulation
mTOR Inhibition * Reduced protein synthesis * Extended lifespan [52, 53]
* Enhanced autophagy * Reduced cellular senescence
* Metabolic reprogramming * Improved proteostasis
* Stress resistance activation * Enhanced stress resilience

Table 1: Summary of FGF21 Signaling Pathways and Their Effects on Aging.

Shows the six major signaling cascades (RAS-RAF-MEK-ERK, PI3K-AKT, PLCy-PKC-Calcium, AMPK, SIRT1,
and mTOR inhibition) with their primary effects and impacts on ageing hallmarks.

Integration with Longevity Pathways

One of the most intriguing aspects of FGF21
biology is its intersection with evolutionarily
conserved pathways that regulate aging and
longevity. The convergence of FGF21's primary
signaling cascades on these longevity regulators

Sewell PE|Special Issue (2025) | JPHM-005| Review Article

creates a coordinated anti-aging response. FGF21
activates AMP-activated protein kinase (AMPK),
often referred to as the cellular "fuel gauge,"
through multiple mechanisms arising from its
integrated signaling network [54]. The increased
energy expenditure induced by FGF21 can lead
to changes in cellular AMP:ATP ratios, directly
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activating AMPK. Additionally, FGF21-induced
adiponectin  secretion from adipose tissue
provides a systemic signal that activates AMPK
in peripheral tissues [55]. This AMPK activation
has profound implications for cellular aging, as it
promotes autophagy, enhances mitochondrial
biogenesis, and inhibits anabolic processes that
accelerate aging. The interaction between FGF21
and mammalian target of rapamycin (mTOR)
signaling represents another critical node in
longevity regulation. FGF21 suppresses mTOR
complex 1 (mTORC1) activity through both
AMPK-dependent and independent mechanisms
[56]. By inhibiting mTORC1, FGF21 reduces
protein synthesis, promotes autophagy, and
activates stress resistance pathways, all of which
are associated with extended lifespan across
species. The degree of mTOR inhibition varies by
tissue, with particularly strong effects observed in
liver and adipose tissue, suggesting tissue-
specific regulation of this longevity pathway
[57].

FGF21 also interfaces with the sirtuin family of
NAD+-dependent  deacetylases, particularly
SIRT1, which has been extensively implicated in
longevity and metabolic health. FGF21 enhances
SIRT1 activity through multiple mechanisms: by
improving mitochondrial function and reducing
oxidative stress, FGF21 may increase cellular
NAD+ levels, the essential cofactor for sirtuin
activity [58]. Additionally, FGF21 can directly
upregulate SIRT1 expression in certain tissues
through CREB-mediated transcription. The
activation of SIRT1 by FGF21 creates a positive
feedback loop, as SIRT1 deacetylates and
activates PGC-1a, further enhancing
mitochondrial ~ biogenesis and  oxidative
metabolism [59].

The suppression of insulin-like growth factor 1
(IGF-1) signaling represents another mechanism
by which FGF21 may promote longevity. FGF21
acts on the pituitary gland to suppress growth
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hormone secretion, leading to reduced hepatic
IGF-1 production [60]. Reduced IGF-1 signaling
has been associated with extended lifespan across
multiple species, from nematodes to mammals.
This effect of FGF21 on the growth
hormone/IGF-1 axis may be particularly
important ~ for it longevity-promoting
effects, as it mimics one of the key mechanisms
by which caloric restriction extends lifespan
[61].

Anti-inflammatory and Stress Response
Mechanisms

Chronic low-grade inflammation, often termed
"inflammaging,"” is recognized as a fundamental
driver of aging and age-related diseases. FGF21
exerts broad anti-inflammatory effects through
multiple mechanisms operating at both cellular
and systemic levels. At the molecular level,
FGF21 inhibits the nuclear factor kappa B (NF-
kB) pathway, the master regulator of
inflammatory responses [62]. This inhibition
occurs through several mechanisms: FGF21
prevents the phosphorylation and degradation of
IxB, the inhibitory protein that sequesters NF-xB
in the cytoplasm. Additionally, FGF21 interferes
with the activation of IkB kinase (IKK), the
upstream  kinase  responsible  for  IkB
phosphorylation [63].

The anti-inflammatory effects of FGF21 extend
to the regulation of inflammasome activity.
Recent studies have demonstrated that FGF21
suppresses the formation and activation of the
NLRP3 inflammasome, a multiprotein complex
that processes pro-inflammatory cytokines IL-13
and IL-18 [64]. This suppression occurs through
multiple mechanisms: FGF21 reduces the
expression of NLRP3 components, prevents
inflammasome  assembly, and  enhances
autophagy-mediated clearance of damaged
mitochondria that would otherwise trigger
inflammasome activation. The net result is
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reduced production of inflammatory cytokines
and decreased pyroptotic cell death [65].

FGF21 also enhances cellular stress resistance
through activation of the nuclear factor erythroid
2-related factor 2 (Nrf2) pathway, the master
regulator of antioxidant responses. Under basal
conditions, Nrf2 is sequestered in the cytoplasm
by Kelch-like ECH-associated protein 1 (Keapl)
and targeted for proteasomal degradation [66].
FGF21 signaling disrupts the Keapl-Nrf2
interaction, allowing Nrf2 to translocate to the
nucleus and activate transcription of antioxidant
response elements. This results in increased
expression of glutathione synthesis enzymes,
catalase, superoxide dismutase, and other
cytoprotective proteins [67]. The enhancement of
cellular antioxidant capacity by FGF21 provides
protection against oxidative stress, a key driver of
cellular aging.

The modulation of endoplasmic reticulum (ER)
stress responses represents another important
mechanism by which FGF21 promotes cellular
health. Metabolic stress often leads to the
accumulation of misfolded proteins in the ER,
triggering the unfolded protein response (UPR).
While acute UPR activation is adaptive, chronic
ER stress contributes to cellular dysfunction and
death [68]. FGF21 modulates the UPR to
maintain  proteostasis  without  triggering
apoptosis. It enhances the adaptive arms of the
UPR, increasing the expression of chaperones
like GRP78 and protein disulfide isomerase,
while suppressing the pro-apoptotic CHOP
pathway. This balanced modulation of ER stress
responses helps maintain cellular function under
metabolic stress [69].

Mitochondrial Effects and Bioenergetics
FGF21's effects on mitochondrial function are

central to its metabolic benefits. FGF21 enhances
mitochondrial biogenesis through PGC-la
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activation, increasing mitochondrial DNA copy
number and respiratory chain component
expression [70]. This is accompanied by
improved  mitochondrial  dynamics,  with
enhanced fusion-fission balance maintaining
healthy mitochondrial networks [71].
Functionally, FGF21 improves mitochondrial
efficiency, reducing ROS production while
maintaining ATP synthesis [72]. In stress
conditions, FGF21 promotes fatty acid oxidation,
preserving mitochondrial integrity [73]. These
improvements in  mitochondrial ~ function
contribute to enhanced cellular energy production
and reduced oxidative stress, both critical for
healthy aging.

Preclinical Evidence for Metabolic Effects
Body Weight and Adiposity Regulation

The effects of FGF21 gene therapy on body
weight and adiposity have been extensively
characterized in multiple preclinical models,
demonstrating consistent and profound metabolic
benefits. The landmark study by Jimenez and
colleagues utilized AAV8 vectors to deliver the
FGF21 gene to diet-induced obese mice,
achieving sustained therapeutic expression for
over one year following a single intravenous
injection [27]. This study revealed remarkable
outcomes: treated mice exhibited a 30-40%
reduction in body weight that was maintained
throughout the study period, despite continued ad
libitum access to a high-fat diet. Importantly, this
weight loss was accompanied by a 50-60%
reduction in fat mass, while lean muscle mass was
preserved, indicating a favorable change in body
composition.

The mechanism underlying FGF21-induced
weight loss differs fundamentally from that
achieved through caloric restriction. Thorough
metabolic phenotyping using indirect calorimetry
revealed that FGF21 gene therapy increased
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whole-body energy expenditure by 15-20%
without significantly affecting food intake [74].
This increase in metabolic rate was sustained
throughout the day-night cycle, with particularly
pronounced effects during the light phase when
mice are typically inactive. The enhanced energy
expenditure was accompanied by a shift in fuel
utilization, with increased fatty acid oxidation
and reduced respiratory quotient, indicating
preferential use of lipids as an energy source [75].

Histological examination of adipose tissue from
FGF21-treated animals revealed dramatic
morphological changes. White adipose tissue
depots showed a significant reduction in
adipocyte size, with mean cell diameter
decreasing by 40-50% [76]. This was
accompanied by the emergence of multilocular,
UCP1-positive adipocytes within white fat
depots, indicating the transformation of white
adipocytes into  beige adipocytes  with
thermogenic capacity. Electron microscopy
revealed a 2-3 fold increase in mitochondrial
density within these transformed adipocytes, with
mitochondria  displaying the characteristic
cristae-rich morphology associated with active
oxidative phosphorylation [77].

The browning of white adipose tissue induced by
FGF21 gene therapy involves coordinated
changes in gene expression programs.
Transcriptomic analysis revealed upregulation of
the entire thermogenic gene program, including
not only UCP1 but also genes encoding
mitochondrial biogenesis factors (PGC-1a,
NRF1, TFAM), fatty acid oxidation enzymes
(CPT1, ACOX1, HADH), and electron transport
chain  components [78]. This thorough
reprogramming ~ was  accompanied by
increased vascularization of adipose tissue,
with a 40% increase in capillary density,
ensuring adequate oxygen delivery
to support the enhanced metabolic activity
[79].
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Glucose Homeostasis and Diabetes

The efficacy of FGF21 gene therapy in improving
glucose homeostasis has been demonstrated
across multiple models of diabetes and insulin
resistance. In the severely diabetic db/db mouse
model, which lacks functional leptin receptors
and develops profound hyperglycemia and
insulin  resistance, AAV-FGF21 treatment
produced remarkable results [80]. Within two
weeks of vector administration, blood glucose
levels decreased from over 500 mg/dL to less
than 150 mg/dL, achieving near-normalization
despite the continued presence of the underlying
genetic defect. This improvement was sustained
for the entire 12-month study period without any
evidence of tachyphylaxis or loss of efficacy.

Thorough  metabolic ~ assessment  using
hyperinsulinemic-euglycemic clamps, the gold
standard for measuring insulin sensitivity,
revealed that FGF21 gene therapy improved
whole-body insulin sensitivity by approximately
80% in diabetic mice [54]. This improvement was
attributable to enhanced insulin action in multiple
tissues: hepatic glucose production was
suppressed by 60%, while insulin-stimulated
glucose uptake increased by 45% in skeletal
muscle and 70% in adipose tissue. These tissue-
specific improvements in insulin sensitivity were
associated with enhanced insulin receptor
signaling,  including  increased  tyrosine
phosphorylation of insulin receptor substrate
proteins and enhanced activation of the PI3K-
AKT pathway [81].

The mechanisms by which FGF21 improves
glucose homeostasis extend beyond enhanced
insulin sensitivity. Pancreatic islet analysis
revealed that FGF21 gene therapy preserved -
cell mass and function in diabetic models [82].
Treated animals showed a 40% increase in -cell
mass compared to untreated diabetic controls,
with reduced [-cell apoptosis and enhanced
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proliferation. Functional studies demonstrated
improved glucose-stimulated insulin secretion,
with a 2.5-fold increase in the first-phase insulin
response. This preservation of B-cell function is
particularly significant, as progressive [-cell
failure is a hallmark of type 2 diabetes
progression [83].

Long-term glycemic control, assessed by
glycated hemoglobin (HbAlc) measurements,
showed sustained improvement with FGF21 gene
therapy. HbAlc levels decreased from over 10%
in untreated diabetic mice to less than 6% in
treated animals, indicating excellent long-term
glycemic control [84]. This level of improvement
exceeds that typically achieved with current
antidiabetic medications and approaches the
glycemic control seen in non-diabetic animals.
Moreover, continuous glucose monitoring
revealed improved glycemic variability, with
reduced postprandial glucose excursions and
elimination of hypoglycemic episodes [85].

Hepatic Metabolism and NAFLD/NASH

The liver represents a primary target organ for
FGF21 action, and gene therapy approaches have
demonstrated profound effects on hepatic
metabolism and the treatment of non-alcoholic
fatty liver disease (NAFLD) and non-alcoholic
steatohepatitis (NASH). In mouse models of diet-
induced NAFLD, AAV-FGF21 treatment
resulted in a 60-70% reduction in hepatic
triglyceride content within four weeks of
treatment [86]. This dramatic reduction in hepatic
steatosis was accompanied by normalization of
liver weight and complete resolution of
hepatomegaly. Histological analysis revealed
restoration of normal hepatic architecture, with
disappearance of lipid droplets and resolution of
ballooning degeneration [87]. The molecular
mechanisms underlying the anti-steatotic effects
of FGF21 involve coordinated suppression of
lipogenesis and enhancement of fatty acid
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oxidation. Thorough lipidomic analysis revealed
that FGF21 gene therapy not only reduced total
hepatic triglyceride content but also favorably
altered lipid composition, with decreased
saturated  fatty acids and increased
polyunsaturated fatty acids [88]. This shift in
lipid composition has important implications for
hepatic insulin sensitivity and inflammation.
Gene expression profiling showed suppression of
the entire lipogenic program, with 70-80%
reduction in expression of SREBP-1c and its
downstream targets ACC, FAS, and SCD1 [89].
Concurrently, genes involved in fatty acid
oxidation showed 2-3 fold upregulation,
including PPARa and its target genes encoding
mitochondrial and peroxisomal [-oxidation
enzymes.

In more severe models of NASH, characterized
by hepatic inflammation and fibrosis in addition
to steatosis, FGF21 gene therapy demonstrated
disease-modifying effects. Treatment of mice
with established NASH resulted in significant
reduction in the NAFLD Activity Score (NAS),
with improvements in all component scores
including steatosis, inflammation, and ballooning
[90].

Inflammatory cell infiltration, assessed by F4/80
staining for macrophages, decreased by 60%,
while expression of pro-inflammatory cytokines
(TNF-a, TL-1p, IL-6) was reduced by 50-70%.
Importantly, FGF21 treatment also showed anti-
fibrotic effects, with 40% reduction in collagen
deposition as assessed by Sirius red staining and
decreased expression of fibrotic markers
including a-smooth muscle actin and collagen
type | [91]. The beneficial effects of FGF21 on
liver function extended beyond histological
improvements. Serum markers of liver injury,
including alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), were reduced
by 60-70% in FGF21-treated animals with NASH
[92]. Functional assessments revealed improved

Citation: Sewell PE. FGF21 Gene Therapy: Comprehensive Metabolic Remodeling as a Strategy for Extending Healthspan and Lifespan.

2025;1(1):1-33



hepatic synthetic function, with normalized
albumin production and coagulation parameters.
Advanced imaging using magnetic resonance
spectroscopy  confirmed the  biochemical
findings, showing reduced hepatic fat fraction
and improved hepatic stiffness measurements,
indicating resolution of both steatosis and fibrosis
[93].

Cardiovascular Effects

The cardiovascular benefits of FGF21 gene
therapy extend beyond those attributable to
improved metabolic parameters, encompassing
direct cardioprotective effects and improvements
in vascular function. In models of diet-induced
cardiomyopathy, characterized by left ventricular
dysfunction and myocardial lipid accumulation,
AAV-FGF21 treatment resulted in significant
functional improvements [94].
Echocardiographic assessment revealed a 15-
20% improvement in ejection fraction, with
normalization of left ventricular end-diastolic and
end-systolic volumes. Tissue Doppler imaging
showed improved diastolic function, with
enhanced early diastolic relaxation velocity and
reduced E/e' ratio, indicating decreased left
ventricular filling pressures [95].

The structural benefits of FGF21 gene therapy on
the heart were equally impressive. Treated
animals showed prevention of cardiac
hypertrophy, with a 25% reduction in heart
weight to body weight ratio compared to
untreated controls [96]. Histological analysis
revealed decreased cardiomyocyte  cross-
sectional area and reduced interstitial fibrosis.
The anti-fibrotic effects were particularly
notable, with a 40% reduction in myocardial
collagen content as assessed by picrosirius red
staining. This was accompanied by decreased
expression of pro-fibrotic genes including
transforming growth factor-f3, connective tissue
growth factor, and various collagen isoforms
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[97]. At the cellular level, FGF21 gene therapy
enhanced mitochondrial function in
cardiomyocytes.  Respirometry  studies on
isolated cardiac mitochondria showed improved
oxidative phosphorylation capacity, with a 30%
increase in state 3 respiration and improved
respiratory control ratio [98]. This was associated
with increased expression of mitochondrial
biogenesis genes and electron transport chain
components. Importantly, FGF21 treatment also
reduced mitochondrial reactive oxygen species
production and enhanced antioxidant defenses,
providing protection against oxidative stress-
induced cardiac damage [99].

The vascular effects of FGF21 gene therapy were
assessed in multiple models of endothelial
dysfunction and atherosclerosis. In ApoE-
deficient mice fed a Western diet, AAV-FGF21
treatment resulted in a 50% reduction in
atherosclerotic plaque area in the aortic root
[100]. This was accompanied by favorable
changes in plaque composition, with increased
collagen content and reduced necrotic core area,
suggesting more stable plaque phenotype.
Mechanistically, FGF21 improved endothelial
function, as evidenced by enhanced endothelium-
dependent vasodilation in  response to
acetylcholine and increased endothelial nitric
oxide synthase expression and activity [101].

Effects on Physical Performance and Muscle
Function

Exercise Capacity and Endurance

The impact of FGF21 gene therapy on physical
performance represents one of the most striking
phenotypic outcomes observed in preclinical
studies. Thorough assessment of exercise
capacity using treadmill testing revealed that
mice receiving AAV-FGF21 treatment showed a
40-50% increase in running time to exhaustion
compared to control animals [102]. This
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enhanced endurance was evident as early
as four weeks post-treatment and was maintained
throughout  long-term  follow-up  studies
extending beyond one year. The improvement in

exercise capacity was accompanied by a 35%
increase in maximal running speed, indicating
enhanced peak aerobic performance in addition to
improved endurance [103].

Parameter Baseline (Control) FGF21 Gene Therapy % Change References
Exercise Capacity o . o o
(Time to exhaustion) 100% (normalized) 140-150% +40-50% [100, 101]
Maximal Running Speed 100% (normalized) 135% +35% [101]
Mitochondrial Densit . .
(Vlo;):mznfrzr:ciionjnm Y 1.0 (relative units) 1.35 +35% [105]
Type I Fib
( Syf(’; O)iide:tsive " 15% 25% +67% [108, 109]
Type 1la Fib
(lffset 0; d;tievr: " 20% 35% +75% [108, 109]
Type 1Ib Fib
(lffset glycélyetriz " 65% 40% -38% [108, 109]
Citrate Synthase Activity 100% 145% +45% [104]
i‘::f;ﬁ‘;te Dehydrogenase 100% 138% +38% [104]
B-HAD Activity o o

+ 0

(Fatty acid oxidation) 100% 152% 2% [104]
Capillary-to-Fiber Ratio 1.0 1.3 +30% [106]
Myoglobin Content 100% 125% +25% [107]
f::)‘i‘;enie;':ef;‘gze) 100% 140% +40% [112]
Grip St th
( ijmoiﬁgol 4 mice) 60% of young 85% of young +42% [115]
?i;seﬂeml\i/[cisigzsi‘g’;‘tlon 75% 95% +27% [114]
PGC-1a Expression 1.0 (fold change) 3.0 +200% [110]

Table 2: Effects of FGF21 Gene Therapy on Muscle Phenotype and Function. Summary of muscle-specific
adaptations following AAV-FGF21 treatment in preclinical models.

B-HAD: B-hydroxyacyl-CoA dehydrogenase; PGC-1a: Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha

Details 15 different muscle parameters showing baseline values, post-treatment values, percentage changes, and
references. Includes exercise capacity, mitochondrial changes, fiber type shifts, and enzyme activities.
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The physiological basis for enhanced exercise
performance following FGF21 gene therapy
involves multiple complementary mechanisms.
Metabolic analysis during exercise revealed
improved metabolic flexibility, with treated
animals showing enhanced ability to switch
between carbohydrate and lipid oxidation based
on exercise intensity and duration [112]. During
low-intensity exercise, FGF21-treated mice
showed preferential utilization of fatty acids,
preserving glycogen stores for high-intensity
efforts. This metabolic adaptation was reflected
in reduced blood lactate accumulation during
submaximal exercise, with lactate levels 40%
lower than controls at matched workloads [113].

Detailed analysis of muscle metabolism revealed
that FGF21 gene therapy induced thorough
metabolic reprogramming. Enzyme activity
assays showed significant increases in key
oxidative enzymes: citrate synthase activity
increased by 45%, succinate dehydrogenase by
38%, and B-hydroxyacyl-CoA dehydrogenase by
52% [107].

These enzymatic changes were accompanied by
increased mitochondrial density in skeletal
muscle, with electron microscopy revealing a
35% increase in mitochondrial volume fraction.
The mitochondria in FGF21-treated muscle
showed enhanced cristae density and more
organized ultrastructure, suggesting improved
functional capacity [104].

The enhanced exercise capacity was also
attributable to improved oxygen delivery and
utilization. Muscle capillarization  studies
revealed a 30% increase in capillary-to-fiber ratio
in FGF21-treated animals, ensuring adequate
oxygen delivery during exercise [108]. This
enhanced vascularization was accompanied by
increased expression of vascular endothelial
growth factor (VEGF) and other angiogenic
factors. Additionally, FGF21 treatment increased
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myoglobin content in skeletal muscle by 25%,
further enhancing oxygen storage and delivery
capacity within muscle fibers [104].

Muscle Fiber Type Remodeling

One of the most significant adaptations induced
by FGF21 gene therapy is the transformation of
muscle fiber type composition toward a more
oxidative phenotype. Immunohistochemical
analysis of muscle cross-sections revealed a
substantial shift in fiber type distribution [105].
Type | (slow oxidative) fibers increased from
15% to 25% of total fibers, while type Ila (fast
oxidative) fibers increased from 20% to 35%.
This shift came at the expense of type Ilb (fast
glycolytic) fibers, which decreased from 65% to
40% of total fibers. This fiber type transformation
is reminiscent of the adaptations seen with
endurance training but occurs without increased
physical activity [106].

The molecular mechanisms driving fiber type
transformation involve activation of key
transcriptional programs. Gene expression
analysis revealed a 3-fold increase in PGC-la
expression, the master regulator of oxidative
metabolism and fiber type determination [114].
This was accompanied by increased expression of
downstream transcription factors including
ERRo, NRF1, and TFAM. The calcineurin-
NFAT pathway, another key regulator of slow
fiber gene expression, showed enhanced activity
in FGF21-treated muscle. Chromatin
immunoprecipitation studies confirmed increased
binding of these transcription factors to
promoters of slow fiber-specific genes [115].

The functional consequences of fiber type
remodeling extend beyond enhanced endurance
capacity. FGF21-treated muscles showed
improved fatigue resistance in ex vivo
contraction studies, with force maintenance
during repetitive stimulation improved by 40%
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compared to control muscles [109]. This
enhanced fatigue resistance was associated with
better calcium handling, as evidenced by faster
calcium reuptake rates and increased expression
of SERCA1 and SERCA2 isoforms.
Additionally, transformed muscle fibers showed
enhanced resistance to contraction-induced
damage, with reduced creatine kinase release
following eccentric exercise protocols [116].

Protection Against Muscle Wasting

The potential of FGF21 gene therapy to protect
against muscle wasting has been evaluated in
multiple models of muscle atrophy and
sarcopenia. In aged mice (24 months old), AAV-
FGF21 treatment prevented the progressive loss
of muscle mass typically observed with aging
[110].

Treated animals maintained muscle mass within
95% of young adult levels, compared to untreated
age-matched controls that showed a 25%
reduction. This preservation of muscle mass was
accompanied by maintained muscle function,
with grip strength and specific force generation
preserved at levels 25% higher than untreated
aged animals [111].

The mechanisms by which FGF21 protects
against age-related muscle loss involve both anti-
catabolic and pro-anabolic effects. Analysis of
proteolytic pathways revealed that FGF21
treatment suppressed the expression of key
atrophy-related genes (atrogenes)
including MuRF1 and MAFbx/atrogin-1 by 50-
60% [117].

This suppression of the ubiquitin-proteasome
system was accompanied by reduced autophagy
markers,  suggesting  decreased  protein
breakdown. Concurrently, FGF21 treatment
enhanced protein synthesis signaling, with
increased phosphorylation of mTOR, S6K1, and
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4E-BP1 in response to feeding and exercise
stimuli [118].

The protective effects of FGF21 against muscle
wasting extend to pathological conditions beyond
aging. In  models of cancer cachexia,
characterized by severe muscle wasting and
metabolic dysfunction, FGF21 gene therapy
showed promising results [119].

While not completely preventing muscle loss,
FGF21 treatment reduced the severity of cachexia
by approximately 40% and improved survival.
This protection was associated with reduced
systemic  inflammation, improved insulin
sensitivity, and  better  maintenance  of
mitochondrial function in muscle. Similarly, in
models of chronic kidney disease-associated
muscle wasting, FGF21 treatment helped
preserve muscle mass and function [120].

Neurological Effects and Cognitive Function
Cognitive Enhancement and Neuroprotection

The neurological benefits of FGF21 gene therapy
represent an unexpected but highly significant
aspect of its therapeutic potential. Initial studies
in aged mice revealed that systemic AAV-FGF21
administration resulted in improved cognitive
function across multiple behavioral paradigms
[121].

In the Morris water maze, a standard test of
spatial learning and memory, FGF21-treated aged
mice showed a 30% reduction in escape latency
compared to age-matched controls, with
performance approaching that of young adult
mice. This improvement in spatial memory was
accompanied by enhanced performance in novel
object recognition tests, with treated animals
showing a 45% improvement in
discrimination index, indicating better episodic-
like memory [122].
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Figure 2: Neurological Effects of FGF21 Gene Therapy.

This figure illustrates the brain-specific effects of FGF21 gene therapy, showing impacts on different brain regions
and cell types (hippocampus, microglia, astrocytes), cognitive improvements, blood-brain barrier effects, and key
signaling pathways.

The  mechanisms  underlying  cognitive
enhancement by FGF21 involve both direct
effects on neural tissue and indirect benefits from
improved systemic metabolism. Detailed analysis
of hippocampal tissue revealed that FGF21
treatment increased dendritic spine density by
25% on CA1 pyramidal neurons, with particular
increases in mushroom-type spines
associated with stable synaptic connections
[123].

This structural plasticity was accompanied by
functional improvements in synaptic
transmission. Electrophysiological recordings
from hippocampal slices showed enhanced long-
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term potentiation (LTP), with a 40% increase in
the magnitude of potentiation following high-
frequency stimulation. The enhanced LTP was
associated with increased expression of synaptic
proteins including PSD-95, synaptophysin, and
synapsin-1 [124].

FGF21's  neuroprotective  effects  were
particularly evident in models of metabolic
cognitive impairment. In diet-induced obese mice
that develop cognitive dysfunction, FGF21 gene
therapy not only prevented cognitive decline but
actually improved performance above baseline
levels [125]. This protection was associated with
improved brain insulin sensitivity, as evidenced
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by enhanced insulin-stimulated Akt
phosphorylation in hippocampal tissue and
improved glucose utilization measured by 2-
deoxyglucose uptake. Additionally, FGF21
treatment increased brain-derived neurotrophic
factor (BDNF) expression by 2-fold in the
hippocampus and cortex, providing trophic
support for neuronal health and plasticity [126].

The blood-brain barrier (BBB) represents a
critical interface for brain health, and FGF21
gene therapy showed beneficial effects on BBB
integrity. Using Evans blue extravasation assays
and immunostaining for tight junction proteins,
researchers demonstrated that FGF21 treatment
reduced age-related BBB permeability by 40%
[127].

This improvement was associated with increased
expression of claudin-5, occludin, and ZO-1, key
components of endothelial tight junctions. The
enhanced BBB integrity likely contributes to the
neuroprotective effects by reducing infiltration of
peripheral  inflammatory = mediators  and
maintaining the specialized brain
microenvironment [128].

Neuroinflammation and Glial Cell Function

Neuroinflammation plays a central role in
cognitive decline and neurodegeneration, and
FGF21 gene therapy demonstrated potent anti-
neuroinflammatory effects.
Immunohistochemical analysis of brain tissue
from aged mice revealed that FGF21 treatment
reduced microglial activation by 50%, as
assessed by Ibal staining intensity and
morphological criteria [129].

The remaining microglia showed a shift from the
activated amoeboid morphology to a more
ramified  surveillance  phenotype.  Flow
cytometric analysis confirmed a phenotypic shift
from pro-inflammatory M1-like (CD86+,
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CD16/32+) to anti-inflammatory = M2-like
(CD206+, Argl+) microglial populations
[130].

The molecular mechanisms underlying FGF21's
effects on  neuroinflammation involve
suppression of key inflammatory pathways. Gene
expression profiling of isolated microglia
revealed that FGF21 treatment reduced
expression of pro-inflammatory cytokines (TNF-
a, IL-1p, IL-6) by 60-70% while increasing anti-
inflammatory mediators (IL-10, TGF-B) by 2-
fold [131].

This shift in cytokine expression was associated
with suppressed NF-xB signaling, as evidenced
by reduced nuclear translocation of p65 and
decreased expression of NF-kB target genes.
Additionally, FGF21  treatment  reduced
inflammasome activation in microglia, with
decreased NLRP3 expression and reduced
caspase-1 cleavage [132].

Astrocytes, the most abundant glial cells in the
brain, also showed significant responses to
FGF21 gene therapy. In aged brains, astrocytes
often display reactive gliosis characterized by
hypertrophy and increased GFAP expression.
FGF21 treatment reduced astrocyte
reactivity by 40%, with decreased GFAP
immunoreactivity and more normal morphology
[133].

Functional analysis revealed that FGF21-treated
astrocytes showed enhanced metabolic support
for neurons, with increased lactate production
and export, providing crucial energy substrate for
neuronal function.

Additionally, treated astrocytes showed increased
expression of glutamate transporters (GLT-1,
GLAST), enhancing their ability to maintain
synaptic glutamate homeostasis and prevent
excitotoxicity [134].
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Central Metabolic Regulation

Beyond its effects on cognition and
neuroinflammation, FGF21 acts centrally to
coordinate whole-body metabolism through
effects on hypothalamic circuits. Using designer
receptors exclusively activated by designer drugs

(DREADDs)  technology to  selectively
manipulate hypothalamic neurons, researchers
demonstrated that the metabolic
benefits ~ of  peripheral FGF21  gene

therapy partially depend on central signaling
[135]. FGF21 acts on neurons in the arcuate
nucleus and ventromedial hypothalamus that
express B-Klotho, modulating their activity to
influence feeding behavior and energy
expenditure.

The effects of FGF21 on feeding behavior are
complex and context-dependent. During the
initial weeks following gene therapy, mice
showed a modest (10-15%) reduction in food
intake, contributing to the initial phase of
weight loss [136]. However, this hypophagia
was transient, with food intake normalizing by 4-
6  weeks  despite  continued  weight
loss and metabolic improvements. Detailed
analysis of feeding patterns revealed that FGF21
treatment improved the circadian organization of
feeding, with better consolidation of food intake
during the active dark
phase and reduced snacking during the light
phase [137]. FGF2l's effects on energy
expenditure are mediated, in part, through
increased sympathetic nervous system outflow to
metabolic tissues. Using retrograde viral tracing
and immunohistochemistry, researchers
identified increased activation of pre-autonomic
neurons in the paraventricular nucleus and rostral
ventrolateral medulla following FGF21 treatment
[138]. This enhanced sympathetic activity was
confirmed by increased norepinephrine turnover
in brown adipose tissue and increased urinary
catecholamine excretion. Selective denervation
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studies confirmed that sympathetic
signaling contributes approximately
40% of the thermogenic response to FGF21
[139].

Longevity and Healthspan Extension
Lifespan Studies in Animal Models

The most compelling evidence for FGF21's
potential as an anti-aging intervention comes
from lifespan studies in animal models. The
seminal work by Zhang and colleagues
demonstrated that transgenic mice
overexpressing FGF21 lived significantly longer
than wild-type controls, with median lifespan
extended by 36% in males and 39% in females
[16].

These mice not only lived longer but also showed
delayed onset of age-related pathologies,
suggesting genuine healthspan extension rather
than merely prolonged survival in a debilitated
state. Maximum lifespan  was  also
extended by 20-25%, indicating that FGF21
affects fundamental aging processes
rather than simply preventing premature death
[140]. Building on these transgenic studies, more
recent work has examined the effects of AAV-
mediated FGF21 gene therapy initiated at
different life stages. When AAV-FGF21 was
administered to middle-aged mice (15 months
old, roughly equivalent to 50 human years),
median remaining lifespan increased by 25-30%
[141]. This finding is particularly significant as it
demonstrates that FGF21's longevity benefits do
not require lifelong exposure but can be achieved
even when intervention begins in middle age.
Late-life intervention (24 months, equivalent to
approximately 70 human years) still provided
benefits, with a 10-15% extension of
remaining lifespan, though the magnitude
was reduced compared to earlier intervention
[142].
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* No tachyphylaxis
* Improved quality of life metrics

Study Design | Model Lifespan Extension Healthspan Improvements References
Transgenic C57BL/6 mice |+ Median: +36% (males) | * Improved glucose metabolism [139, 140]
FGF21 (Both sexes) . throughout life
Overexpression Median: +39% (females) [ * 30-40% reduced adiposity
* Maximum: +20-25% |« Enhanced physical function
* Delayed age-related pathologies
* Improved insulin sensitivity
AAV-FGF21 15-month-old |+ Remaining * Preserved muscle mass (95% of [141]
(Middle Age mice lifespan: +25-30% young)
Intervention) (~50 human * Compressed morbidity | Improved cognitive function
years) period + 6-month reduction in frailty index
* Rectangularized * Enhanced rotarod performance
survival curve * Maintained metabolic flexibility
AAV-FGF21 24-month-old |+ Remaining * Maintained mobility [142]
(Old Age mice lifespan: +10-15% * Improved metabolic markers
Intervention) (~70 human * Improved late-life * 50-60% reduction in inflammation
years) survival * Better grip strength retention
* Preserved cognitive function
Diet-Induced |HFD-fed mice |< Not primary endpoint |< 30-40% body weight reduction [70, 77]
Obesity + (Obesity * Improved survival * Normalized glucose tolerance
AAV-FGF21 model) curves * 60-70% reduction in liver fat
* Delayed mortality * Improved cardiovascular function
acceleration * Enhanced exercise capacity (+40%)
Diabetic Leptin receptor |+ Extended survival * Glucose: >500—<150 mg/dL [77, 80,
Models deficient * Delayed diabetic * HbAlc: >10%—<6% 82]
(db/db mice) complications * 40% increase in -cell mass
* Prevented premature |« 2.5-fold improved insulin response
death * Prevented neuropathy
NASH Model [MCD diet-fed |e Improved survival * Resolution of steatosis [88, 89]
+ AAV-FGF21 |mice * Prevented liver failure |+ 60% reduction in inflammation
* 40% reduction in fibrosis
* Normalized liver enzymes
* Improved NAS score
Long-term Wild-type mice |+ No adverse effects on |+ No bone density loss [143, 144]
Safety Study (12-month survival * Normal reproductive function
follow-up) * Maintained efficacy * Sustained metabolic benefits

Table 3: Summary of Longevity and Healthspan Outcomes in FGF21 Gene Therapy Studies.

Comprehensive overview of lifespan and healthspan parameters in FGF21-treated animals.

HFD: High-fat diet; MCD: Methionine-choline deficient; NAS: NAFLD Activity Score; HbAlc: Glycated
hemoglobin. Covers 7 different study designs from transgenic models to disease-specific interventions, showing

lifespan extensions and healthspan improvements.
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Detailed survival analysis revealed that FGF21
gene therapy not only extended lifespan but also
compressed morbidity, with treated animals
maintaining better health until closer to death.
The survival curves showed a rightward shift
with increased rectangularization, indicating that
FGF21 treatment delayed the onset of age-related
mortality acceleration [145]. Gompertz analysis
of mortality data suggested that FGF21 reduces
the rate of aging rather than simply providing
protection against specific causes of death. This
pattern of mortality delay is consistent with
interventions that target fundamental aging
mechanisms [146].

Mechanisms of Longevity Extension

The mechanisms by which FGF21 extends
lifespan involve coordinated effects on multiple
hallmarks of aging. At the cellular level, FGF21
gene therapy enhanced proteostasis, the
maintenance of protein homeostasis that typically
declines with age [147]. Treated animals showed
reduced accumulation of protein aggregates,
enhanced proteasome activity, and improved
autophagy flux. The enhancement of autophagy
was particularly notable, with a 2-fold increase in
LC3-1I/LC3-I ratio and increased degradation of
p62/SQSTM1, indicating more efficient
clearance of damaged cellular components [148].

Mitochondrial function, another key determinant
of aging rate, was significantly improved by
FGF21 treatment. Thorough assessment of
mitochondrial parameters in aged tissues
revealed that FGF21 gene therapy preserved
respiratory capacity, with complex | and complex
IV activities maintained at levels 40% higher than
age-matched controls [149]. This preservation of
mitochondrial function was accompanied by
reduced oxidative damage, as evidenced by
decreased lipid peroxidation, protein
carbonylation, and 8-oxoguanine formation in
mitochondrial DNA. The ratio of mitochondrial
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to nuclear DNA, an indicator of mitochondrial
abundance, was maintained at youthful levels in
FGF21-treated aged animals [150].

Cellular senescence, the accumulation of
permanently growth-arrested cells that secrete
inflammatory factors, was markedly reduced by
FGF21 gene therapy. Using senescence-
associated  p-galactosidase  staining  and
pl6INK4a expression as markers, researchers
found 50-60% fewer senescent cells in multiple
tissues of FGF21-treated aged mice [151]. This
reduction in senescent cell burden was
accompanied by decreased expression of
senescence-associated  secretory  phenotype
(SASP) factors, including IL-6, IL-8, and matrix
metalloproteinases. The mechanism appears to
involve both prevention of senescence induction
and enhanced clearance of existing senescent
cells, possibly through improved immune
surveillance [152].

The preservation of stem cell function represents
another mechanism contributing to FGF21's
longevity effects. Analysis of various stem cell
compartments revealed that FGF21 treatment
maintained stem cell numbers and function
during aging [153]. Hematopoietic stem cells
from FGF21-treated aged mice showed better
reconstitution capacity in transplantation assays,
with improved multi-lineage differentiation
potential. Similarly, muscle satellite cells,
intestinal stem cells, and neural progenitors all
showed better preservation of regenerative
capacity. This maintenance of stem cell function
likely contributes to improved tissue homeostasis
and repair capacity throughout life [154].

Healthspan Assessment

While lifespan extension is important, the quality
of those additional years of Healthspan is equally
crucial. Thorough healthspan assessment in
FGF21-treated mice revealed improvements
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across multiple functional domains. Physical
function, assessed through rotarod performance,
grip strength, and voluntary wheel running, was
maintained at significantly higher levels in
treated animals [155]. At 24 months of age,
FGF21-treated mice showed rotarod performance
equivalent to 18-month-old untreated mice,
indicating a 6-month "functional age" reduction.
Grip strength was maintained at 85% of young
adult levels, compared to 60% in untreated aged
controls [156].

Metabolic health markers showed particularly
impressive preservation with FGF21 treatment.
Glucose tolerance tests revealed that 24-month-
old treated mice maintained glucose handling
capacity equivalent to 12-month-old untreated
mice [157]. Insulin sensitivity, typically severely
impaired in aged mice, was preserved at near-
youthful levels. Body composition analysis
showed that FGF21 treatment prevented age-
related sarcopenia and adipose  tissue
redistribution, maintaining a  metabolic
phenotype more characteristic of young adults
[158].

Cognitive function, assessed through a battery of
behavioral tests, was remarkably preserved in
FGF21-treated aged animals. Performance in
spatial memory tasks (Morris water maze, Barnes
maze) and recognition memory tests remained at
levels typically seen in mice 12 months younger
[159]. This cognitive preservation was
accompanied by maintained sensory function,
with better preservation of visual acuity and
hearing compared to untreated aged controls.
Motor coordination and balance, often impaired
in aged mice, were also better maintained with
FGF21 treatment [160].

The multi-system benefits of FGF21 gene therapy
were reflected in composite healthspan indices.
Using a frailty index incorporating 31 different
health parameters, FGF21-treated mice showed
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significantly lower frailty scores throughout
aging [161]. At 24 months of age, treated mice
had frailty scores equivalent to 18-month-old
controls, again suggesting a 6-month reduction in
biological age. This thorough healthspan benefit
distinguishes FGF21 from interventions that
might extend lifespan without maintaining
quality of life [162].

Human Evidence and Clinical Translation
Genetic Studies in Human Populations

Human genetic evidence provides strong support
for FGF21's role in longevity and metabolic
health. Variants enhancing FGF21 signaling are
enriched in centenarian populations, correlating
with better metabolic profiles and reduced
disease burden [163]. Conversely, loss-of-
function mutations cause metabolic inflexibility
and increased disease risk, establishing a dose-
response relationship between FGF21 activity
and healthspan [164].

Population studies reveal interesting patterns of
FGF21 levels with aging and disease. While
FGF21 levels often increase with metabolic
disease, this paradoxically indicates resistance
rather than excess activity [165]. Meta-analyses
confirm that individuals with preserved FGF21
sensitivity have 20-30% reduced all-cause
mortality, independent of traditional risk factors
[166].

Early Clinical Experience with FGF21-Based
Therapies

While direct gene therapy trials await, experience
with FGF21 analogs provides important proof-of-
concept. Phase 2/3 trials with various FGF21
analogs demonstrate significant metabolic
improvements in obesity and NASH, including
reduced liver fat, improved insulin sensitivity,
and favorable lipid changes [167]. These trials
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validate FGF21 as a therapeutic target while
highlighting  limitations of  protein-based
approaches that gene therapy could overcome.

Clinical Applications
Target Populations and Indications

FGF21 gene therapy's broad metabolic effects
suggest multiple potential applications:

Metabolic Diseases: Type 2 diabetes represents
an obvious initial target, with preclinical data
showing superior glucose control compared to
current  therapies [168]. NASH/NAFLD,
affecting 25% of adults globally, could benefit
from FGF21's anti-steatotic and anti-fibrotic
effects [169].

Cardiovascular Disease: The cardioprotective
effects, including reduced atherosclerosis and
improved cardiac function, support applications
in heart failure and coronary disease [170].

Neurodegenerative  Conditions:  Emerging
evidence for cognitive protection suggests
potential in Alzheimer's disease and other
dementias, particularly those with metabolic
components [171].

Aging and Frailty: The extensive healthspan
benefits position FGF21 therapy as a potential
anti-aging  intervention for older adults
experiencing multiple age-related conditions
[172].

Combination Therapeutic Approaches
The complex nature of aging suggests
combination approaches may provide synergistic

benefits:

With Senolytics: Combining FGF21's metabolic
optimization with senolytic clearance of
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senescent cells shows synergistic effects on
healthspan parameters [173].

With NAD+ Boosters: The combination
enhances mitochondrial function beyond either
intervention alone [174].

With Other Gene Therapies: Co-delivery with
Klotho or SIRT6 could provide complementary
longevity benefits through distinct mechanisms
[175].

Regenerative Medicine Applications

Beyond metabolic effects, FGF21 shows promise
in tissue regeneration:

Wound Healing: Enhanced metabolic support
accelerates healing, particularly in diabetic
wounds [176].

Muscle Regeneration: Improved satellite cell
function and metabolic support enhance recovery
from injury [177].

Neural Regeneration: Increased BDNF and
reduced inflammation support neural repair
[178].

Conclusions and Perspectives

FGF21 gene therapy represents a paradigm shift
in our approach to aging and age-related diseases,
offering the potential to address multiple
pathological processes through a single
intervention. The extensive preclinical evidence
reviewed here demonstrates that sustained
FGF21 expression achieved through AAV-
mediated gene delivery can induce thorough
metabolic remodeling with benefits extending
across multiple organ systems. The observed
effects on lifespan extension, coupled with
improvements in healthspan parameters, position
FGF21 gene therapy as one of the most promising
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anti-aging interventions

development.

currently in

The mechanisms underlying FGF21's beneficial
effects are remarkably diverse, encompassing
enhanced mitochondrial function, reduced
inflammation, improved proteostasis, and
activation of longevity-associated signaling
pathways.

This mechanistic diversity likely explains the
broad spectrum of benefits observed in
preclinical studies and suggests that FGF21 gene
therapy could provide benefits even in conditions
not traditionally considered metabolic diseases.
The ability to simultaneously address multiple
hallmarks of aging through a single therapeutic
intervention represents a
significant advancement over traditional
approaches that target individual diseases or
pathways.

The translational path for FGF21 gene therapy,
while complex, appears feasible given the
established safety profiles of both FGF21 biology
and AAV vector technology. The key challenges
lie in optimizing expression levels to maximize
benefits while avoiding potential adverse effects,
selecting appropriate patient populations for
initial trials, and developing robust biomarkers
for monitoring both safety and efficacy. The
experience gained from recently approved AAV
gene therapies provides valuable precedents for
regulatory  pathways and  manufacturing
requirements.

Looking toward the future, FGF21 gene therapy
may represent just the beginning of a new era in
longevity medicine. The potential for combining
FGF21 with other anti-aging interventions,
personalizing treatment based on individual
genetic and metabolic profiles, and leveraging
advancing gene delivery technologies suggests
that even greater benefits may be achievable. As
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our understanding of aging biology deepens and
our therapeutic tools become more sophisticated,
interventions like FGF21 gene therapy may
transform aging from an inevitable decline into a
modifiable risk factor for disease.

The societal implications of successful FGF21
gene therapy development extend beyond
individual health benefits. If the promising
preclinical results translate to humans, we may
need to reconsider fundamental assumptions
about aging, retirement, and healthcare resource
allocation. The prospect of extending not just
lifespan but Healthspan is maintaining physical
and cognitive function into advanced age which
could reshape social structures and economic
models designed around current life expectancy
patterns.

However, several important caveats must be
acknowledged. The translation from mouse
models to humans has proven challenging for
many anti-aging interventions, and species
differences in metabolism and lifespan regulation
may limit the magnitude of benefits achievable in
humans.

The long-term safety of sustained FGF21
elevation remains to be definitively established,
particularly  regarding effects on bone
metabolism and reproductive function. The high
cost of gene therapy development and
manufacturing may initially limit access, raising
important questions about equity and healthcare
justice.

Despite these challenges, the scientific rationale
for pursuing FGF21 gene therapy remains
compelling. The convergence of evidence from
genetic studies, preclinical models, and early
human trials with FGF21-based interventions
provides strong support for continued
development. Success in bringing FGF21 gene
therapy to clinical practice could not only benefit
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millions of individuals suffering from age-related
diseases but also validate the geroscience
approach of targeting aging biology to prevent
multiple diseases simultaneously.

In conclusion, FGF21 gene therapy exemplifies
the potential of modern biotechnology to address
fundamental biological processes rather than
merely treating symptoms. As we stand at the
threshold of the longevity medicine era,
FGF21 gene therapy offers a glimpse
of a future where aging is not simply
endured but actively managed to maintain
health and vitality throughout the human

in a transformation in how we approach human
aging and age-related disease.
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