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ABSTRACT: Osteoarthritis (OA) is increasingly recognized as a multifactorial disease in which metabolic dys-
function and chronic low-grade inflammation contribute to joint degeneration. Among the mediators involved,
leptin has emerged as a key adipokine linking obesity, aging, and inflammatory processes to OA development and
progression. However, despite growing evidence, its role remains incompletely understood, and a comprehensive
framework integrating leptin-related mechanisms across different joint tissues is still lacking. This review provides an
updated overview of the role of leptin in OA pathogenesis, focusing on its effects on cartilage, synovium, subchondral
bone, and the infrapatellar fat pad. We also discuss the interplay between leptin, obesity, inflammaging, and cellular
senescence, together with its potential utility as a biomarker and therapeutic target. Current evidence indicates that
leptin promotes inflammation, extracellular matrix degradation, pain sensitization, and tissue remodeling through
multiple signaling pathways. Elevated leptin levels have been associated with disease severity and metabolically
driven OA phenotypes, supporting its role as a molecular link between systemic metabolic alterations and local
joint pathology. Nevertheless, important questions remain regarding its context-dependent effects and clinical
applicability. A better understanding of leptin-related mechanisms may improve patient stratification and support
the development of precision medicine approaches for inflammatory–metabolic OA phenotypes.
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1 Introduction

Osteoarthritis (OA) is the most prevalent chronic joint
disease and a leading cause of disability worldwide.
It primarily affects load-bearing joints such as the
knee and hip and is characterized by progressive
cartilage degeneration, subchondral bone remodeling,
osteophyte formation, and synovial inflammation
[1–3]. Although traditionally considered a degenerative
disorder driven by mechanical stress, OA is now widely
recognized as a multifactorial disease resulting from the
complex interplay of mechanical, metabolic, genetic,
inflammatory, and age-related factors [4–6]. Among

these, aging is considered one of the most impor-
tant contributors to disease onset and progression,
as it promotes structural and functional alterations
across multiple joint tissues [4]. With advancing
age, joint tissues undergo structural and functional
changes, including extracellular matrix (ECM) remod-
eling, reduced cellularity, and increased oxidative stress.
In particular, chondrocytes develop a senescence-
associated secretory phenotype (SASP), characterized
by the release of pro-inflammatory cytokines, matrix-
degrading enzymes, and catabolic mediators that
contribute to the disruption of cartilage homeostasis
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and the establishment of a catabolic microenvironment
favoring cartilage degradation and OA progression
[7–9]. This age-related low-grade chronic inflam-
mation, often referred to as “inflammaging”, is
further exacerbated by metabolic alterations such as
increased adiposity, insulin resistance, and oxidative
stress [10]. These systemic changes contribute to a
pro-inflammatory microenvironment within the joint,
where cytokines such as interleukin-1β (IL-1β) and
tumor necrosis factor-α (TNF-α) activate key signal-
ing pathways, including NF-κB, ultimately leading to
cartilage degradation and disease progression [9–12].
In this context, increasing attention has been directed
toward adipose tissue-derived mediators, known as
adipokines, which link metabolic dysfunction to joint
pathology [13]. Among these, leptin has emerged
as a key regulator at the interface between obesity,
inflammation, and OA. Initially identified as a hor-
mone involved in energy homeostasis, leptin is now
recognized as a pleiotropic molecule with roles in
immune regulation, bone metabolism, and cartilage
biology [6,11,14]. Leptin is produced not only by white
adipose tissue but also locally within joint structures,
including the infrapatellar fat pad (IPFP), synovium,
and cartilage [6]. Its biological effects are mediated
through specific receptors that activate multiple intra-
cellular pathways involved in inflammation and matrix
remodeling [15,16]. Elevated leptin levels have been
detected in both serum and synovial fluid of OA
patients and have been associated with disease sever-
ity, structural progression, and pain [17–19]. Although
substantial evidence supports the involvement of leptin
in OA pathogenesis, the available literature remains
heterogeneous and, in some cases, conflicting. While
numerous studies identify leptin as a key mediator
of inflammation, cartilage degradation, and metabolic
dysfunction, others suggest that its biological effects
may be context-dependent and influenced by tissue
type, disease stage, leptin concentration, and systemic
metabolic status. Consequently, a unified understand-
ing of the precise role of leptin in OA has not yet
been fully established. It is still debated whether leptin
acts as a primary driver of disease pathogenesis or
rather as a secondary mediator reflecting underlying
metabolic and inflammatory alterations. Furthermore,
emerging evidence suggests that leptin interacts with
aging-related processes, including cellular senescence
and metabolic dysregulation, thereby amplifying joint
degeneration [11,20,21]. Another unresolved issue con-
cerns the dual nature of leptin activity, as both
protective and deleterious effects have been reported
depending on its concentration and duration of expo-
sure. While physiological levels may contribute to tissue
homeostasis, chronic elevation, such as that observed
in obesity and aging, appears to promote inflammation
and matrix degradation [22]. The aim of this review
is to provide a comprehensive and critical overview
of the current evidence regarding the role of leptin
in OA pathogenesis, with particular emphasis on its
involvement in aging-related mechanisms, its potential
as a biomarker, and its relevance as a therapeutic target.
Unlike previous reviews, which have largely focused on
the metabolic and inflammatory functions of leptin in
OA, the present work provides an integrated overview

of leptin biology across different joint tissues and exam-
ines its role within the broader context of aging-related
processes and the emerging inflammatory–metabolic
OA phenotype. By combining mechanistic, biomarker,
and therapeutic perspectives, this review aims to offer a
translational framework that links systemic metabolic
dysfunction and inflammaging to local joint degen-
eration. This framework also provides the biological
rationale for translational approaches aimed at investi-
gating leptin expression in joint tissues and circulation
in patients with OA.

2 Leptin Biology and Signaling Pathways

Leptin is a 16-kDa adipokine encoded by the ob gene,
originally identified in 1994 as a key regulator of body
weight and energy homeostasis. It is primarily secreted
by white adipose tissue, and its circulating levels are
positively correlated with fat mass. Under physiological
conditions, leptin acts as a negative feedback signal
regulating appetite and energy expenditure through
central mechanisms [22,23]. In the central nervous
system, leptin binds to receptors in the hypothalamus,
where it suppresses orexigenic pathways, such as
neuropeptide Y (NPY) and agouti-related peptide,
and stimulates anorexigenic signals, including pro-
opiomelanocortin (POMC), via activation of the
Janus kinase/signal transducer and activator of
transcription (JAK/STAT) pathway [24,25]. Despite
elevated circulating leptin levels in obesity, reduced
responsiveness to leptin, commonly referred to as
leptin resistance, is frequently observed. This condition
is associated with impaired leptin transport across
the blood–brain barrier and increased expression of
negative regulators such as suppressor of cytokine
signaling-3 (SOCS-3) [6,26]. Importantly, leptin
resistance appears to be tissue-specific, predominantly
affecting central pathways, while peripheral tissues may
retain partial or even enhanced responsiveness to leptin
signaling. This dissociation is particularly relevant in
OA, where local leptin activity may persist despite
systemic resistance. Beyond its central metabolic role,
leptin is now recognized as a pleiotropic hormone
involved in multiple physiological processes, including
immune regulation, reproduction, bone metabolism,
and musculoskeletal homeostasis. Importantly, leptin
is also locally produced in peripheral tissues, including
cartilage, synovium, subchondral bone, and the IPFP,
suggesting both endocrine and paracrine/autocrine
functions within the joint microenvironment [6,27].
This local production supports the concept that
leptin may act as a key mediator of intra-articular
crosstalk, linking metabolic alterations to tissue-
specific pathological responses. The biological effects
of leptin are mediated through its receptor (Ob-R),
a member of the class I cytokine receptor family.
Alternative splicing of the Ob-R gene generates several
isoforms, including multiple short forms (Ob-Ra,
Ob-Rc, Ob-Rd, Ob-Rf), a soluble form (Ob-Re),
and the long signaling isoform (Ob-Rb). Among
these, Ob-Rb is the primary functional receptor
responsible for intracellular signal transduction, owing
to its full-length cytoplasmic domain containing key
motifs required for downstream signaling [28–30]. The
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differential expression of these isoforms across tissues
may contribute to the heterogeneous biological effects
of leptin observed in OA joints. Upon leptin binding,
Ob-Rb activates JAK2, leading to phosphorylation
of specific tyrosine residues within the receptor
intracellular domain. These phosphorylation sites
serve as docking platforms for signaling molecules
such as STAT proteins, which translocate to the
nucleus and regulate gene expression. In addition
to the JAK/STAT pathway, leptin signaling also
involves activation of mitogen-activated protein
kinase (MAPK), phosphatidylinositol 3-kinase
PI3K/Akt, and NF-κB cascades [31]. These molecular
routes are critically involved in the regulation of
inflammation, cell survival, and matrix remodeling,
processes that are central to OA pathogenesis, and
intersect at multiple levels through signaling crosstalk.
A key node of pathogenic integration lies in the
synergistic cooperation between NF-κB and MAPK-
driven AP-1 signaling, which contributes to the
transcriptional upregulation of matrix-degrading
enzymes, including MMP-13 and ADAMTS-5, thereby
fueling ECM degradation in OA [32]. In parallel,
PI3K/Akt/mTOR signaling dampens autophagic
flux through the mTOR-mediated inhibition of
ULK1, thereby disrupting cellular quality control
and leading to the accumulation of dysfunctional
mitochondria [33]. Consequently, increased reactive
oxygen species (ROS) further activate NF-κB and
MAPK signaling, reinforcing a self-amplifying
loop that connects autophagic impairment with
inflammatory responses [34,35]. Additionally,
sustained activation of STAT3 in cooperation with
NF-κB and MAPK signaling contributes to stress-
response programs associated with chondrocyte
senescence, further integrating inflammatory signaling
with long-term cellular dysfunction and catabolic
persistence [36]. Through these interconnected
signaling axes, leptin regulates the expression of pro-
inflammatory cytokines, matrix metalloproteinases
(MMPs), and oxidative stress mediators. These
effects are particularly relevant in the context of
OA, where leptin contributes to the amplification of
inflammatory and catabolic responses within joint
tissues, often acting synergistically with cytokines such
as IL-1β [37,38].

Importantly, leptin amplifies IL-1β- and TNF-
α-driven inflammatory signaling through convergent
transcriptional co-activation of STAT3 and NF-κB,
which co-occupy composite response elements in the
promoters of iNOS, COX-2, MMP-13, and IL-6, pro-
ducing supra-additive gene expression that exceeds
the sum of individual stimuli [39]. At the post-
translational level, leptin primes p38 MAPK, JNK,
and ERK1/2, the same kinases activated by IL-1β
and TNF-α, thereby lowering the activation threshold
for subsequent cytokine stimulation [40]. The result-
ing iNOS-derived nitric oxide burst further amplifies
NF-κB and STAT3 activity through S-nitrosylation
of IκBα, establishing a feed-forward inflammatory
loop [40]. This amplification is further sustained by
impaired or insufficient SOCS-3-mediated negative
feedback, which normally acts as an endogenous
inhibitor of JAK2/STAT3 signaling. This impairment

may be particularly relevant in obese OA patients
and has been associated with increased synovial MMP
levels [41].

Notably, the convergence of these pathways on
key transcriptional regulators such as NF-κB high-
lights leptin as an important upstream modulator of
inflammatory networks in OA. Alterations in leptin sig-
naling have been described in both obesity and aging,
including the development of leptin resistance and dys-
regulated intracellular signaling. These changes may
contribute to a chronic low-grade inflammatory state
and promote tissue degeneration, supporting the role
of leptin as a key mediator linking metabolic dysfunc-
tion to OA pathogenesis [37,42,43]. However, whether
these alterations represent a primary pathogenic driver
of OA progression or act predominantly as mediators
of obesity- and aging-related metabolic dysfunction
remains to be fully elucidated.

3 Leptin in Osteoarthritis: Tissue-Specific Roles

Leptin exerts pleiotropic effects across multiple joint
tissues, including cartilage, synovium, subchondral
bone, and the IPFP, while also interacting with systemic
factors such as obesity and aging. These interconnected
mechanisms highlight the role of leptin as a central
mediator of joint degeneration through both local and
systemic pathways (figure 1).

3.1 Bone Tissue

Leptin exerts a complex and context-dependent role
in bone metabolism, acting through both central and
peripheral mechanisms that influence bone remod-
eling. Ob-Rs are widely expressed in bone-related
cells, including osteoblasts, osteoclasts, and bone
marrow stromal cells, supporting the concept that
leptin directly participates in skeletal homeostasis
[6,44–46]. At the central level, leptin signaling in the
hypothalamus modulates bone metabolism through the
sympathetic nervous system. Activation of hypotha-
lamic Ob-Rs has been shown to suppress bone
formation via β2-adrenergic signaling, which reduces
osteoblastic activity and promotes osteoclastogene-
sis through increased expression of receptor activator
of NF-κB ligand (RANKL). This pathway suggests
an indirect inhibitory role of leptin on bone for-
mation [47]. Conversely, peripheral effects of leptin
appear more heterogeneous and, in some contexts, even
anabolic [48]. Experimental studies have demonstrated
that leptin can promote osteoblast differentiation and
enhance bone formation by shifting mesenchymal stem
cell commitment away from adipogenesis toward osteo-
genesis [49]. In addition, leptin has been shown to
modulate the RANKL/osteoprotegerin axis, thereby
influencing osteoclast differentiation and bone resorp-
tion [50]. However, the net effect of leptin on bone
remains controversial and highly context-dependent.
While some studies support its anabolic and protective
role, others indicate that elevated leptin levels, such as
those observed in obesity, may contribute to dysregu-
lated bone remodeling. Under physiological conditions,
leptin maintains skeletal homeostasis by promoting
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Figure 1: Leptin as a central integrator of metabolic, aging-related, and joint-specific pathways in osteoarthritis. Conditions such as
obesity and metabolic dysfunction lead to increased circulating leptin levels, insulin resistance, and chronic low-grade inflammation,
while aging contributes through processes collectively defined as inflammaging, including cellular senescence, oxidative stress, and
extracellular matrix alterations. Through binding to its functional receptor (Ob-Rb), leptin activates multiple intracellular signaling
pathways, including JAK/STAT, MAPK (ERK, p38, JNK), NF-κB, and PI3K/Akt/mTOR. These cascades regulate gene transcription,
inflammatory responses, stress signaling, and the balance between autophagy and senescence, ultimately shaping cellular behavior
within joint tissues. Within the osteoarthritic joint, leptin exerts tissue-specific effects. In cartilage, it promotes matrix degradation
through the induction of matrix metalloproteinases, enhances chondrocyte hypertrophy, and contributes to apoptotic processes. In the
synovium, leptin drives the production of pro-inflammatory cytokines and supports macrophage activation, sustaining chronic synovial
inflammation. At the level of subchondral bone, it contributes to dysregulated remodeling through alterations in RANKL signaling,
favoring sclerosis and structural imbalance. In parallel, the infrapatellar fat pad acts as a local source of leptin and other adipokines,
amplifying paracrine inflammatory signaling within the joint microenvironment. Collectively, these interconnected mechanisms lead to
the progression of osteoarthritis, characterized by cartilage degradation, persistent inflammation, pain, and structural joint damage.

osteoblast differentiation and ensuring balanced bone
remodeling [51].

Conversely, chronic hyperleptinemia and obesity-
associated leptin resistance derail these regulatory
networks, triggering aberrant intracellular signaling,
altered osteoblast and osteoclast activity, and impaired
bone quality [52], partly reconciling the seemingly
conflicting anabolic and catabolic profiles reported
in the literature. For instance, aberrant leptin sig-
naling has been associated with increased activation
of MAPK pathways (including ERK1/2 and p38),
which are linked to inflammatory responses and
altered osteoblast function [53–56]. Crucially, the over-
all impact of leptin on bone appears to depend on
the balance between central inhibitory effects and
peripheral anabolic/catabolic actions. In pathological
conditions such as obesity and aging, both highly
relevant in OA, this balance is likely shifted toward
impaired bone quality rather than physiological home-
ostasis. Alterations in leptin signaling have also been
implicated in impaired bone healing and remodel-
ing observed in metabolic conditions. High-fat diet
models have demonstrated that leptin resistance or
dysregulation negatively affects bone formation, partly
through JAK2/STAT3-dependent mechanisms in skele-
tal stem cells. This is particularly relevant in OA,
where subchondral bone remodeling is a pathologi-
cal hallmark and a key driver of disease progression

[57–59]. Such structural abnormalities are character-
ized by an initial increase in bone turnover, followed
by aberrant bone formation that results in subchon-
dral sclerosis, increased bone mineral density, and
reduced tissue elasticity. The resulting changes impair
the ability of subchondral bone to dissipate mechanical
loads, leading to abnormal stress transmission to the
overlying articular cartilage [60]. Moreover, disruption
of the osteochondral interface facilitates pathologi-
cal biochemical crosstalk between subchondral bone
and articular cartilage, establishing a vicious cycle of
tissue degeneration that further accelerates OA progres-
sion [61]. Overall, in the context of OA, leptin should
not be considered purely anabolic or catabolic for
bone tissue, but rather a dysregulator of bone remod-
eling dynamics, contributing to subchondral sclerosis
and abnormal mechanical properties of the osteochon-
dral unit.

3.2 Cartilage

Articular cartilage represents one of the primary targets
of leptin activity in OA, where this adipokine exerts
predominantly pro-inflammatory and catabolic effects,
although context-dependent anabolic responses have
also been described. Chondrocytes, the only resident
cells of cartilage, express functional Ob-R, making
them directly responsive to leptin signaling [62–64].
In OA conditions, leptin levels are increased both
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systemically and locally within the joint microenviron-
ment, and chondrocytes display an enhanced sensitivity
to leptin stimulation. This altered responsiveness is
particularly evident in obesity-associated OA, where
leptin resistance at the systemic level paradoxically
coexists with heightened local leptin activity in joint
tissues [14,37,41,65,66]. This dissociation between
systemic and local leptin activity represents a key mech-
anism potentially explaining its tissue-specific effects
in OA. At the molecular level, leptin promotes car-
tilage degradation through the activation of multiple
transduction routes, including JAK2/STAT3, MAPK
(ERK, p38, JNK), and NF-κB [17]. These pathways
converge on the upregulation of key catabolic medi-
ators, such as matrix metalloproteinases (MMP-1,
MMP-3, MMP-9, and MMP-13), which are directly
involved in the breakdown of ECM components, par-
ticularly type II collagen and aggrecan. In addition,
leptin stimulates the expression of iNOS, leading to
increased nitric oxide production, which contributes
to chondrocyte apoptosis and further matrix degrada-
tion [17,67,68]. A critical feature of leptin activity in
cartilage is its strong synergistic interaction with classi-
cal pro-inflammatory cytokines, particularly IL-1β and
TNF-α [68,69]. Co-stimulation with leptin and IL-1β
amplifies the production of inflammatory mediators
such as prostaglandin E2 (PGE2), cyclooxygenase-2
(COX-2), and additional MMPs, thereby exacerbating
cartilage damage [40,70,71]. This synergism positions
leptin not merely as an effector molecule, but as an
amplifier of cytokine-driven inflammation within the
OA joint. Beyond its catabolic role, leptin also influ-
ences chondrocyte phenotype and differentiation. It
has been shown to promote hypertrophic differentia-
tion, as indicated by increased expression of markers
such as type X collagen, which is typically associated
with endochondral ossification and cartilage degen-
eration [72]. Moreover, leptin can induce cytoskeletal
remodeling via RhoA/ROCK signaling pathways,
affecting chondrocyte morphology and mechanotrans-
duction [73]. Leptin is also implicated in the regulation
of cellular senescence and autophagy in chondrocytes,
two processes that are increasingly recognized as cen-
tral in OA pathogenesis [6]. High leptin levels have been
associated with reduced autophagic activity, mediated
in part through activation of the mTOR pathway, and
with increased expression of senescence markers such
as p53/p21 [74]. These effects contribute to impaired
cellular homeostasis and reduced regenerative capacity
of cartilage. Interestingly, some studies have reported
anabolic effects of leptin, including stimulation of
chondrocyte proliferation and increased synthesis of
proteoglycans and collagen. These apparently conflict-
ing findings suggest a dose- and context-dependent
effect of leptin on cartilage homeostasis. While baseline
physiological levels may support normal chondrocyte
metabolism and ECM turnover, supraphysiological
and chronic elevation, as observed in obesity and aging,
shift its activity toward catabolic, pro-inflammatory,
and degenerative signaling pathways [6,66,75,76]. Inter-
estingly, leptin and Ob-R are expressed at low levels
in normal or minimally affected cartilage, but their
expression progressively increases with OA progres-
sion. This suggests that disease stage is a key

determinant of chondrocyte responsiveness to leptin,
with relatively preserved cartilage potentially retain-
ing anabolic responses, whereas advanced OA cartilage
appears to shift toward predominantly catabolic sig-
naling [63]. Finally, discrepancies among studies may
partly reflect heterogeneity in the experimental models
employed. Deprived of their native ECM and three-
dimensional mechanical cues, in vitro 2D monolayers of
primary chondrocytes may exhibit altered leptin signal-
ing and cellular responses. In parallel, ex vivo cartilage
explants preserve ECM architecture and can modu-
late leptin diffusion and bioavailability, although they
lack systemic metabolic and inflammatory inputs [77].
In vivo models add further complexity, reproducing
systemic alterations such as hyperleptinemia or leptin
resistance [65]. However, species-specific differences in
cartilage biology and leptin signaling may influence the
interpretation and translatability of experimental find-
ings [78]. Its ability to integrate inflammatory signaling,
matrix remodeling, and cellular dysfunction makes it a
key target for translational studies.

3.3 Synovium

The synovium plays a central role in the patho-
physiology of OA as a key source of inflammatory
mediators contributing to joint degeneration. In this
context, leptin has emerged as an important regula-
tor of synovial inflammation, acting at the interface
between metabolic dysfunction and immune activa-
tion [79]. Leptin is consistently detected in the synovial
fluid of OA patients, often at concentrations com-
parable to or higher than those observed in serum,
suggesting a significant contribution from local pro-
duction within the joint microenvironment. Synovial
fibroblasts, as well as infiltrating immune cells, express
functional Ob-R, making them direct targets of lep-
tin signaling [80–82]. At the cellular level, leptin
promotes a pro-inflammatory phenotype in synovial
cells by inducing the production of cytokines and
chemokines, including IL-6 and IL-8 [82,83]. This effect
is mediated through the activation of key intracellular
networks, such as NF-κB and MAPK, which amplify
inflammatory responses and sustain cytokine release.
Importantly, synovial responses to leptin may differ
depending on disease stage, as leptin contributes to syn-
ovial inflammation through a staged process involving
initiation, maintenance, and amplification of inflam-
matory responses.

In early OA, leptin-driven signaling appears to con-
tribute primarily to low-grade synovitis and immune
cell recruitment, whereas in more advanced disease, it
may participate in the persistence of a chronic inflam-
matory state characterized by synovial hyperplasia and
persistent cytokine production [84–86]. In the mainte-
nance phase, leptin contributes to synovial hyperplasia,
increased vascular permeability, and recruitment of
immune cells, all of which are hallmarks of synovitis
in OA [6,87,88]. A key element of this process is the
involvement of macrophages, which are increasingly
recognized as central effectors of synovial inflamma-
tion. Leptin has been shown to promote macrophage
polarization toward a pro-inflammatory phenotype,



174 Eur Cytokine Netw. 2026;37(3)

thereby sustaining cytokine production and reinforc-
ing local inflammatory loops [89]. In addition, leptin
acts synergistically with classical pro-inflammatory
cytokines, particularly IL-1β and TNF-α, reinforcing
a chronic low-grade inflammatory state within the
joint. During this amplification phase, such coopera-
tive interactions intensify and perpetuate downstream
inflammatory signaling, which not only exacerbates
synovial dysfunction and tissue remodeling but also
drives cartilage degradation through the release of
soluble mediators that diffuse into adjacent articular
tissues [37,69]. IPFP further contributes to this pro-
cess by acting as a local source of adipokines and
inflammatory factors [6]. Comparative analyses reveal
that the IPFP expresses leptin and other adipokines at
both the mRNA and protein levels, with leptin expres-
sion being significantly higher in OA patients than in
healthy controls [90]. Through the continuous release
of these mediators into the synovial environment, the
IPFP sustains a feed-forward loop that links metabolic
alterations to persistent joint inflammation. This IPFP-
synovium axis represents a crucial component of the
metabolic–inflammatory network driving OA progres-
sion, amplifying local inflammatory responses while
promoting structural joint degeneration. This concept
is further supported by clinical evidence, although find-
ings remain heterogeneous. Some observational studies
have reported significantly higher synovial fluid lep-
tin concentrations in patients with more advanced
radiographic OA. Specifically, one clinical cohort
showed that leptin levels progressively increased across
Kellgren–Lawrence grades, reaching the highest con-
centrations in grade IV disease, suggesting that local
leptin accumulation may be associated with struc-
tural disease burden [18]. However, other studies have
not confirmed significant differences in absolute syn-
ovial fluid leptin concentrations across radiographic
stages, indicating that the relationship between local
leptin levels and structural severity remains inconsis-
tent across different clinical cohorts. In human OA
joints, leptin has been consistently detected in syn-
ovial fluid and articular cartilage, where its expression
is markedly increased compared with healthy tissue.
Importantly, leptin expression within cartilage and
osteophytes correlates with the histological grades
of cartilage destruction, as assessed by the Mankin
score [91,92]. Overall, IPFP-derived leptin-mediated
synovial activation represents a critical component of
OA pathogenesis, highlighting the importance of tar-
geting local inflammatory networks in addition to
structural joint damage. Rather than acting as a tran-
sient inflammatory trigger, leptin appears to contribute
to the persistence and amplification of synovial inflam-
mation, thereby sustaining disease chronicity.

3.4 Infrapatellar Fat Pad

The IPFP, also known as Hoffa’s fat pad, is
increasingly recognized as an active player in the
pathogenesis of OA rather than a passive structural
component [93,94]. Located intracapsularly but
extrasynovially, the IPFP is strategically positioned
to directly influence the joint microenvironment
through the secretion of adipokines, cytokines, and

growth factors [6]. Among these mediators, leptin is
abundantly produced by the IPFP and released into
the synovial fluid, where it acts as a key amplifier of
local inflammatory responses in OA by promoting
synovial fibroblast activation and enhancing the release
of pro-inflammatory mediators, thereby sustaining
chronic synovitis [95]. Compared to subcutaneous
adipose tissue, the IPFP exhibits a distinct secretory
profile characterized by elevated expression of pro-
inflammatory cytokines, including IL-6, TNF-α,
and other chemokines, which synergize with leptin
signaling to amplify joint inflammation [70]. At
the cellular level, the IPFP contains adipocytes,
fibroblasts, immune cells, and vascular components,
all of which contribute to its immunometabolic
activity. Notably, the IPFP is not a static adipose
depot but a dynamically remodeling tissue, whose
phenotype shifts toward a pro-inflammatory and
fibrotic state in OA. In OA conditions, structural
alterations such as fibrosis, vascular remodeling, and
immune cell infiltration are commonly observed,
exacerbating its pro-inflammatory phenotype [96].
Leptin produced within the IPFP can act in a
paracrine manner on adjacent tissues, including
synovium, cartilage, and subchondral bone, thereby
promoting a leptin-driven network of inter-tissue
crosstalk that sustains OA progression [6,97].
Specifically, leptin binding to synovial fibroblasts
stimulates the production of IL-6 and IL-8,
reinforcing synovial inflammation [83,98]. These
mediators diffuse within the joint microenvironment
and contribute to the activation of neighbouring
chondrocytes, where leptin further promotes matrix
degradation through increased expression of
catabolic enzymes [84,99,100]. Concurrently, leptin
modulates osteoblast and osteoclast activity within
the osteochondral unit, contributing to aberrant
subchondral bone remodeling [101]. Through this
coordinated exchange of inflammatory and catabolic
mediators, IPFP-derived leptin establishes a self-
sustaining inflammatory loop that functionally
links inter-tissue signaling and joint degeneration.
This positions the IPFP as a central hub of OA
pathophysiology, orchestrating inflammation, inter-
tissue crosstalk, and ECM degradation. Emerging
evidence also indicates that the IPFP undergoes
structural and functional alterations in OA. Through
leptin-driven modulation of nociceptive signaling
within the joint, potentially involving the sensitization
of peripheral nociceptors and the upregulation of
neuroinflammatory mediators such as nerve growth
factor (NGF) and substance P within the synovial
environment, IPFP-derived leptin may contribute to
peripheral sensitization and pain amplification in
OA [102–104].

This provides a mechanistic link between metabolic
inflammation and clinical symptomatology, particu-
larly pain severity [6,94,105]. Importantly, the IPFP
has been identified as a potential source of media-
tors involved in pain sensitization, linking metabolic
inflammation to clinical symptoms. The progressive
fibrosis and inflammatory remodeling of the IPFP
may further enhance mechanical stress within the joint
and sustain nociceptive input, thereby contributing to
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chronic pain states [106]. In line with this, IPFP-derived
leptin concentrations within the synovial fluid have
been associated with pain severity in patients with end-
stage knee and hip OA, where higher levels correlate
with increased Western Ontario and McMaster Uni-
versities Osteoarthritis Index (WOMAC) and Visual
Analogue Scale (VAS) pain scores [80]. Importantly,
the accessibility of the IPFP during surgical procedures,
such as joint arthroplasty, makes it a valuable target
for translational research. The analysis of leptin expres-
sion and signaling pathways in IPFP tissue, combined
with parallel evaluation in cartilage and synovium, may
provide critical insights into patient-specific disease
mechanisms [14,24]. Overall, the IPFP represents a key
source of leptin and inflammatory mediators within
the OA joint. Its persistent secretory activity supports
the concept that IPFP-derived signals actively drive
OA progression, rather than merely reflecting systemic
metabolic status.

4 Leptin, Obesity and Osteoarthritis

Obesity is one of the most well-established risk fac-
tors for OA; however, obesity-associated OA cannot be
explained exclusively by increased mechanical loading.
The involvement of non-weight-bearing joints, such
as the hands, supports the contribution of systemic
metabolic alterations and inflammatory mechanisms
beyond biomechanical stress [91]. Accordingly, obesity-
associated OA is increasingly recognized as a distinct
metabolic phenotype characterized by adipose dysfunc-
tion, chronic low-grade inflammation, and adipokine
dysregulation [15,27].

A key feature of obesity is the transformation
of adipose tissue from an energy storage organ into
an active immune tissue. Adipocyte hypertrophy and
remodeling promote immune cell infiltration and a
shift toward a pro-inflammatory adipose tissue phe-
notype, resulting in increased secretion of leptin
and other inflammatory mediators, including TNF-α
and IL-6 [107]. This obesity-associated inflammatory
state, often referred to as metabolic inflammation
or metaflammation, contributes to a systemic envi-
ronment that favors joint inflammation and tissue
degeneration [107].

Within this context, leptin represents a major
molecular link between adiposity and OA progres-
sion. Increased adipose tissue mass leads to chronic
hyperleptinemia, which differs from physiological lep-
tin signaling involved in energy homeostasis [106].
Although obesity is associated with central lep-
tin resistance, peripheral joint tissues may remain
responsive to leptin, allowing persistent activation of
pro-inflammatory and catabolic pathways within the
OA joint microenvironment [15,26,27]. Thus, leptin
may contribute to OA progression despite impaired
systemic metabolic signaling.

Importantly, obesity-associated hyperleptinemia
occurs within the broader framework of metabolic
syndrome, including central obesity, insulin resistance,
dyslipidemia, and altered inflammatory profiles
[107–109]. These metabolic abnormalities contribute to
the establishment of a catabolic joint environment by
promoting inflammatory signaling, ECM degradation,

synovial activation, and abnormal subchondral bone
remodeling. In this setting, leptin acts synergistically
with other obesity-related mediators to amplify
pathways involved in OA progression, including
NF-κB and MAPK signaling [6,15,27,93].

During OA, adipose tissue, particularly the IPFP,
functions as a local endocrine organ secreting a
network of pro-inflammatory adipokines, includ-
ing resistin, visfatin, chemerin, and, paradoxically,
adiponectin [97,110,111]. Rather than acting inde-
pendently, these mediators converge on common
inflammatory signaling pathways, including NF-κB,
MAPK, and JAK/STAT, which are also activated by
leptin. Resistin has been associated with OA clinical
severity and may synergize with leptin through activa-
tion of the NF-κB/MMP axis [112], whereas visfatin
enhances IL-6 and TNF-α production via MAPK
signalling in synovial fibroblasts and promotes chon-
drocyte apoptosis [113,114]. Chemerin contributes to
innate immune cell recruitment through CMKLR1
and reinforces TNF-α-dependent inflammatory loops,
thereby amplifying leptin-mediated responses [115].
Although adiponectin is generally regarded as an anti-
inflammatory adipokine in systemic metabolism, it
may exert catabolic effects in OA cartilage through
AdipoR1/AMPK/JNK signaling [116]. Consequently,
the inflammatory status of the OA joint is determined
not by leptin alone but by the integrated adipokine
milieu, in which the reduced adiponectin/leptin ratio
observed in obesity-associated OA shifts the balance
toward persistent inflammation, cartilage catabolism,
and synovitis.

The metabolic OA phenotype also involves local
amplification of systemic metabolic alterations. Intra-
articular adipose tissues, particularly the IPFP, may
function as local sources of leptin and other adipokines,
reinforcing the interaction between adipose tissue
dysfunction and joint inflammation [106,117,118].
This bidirectional communication between systemic
metabolic imbalance and local joint responses pro-
vides a mechanistic explanation for the development of
obesity-associated OA.

These findings support the concept that obesity-
related OA is not merely a consequence of mechanical
overload but a metabolically driven disease process in
which adipokine dysregulation contributes to disease
initiation and progression.

5 Leptin and Aging: The Role of Inflammaging in
Osteoarthritis

Aging is the most significant risk factor for
OA [119,120], and increasing evidence indicates that
leptin is a key mediator linking age-related metabolic
dysfunction to chronic joint inflammation and tissue
degeneration. Although aging is characterized by
progressive loss of cellular homeostasis, chronic
low-grade inflammation (inflammaging), and
accumulation of molecular damage [6,119,121],
these processes are also associated with profound
alterations in leptin production, signaling, and
tissue responsiveness. Consequently, leptin has
emerged as a central component of the aging-
associated inflammatory network that promotes OA
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progression [122]. Aging-related inflammaging is
characterized by increased circulating levels of IL-1β,
IL-6, TNF-α, and C-reactive protein [123–125]. Rather
than representing an isolated systemic phenomenon,
this inflammatory milieu enhances leptin production
and modifies leptin responsiveness within joint tissues,
thereby amplifying inflammatory and catabolic
signaling [126]. Likewise, senescent chondrocytes
acquire a senescence-associated secretory phenotype
(SASP), characterized by increased secretion of pro-
inflammatory cytokines, MMPs, and other catabolic
mediators, creating a microenvironment in which leptin
can further potentiate inflammatory responses and
ECM degradation [6].

Emerging evidence also identifies leptin as an
important immunometabolic regulator linking aging,
obesity, and OA. Through its effects on immune and
joint-resident cells, leptin integrates systemic metabolic
alterations with local inflammatory responses.

In parallel, age-related impairment of autophagy,
mitochondrial quality control, and oxidative stress
increases chondrocyte susceptibility to leptin-
mediated signaling [127–131]. Alterations in leptin
signaling, including the development of central
leptin resistance with relative preservation of
peripheral leptin responsiveness, may further promote
dysregulated inflammatory responses within the
joint. Consequently, despite reduced central leptin
sensitivity, peripheral tissues may continue to respond
to leptin, allowing persistent activation of pro-
inflammatory and catabolic pathways in the OA
microenvironment [6,14,24].

Moreover, leptin has emerged as a direct regulator
of cellular senescence and senescence-associated sig-
naling pathways in aging joints. Cellular senescence
in OA chondrocytes is primarily driven by activation
of the p16 INK4a/Rb and p53/p21 CIP1 pathways,
which induce irreversible cell-cycle arrest in response
to oxidative stress, DNA damage, and metabolic dys-
function [8,132]. Emerging evidence suggests that leptin
signaling through the Ob-R/JAK2/STAT3 axis may
contribute to the activation of senescence-associated
molecular responses and promote the acquisition of
the SASP phenotype. In parallel, leptin activates NF-
κB signaling, a central regulator of SASP maintenance,
thereby increasing the production of inflammatory
cytokines and catabolic mediators, including IL-6,
IL-1β, MMP-3, and MMP-13 [133,134]. Through
this mechanism, leptin may amplify the senescence–
inflammation feedback loop, in which SASP factors
promote local inflammatory propagation, ECM degra-
dation, and progressive joint degeneration [6,42].
Furthermore, leptin-mediated JAK/STAT and MAPK
signaling may exacerbate mitochondrial oxidative
stress and metabolic dysfunction, further reinforcing
the interaction between senescence, inflammation, and
tissue degeneration [135].

Beyond cartilage, aging-related alterations in adi-
pose tissue, including increased fat mass and changes in
adipokine secretion, further contribute to elevated lep-
tin levels and systemic inflammation. Recent evidence
suggests that dysfunctional adipose tissue may also rep-
resent a source of senescence-associated inflammatory
mediators, including leptin, IL-6, TNF-α, and MCP-1,

thereby linking adipose tissue aging to systemic inflam-
maging and joint pathology [136]. These metabolic
disturbances exacerbate the pro-inflammatory milieu
and promote inter-tissue crosstalk within the joint,
involving cartilage, synovium, subchondral bone, and
the IPFP [6,137]. Overall, leptin should be considered
not only as a mediator of metabolic dysfunction but
also as a component of the aging-associated inflam-
matory network that drives OA progression. Its role in
linking systemic inflammaging to local tissue degener-
ation highlights its importance as a central integrator
of age-related joint pathology.

6 Leptin as a Biomarker in Osteoarthritis

The identification of reliable biomarkers for OA
remains a major unmet need, particularly for early
diagnosis, disease stratification, and monitoring of dis-
ease progression. In this context, leptin has emerged
as a promising candidate biomarker due to its role
at the intersection between metabolic dysfunction and
joint inflammation. Elevated leptin concentrations
have been consistently reported in both serum and
synovial fluid (SF) of patients with OA, with individual
studies and meta-analyses demonstrating significantly
increased levels compared with healthy controls, par-
ticularly within the joint compartment [18,138]. The
enrichment of leptin in SF supports the concept of
local accumulation or production and highlights its
potential role as a marker of intra-articular patholog-
ical processes [91]. Several studies have demonstrated
positive associations between leptin concentrations
and disease severity, assessed through radiographic
grading systems such as the Kellgren–Lawrence scale
and histological cartilage damage [18,19,91]. These
findings indicate that leptin reflects structural alter-
ations across different anatomical sites, including
non–weight-bearing joints, supporting a contribu-
tion of metabolic-inflammatory mechanisms beyond
mechanical loading alone. Beyond structural asso-
ciations, leptin may also contribute directly to OA
pathophysiology and symptom generation. Experimen-
tal models have shown that leptin deficiency protects
against cartilage damage and reduces pain sensitiv-
ity, whereas restoration of leptin signaling reinstates
structural degeneration and mechanical hyperalge-
sia [14,24]. These findings support a potential causal
role for leptin in linking metabolic dysfunction, joint
damage, and pain. At the molecular level, leptin
exhibits concentration-dependent effects, with elevated
levels promoting a catabolic phenotype characterized
by increased MMPs expression and induction of hyper-
trophic chondrocyte pathways [76]. This biological
complexity is relevant for biomarker interpretation, as
leptin concentrations may reflect both physiological
and pathological processes depending on the local and
systemic context.

Leptin should therefore be considered within a
broader metabolic-inflammatory network rather than
as an isolated marker. Multi-biomarker studies indi-
cate that leptin provides complementary information
when integrated with other adipokines and systemic
inflammatory markers [139]. In a cross-sectional MRI-
based study of early knee OA (n = 137), leptin was
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independently associated with osteophyte size, cartilage
integrity, synovitis, and effusion, whereas adiponectin
was associated with pain and function and hs-CRP
with meniscal pathology, demonstrating distinct bio-
logical domains captured by different biomarkers
within the same panel [140]. Similarly, serum studies
have shown that leptin and resistin provide partially dis-
tinct information depending on radiographic severity
and metabolic status, supporting their complementary
rather than redundant use [141].

The prognostic relevance of leptin-containing
biomarker combinations has also been supported
by ratio-based and machine-learning approaches.
In the Osteoarthritis Initiative progression cohort,
leptin/CRP and CRP/MCP-1 ratios combined with
age and BMI showed high accuracy in predicting
structural progression, with particularly strong
prognostic sensitivity of leptin-related measures in
men [142]. Longitudinal analyses from the VIDEO
cohort demonstrated that leptin clustered within an
inflammatory-metabolic principal component together
with adipsin and CRP, primarily associated with pain
and symptom burden assessed by WOMAC scores,
whereas other biomarker clusters reflected structural
damage or cytokine-driven inflammation [143]. These
findings support leptin as a marker of a specific
metabolic-inflammatory axis that partially overlaps
but remains distinct from classical inflammatory
and structural OA pathways. Emerging evidence
further indicates that leptin is associated with
specific OA phenotypes and endotypes, particularly
the metabolic or obesity-associated phenotype
characterized by obesity, metabolic syndrome, and
systemic low-grade inflammation. In this setting,
leptin acts both as a surrogate marker and as a
potential mediator of metabolic dysregulation,
linking adipose tissue expansion, IPFP activity,
synovial inflammation, cartilage metabolism, and
subchondral bone remodeling [144]. Patients with
isolated knee OA and higher BMI exhibit increased
leptin concentrations compared with other OA
phenotypes, supporting its potential value in metabolic
subtype discrimination [141]. Furthermore, Mendelian
randomization studies have shown that genetically
increased leptin levels are associated with higher OA
risk, particularly knee OA, supporting a potential
causal contribution rather than a purely associative
relationship [145].

At the tissue level, the IPFP functions as an active
endocrine structure involved in the metabolic OA phe-
notype representing a potential therapeutic target [146].
From an endotype perspective, leptin is most strongly
associated with the metabolic-inflammatory OA axis
rather than the classical inflammatory endotype driven
predominantly by IL-1, TNF-α, and synovitis-related
pathways [147]. However, substantial overlap exists
between these biological domains, suggesting that OA
phenotypes represent a continuum rather than strictly
separated entities. Unsupervised clustering approaches
have identified distinct OA subgroups based on
metabolic, systemic, and local inflammatory charac-
teristics, including leptin-high metabolic phenotypes
associated with worse structural and symptomatic
outcomes [148]. Beyond single-marker interpretation,

several molecular and precision medicine frameworks
have been proposed to formalize OA phenotyping
and biomarker-driven stratification. The OA endotype
framework proposed by Mobasheri et al. describes
overlapping molecular subtypes, including inflamma-
tory, mechanical, metabolic, and low-repair endotypes,
with leptin and adiponectin positioned within the
metabolic axis as upstream regulators of IL-1β, IL-
6, and matrix-degrading enzyme production [149].
Similarly, Roman-Blas et al. proposed that OA phe-
notypes require tailored biomarker combinations and
outcome measures, with adipokines such as leptin
being particularly relevant for identifying metabolically
driven phenotypes rather than representing universal
markers of disease severity [150]. Integrative systems-
based approaches further support the concept of
multi-biomarker endotyping. A 15-biomarker panel
identified distinct OA molecular profiles character-
ized by differences in tissue turnover and systemic
inflammation, reinforcing the biological heterogeneity
of OA and the need for phenotype-oriented strate-
gies [147]. Similarly, metabolic OA frameworks define
this phenotype through the combination of obesity,
metabolic syndrome, and increased biomarkers such
as hsCRP and leptin, supporting the role of leptin in
patient stratification [151]. Broader integrative models
further identify leptin as a systemic mediator linking
adipose tissue expansion with joint degeneration, with
metabolomic signatures supporting its involvement in
metabolic OA biology [152].

From a therapeutic perspective, leptin has been
investigated as a potential marker of differential
treatment response, although clinical validation
remains limited. Experimental studies suggest that
leptin-high metabolic phenotypes may represent
subgroups more responsive to interventions targeting
metabolic pathways. In high-fat diet models, metformin
showed stronger chondroprotective effects compared
with normal-diet conditions, partly through reduction
of adipose-derived leptin signaling, suggesting that
leptin-related pathways may contribute to metabolic
treatment responsiveness [153]. Clinical evidence,
however, remains insufficient to support leptin-
based treatment allocation. Long-term vitamin D
supplementation did not significantly modify leptin or
related inflammatory adipokines, suggesting limited
value of leptin stratification for this intervention [154].
Conversely, intra-articular biological therapies
such as Wharton’s jelly mesenchymal stem cells
have been associated with reductions in synovial
leptin concentrations together with changes in
other adipokines, indicating that leptin may have
potential value as a pharmacodynamic marker of
local therapeutic response [155]. Expert consensus
statements suggest that inflammatory and metabolic
OA endotypes, including leptin-high phenotypes, may
eventually contribute to treatment selection strategies;
however, no leptin-based stratification approach has
yet been validated in randomized clinical trials [156].
Similarly, adipokine-targeting strategies remain at
a preclinical or early translational stage, and leptin
levels are not currently used for clinical treatment
allocation [157].
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Despite its strong biological rationale and transla-
tional potential, several limitations currently prevent
the implementation of leptin as a routine clinical
biomarker. The absence of standardized assays, val-
idated reference ranges, and OA-specific thresholds
remains a major barrier. Circulating leptin concen-
trations are influenced by sex, adiposity, age, and
circadian variation, requiring careful interpretation
and limiting direct comparison between studies [158].
In addition, leptin interpretation remains strongly
dependent on metabolic context. The close relation-
ship with BMI and fat mass makes it difficult to
separate leptin-specific effects from broader obesity-
associated inflammatory and mechanical mechanisms.
This limitation is particularly relevant because lep-
tin differences between OA patients and controls are
less evident in non-obese individuals, reducing its dis-
criminatory value in lean OA phenotypes [141,159].
Sex-related differences further complicate interpre-
tation, as women consistently exhibit higher leptin
concentrations than men and may show different
biomarker associations [142]. Another unresolved issue
is the relationship between systemic and local lep-
tin compartments. Although serum leptin is the most
accessible measurement, synovial fluid and IPFP-
derived leptin may better represent intra-articular
biology, although they are less feasible for routine lon-
gitudinal assessment [144,146]. Furthermore, studies
evaluating synovial leptin have generally included rel-
atively small cohorts and require validation in larger
independent populations before clinical application
can be considered [160]. Methodological variability
represents an additional barrier to clinical transla-
tion. No standardized analytical protocol currently
exists for leptin quantification, and most studies rely
on ELISA-based assays that differ in methodology,
calibration, and analytical performance, limiting com-
parability across studies [156]. Likewise, no validated
serum or synovial fluid cut-off values have been estab-
lished for OA diagnosis, disease staging, prognosis,
or treatment stratification, and no study has defined
clinically useful sensitivity or specificity thresholds for
leptin as a standalone biomarker. Furthermore, the
absence of regulatory qualification of leptin-containing
biomarker panels, the lack of validated biochemical
surrogate endpoints for OA clinical trials, and the
heterogeneity of OA populations remain important
obstacles to translation [156]. Importantly, no study to
date has formally established clinically applicable sen-
sitivity and specificity values for leptin as a standalone
diagnostic or prognostic biomarker in OA, preventing
its evaluation against predefined clinical performance
criteria. Although multi-omics studies consistently
implicate leptin-associated pathways, these findings
have not yet been converted into clinically actionable
tools [161,162]. Finally, although longitudinal studies
provide stronger evidence than cross-sectional inves-
tigations, prospective data remain relatively limited,
and available studies suggest that leptin improves prog-
nostic performance mainly when incorporated into

multimarker models rather than used as an individual
biomarker.

Clinical Studies Evaluating Leptin as a Biomarker of OA
Severity and Progression

Clinical studies consistently support an associa-
tion between leptin concentrations and OA presence,
severity, and clinical manifestations; however, its per-
formance as an independent biomarker remains limited
by biological variability and the complexity of OA
phenotypes.

Several studies have investigated the relationship
between leptin levels and structural disease sever-
ity. While plasma leptin concentrations have been
positively associated with radiographic severity after
adjustment for sex and BMI, findings regarding
synovial fluid leptin concentrations remain con-
flicting. Some cohorts have reported progressively
increasing synovial fluid leptin levels with advancing
Kellgren–Lawrence grade, whereas others have found
no significant differences in absolute synovial fluid lep-
tin concentrations across radiographic stages [18,163].
Similarly, serum leptin has been associated with imag-
ing markers of cartilage composition. An inverse
correlation between circulating leptin concentrations
and the delayed gadolinium-enhanced magnetic reso-
nance imaging of cartilage (dGEMRIC) index has been
reported, suggesting a relationship between increased
leptin levels and reduced cartilage glycosaminogly-
can content. However, this association was significant
only in women, highlighting the importance of sex-
specific biological differences in leptin interpretation
and biomarker performance [164]. Despite these asso-
ciations, the relationship between systemic leptin levels
and local joint pathology remains inconsistent. In
a large cohort of patients with end-stage knee OA,
serum leptin concentrations were significantly higher
than in healthy controls but were not associated with
cartilage histopathology and showed only weak cor-
relations with synovial inflammatory markers. These
findings suggest that circulating leptin may predom-
inantly reflect systemic metabolic status rather than
the extent of local structural damage [92]. Compared
with circulating measurements, SF leptin may provide
a more direct representation of the intra-articular envi-
ronment, and its levels have been positively associated
with MMPs expression supporting a mechanistic link
between local leptin accumulation and cartilage matrix
degradation [68]. However, evidence supporting SF
leptin as a clinically applicable biomarker remains lim-
ited, as available studies have generally involved small
cohorts and require confirmation in larger indepen-
dent populations [160]. Longitudinal studies provide
additional evidence that leptin is associated with struc-
tural progression, although its predictive performance
remains modest when used alone. In the ADVANCE
cohort, higher serum leptin concentrations were associ-
ated with subsequent joint space narrowing. However,
prediction of incident osteophyte formation remained
limited when leptin was incorporated into a mul-
timarker model with COMP and IL-1β, achieving
an AUROC of 0.586 (95% CI 0.524–0.646). These
findings indicate that leptin may provide prognostic
value mainly as part of a biomarker combination
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rather than as an individual predictor [165]. Simi-
larly, weight-loss intervention studies have provided
insights into the relationship between leptin dynam-
ics and disease progression. Reductions in circulating
leptin during weight-loss interventions were associated
with slower cartilage volume loss; however, these asso-
ciations largely disappeared after adjustment for the
degree of weight reduction. This suggests that lep-
tin changes may primarily represent obesity-related
metabolic improvements rather than an independent
determinant of structural progression [159]. Among
clinical manifestations, pain represents one of the
most consistently reported associations with leptin.
Higher serum leptin concentrations have been indepen-
dently associated with increased risk of knee pain and
painful radiographic OA after adjustment for age, body
mass, ethnicity, and socioeconomic factors [166]. More-
over, reductions in serum leptin following combined
behavioural weight-loss interventions correlated with
improvements in WOMAC pain scores. However, medi-
ation analyses indicated that these effects were largely
explained by weight reduction itself, suggesting that
leptin acts primarily as a marker of adiposity-related
metabolic changes rather than as an independent medi-
ator of pain [167]. The association between leptin and
symptoms may extend beyond weight-bearing joints.
Studies in hand OA have also reported relationships
between leptin concentrations and clinical manifesta-
tions, suggesting that leptin-related mechanisms are not
exclusively dependent on mechanical loading. Never-
theless, findings remain heterogeneous, as some knee
OA cohorts have reported no significant association
between baseline leptin concentrations and pain sever-
ity or functional disability [168].

Overall, clinical evidence indicates that leptin cap-
tures relevant biological information across multiple
OA domains, including structural severity, cartilage
composition, progression, and symptom burden. How-
ever, its clinical value appears to depend strongly
on biological context, particularly metabolic status,
sex, and the distinction between systemic and local
compartments.

Therefore, current evidence supports leptin as a
complementary biomarker within multimarker and
phenotype-driven approaches rather than as a vali-
dated standalone marker for OA diagnosis, prognosis,
or treatment stratification. Future prospective studies
integrating leptin with imaging, clinical characteristics,
and additional molecular biomarkers will be required
to determine its precise role in precision medicine
approaches for OA.

7 Therapeutic Implications and Targeting Leptin
Pathways in Osteoarthritis

Given its central role in linking metabolic dysfunc-
tion, inflammation, and joint degeneration, leptin
represents an attractive target for therapeutic inter-
vention in OA. However, its pleiotropic nature and
widespread physiological functions make direct target-
ing of leptin signaling particularly challenging [6,37].
Moreover, despite extensive experimental evidence sup-
porting its pathogenic role, most proposed therapeutic
approaches remain at the preclinical stage. To date, no

leptin-targeted therapy has been approved or clinically
validated for OA, and no successful clinical trials have
demonstrated the efficacy of directly targeting leptin
signaling in patients with OA.

Against this backdrop, one of the most extensively
investigated preclinical approaches involves modula-
tion of leptin signaling pathways rather than direct
inhibition of leptin itself. Key intracellular cascades
activated by leptin, including JAK/STAT, MAPK,
PI3K/Akt, and NF-κB, are critically involved in the
regulation of inflammation, matrix degradation, and
cellular senescence in joint tissues [6,66]. Pharma-
cological inhibitors targeting these pathways have
shown promising results in preclinical research by
reducing the expression of MMPs, inflammatory
cytokines, and catabolic mediators [169–171]. For
instance, inhibition of NF-κB signaling has been
associated with decreased cartilage degradation and
attenuation of synovial inflammation, highlighting its
relevance as a downstream effector of leptin activ-
ity [172]. Another promising approach focuses on
restoring the balance between anabolic and catabolic
processes within cartilage. Given the involvement of
leptin in suppressing autophagy through activation
of the mTOR pathway, mTOR inhibitors such as
rapamycin have been investigated as potential ther-
apeutic agents. These compounds have been shown
to enhance autophagic activity, reduce chondrocyte
apoptosis, and limit OA progression in in vivo mod-
els [173]. In addition to canonical mTOR signaling,
leptin has been shown to regulate autophagy and
apoptosis through alternative mechanisms, including
the LOXL3 route, further contributing to chon-
drocyte dysfunction. Accordingly, pharmacological
inhibition of mTOR using agents such as rapamycin
or AZD8055, as well as small-molecule inhibitors
of the PI3K/Akt/mTOR axis (e.g., LY294002), has
demonstrated the ability to restore autophagic flux,
reduce catabolic factor expression, and attenuate struc-
tural joint alterations, including subchondral bone
changes in experimental studies [174,175]. Moreover,
genetic or pharmacological suppression of mTOR
activity has been associated with decreased expres-
sion of key degradative enzymes such as MMP-13,
reinforcing the relevance of this pathway in leptin-
mediated cartilage degeneration [74]. In parallel,
modulation of leptin-induced pro-apoptotic signaling
represents an additional therapeutic opportunity. Acti-
vation of JAK2/STAT3 and MAPK-related pathways,
including JNK signaling, contributes to chondrocyte
apoptosis and stress responses. Experimental evi-
dence suggests that inhibition of JAK/STAT signaling
can attenuate leptin-induced apoptosis, while restora-
tion of regulatory molecules such as dual-specificity
phosphatases may partially counteract JNK-mediated
effects [66]. Similarly, endogenous inhibitors of lep-
tin signaling, including SOCS-3, have been shown to
negatively regulate leptin activity in preclinical exper-
iments, highlighting potential strategies to fine-tune
leptin responsiveness rather than completely abol-
ish its function [41,176]. Targeting the inflammatory
microenvironment represents an additional strategy.
Since leptin acts synergistically with pro-inflammatory
cytokines such as IL-1β and TNF-α, therapies aimed
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at reducing systemic and local inflammation may indi-
rectly mitigate leptin-mediated effects [40]. Lifestyle
interventions, including weight loss and physical activ-
ity, have been shown to decrease circulating leptin
levels and improve clinical outcomes in OA patients,
supporting the importance of metabolic modulation
in disease management [177]. More recently, interest
has emerged in targeting local sources of leptin within
the joint, particularly the IPFP. Given its role as a
reservoir of adipokines and inflammatory mediators,
strategies aimed at modulating IPFP inflammation
or secretory activity may represent a novel therapeu-
tic avenue [106]. Finally, direct modulation of leptin
signaling itself has been proposed as a potential strat-
egy. Targeting the functional leptin receptor isoform
using monoclonal antibodies or high-affinity bind-
ing molecules may represent a feasible approach to
limit leptin activity [6]. In parallel, naturally occur-
ring compounds such as resveratrol and curcumin
have shown the ability to reduce leptin levels and
inflammatory mediators, suggesting a potential role
as adjunctive therapies [178,179]. Emerging evidence
also highlights the regulatory role of microRNAs,
such as miR-27, which can suppress leptin expres-
sion and inhibit NF-κB signaling, leading to reduced
expression of catabolic enzymes including MMP-9 and
MMP-13 [180]. Furthermore, the pleiotropic nature of
leptin, which plays essential roles in energy homeosta-
sis, immune regulation, and neuroendocrine function,
raises significant concerns regarding the feasibility of
systemic inhibition due to potential metabolic and
immunological side effects [181]. Importantly, no leptin
pathway inhibitors have been explored off-label and
evaluated in clinical settings for OA in the context
of therapeutic repurposing. This absence of clinical
investigation reflects several key barriers. First, the dual
and concentration-dependent nature of leptin biology,
whereby physiological levels may exert chondropro-
tective effects while pathological elevations promote
catabolic responses, raises concerns about the safety
of systemic blockade [182]. Second, leptin resistance
is commonly present in obese OA patients, poten-
tially limiting the added value of further pathway
modulation [182]. Third, systemic inhibition is con-
strained by safety considerations related to the complex
biological role of leptin, particularly in energy bal-
ance, immune function, and bone metabolism, making
long-term targeting in a chronic condition such as
OA problematic [183]. Fourth, local delivery could
theoretically circumvent systemic risks, but no intra-
articular leptin antagonist has been developed for
clinical use [184]. In this context, leptin is more con-
sistently interpreted as a disease-modulating factor
or bystander amplifying metabolic and inflammatory
signals, rather than a primary druggable driver in cur-
rent clinical practice. These limitations highlight the
need for more selective approaches, such as target-
ing downstream transduction networks or modulating
tissue-specific leptin activity within the joint microen-
vironment. A precision medicine framework, in which
leptin-related mechanisms are addressed in metaboli-
cally defined OA subgroups, may therefore represent a
more realistic therapeutic strategy. In addition, inter-
individual variability in leptin levels and signaling

responsiveness, influenced by factors such as age, sex,
and metabolic status, complicates patient selection for
targeted therapies [185]. Overall, modulation of lep-
tin signaling pathways rather than direct inhibition
remains the most promising direction for future OA
therapies. Nevertheless, translating these encouraging
experimental findings into clinically effective and safe
interventions remains a major challenge. Future trans-
lational and clinical studies are required to validate
these approaches, bridge the current bench-to-bedside
gap, and determine their safety and efficacy in clinical
settings. A schematic overview of current and emerging
strategies targeting leptin signaling in OA is provided
in figure 2.

8 Clinical Implications: The Inflammatory–Metabolic
Osteoarthritis Phenotype

Although OA has traditionally been considered a non-
inflammatory degenerative disease, it is now widely
recognized that a chronic low-grade inflammatory
component plays a crucial role in its pathophys-
iology [186]. Importantly, this inflammatory state
differs substantially from the acute, systemic, and
immune-driven inflammation observed in classical
inflammatory arthritis, as it is typically persistent, low-
grade, and closely linked to metabolic dysfunction and
aging [187]. Within this framework, an “inflammatory–
metabolic OA phenotype” has been proposed. This
phenotype does not represent an overlap with immune-
mediated diseases such as rheumatoid arthritis, but
rather identifies a subgroup of OA patients in whom
local synovial inflammation and systemic metabolic
alterations are particularly relevant drivers of disease
expression and progression.

From a clinical standpoint, this phenotype is fre-
quently encountered in daily practice [188]. Patients
often present with obesity, metabolic syndrome, or
other features of metabolic dysregulation, and com-
monly exhibit signs of increased synovial activity,
including joint effusion and imaging-detected synovi-
tis [188]. A characteristic feature of this subgroup
is the presence of pain that appears disproportion-
ate to the degree of structural joint damage observed
on radiographic evaluation, suggesting that inflam-
matory and metabolic factors significantly contribute
to symptom generation beyond purely mechanical
mechanisms [189]. Recognition of this phenotype has
important clinical implications, as improved patient
stratification may facilitate the identification of indi-
viduals at higher risk of disease progression, persistent
symptoms, and suboptimal response to conventional
treatments. More importantly, it supports a shift
toward therapeutic strategies targeting the biological
mechanisms underlying disease progression rather than
focusing exclusively on structural joint damage [189].

Although no universally accepted diagnostic cri-
teria for the inflammatory–metabolic OA phenotype
have been established [190], several clinical and bio-
logical features have been consistently used in research
settings to identify this subgroup. Patients typically
fulfill standard clinical and/or radiographic criteria for
OA and present with obesity (most commonly defined
as BMI ≥ 30 kg/m2) and/or metabolic syndrome
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Figure 2: Therapeutic strategies targeting leptin signaling in osteoarthritis. Schematic representation of current and emerging approaches
to modulate leptin-driven pathways in osteoarthritis. Strategies include lifestyle interventions (weight loss, physical activity, dietary
modulation), pharmacological inhibition of downstream signaling pathways (NF-κB, JAK/STAT, MAPK, PI3K/Akt/mTOR), and
modulation of autophagy (e.g., mTOR inhibitors such as rapamycin). Targeting local sources of leptin, particularly the infrapatellar fat
pad (IPFP), represents an additional approach to reduce intra-articular adipokine production. Direct modulation of leptin signaling
can be achieved through anti-leptin antibodies, Ob-Rb antagonists, and SOCS-3 regulation. Novel and emerging strategies include
microRNA-based approaches (e.g., miR-27) and natural compounds such as resveratrol and curcumin. Collectively, these interventions
aim to reduce inflammation, limit cartilage degradation, alleviate pain, and improve joint function.

according to established ATP III or IDF crite-
ria [191,192]. Additional features frequently include
evidence of chronic low-grade inflammation, such as
mildly elevated hsCRP levels, together with clinical
or imaging signs of synovitis. Pain disproportionate
to radiographic disease severity further supports the
presence of this phenotype [193]. Although circulat-
ing and synovial leptin concentrations are consistently
elevated in patients with metabolic OA and correlate
with disease severity and inflammatory activity, no
validated diagnostic threshold has yet been established
for clinical use. Therefore, leptin should be regarded as
a promising mechanistic and stratification biomarker
rather than a routine diagnostic marker [145,194]. Col-
lectively, these readily available clinical and metabolic
characteristics may provide a practical framework for
patient stratification while awaiting prospective valida-
tion of standardized diagnostic criteria.

In this context, adipokines, particularly leptin,
may represent a key mechanistic link between
metabolic dysfunction and the clinical expression
of this phenotype. Beyond its metabolic role, leptin
exerts pro-inflammatory effects within the joint
microenvironment, promoting synovial activation,
cytokine release, and cartilage degradation. At
the same time, leptin has been implicated in pain
modulation, potentially contributing to peripheral
and central sensitization processes that characterize
patients with disproportionate pain.

At the central level, leptin may contribute to pain
amplification through modulation of neuro-immune
signaling within the spinal cord and supraspinal struc-
tures [195]. Leptin can cross the blood–brain barrier
via a saturable transport system and acts on Ob-R

expressed in key nociceptive regulatory regions, includ-
ing the hypothalamus and spinal dorsal horn. Within
the central nervous system, leptin signaling activates
JAK2/STAT3 and NF-κB pathways in microglia, pro-
moting the release of pro-inflammatory cytokines such
as IL-1β, TNF-α, and IL-6, which are established
mediators of central sensitization [41]. In parallel,
leptin-associated glial activation enhances astrocytic
reactivity and disrupts glutamate homeostasis, fur-
ther increasing dorsal horn neuronal excitability and
reducing endogenous descending pain inhibition [196].
Collectively, these mechanisms provide a biologically
plausible link between systemic metabolic inflamma-
tion and central amplification of nociceptive signaling
in OA pain. This dual role positions leptin as a critical
mediator bridging systemic metabolic alterations with
local joint inflammation and pain perception.

The recognition of this phenotype also has impor-
tant translational implications. Identifying patients
characterized by metabolic dysfunction, chronic low-
grade inflammation, and elevated leptin signaling may
improve patient stratification, facilitate the develop-
ment of personalized therapeutic approaches, and
support the identification of individuals most likely
to benefit from interventions targeting inflammatory
and metabolic pathways. Overall, integrating the con-
cept of an inflammatory–metabolic OA phenotype into
OA research and clinical practice provides a valuable
framework for linking molecular mechanisms, includ-
ing leptin-driven signaling, with clinical heterogeneity,
ultimately supporting a more comprehensive and clin-
ically meaningful understanding of OA pathogenesis
and the development of targeted therapeutic strategies.
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9 Future Perspectives and Current Limitations of
Leptin Research in Osteoarthritis

Despite growing evidence supporting the involvement
of leptin in OA, several limitations still hinder its
clinical translation as both a biomarker and a therapeu-
tic target. Most mechanistic evidence derives from in
vitro studies and experimental animal models, whereas
prospective human studies specifically designed to
establish causality remain limited. Although elevated
serum and synovial fluid leptin concentrations are con-
sistently associated with OA, current evidence cannot
determine whether leptin actively drives disease pro-
gression or primarily reflects obesity-related metabolic
dysfunction. Furthermore, many experimental studies
employ leptin concentrations that exceed physiolog-
ical intra-articular levels, raising concerns regarding
the translational relevance of some reported catabolic
effects [37,69].

Another important challenge is the context-
dependent nature of leptin signaling. Under
physiological conditions, leptin may exert anabolic
effects by supporting cartilage homeostasis, whereas
chronic hyperleptinemia associated with obesity
promotes inflammation, ECM degradation, and
cartilage catabolism. Consequently, studies including
both lean and obese patients may underestimate
the specific contribution of leptin to the metabolic
OA phenotype. Likewise, although Mendelian
randomization studies support a causal role of obesity
in OA development, the independent contribution
of leptin has not yet been demonstrated, and its
pathogenic role remains difficult to distinguish
from the broader metabolic alterations associated

with adiposity [141,197,198]. Future studies should
therefore clarify whether leptin represents a true
disease-driving factor, identify biologically relevant
intra-articular thresholds, and determine how
peripheral leptin responsiveness is influenced by
obesity-associated leptin resistance.

Several emerging research areas may substantially
improve our understanding of leptin biology in OA.
Sex-related differences are increasingly recognized as
an important source of biological variability. Women
exhibit higher circulating leptin concentrations than
men, and postmenopausal increases in leptin paral-
lel the higher incidence of OA, while transcriptomic
studies suggest that female patients are more fre-
quently associated with inflammatory OA molecular
subtypes [199–202]. However, whether the estrogen–
leptin axis directly contributes to disease progression
remains unclear, highlighting the need for sex-stratified
mechanistic and clinical investigations.

Technological advances, particularly single-
cell RNA sequencing and spatial transcriptomics,
are also redefining OA as a highly heterogeneous
disease. These approaches have identified distinct
immune and stromal cell populations within the
joint and have demonstrated tissue-specific adipokine
expression, including leptin, providing unprecedented
opportunities to characterize leptin-responsive
cellular subsets and their spatial organization during
disease progression [202–205]. In parallel, increasing
evidence supports interactions between gut microbiota,
metabolic dysfunction, and adipokine regulation.
Although still largely based on observational and
experimental studies, microbiome-derived metabolites

Figure 3: Metabolic vs. non-metabolic osteoarthritis: implications for precision medicine. Comparison between metabolic and non-
metabolic osteoarthritis (OA) phenotypes highlighting key differences in systemic and local pathophysiological features. The metabolic
OA phenotype is characterized by obesity, elevated leptin levels, systemic low-grade inflammation, and infrapatellar fat pad (IPFP)
dysfunction leading to increased adipokine production. These alterations contribute to enhanced joint inflammation, accelerated
cartilage degradation, and more rapid disease progression with greater pain and disability. In contrast, the non-metabolic OA phenotype
is associated with normal body weight, lower leptin levels, reduced systemic inflammation, preserved IPFP function, and a predominance
of mechanical stress as the main driver of joint damage. These differences support a precision medicine approach in OA, where targeting
leptin-related pathways may be particularly beneficial in patients with a metabolic phenotype.
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may influence leptin secretion and contribute to the
metabolic-inflammatory environment characteristic of
obesity-associated OA, suggesting new opportunities
for microbiome-targeted interventions [206–208].

Another emerging concept is the role of leptin
as an immunometabolic regulator linking metabolic
status with innate and adaptive immune responses.
Beyond its endocrine functions, leptin promotes pro-
inflammatory immune cell activation and amplifies
inflammatory signaling within the OA joint, while
recent evidence suggests additional neuroimmune
interactions within adipose tissues that may also
involve the infrapatellar fat pad [69,209,210]. However,
because leptin also plays fundamental roles in sys-
temic metabolism and immune homeostasis, systemic
inhibition is unlikely to represent a safe therapeutic
strategy [27].

From a translational perspective, future precision
medicine approaches should consider leptin as one
component of a broader metabolic-inflammatory net-
work rather than as an isolated biomarker. Integration
of adipokine profiling with metabolomics, transcrip-
tomics, and molecular phenotyping may improve
patient stratification and facilitate the identification of
metabolic OA endotypes that are more likely to benefit
from targeted interventions [211–213]. Although no
leptin-specific therapy has yet entered clinical trials
for OA, local modulation of leptin-related signaling
pathways and indirect reduction of leptin through
metabolically active interventions, including weight-
loss strategies and GLP-1 receptor agonists, represent
promising translational directions [27,214].

Overall, while current evidence identifies leptin as
a key mediator linking obesity, metabolic dysfunc-
tion, inflammation, and joint degeneration, significant
gaps remain regarding its causal role, biological con-
text, and therapeutic applicability. Addressing these
limitations through longitudinal clinical studies, stan-
dardized biomarker assessment, sex-specific analyses,
and integrated multi-omics approaches will be essential
to determine whether leptin can ultimately serve as
a clinically useful biomarker and therapeutic target
in OA.

10 Conclusions

The evidence discussed in this review positions leptin
as a critical node at the intersection of metabolic dys-
function, aging, and joint degeneration in OA. Rather
than acting as a simple adipokine, leptin integrates
systemic and local signals, contributing to the dys-
regulation of cellular homeostasis within the joint. A
key emerging concept is that leptin does not func-
tion as a uniform disease driver, but rather as a
context-dependent mediator whose effects are shaped
by tissue type, metabolic status, and inflammatory
milieu. This helps explain the apparent paradox of
leptin displaying both protective and deleterious effects
in different experimental and clinical settings. Across
cartilage, synovium, subchondral bone, and the IPFP,
leptin participates in a complex network of signal-
ing pathways that collectively promote inflammation,
ECM degradation, and structural joint remodeling.
However, the literature reveals markedly conflicting

anabolic and catabolic profiles for leptin across these
tissues. A structured summary of key papers cover-
ing major tissues and thematic areas is provided in
the Supplementary Tables S1–S7, to facilitate naviga-
tion of the literature. These discrepancies likely reflect
differences in experimental conditions, including physi-
ological vs. chronic supraphysiological leptin exposure,
as well as the stage of disease progression, where
relatively preserved tissues may retain anabolic, homeo-
static responses that are progressively lost and replaced
by catabolic pathways in advanced disease. Further-
more, leptin signaling is strongly influenced by the
experimental model, with differences observed between
simplified in vitro systems, ex vivo tissue explants, and
in vivo models that incorporate systemic metabolic and
immune factors. Beyond experimental context, lep-
tin is also embedded within broader processes such
as obesity-related inflammation and aging-associated
inflammaging. Accordingly, OA should not be viewed
as a purely local degenerative disease, but rather as
a systemic disorder in which metabolic and immune
alterations play a central role. In this framework,
leptin represents a key molecular link between sys-
temic metabolic dysfunction and local joint pathology.
Despite substantial progress in understanding leptin
biology in OA, several key questions remain unre-
solved. These include whether leptin acts as a primary
driver or an amplifier of disease processes. Address-
ing this question will require strategies to selectively
modulate peripheral leptin signaling, as well as a better
understanding of how these pathways interact with
other metabolic and inflammatory mediators during
disease progression. However, major methodological
and biological barriers currently prevent the use of lep-
tin as a clinical biomarker. Its interpretation is heavily
confounded by sex, age, and BMI, which significantly
reduce its discriminatory value, particularly in lean OA
phenotypes. Rather than a standalone tool, recent data
suggest that leptin can only improve prognostic perfor-
mance when integrated into wider multimarker panels.
A growing body of evidence supports the concept that
OA is a heterogeneous disease composed of distinct
clinical and molecular phenotypes rather than a single
uniform entity. Among these, a metabolic phenotype
has been proposed, characterized by obesity, systemic
low-grade inflammation, and dysregulated adipokine
signaling, particularly involving leptin (figure 3). In this
subgroup of patients, elevated levels in both circulation
and synovial fluid reflect not only increased adipos-
ity but also an active contribution to joint pathology.
This phenotype is associated with enhanced inflam-
matory signaling, accelerated cartilage degradation,
and more severe structural progression compared to
non-metabolic forms of OA. Within this framework,
leptin may serve as both a potential biomarker and a
contributing factor to local pathology. Patients with a
metabolic OA phenotype are therefore the most likely
to exhibit leptin-associated structural alterations, mak-
ing them potential candidates for therapies targeting
leptin-related pathways or their downstream signaling
cascades. However, the identification of this phenotype
in clinical practice remains challenging due to overlap-
ping features with other OA subtypes and the influence
of confounding metabolic factors.
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As such, integration of clinical data with molecular
profiling, including adipokine levels and inflammatory
markers, will be essential to reliably define this
subgroup. Overall, the recognition of a leptin-
associated metabolic phenotype supports a shift
toward precision medicine in OA, where therapeutic
strategies are tailored according to underlying
molecular mechanisms rather than solely clinical
presentation. This stratification will be essential for
the development of targeted and mechanism-based
therapeutic strategies. In this context, translating
precision medicine into clinical practice requires robust
strategies for patient stratification and therapeutic
decision-making. Multimodal molecular profiling
represents a promising approach to achieving this
goal. Systemic adipokine signatures, including leptin-
related indices, may provide an accessible first-level
tool for identifying patients driven by metabolic
dysregulation. These circulating markers should be
integrated with synovial inflammatory profiles and
joint-derived mediators, enabling a more accurate
characterization of local disease activity and its
interaction with systemic metabolic alterations.
Furthermore, the integration of multi-omics data,
including transcriptomic, proteomic, and metabolomic
profiles, may refine risk stratification by identifying
patients with faster disease progression or distinct
molecular patterns of disease. From a therapeutic
perspective, a major challenge remains the effective
targeting of leptin-related pathways without disrupting
their physiological roles in energy homeostasis
and immune regulation. Addressing this issue will
require a deeper understanding of tissue-specific
signaling dynamics and the development of selective
modulatory approaches. In addition, integrative
approaches combining circulating biomarkers, synovial
fluid analysis, and tissue-level molecular profiling
may improve patient stratification and support the
implementation of precision medicine strategies in OA.
To date, all proposed leptin-targeted strategies remain
confined to preclinical models, with no successful
clinical translation in OA. This highlights a persistent
gap between experimental findings and clinical
application and underscores the need for more selective
and clinically applicable approaches. Ultimately,
clarifying the role of leptin in OA may contribute to
a broader conceptual shift in the field, moving from a
structural “wear-and-tear” model toward a systemic,
metabolically driven disease paradigm.
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