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Abstract

Osteoarthritis (OA) is a highly prevalent joint disorder traditionally considered a conse-
quence of mechanical cartilage wear; however, it is now recognized as a complex, multifac-
torial disease driven by interconnected molecular and cellular mechanisms. This narrative
review synthesizes current knowledge on key pathogenic pathways underlying OA progres-
sion, with a focus on inflammatory signaling, subchondral bone remodeling, and dysregula-
tion of mineral metabolism. Chronic low-grade inflammation promotes catabolic responses
in chondrocytes and contributes to cartilage degradation. In addition, obesity influences OA
pathogenesis through both biomechanical loading and adipokine-mediated inflammatory
mechanisms. Alterations in the receptor activator of nuclear factor kappa-B/receptor activa-
tor of nuclear factor kappa-B ligand / osteoprotegerin (RANK/RANKL/OPG) axis disrupt
bone homeostasis and promote pathological subchondral remodeling, while imbalances in
inorganic phosphate metabolism contribute to crystal deposition and further joint damage.
These processes interact synergistically, driving disease progression. Current therapeutic
strategies remain largely symptomatic and do not adequately target underlying molecular
drivers. A deeper understanding of these mechanisms may facilitate the development of
disease-modifying therapies.

Keywords: osteoarthritis; cytokines; adipokines; RANK/RANKL/OPG; matrix metallo-
proteinases; ADAMTS; subchondral bone remodeling; obesity; basic calcium phosphate
crystals; pyrophosphate (PPi)

1. Introduction

Osteoarthritis (OA) is a common degenerative joint disease characterized by the
progressive breakdown of articular cartilage and reactive changes in the subchondral
bone. It is also associated with joint space narrowing, osteophyte formation, subchondral
bone sclerosis, and chronic inflammation. These changes lead to persistent pain, reduced
mobility, and are a major cause of disability, particularly in older adults [1].
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In 2020, approximately 595 million people worldwide were living with OA. This
represented 7.6% of the global population. Compared with 1990, the number of cases
was 132.2% higher. Knee OA is the most common site of disease. It contributed the most
to the overall OA burden, and its age-standardized prevalence rate increased between
1990 and 2019. During the same period, the age-standardized prevalence rate of hip OA
also increased [2]. For hip OA diagnosed using the radiographic Kellgren-Lawrence
grade > 2 criterion, the pooled worldwide prevalence was estimated at 8.55% (95% CI,
4.85-13.18) [3].

Knee OA and hip OA should not be treated as fully interchangeable conditions. They
share several pathogenic mechanisms. However, they differ in prevalence, prognosis,
biomechanics, clinical presentation, pain characteristics, and some aspects of molecular
pathophysiology. Knee OA is more prevalent. It is also more often associated with female
sex, malalignment, joint instability, and higher knee joint loading. In contrast, hip OA is
less prevalent and shows a more similar distribution between men and women. Hip OA is
also more often associated with restricted range of motion, different pain characteristics,
and a shorter time to joint replacement. Molecular differences have also been reported.
These include distinct cytokine profiles and differences in synovial inflammatory cell
composition between hip and knee OA. Therefore, findings from knee OA should not be
automatically extrapolated to hip OA. In this review, site-specific evidence is distinguished
where available [4].

Recent OA research increasingly emphasizes disease heterogeneity and patient strat-
ification. Molecular endotypes may define OA subgroups more precisely than clinical
phenotypes alone. Biochemical markers of cartilage turnover, bone remodeling, and other
tissue-specific processes may help identify treatable OA endotypes and improve patient
selection for disease-modifying clinical trials [5]. Recent studies also point to additional
molecular factors involved in joint homeostasis, including trace elements, which may
affect inflammation, redox balance, extracellular matrix synthesis, and the function of
chondrocytes, osteoblasts, osteoclasts, and synoviocytes [6]. Advances in cartilage biome-
chanics and diagnostic methods may further improve early detection and monitoring of
OA progression. Conventional imaging remains important, but emerging methods can
provide additional information about the biomechanical and biochemical status of articular
cartilage [7]. Together, these developments support the view of OA as a heterogeneous
whole-joint disease driven by interconnected molecular, mechanical, inflammatory, and
metabolic pathways.

Far from a simple wear-and-tear condition, OA is now recognized as a whole-joint
disease in which cartilage degeneration is accompanied by pathological changes in subchon-
dral bone and the synovium. Chronic low-grade inflammatory processes and metabolic
alterations further drive the progression of joint degeneration in OA [3,8].

In OA, the subchondral bone undergoes abnormal turnover and remodeling, driven in
part by dysregulation of the receptor activator of nuclear factor kappa-B/receptor activator
of nuclear factor kappa-B ligand / osteoprotegerin (RANK/RANKL/OPG) pathway and
the action of pro-inflammatory cytokines. At the same time, articular cartilage degradation
is mediated by proteolytic enzymes, including matrix metalloproteinases (MMPs) and A
Disintegrin and Metalloproteinase with Thrombospondin Motifs (ADAMTS), within an
inflammatory milieu [9,10].

Osteoarthritis is influenced not only by local joint processes but also by systemic
factors. Chronic low-grade inflammation and metabolic disturbances associated with
obesity contribute to disease onset and progression [11].

Early diagnosis of OA remains challenging, as clinical symptoms often appear only
after substantial joint damage has already occurred [12]. Therefore, there is an urgent
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need for sensitive biomarkers that can enable the earlier detection of the disease and better
monitoring of its progression.

The aim of this narrative review is to critically synthesize current evidence on the
molecular mechanisms driving OA progression. We also assess their potential as ther-
apeutic targets. We examine inflammatory cytokine signaling and extracellular matrix
degradation mediated by MMPs and ADAMTS. We then discuss subchondral bone remod-
eling involving the RANK/RANKL/OPG axis. In addition, we address obesity-associated
adipokine signaling and inorganic pyrophosphate—inorganic phosphate (PPi-Pi) imbalance
with basic calcium phosphate (BCP) crystal deposition. Finally, we discuss current and
emerging therapeutic strategies targeting these interconnected mechanisms.

2. Materials and Methods

This narrative review summarizes current evidence on the molecular mechanisms
underlying osteoarthritis, with a focus on inflammatory cytokine signaling, extracel-
lular matrix degradation, subchondral bone remodeling, adipokine signaling, and
phosphate metabolism.

A literature search was conducted using PubMed, Scopus, and Web of Science. The
search focused primarily on articles published between 2000 and 2025. Earlier landmark
studies and highly relevant recent publications were also included when they provided
essential mechanistic, methodological, or translational context. The search strategy included
combinations of the following keywords: “osteoarthritis,” “cytokines,” “IL-13,” “TNF-«,”
“RANKL,” “OPG,” “matrix metalloproteinases,” “MMP,” “ADAMTS,” “aggrecanases,”

7o ”

“adipokines,
“pyrophosphate,
“disease-modifying osteoarthritis drugs.”

subchondral bone remodeling,” “basic calcium phosphate,” “BCP crystals,

i i

phosphate metabolism,” “biomarkers,” “molecular endotypes,” and

Original research articles, experimental studies, observational clinical studies, clinical
trials, and relevant review articles published in English were considered. Studies were
included if they addressed molecular or cellular mechanisms relevant to OA pathogenesis,
biomarkers of OA progression, or therapeutic targets related to the pathways discussed
in this review. Both preclinical studies, including in vitro and animal models, and clinical
studies were included to provide a translational perspective.

Publications were excluded if they were not related to OA, focused exclusively on
other arthritides without relevance to OA, lacked mechanistic or therapeutic relevance to
the review topic, were not available in English, or were conference abstracts, editorials,
letters, or non-peer-reviewed materials. Studies focusing on knee OA were included when
relevant to general OA pathophysiology. Where available, evidence specific to knee OA
and hip OA was distinguished.

The database searches identified approximately 4000 potentially relevant records
across PubMed, Scopus, and Web of Science. After preliminary screening of titles and
abstracts, approximately 300 full-text articles were considered for detailed evaluation. Ulti-
mately, 138 publications were included in the reference list based on their relevance to the
molecular pathways and therapeutic targets discussed in this narrative review. The selected
literature was qualitatively analyzed and synthesized to describe key pathogenic mecha-
nisms, assess the consistency and translational relevance of available evidence, and discuss
potential therapeutic implications. No formal meta-analysis or risk-of-bias assessment
was performed, as the aim of this work was to provide an integrative, mechanism-based
narrative overview rather than a systematic review.
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3. Pathogenesis of Osteoarthritis

OA was once considered primarily a non-inflammatory degenerative condition caused
by mechanical wear. However, it is now well established that the development of OA
is driven mainly by active biological processes, particularly inflammation and dynamic
tissue remodeling [13,14]. The underlying causes of inflammation and remodeling in the
joint are the combined effect of mechanical stress, abnormal joint mechanics, and risk
factors. These contributors together induce pro-inflammatory mediators and proteases
driving joint destruction [15]. The pathogenesis involves a complex interplay between
joint tissues, including articular cartilage, subchondral bone, and the synovial membrane.
At the cartilage-bone interface, subchondral bone remodeling is closely associated with
progressive cartilage degeneration. Increased subchondral bone thickness is linked to more
severe cartilage damage [16].

3.1. Changes in Joint Tissues in Osteoarthritis—Articular Cartilage, Subchondral Bone,
Synovial Membrane

The first degenerative changes are focal fibrillations on the articular cartilage surface.
They arise from abnormal joint loading caused by dysplasia or injury, which in turn
triggers an aberrant repair response. This disturbed repair process is accompanied by the
activation of inflammatory signaling pathways within the joint microenvironment [17,18].
The inflammatory mediators (mainly nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-«B) and possibly hypoxia-inducible factor 2 alpha (HIF-2«) and metal regulatory
transcription factor 1 (MTF1)), together with mechanical and oxidative stress, alter the
functional profile of cell populations within the joint [19-21].

Upon stimulation, cell populations within the joint, including chondrocytes, syn-
oviocytes, and mononuclear cells, begin to produce proteolytic enzymes and cytokines,
including interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), interleukin-13
(IL-1B), and tumor necrosis factor alpha (TNF-«). Chondrocytes also undergo activation
and hypertrophic differentiation [22,23]. Among these cytokines, IL-13 and TNF-« promote
the synthesis of matrix metalloproteinases (MMPs), particularly MMP-1 and MMP-3 [24].

As OA progresses, extensive degradation of the cartilage extracellular matrix becomes
evident. This process is driven mainly by pro-inflammatory cytokines, including IL-13
and tumor necrosis factor (TNF-«). These cytokines stimulate the production of matrix-
degrading enzymes [25]. Since chondrocytes maintain the cartilage matrix, ECM loss is
closely linked to chondrocyte dysfunction. Activated chondrocytes shift toward a catabolic
phenotype. They produce inflammatory mediators and proteolytic enzymes. They also
become more prone to apoptosis. As a result, areas with reduced cellularity appear within
the cartilage. This is followed by progressive cartilage loss. Cartilage loss reduces the joint
space and increases mechanical stress within the joint [26].

Progressive cartilage degeneration in OA is closely associated with anabolic remod-
eling of the subchondral bone. Further development of OA is characterized by increased
osteoblast activity, thickening of the subchondral bone plate, and increased trabecular bone
volume [27,28]. Studies show that in patients with hip OA, subchondral bone remodeling
was markedly increased compared to controls, as evidenced by a significantly higher num-
ber of osteoblasts per bone perimeter (16.4 & 10.2 mm ! vs. 3.7 + 4.5 mm!, p < 0.001)
and a substantial increase in osteoid surface [29]. In parallel, bone cysts and cartilage
outgrowths form and eventually ossify into osteophytes [15].

In OA, the synovium is characterized by low-grade inflammation and infiltration of
leukocytes within the subintimal layer. These cells include macrophages, T lymphocytes, B
lymphocytes, and neutrophils. Synovitis has been associated with radiographic progression,
cartilage damage, and pain in OA [30]. Leukocytes, particularly synovial macrophages,
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together with activated synovial fibroblasts, secrete cytokines such as IL-6, IL-13, and
TNF-«, which amplify the inflammatory process in OA [30,31]. Synovial inflammation is
therefore not only a secondary response to cartilage damage. It also actively contributes
to OA progression. Activated synovial cells can release chemokines, prostaglandins, and
matrix-degrading enzymes. These mediators further promote cartilage catabolism. This
chronic low-grade inflammation establishes a vicious cycle (Figure 1). Pro-inflammatory
cytokines stimulate chondrocytes to catabolize the cartilage matrix. This leads to the
release of breakdown products such as fibronectin fragments, hyaluronan, and collagen
peptides. These products act as damage-associated molecular patterns (DAMPs). They
engage pattern-recognition receptors, including Toll-like receptors (TLR), on synovial and
cartilage cells. This, in turn, perpetuates the inflammatory response and contributes to OA
progression [30,32,33].

Microdamage
N

Joint cells
Chondrocytes Synoviocytes

<« TLR
. Chondrocytes Synowocytes

/\/

IL-8 Proinflamatorry cytokins
IL-1B, TNF-q, IL-6 DAMPS

\ Neutrophil / e .

recruitment

{8 MMPs / ADAMTS

-, ECM

degradation

Figure 1. Vicious cycle of inflammation and extracellular matrix degradation in osteoarthritis. Me-
chanical microdamage in subchondral bone and cartilage initiates the release of damage-associated
molecular patterns (DAMPs), which activate Toll-like receptor (TLR) signaling in chondrocytes
and synoviocytes. This leads to increased production of pro-inflammatory cytokines, including
interleukin-1p (IL-1f3), tumor necrosis factor alpha (TNF-«), and interleukin-6 (IL-6), as well as
chemokines such as interleukin-8 (IL-8), promoting neutrophil recruitment. These mediators upregu-
late matrix-degrading enzymes, including matrix metalloproteinases (MMPs) and A Disintegrin and
Metalloproteinase with Thrombospondin Motifs (ADAMTSs), resulting in extracellular matrix (ECM)
degradation. Degradation products further amplify DAMP signaling, sustaining a self-perpetuating
inflammatory loop that drives osteoarthritis progression. Created in BioRender. Bugajewski, M
(2026) https://BioRender.com/c9pnusb.

3.2. Subchondral Bone Remodeling and the RANK/RANKL/OPG Pathway

Osteoarthritis of weight-bearing joints involves not only cartilage degeneration but
also active remodeling of the subchondral bone, which plays a central role in the de-
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velopment of hip OA [29]. In animal models, repetitive end-loading of bone induces
microdamage that triggers apoptosis in nearby osteocytes [34]. Importantly, apoptosis
occurs prior to osteoclastic resorption and co-localizes with it [35]. Microdamage elicits a
distance-dependent cellular response. Osteocytes at the lesion border activate caspase-3
and undergo apoptosis. By contrast, cells located further away upregulate RANKL expres-
sion [36]. Taken together, these observations highlight osteocytes as pivotal regulators that
locally orchestrate the onset of bone remodeling [37].

Both inside OA joint and in surrounding tissues, RANKL is produced by multiple cell
types including osteoblast, stromal lineage cells, articular chondrocytes, synovial fibroblasts,
and activated T-cells. Among them, osteocytes are the predominant RANKL source in
mature bone [31,37-39].

The RANK/RANKL/OPG signaling pathway constitutes a central mediator of bone
remodeling, as illustrated in Figure 2. Binding of RANKL to its receptor RANK on osteoclast
precursors promotes osteoclast differentiation and bone resorption. In contrast, OPG acts
as a decoy receptor that inhibits the RANK-RANKL interaction and thereby limits bone
resorption [10]. Evidence from human studies shows that osteoarthritic subchondral bone
exhibits an imbalance in RANKL and OPG expression. In subsets of osteoblasts with
elevated turnover, those derived from OA subchondral bone secrete relatively higher
amounts of RANKL and lower amounts of OPG compared with osteoblasts from non-
arthritic bone [40]. Similarly, gene expression profiling of subchondral bone from OA
knees found significantly elevated RANKL expression (approximately 1.63-fold; p = 0.048)
with relatively unchanged OPG, resulting in decreased OPG/RANKL ratio compared
with normal bone [41]. Analogically, since RANK/RANKL/OPG-mediated remodeling is
common to all load-bearing joints, and hip OA features both osteoblast dysfunction and
high-turnover subchondral lesions, a similarly reduced OPG/RANKL ratio is plausible.

In male patients with primary hip OA undergoing total hip replacement, trabecular
RANKL mRNA expression in the trochanteric region showed strong positive correlations
with histomorphometric markers of bone turnover. Notably, these associations were
observed for osteoclast number (r = 0.72, p = 0.002) and osteoid surface (r = 0.66, p = 0.006).
Additionally, RANKL mRNA levels were inversely correlated with trabecular bone volume
(bone volume/tissue volume (BV/TV); r = —0.70, p = 0.007). Circulating RANKL was also
negatively correlated with bone RANKL mRNA (r = —0.70; p = 0.007), underscoring the
pivotal role of the RANKL/OPG system in subchondral bone remodeling [42]. Accordingly,
joint measurement of bone RANKL/OPG expression and serum RANKL (+OPG) could
constitute a biomarker panel for indexing subchondral bone remodeling in hip OA.

Apart from mechanical factors, another potent driver of RANKL-dependent subchon-
dral bone remodeling in hip OA is the local surge of pro-inflammatory mediators [43].
In vitro studies show that exposure of human articular chondrocytes to catabolic cytokines
such as TNF-« or IL-1f3 significantly increases the production of membrane-bound RANKL
(as well as OPG) by these cells [44]. Interestingly, IL-13 stimulation leads to the appearance
of RANK on a fraction of osteoarthritic chondrocytes [44], potentially making them a direct
target for RANKL. Similar cytokine-driven upregulation of RANKL has been reported in
synovial fibroblasts, further expanding the spectrum of joint-resident cells contributing to
bone resorption [45]. Taken together, these findings indicate that an inflammatory milieu
amplifies osteoclastogenic signaling and accelerates subchondral bone remodeling in OA.

Collectively, both clinical and experimental observations converge on the idea that
RANKTL is not merely associated with, but causally drives OA-related subchondral bone
changes. Chondrocyte-derived RANKL has been shown to drive osteoclast formation; for
instance, articular chondrocytes isolated from OA cartilage can induce robust osteoclast dif-
ferentiation when co-cultured with monocyte precursors, an effect that is further enhanced
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a reduced OPG-to-RANKL ratio, were more potent in promoting osteoclast differentiation
in vitro than osteoblasts from non-arthritic bone [40].
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Figure 2. The RANK/RANKL/OPG axis in osteoarthritis. RANKL binds to RANK on osteoclast
precursors, promoting osteoclast differentiation and bone resorption. OPG acts as a decoy receptor
that inhibits RANKL-RANK interaction. Dysregulation of this axis contributes to subchondral bone
remodeling in osteoarthritis. Created in BioRender. Bugajewski, M. (2026) https://BioRender.com/
8oowmwl1.

These findings are also supported by in vivo studies. One study in antigen-induced
arthritic rabbits demonstrated that animals with higher RANKL expression in their cartilage
exhibited greater subchondral bone loss. RANKL levels showed a strong inverse correlation
with subchondral bone mineral density (r = —0.891, p < 0.001), and the RANKL/OPG
ratio was also negatively correlated with bone mineral density (r = —0.736, p = 0.01) [38].
Taken together, these results suggest that increased RANKL activity in OA promotes
osteoclastogenesis. This process likely contributes to the altered bone remodeling observed
in OA joints.

Current evidence supports the involvement of the RANK/RANKL/OPG axis in
subchondral bone remodeling in OA. Its therapeutic relevance remains mainly mechanistic
or preclinical. Differences between knee OA and hip OA should be considered when
interpreting these findings.
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3.3. Cytokines in Osteoarthritis

In OA, pro-inflammatory cytokines play a central role in disease progression. Among
these, IL-1p and TNF-o are regarded as key mediators. IL-1f is primarily associated with
cartilage destruction, while TNF-« drives the broader inflammatory cascade [25].

In addition to IL-13 and TNEF a variety of other cytokines, such as IL-6, IL-15, IL-17,
IL-18, IL-21, leukemia inhibitory factor (LIF) and the chemokine IL-8, have been associated
with the development of OA and could be potential therapeutic targets. They stimu-
late the release of several catabolic and inflammatory mediators that contribute to joint
degradation [25,46].

Conversely, anti-inflammatory cytokines such as IL-4, IL-10 and IL-13 are present but
appear to be insufficient to counteract the dominant pro-inflammatory environment [47].
Indeed, OA chondrocytes exhibit reduced expression of the regulatory cytokines IL-4, IL-10,
and transforming growth factor beta (TGF-f3) activity compared to increased IL-1 and
TNF-o expression [48].

TGF-B has a wide range of effects. It can promote joint degradation, while also
exerting anti-inflammatory and protective functions. It signals through multiple path-
ways, including SMAD family members 2 and 3 (SMAD2/3), SMAD family members 1,
5, and 8 (SMAD1/5/8), mitogen-activated protein kinase (MAPK), and phosphoinositide
3-kinase/protein kinase B (PI3K/AKT). These pathways collectively regulate cartilage
homeostasis, joint development, and OA progression [49-51].

Overall, the cytokine profile in OA is strongly skewed toward a catabolic and inflam-
matory phenotype.

3.3.1. Pro-Inflammatory Cytokines in Osteoarthritis

TNF-« and IL-1p generally act in a similar way and often work together in OA,
activating the same group of intracellular signaling pathways and enhancing inflammation
and tissue breakdown in the joints [47]. Furthermore, TNF-« and IL-13 have been shown
to affect mitochondrial function in human chondrocytes. They decreased mitochondrial
complex I activity, reduced ATP production, and induced mitochondrial depolarization.
They also increased the expression of Bcl-2 family proteins. Inhibition of complex I by
rotenone increased Bcl-2 expression and reduced proteoglycan content [52].

In a study by Benito et al., synovial fluid from patients with knee pain, normal
radiographs and arthroscopic evidence of early OA was compared with that from patients
with advanced OA undergoing knee arthroplasty (late OA). The researchers found that
patients with early OA had higher levels of IL-13 and TNF-« in their synovial fluid than
patients with late OA [53].

These cytokines are mostly produced by activated chondrocytes, mononuclear cells
and synoviocytes [54], and their levels are elevated in the synovial fluid, synovial mem-
brane, peripheral blood and cartilage of OA patients [14]. They stimulate the release of
several catabolic and inflammatory mediators that contribute to joint degradation [25]. The
destruction of intraarticular structures is also enhanced by reactive oxygen species (ROS),
which are thought to be increased by the aforementioned cytokines [55].

In addition to IL-1f3 and TNF-«, a number of other cytokines contribute to the patho-
physiology of OA by promoting cartilage degradation, synovial inflammation and subchon-
dral bone remodeling. IL-1f3 and TNF-« have been reported to stimulate IL-8 production
in joint tissues [56,57]. Being a very potent chemokine, IL-8 facilitates neutrophil recruit-
ment and may indirectly accelerate cartilage damage by increasing local inflammation [14].
Studies have reported higher levels of IL-8 in late-stage hip OA compared to earlier stages
of the disease [58,59].
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IL-15 and IL-18 are elevated in OA joints compared with healthy controls, and in-
creased plasma IL-8 together with higher synovial fluid IL-18 levels may contribute to OA
pathogenesis by promoting MMP-3 activation [60]. Additionally, in a study regarding hu-
man cholesterol-loaded macrophages, researchers found that IL-8 inhibited the expression
of tissue inhibitor of metalloproteinase-1 (TIMP-1) by up to 30% relative to the control [61].
This result was discussed in the context of atherosclerosis; nevertheless, it might have a
tangible impact on OA dynamics, as the imbalance between MMPs and TIMPs leads to
cartilage degradation and arthropathies [62].

IL-18 in particular increases with disease severity and promotes matrix degradation
by inducing MMPs [23]. There is also evidence of a contribution of IL-17 to OA progression.
This cytokine was detectable in the synovial fluid in approximately 9% of OA patients and
was linked to a specific biological profile of intraarticular changes [63]. A meta-analysis
based on observational studies also addressed IL-17 in the OA population and found that
its gene polymorphism was associated with an increased risk of disease development [64].
IL-17 induces cartilage breakdown and ADAMTS-mediated degradation of aggrecan, a
key structural component of cartilage [65]. Having been recognized as an important factor
in pathogenesis of multiple joint disease, such as rheumatoid arthritis and ankylosing
spondylitis, this mediator should also be scrutinized in the future of OA research [66,67].

Another molecule able to influence neutrophils is granulocyte-macrophage colony-
stimulating factor (GM-CSF), which was shown to promote endothelial adhesion of these
cells [68] and to stimulate their viability and pro-inflammatory functions [69,70]. Acting
on bone marrow and inducing progenitor cells, GM-CSF promotes their proliferation and
terminal differentiation into neutrophils, monocytes, and ultimately macrophages. This
is particularly important, as activated macrophages were present and detected by Single-
Photon Emission Computed Tomography/Computed Tomography (SPECT/CT) in over
75% of joints in patients suffering from OA [71].

The findings show that removing macrophages from synovial cell cultures significantly
reduces the levels of IL-1, TNF-«, MMPs and aggrecanases. These factors are all known to
contribute to joint destruction in OA [72].

Activated macrophages are also a well-documented source of IL-6, a pleiotropic
cytokine which can negatively affect cartilage tissue [73]. The level of IL-6 in the synovial
fluid of patients with OA is elevated [74].

Low innate production of the pro-inflammatory cytokines IL-1(3 and IL-6 appears to
offer protection against OA. Participants with the lowest IL-1f3 levels were over 11 times
more likely to be OA-free, while those with low IL-6 were nearly seven times more likely.
Low IL-6 and IL-1 receptor antagonist (IL-1RA) production were linked to an absence of
hand OA, while low IL-1p was associated with an absence of knee OA. Overall, these results
emphasize the pivotal role of IL-1$ and IL-6-driven inflammation in OA development [75].

Experimental studies in mice suggest a more complex role for IL-6. Male mice with
an IL-6 knockout gene developed more severe spontaneous OA than wild-type controls
during aging. This phenotype was characterized by reduced proteoglycan synthesis and a
greater decrease in bone mineral density in the total knee joint. These findings suggest that
IL-6 may have a protective role in age-related OA in male mice [76]. These findings suggest
that the role of IL-6 in OA may depend on the context and the species. Interestingly, Li et al.
reported that IL-1, IL-6, and TNF-« are major contributors to pain in the early stages of
knee osteoarthrosis [77].

3.3.2. Anti-Inflammatory Cytokines in Osteoarthritis

The primary anti-inflammatory cytokines involved in the pathogenesis of OA are IL-4,
IL-10 and IL-13 [47]. IL-4 and IL-13 bind to the IL-4 receptor alpha chain (IL-4Rc). The fact
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that they share this receptor underlies their overlapping biological functions [78]. Signaling
through the IL-4 receptor alpha (IL-4R«), Janus kinase 1 (JAK1), and signal transducer
and activator of transcription 3 and 6 (STAT3/STAT6) pathway regulates the expression
of multiple genes involved in inflammatory responses. Notably, serum levels of soluble
IL-4R« are elevated in patients with OA compared with healthy controls. By binding IL-4,
soluble IL-4Ra may reduce its availability for membrane-bound IL-4 receptors and thereby
limit its protective effects on chondrocytes [79].

IL-4 exerts pronounced chondroprotective effects, including inhibiting proteoglycan
degradation in articular cartilage by suppressing MMP secretion [80]. Furthermore, IL-4
alone or in combination with IL-10 has been shown to prevent blood-induced cartilage dam-
age [81]. In addition to modulating cytokine production, IL-4 can increase the expression of
TNF« receptors (TNF-R1 and TNF-R2) and reduce the secretion of other inflammatory me-
diators, such as PGE,, cyclooxygenase-2 (COX-2), phospholipase A, (PLA;) and inducible
nitric oxide synthase (iNOS) [47,82].

Elevated levels of IL-13 have been detected in the synovial fluid of OA patients [83].
IL-13 can increase the secretion of periostin by OA synovial fibroblasts via STAT6 activa-
tion [84]. Increased periostin levels may boost the expression of MMP-2 and MMP-3 in OA
synovial fibroblasts, which could affect extracellular matrix remodeling in the joint [85]. In
a model of immune complex-induced arthritis, local overexpression of IL-13 was found
to significantly reduce both chondrocyte death and the MMP-dependent degradation of
aggrecan in cartilage, despite the fact that joint inflammation was increased [86].

IL-10, which is structurally related to interferons [87], is a key anti-inflammatory
cytokine that plays a role in the pathogenesis of OA. Chondrocytes express both IL-10
and its receptor complex (IL-10R1/IL-10R2), enabling autocrine and paracrine signaling.
Upon binding to its receptors, IL-10 activates the JAK1/TYK2-STAT3 pathway, which
suppresses the expression of pro-inflammatory genes and induces the production of anti-
inflammatory mediators such as the IL-1RA and the tissue inhibitor of metalloproteinases-1
(TIMP-1) [47,88].

IL-10 also promotes anabolic cartilage responses by stimulating the synthesis of type II
collagen and aggrecan, while protecting chondrocytes from apoptosis [89]. It also activates
the SMAD1/5/8 and extracellular signal-regulated kinase 1 and 2 (ERK1/2) pathways,
enhancing the expression of bone morphogenetic proteins (BMPs) 2 and 6, which are
essential for cartilage regeneration [90]. IL-10 also reduces the inflammatory effects of
TNEF-o in OA synovial fibroblasts, including reducing PGE, production and decreasing
COX-2 expression [82].

Cytokines are important mediators of OA-related inflammation and cartilage catabolism.
The strongest mechanistic evidence concerns IL-13 and TNF-«. However, direct cytokine
targeting is not an established disease-modifying strategy in OA. Other cytokines ap-
pear to have context-dependent effects. These may vary by disease stage, joint site, and
experimental model.

3.4. Matrix-Degrading Enzymes in Osteoarthritis: MMPs and ADAMTS

Cartilage ECM is mainly made up of two key components: type II collagen, which
forms the fibrillar network, and aggrecan, a large proteoglycan that fills this network [91].
ECM degradation in articular cartilage is a key pathological process in OA, and proteolytic
enzymes from the MMP and ADAMTS families play a central role in this mechanism. An
imbalance between their activity and the activity of endogenous protective factors results
in the progressive loss of aggrecan and type II collagen [92].

The activity of MMPs and ADAMTS is tightly regulated by pro-inflammatory cy-
tokines and biomechanical stimuli, which promote the transition of chondrocytes toward
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an enhanced catabolic state, characterized by increased production of matrix-degrading
proteases [25,93].

3.4.1. Matrix Metalloproteinases

Increased expression of MMP-1, MMP-2 and MMP-9 has been reported in OA [94].
Synovial fluid levels of MMP-1, MMP-3, and MMP-9 showed a significant positive associa-
tion with radiographic severity of knee OA assessed by the Kellgren-Lawrence grading
scale (p < 0.001) [95].

In contrast, Riibenhagen et al. [96], reported that synovial fluid MMP-1 levels nega-
tively correlated with OA grade. In that study, MMP-1 levels decreased with increasing
disease grade. Synovial fluid concentrations of MMP-13 are elevated in OA and may serve
as a biomarker of disease progression and a promising therapeutic target [97,98]. MMP-13
is the principal collagenase responsible for type II collagen cleavage and plays a central
role in cartilage degradation [98,99].

MMP-1 degrades fibrillar collagens, including type I, Il and III. Its overexpression in
chondrocytes enhances collagen breakdown within the ECM, contributing to structural
cartilage damage characteristic of OA [100,101].

Proteoglycan degradation, however, is driven primarily by aggrecanases (ADAMTS-4/5)
and, to a lesser extent, by selected MMPs such as MMP-3, which also activates other MMPs
and promotes broader ECM turnover [92].

In addition, the gelatinases MMP-2 and MMP-9 contribute to extracellular matrix
remodeling in OA, consistent with their increased expression and activity in osteoarthritic
joint tissues [94].

3.4.2. A Disintegrin and Metalloproteinase with Thrombospondin Motifs

Two aggrecanases, ADAMTS-4 and ADAMTS-5, have been identified in cartilage.
Among them, ADAMTS-5 is considered the predominant enzyme mediating aggrecan and
other proteoglycan degradation, and its dysregulated activity has been closely linked to
OA pathogenesis. Consequently, ADAMTS-5 is regarded as a key therapeutic target in the
development of disease-modifying treatments for OA [102].

Majumdar et al. demonstrated that combined deletion of ADAMTS-4 and ADAMTS-5
markedly reduced proteoglycan loss in the culture of cartilage explants. In vivo, this dual
deletion significantly reduced the severity of surgically induced OA in mice. Notably, the
level of protection observed in double-knockout mice was comparable to that seen in mice
lacking only ADAMTS-5 [103].

Cartilage degradation mediated by ADAMTS-5 releases aggrecan fragments. These
fragments activate Toll-like receptor 2 (TLR2) in synovial tissue. TLR2 activation then
induces inflammatory responses and pain. Together, these mechanisms establish a link
between ADAMTS-5 activity and the progression of symptoms in OA [104].

Clinical trials of ADAMTS-5 inhibition have provided valuable data on safety and
target engagement. Structural outcomes have also been assessed. However, a clear disease-
modifying benefit in OA has not yet been established [105,106].

3.4.3. Regulation of Matrix-Degrading Enzymes

The activity of matrix-degrading enzymes is regulated by a number of endogenous
mechanisms that help to maintain extracellular matrix homeostasis (Figure 3). The most
important of these are the tissue inhibitors of metalloproteinases (TIMPs), which regulate
the function of MMPs under physiological conditions.
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Figure 3. Imbalance between matrix-degrading enzymes and their inhibitors in OA. Mechanical
microdamage, calcium phosphate crystals, and pro-inflammatory cytokines, including interleukin-1
(IL-1B), tumor necrosis factor alpha (TNF-«), interleukin-6 (IL-6), and interleukin-17 (IL-17), pro-
mote the activation of matrix metalloproteinases (MMPs) and A Disintegrin and Metalloproteinase
with Thrombospondin Motifs (ADAMTS). MMPs mediate collagen degradation, whereas ADAMTS
enzymes drive aggrecan breakdown, leading to extracellular matrix (ECM) degradation. Under phys-
iological conditions, these enzymes are tightly regulated by tissue inhibitors of metalloproteinases
(TIMPs), particularly TIMP-3, and by «2-macroglobulin, which inhibit their activity and promote
their clearance. In osteoarthritis, this balance is disrupted due to increased enzyme expression and
insufficient inhibitory capacity, resulting in sustained matrix degradation. Degradation products
further act as damage-associated molecular patterns (DAMPs), amplifying inflammatory signaling.
Created in BioRender. Bugajewski, M. (2026) https://BioRender.com/cevveuk.

TIMP-1, TIMP-2, TIMP-3 and TIMP-4 bind to MMPs at a ratio of 1:1 and block their
catalytic activity. TIMP-3 plays a critical role in preserving cartilage integrity. A loss of
TIMP-3 accelerates collagen degradation; however, although its levels rise in OA, this
increase is insufficient to counterbalance the markedly elevated MMP-13.

Another level of regulation is provided by a2-macroglobulin, which binds to active
MMPs and promotes their clearance.

Aggrecanase activity is primarily controlled locally by tissue inhibitors such as TIMP-3,
which directly inhibit ADAMTS-4 and ADAMTS-5. However, in OA, the balance shifts
toward excessive catabolism due to the increased de novo synthesis of ADAMTS-4, which
overcomes the inhibitory capacity of TIMP-3, thereby contributing to sustained aggrecan
loss and cartilage destruction [98,102].

MMPs and ADAMTS enzymes are central mediators of extracellular matrix degrada-
tion in OA. However, clinical targeting of these enzymes remains difficult. Broad inhibition
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has not produced reliable benefit. They should therefore be interpreted as pathogenic me-
diators and potential biomarkers, rather than established stand-alone therapeutic targets.

3.5. Role of Inorganic Pyrophosphate—Inorganic Phosphate Imbalance and Basic Calcium Phosphate
Crystals in Osteoarthritis

Inorganic pyrophosphate (PPi) usually inhibits the formation of hydroxyapatite, and
even slight reductions in PPi can upset the equilibrium of Pi:PPi, thereby promoting the
deposition of basic calcium phosphate (BCP) crystals in osteoarthritic cartilage [107].

PPi supplementation reduces ECM degradation markers and represses Wnt5a expres-
sion, ameliorating IL-13-induced cartilage damage in vivo, although it does not affect
synovial inflammation [108].

BCP crystals exacerbate OA pathology by activating synovial macrophages to produce
inflammatory cytokines and matrix-degrading enzymes via spleen tyrosine kinase (Syk)-
and PI3K-dependent signaling [109] and inducing IL-1f3 secretion via NOD-like receptor
protein 3 (NLRP3) inflammasome activation [110] (Figure 4).
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Figure 4. BCP crystal-driven inflammatory signaling and cartilage degradation in OA. Imbalance in
PPi and Pi promotes the deposition of BCP crystals in osteoarthritic cartilage. BCP crystals activate
synovial macrophages via Syk- and PI3K-dependent signaling, leading to NLRP3 inflammasome
activation and IL-1 secretion. In parallel, BCP crystals stimulate chondrocytes through Syk-, PI3K-,
JAK?2-, and STAT3-dependent pathways, promoting IL-6 production and pro-catabolic responses.
These processes converge on increased inflammatory signaling and ECM degradation, ultimately
resulting in cartilage breakdown. Created in BioRender. Bugajewski, M. (2026) https://BioRender.
com/b56jhbs.

In chondrocytes, BCP crystals stimulate IL-6 production via Syk-, PI3K-, JAK2- and
STAT3-signaling pathways [111] and induce hypertrophic and Wnt/ 3-catenin-mediated
phenotypic changes, partly by binding to Wnt3a [112] (Figure 4).
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Calcium—phosphate complexes, which are elevated in early OA, further increase
MMP-3 and MMP-13 through the NF-«B, p38, ERK1/2 and STAT3 pathways [113]. Taken
together, these findings highlight the central role of Syk and PI3K activation in BCP-driven
OA pathology and identify these kinases as potential therapeutic targets [114].

PPi-Pi imbalance and BCP crystal deposition link mineral metabolism with inflamma-
tion and cartilage degradation in OA. Experimental studies support the role of BCP-induced
signaling in synovial macrophages and chondrocytes. However, their clinical relevance as
therapeutic targets remains less established than their mechanistic role in OA progression.

3.6. Obesity, Adipokines, and Metabolic Inflammation in Osteoarthritis

Obesity is a key modifiable risk factor for osteoarthritis (OA). It contributes to OA de-
velopment and progression through both mechanical and metabolic mechanisms [11,115,116].
Increased body weight raises mechanical loading in weight-bearing joints, particularly
the knee and hip. However, obesity is also associated with OA in non-weight-bearing
joints. This suggests that systemic metabolic inflammation also contributes to disease
pathogenesis [116,117].

In obesity-associated OA, adipose tissue acts as an active endocrine and immune
organ. Hypertrophic adipocytes and infiltrating immune cells promote chronic low-grade
inflammation. Macrophages are particularly important in this process. This inflamma-
tory response is partly mediated by pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs). These molecules activate pattern-
recognition receptors, including Toll-like receptors [117]. These pathways can increase the
production of inflammatory mediators such as TNF-«, IL-6, and IL-1(3. As a result, obesity
may shift both the systemic environment and the local joint microenvironment toward a
pro-inflammatory state.

Adipokines are important mediators linking obesity with OA pathogenesis. Leptin,
resistin, chemerin, and adiponectin are among the most frequently studied adipokines
in OA. Pro-inflammatory adipokines can increase cytokine production, synovial inflam-
mation, and matrix-degrading enzyme activity. Leptin generally promotes catabolic and
inflammatory responses. In contrast, the role of adiponectin is more complex and context-
dependent [118]. Downstream mediators, including IL-6 and TNF-«, may further promote
cartilage degradation and subchondral bone remodeling [118].

Adipokines and adipose tissue dysfunction may also contribute to OA-related pain.
Adipose tissue dysfunction can influence pain through local and systemic inflammation,
immune dysregulation, and adipokine production. These effects extend beyond the me-
chanical influence of body mass index (BMI). They may involve nociceptive pain, peripheral
sensitization, and central sensitization [119].

Obesity-associated OA is supported by strong epidemiological and clinical evidence.
Obesity contributes through both mechanical and metabolic mechanisms. Adipose tissue
dysfunction may link obesity with inflammation, pain, and cartilage catabolism. However,
the effects of individual adipokines remain partly context dependent.

3.7. Translational Implications of Molecular Mechanisms

The mechanisms discussed above can be linked to different clinical patterns of OA,
candidate biomarkers, and potential therapeutic strategies (Table 1). This translational
framework may help connect molecular pathways with patient stratification and future
disease-modifying approaches. These categories are not fully separate, because several
mechanisms may coexist in the same patient.
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Table 1. Molecular mechanisms, potential osteoarthritis (OA) phenotypes, candidate biomarkers, and

therapeutic implications.

Mechanism

Potential OA
Phenotype/Dominant
Feature

Candidate Biomarkers
or Measurable
Features

Clinical Relevance in
OA

Therapeutic
Implications

Low-grade
inflammation and
cytokine signaling

Synovitis/inflammation
dominant phenotype

IL-1p3, TNF-«, IL-6,
IL-8, synovitis on
imaging

Reflects local
inflammatory activity
and may contribute to

pain and structural
progression in selected
patients

Anti-inflammatory
strategies and cytokine
pathway modulation;
direct cytokine
targeting is not an
established
disease-modifying
strategy in OA

ECM degradation
mediated by MMPs
and ADAMTS

Cartilage catabolic
phenotype

MMP-3, MMP-13,
ADAMTS-4/5 activity,
aggrecan fragments,
collagen degradation
products

Indicates active
cartilage matrix
breakdown and
progressive structural
damage

Protease activity
modulation,
TIMP-related
approaches, and
cartilage protective
strategies; broad
enzyme inhibition has
shown limited clinical
benefit

Subchondral bone
remodeling and
RANK/RANKL/OPG
imbalance

Subchondral bone
remodeling dominant
phenotype

RANKL, OPG,
OPG/RANKL ratio,
bone turnover markers,
subchondral sclerosis,
bone marrow lesions

Reflects altered bone
turnover and the
contribution of
subchondral bone to
OA progression

Bone-targeted
strategies and
modulation of
osteoclast activity;
therapeutic relevance
remains mainly
mechanistic or
preclinical

PPi-Pi imbalance and
BCP crystal deposition

Crystal/mineralization
associated phenotype

PPi/Pi imbalance, BCP
crystals, calcium
phosphate deposition,
NLRP3-related
inflammatory signaling

Links mineral
dysregulation with
crystal-induced
inflammation and
cartilage degradation

Targeting mineral
metabolism and
crystal-induced

inflammatory signaling;
clinical relevance as
therapeutic targets
remains less
established than
mechanistic relevance

Obesity, adipokines,
and metabolic
inflammation

Metabolic/obesity-
associated phenotype

BMI, metabolic
syndrome markers,
leptin, adiponectin,

resistin, chemerin, IL-6,
TNF-x

Links mechanical
overload with systemic
low-grade
inflammation and
OA-related pain

Weight loss, metabolic
interventions, GLP-1
receptor agonists, and
adipokine-related
strategies

Chondrocyte activation,
hypertrophy, and
metabolic dysfunction

Chondrocyte dysfunc-
tion/hypertrophic
phenotype

RUNX2, collagen X,
MMP-13, altered
TGF-3/SMAD
signaling

Reflects loss of
chondrocyte
homeostasis and a shift
toward cartilage
catabolism

Modulation of
chondrocyte
phenotype, TGF-3
pathway modulation,
and anti-hypertrophic
strategies; currently at
an early translational
stage

4. Therapeutic Perspectives and Future Directions in Osteoarthritis

Despite substantial advances in understanding the molecular mechanisms of OA,
no disease-modifying osteoarthritis drugs have been established. Current treatment re-
mains largely symptomatic. It is based mainly on non-steroidal anti-inflammatory drugs
(NSAIDs) and, in advanced stages, joint replacement [120]. This gap between mechanis-
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tic insight and clinical efficacy reflects the complex nature of OA. Inflammation, matrix
degradation, subchondral bone remodeling, crystal-induced signaling, mechanical loading,
and metabolic dysfunction act as interconnected processes. They should not be viewed
as isolated therapeutic targets. The main therapeutic targets discussed in this section,
together with their mechanisms, experimental evidence, and translational limitations, are
summarized in Table 2.

Several therapeutic strategies have focused on downstream inflammatory and
catabolic pathways. These mechanisms remain important for understanding OA pathogen-
esis. However, their direct clinical targeting has produced limited benefits. Modulation of
cytokine signaling, including inhibition of IL-8-mediated neutrophil recruitment and the
anti-inflammatory effects of IL-37, has shown chondroprotective effects in preclinical mod-
els [121,122]. These findings have not yet translated into established clinical therapies. This
may result from redundancy within inflammatory networks. Blocking a single mediator
may be insufficient to suppress the overall disease process.

A similar problem applies to extracellular matrix degradation. Broad inhibition of
matrix metalloproteinases has proven ineffective. More recent approaches therefore aim to
rebalance protease activity rather than completely block it. Enhancing TIMP-3 activity, ei-
ther through overexpression or pharmacological approaches, reduces cartilage degradation
and protease activity in experimental models [123]. Similarly, «2-macroglobulin decreases
MMP-13 activity and slows OA progression in preclinical models. However, its clinical
benefit remains uncertain [124].

Targeting aggrecanases has also shown a clear gap between preclinical and clinical
results. Inhibition of ADAMTS-4 and ADAMTS-5 reduces cartilage degradation in ex-
perimental models [102,103]. However, clinical trials have failed to show meaningful
structural or symptomatic improvement [105,106]. These findings illustrate the limitations
of single-target strategies in a multifactorial disease.

Subchondral bone remodeling is another mechanistically supported but clinically
unresolved target. Increased RANKL activity promotes osteoclastogenesis and contributes
to abnormal bone turnover in OA [40]. Although modulation of the RANK/RANKL/OPG
axis has shown promise in preclinical studies, effective clinical translation has not yet been
achieved. Therefore, subchondral bone remodeling remains important for understanding
OA progression, but it should not be presented as a clinically validated therapeutic target.

Targeting obesity is one of the most promising approaches. It addresses both me-
chanical and metabolic contributors to OA. Weight loss reduces joint loading and may
also modulate adipokine-related inflammation [11]. GLP-1 receptor agonists have shown
greater reductions in body weight and OA-related pain than placebo in patients with knee
OA [125]. Retatrutide, a triple incretin agonist targeting GLP-1, GIP, and glucagon receptors,
is also being evaluated in ongoing trials in patients with knee OA [126].

Biomechanical factors remain important in OA management. Mechanical loading can
influence cartilage metabolism and the expression of matrix-degrading enzymes. Experi-
mental data suggest that physiological loading may suppress MMP expression through
CBP/p300-interacting transactivator with ED-rich tail 2 [127]. However, not all physical
interventions show clinical benefit. In a randomized controlled trial, low-dose radiation
therapy did not improve pain, function, or inflammatory outcomes compared with placebo
in patients with OA.

Crystal-induced inflammation is also relevant to OA pathogenesis. Basic calcium
phosphate crystals activate Syk- and PI3K-dependent signaling in synovial macrophages,
leading to increased production of inflammatory cytokines and matrix-degrading en-
zymes [109]. In chondrocytes, BCP crystals also stimulate IL-6 production through Syk-,
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PI3K-, JAK2-, and STAT3-dependent pathways [111]. These findings identify Syk and PI3K
as potential therapeutic targets in BCP-driven OA pathology [114].
Biomechanical factors remain relevant in OA management. Mechanical loading influ-

ences cartilage metabolism, and experimental studies suggest that physiological loading
can regulate MMP expression through CBP/p300-interacting transactivator with ED-rich
tail 2 [128,129]. However, clinical translation of local physical interventions remains limited.

In a randomized controlled trial, low-dose radiation therapy did not improve symptoms or

inflammatory outcomes compared with placebo in patients with OA [130].

Overall, the limited clinical efficacy of previous disease-modifying strategies reflects

the complexity of OA pathogenesis. Inflammatory pathways, matrix-degrading enzymes,

and subchondral bone remodeling remain biologically relevant, but isolated targeting of

these mechanisms has not been sufficient. Future approaches should focus on patient strati-

fication and upstream drivers such as obesity, metabolic inflammation, and chondrocyte
hypertrophic differentiation.

Table 2. Therapeutic targets in osteoarthritis (OA): mechanisms, experimental evidence, and transla-
tional limitations.

Therapeutic Target

Target Class/Pathway

Mechanism of

Evidence Level

Key Findings

Limitations

Citations

Action
. . . Not established in
Pro—lnﬂan:lmat.ory Reduces o Intra artlct.llar anti OA treatment.
chemokine via CXCR1/CXCR2- Preclinical in vivo IL-8 antibody Translation is limited
CXCR1/CXCR2 mediated evidence; rabbit reduced synovitis, by sinel i
IL-8 (CXCL3) receptors. ediate anterior cruciate joint effusion, bone Y SINg'e species [131,132]
. chemotaxis and . N data, surgical OA
Chemotaxis and . ligament transection ~ marrow edema, and .
. L . inflammatory . . model, and possible
inflammatory signaling . . (ACLT) model cartilage damage in i
; signaling. ;i redundancy within
axis. experimental OA Lo .
chemokine signaling
Suppresses Preclinical strategy.
. _>1PP Reduced cartilage Mice lack
Anti-inflammatory inflammatory P
- . . . Preclinical in vivo damage, osteophyte endogenous IL-37,
cytokine via signaling through mouse models and size, and joint and adenoviral gene
IL-37 IL-18Roc and IL-1R8. IL-18Roc /IL-1R8 mou sandjount ! 18 [122,133,134]
e e in vitro human OA capsule thickening delivery raises
Inhibition of NF-kB and and inhibition of ial fibroblast . . tal OA durabili d
MAPK pathways. NF-«B and MAPK synovial fibroblasts in experimenta durability anc
models immunogenicity
pathways concerns.
Tissue 1nh1b1t'ors of TIMP-3 Transgenic
metalloproteinases R . d L
(TIMP family) Restores protease o overexpression an overexpression is
TIMP-3 and P N inhibitor balance Preclinical in vivo aggrecanase not directly
Inhibition of ADAMTS o .
aggrecanase agerecanases and inhibits mouse model of selective TIMP-3 translatable. Broad [135]
selective TIMP-3 (AD i%/[TS— 4/5)and ADAMTS-mediated surgically induced variants reduced TIMP-3 activity may N
variant aggrecan OA cartilage affectbone
MMPs (for WT TIMP-3) . : .
Regulation of aggrecan degradation degradation and remodelllngit}}rpugh
and ECM breakdown. OARSI scores MMP inhibition
Extracellular Early intra articular Clinical benefit
macromolecule, RN . .
b Broad protease o2M injections remains uncertain.
road-spectrum protease inhibition, includi Preclinical in vi duced cartil Availabl imal
‘nhibitor, inhibition, including reclinical in vivo reduced cartilage vailable anima
. e . MMP inhibition, and pig OA model and lesion area, data are short term, )
«2-macroglobulin Inhibition of active .. L [124,136]
. . reduction in human OA-related synovitis, and repeated
proteases (including ; - . . R
inflammatory experimental data inflammation, and injections may have
MMPs) and . B
. . mediators MMP-related tolerability
inflammatory mediators activit limitations
(including IL-1B). ¥
c . N . Oral Syk inhibition No established
ytosolic tyrosine kinase; e reduced cartilage L
. . . Blocks Syk Preclinical in vivo clinical OA data.
IgE/FceRlIsignaling axis d damage, osteophyte .
R A ependent mouse model of . 2. Systemic Syk
Syk inhibition (mast cell activation) infl d icallv induced formation, synovitis, . hibiti . [137]
driving infl t inflammatory an surgically induce d ion of inhibition may raise
riving inflammatory L . and expression o
. - catabolic signaling OA . safety and
and catabolic mediators. inflammatory and .
. . translation concerns
catabolic mediators
BCP crystals
AT activated Syk/PI3K Mechanistically
. Mainly in vitro - . LY
Crystal-induced Inhibition of Svk id . signaling and relevant, but clinical
. signaling axis Pr11311< 1t10;\1(\>/[ A}I;K, }?Vl enceusing increased therapeutic
BCP cr_ystaljmduced Syk—PI3BK—MAPK -and v uman primary inflammatory and relevance remains [114]
signaling A, pathways activated macrophages, . . X R A
initiating inflammatory b L catabolic mediators; limited. No in vivo
y BCP crystals dendritic cells, and PN . .
response. OA synovial fluid pathway inhibition OA efficacy data in
Y reduced these the cited study
responses
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Therapeutic Target Target Class/Pathway Met:::tril(lenm of Evidence Level Key Findings Limitations Citations
OPG-RANK-RANKL Altered Biologically relevant,
(TNF-superfamily) Modulates . OPG/RANKL but no OA-specific
. . osteoclastogenesis - .
osteoclastogenesis axis. and subchondral Mechanistic human balance was clinical treatment
. RANKL by binding . tissue studies and associated with has been established.
RANKL/OPG axis bone remodeling - . . [40]
RANK promotes bone through the in vitro functional subchondral bone Donor heterogeneity
resorption; OPG binds assays changes and and indirect
RANKL and inhibits this OPG/ Raj?}ll\l“lfa/ RANKL osteoclast activity in functional models
signal. P y OA-related models limit translation
TGF-3 via ALK with
divergent SMAD Low-dose
signaling. Reduces ALK4/5/7 Early mechanistic
SMAD?2/3 (via ALK5) hypertrophic . . inhibition reduced strategy. Data are
mﬁﬁ)ﬁi{ r? g r71 d versus SMAD1/5/9 (via chondrocyte Ir;:;;m e;/ilr(ri;?ce RUNX2 and limited to in vitro
ALK1). signaling while &P y hypertrophic models, and [127]
TGF-f3 /SMAD h OA
B/ Crucial molecular preserving more uman signaling while ALK4/5/7
modulation . . . chondrocytes .o e
mechanism regulating homeostatic maintaining inhibition is not
cell proliferation, SMAD2/3 activity SMAD?2/3 pathway pathway specific
differentiation, and activity
apoptosis.
oro tfiggfj?;‘igiases Anti ADAMTS5  Clinical translation
(ADAMTS family Reduces o antibody z.ittenuated remains uncertain.
metalloprot ) aggrecanase- Preclinical in vivo cartilage Effects may be stage
ADAMTS-5 ¢ ?: (ipbo lgases mediated aggrecan mouse model of degradation, dependent, and no [138]
(aggrecanase-2) Ataboue cleavage and surgically induced osteophyte clear effect on -
pathway—indicates . . .
cartilage matrix OA formation, and subchondral bone
cleavage of aggrecan, loss d . : . .
egradation transient mechanical sclerosis was
of proteoglycans and .
allodynia reported

cartilage degeneration.

5. Conclusions

Osteoarthritis is a complex, multi-compartment disease involving cartilage, subchon-
dral bone, and synovium. Its progression is driven by interconnected mechanisms, in-
cluding chronic low-grade inflammation, extracellular matrix degradation, dysregulated
bone remodeling, and disturbances in phosphate metabolism. These processes interact and
sustain ongoing joint damage.

Cytokine signaling promotes catabolic activity in chondrocytes and increases osteo-
clastogenesis. At the same time, Pi/PPi imbalance and BCP crystal deposition enhance
inflammatory responses. Together, these mechanisms lead to progressive structural deterio-
ration of the joint.

Current treatments remain largely symptomatic and do not target the underlying
drivers of disease. Progress in OA will depend on a better understanding of its molecular
basis. This is necessary to identify effective therapeutic targets and develop truly disease-
modifying strategies.

Further research is needed to better define these pathways and translate mechanistic
insights into effective clinical therapies.
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Abbreviations

ACLT anterior cruciate ligament transection
ADAMTS A Disintegrin and Metalloproteinase with Thrombospondin Motifs
AKT protein kinase B

ALK activin receptor-like kinase

ATP adenosine triphosphate

BCP basic calcium phosphate

BMI body mass index

BMPs bone morphogenetic proteins

BV/TV bone volume/tissue volume

CI confidence interval

COX-2 cyclooxygenase-2

CXCL8 C-X-C motif chemokine ligand 8

CXCR1/2  C-X-C motif chemokine receptors 1 and 2
DAMPs damage-associated molecular patterns

ECM extracellular matrix

ERK1/2 extracellular signal-regulated kinases 1 and 2
GIP glucose-dependent insulinotropic polypeptide
GLP-1 glucagon-like peptide-1

GM-CSF  granulocyte-macrophage colony-stimulating factor
HIF-2a hypoxia-inducible factor 2 alpha

1L interleukin

IL-IRA interleukin-1 receptor antagonist

IL-4Rx interleukin-4 receptor alpha

IL-18Rax interleukin-18 receptor alpha

IL-18RpB interleukin-18 receptor beta

iNOS inducible nitric oxide synthase

JAK Janus kinase

JAK1 Janus kinase 1

JAK2 Janus kinase 2

LIF leukemia inhibitory factor

MAPK mitogen-activated protein kinase

MEK mitogen-activated protein kinase kinase
MMPs matrix metalloproteinases

mRNA messenger RNA

MTEF-1 metal regulatory transcription factor 1

NF-«B nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NOD-like receptor protein 3

NSAIDs non-steroidal anti-inflammatory drugs

OA osteoarthritis

OARSI Osteoarthritis Research Society International
OPG osteoprotegerin

PAMPs pathogen-associated molecular patterns

PGE2 prostaglandin E2

Pi inorganic phosphate

PIBK phosphoinositide 3-kinase

PLA2 phospholipase A2

PPi inorganic pyrophosphate

RANK receptor activator of nuclear factor kappa-B
RANKL receptor activator of nuclear factor kappa-B ligand
ROS reactive oxygen species

RT-qPCR  real-time quantitative polymerase chain reaction
RUNX2 runt-related transcription factor 2

https:/ /doi.org/10.3390/ijms27125292


https://doi.org/10.3390/ijms27125292

Int. J. Mol. Sci. 2026, 27,5292 20 of 26

SMAD suppressor of mothers against decapentaplegic
SPECT/CT single-photon emission computed tomography/computed tomography
STAT signal transducer and activator of transcription
Syk spleen tyrosine kinase

TGF- transforming growth factor beta

TIMPs tissue inhibitors of metalloproteinases

TLRs Toll-like receptors

TLR2 Toll-like receptor 2

TNF-o tumor necrosis factor alpha

TYK2 tyrosine kinase 2

WT wild type

o2M alpha-2-macroglobulin
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