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Abstract: Osteoarthritis (OA) is the most prevalent musculoskeletal issue. In the absence of effective pharmacological interventions,
advanced stages of this disease frequently necessitate joint replacement surgery, thereby imposing a substantial socioeconomic burden.
An increasing number of studies suggest that subchondral bone osteoclasts are crucial for the onset of arthritis, even before the
formation of cartilage lesions. Osteoclasts are the only type of cells responsible for bone resorption and are integral to the etiology of
OA. Subchondral osteoclasts accelerate OA progression by mediating cartilage damage, promoting angiogenesis, and mediating
neuropathic pain. With advancements in knowledge of bone biology and focused medicines, OA therapeutics for osteoclasts are
gradually being revealed. This article presents an examination of the function and processes that regulate subchondral osteoclasts in
OA, detailing recent breakthroughs in targeted therapy for osteoarthritis involving subchondral osteoclasts. The aim of this study is to
address the current knowledge gap in OA treatment and promote the advancement of innovative therapeutic approaches. Notably,
combining single-cell RNA sequencing (scRNA-seq) with traditional therapeutic approaches to investigate the gene expression
patterns of osteoclasts in OA from both temporal and spatial dimensions may lead to the discovery of novel OA treatment targets.
Keywords: osteoarthritis, osteoclast, pain, angiogenesis, single-cell sequencing

Introduction

Osteoarthritis (OA) has become a common degenerative joint disease characterized by deterioration of the articular
cartilage, inflammatory reactions, and metabolic abnormalities in bone cells.'* Subchondral bone is usually regarded as
a crucial factor in the progression of OA during the development of arthritis lesions, as it is integral to the overall joint
structure.” Increasing amounts of data indicate that irregular remodeling of subchondral bone transpires prior to the
deterioration of articular cartilage and contributes to the acceleration of cartilage degeneration. Additionally, subchondral
bone may act as the primary cause of pain for sufferers, making it crucial in the pathophysiology of this condition.*’
Among them, osteoclasts (OCs), a type of cell that is vital to the resorption and remodeling of tissue from the bone, are
closely correlated with metabolic disorders of subchondral bone.®’

Research has shown that the activity of OCs in subchondral bone increases substantially, leading to OCs surpassing the
activity of osteoblasts (OBs), resulting in an imbalance between OCs and OBs in bone coupling, thereby causing bone
destruction and joint degeneration.®” In addition, OC-specific €QTL (expression quantitative trait locus) dataset analyses have
been used to identify alleles that may be associated with the development of OA.'® The above evidence suggests that aberrant
activation of OCs is a key component in the pathogenesis of OA. In recent years, increasing evidence has shown that OCs also
have complex effects on angiogenesis and neural invasion in the pathogenesis of OA.'""'> However, the precise regulatory
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mechanisms and specific functions of OCs in subchondral bone in OA remain inadequately understood. Consequently, it is of
paramount importance to research the mechanisms involving OCs that regulate the pathological processes of OA. In addition,
on the therapeutic side, intervention strategies for OCs offer new hope for the treatment of OA.'*!'

This review offers a thorough examination and discussion of the significant recent advances in the study of
subchondral bone OCs in OA research. The focus of this review is on the pathophysiology of OCs, such as their
involvement in cartilage damage, angiogenesis, and nerve invasion. We aim to summarize the existing research findings,
explore their potential applications in the treatment and prevention of OA and reveal the potential of single-cell RNA
sequencing (scRNA-seq) technology in this field. By providing a comprehensive understanding of the mechanics of
subchondral bone OCs, we aim to offer novel directions and strategies for the treatment of osteoarthritis.

Subchondral Bone Structure and Osteoclast Physiology

Subchondral Bone and Osteochondral Junction

The distal bone component of calcified cartilage is generally referred to as subchondral bone, which can be further
defined as the subchondral bone plate and subchondral bone trabeculae. It is located beneath the articular cartilage, is
connected to the cartilage, and is crucial for the mechanical function and stress distribution of the joint. The articular
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cartilage and subchondral bone are mechanical and functional units, with the latter serving as a supportive foundation for
the former and absorbing the substantial burdens that are applied to weight-bearing joints.'> The structure of subchondral
bone is unique and contains abundant blood vessels, nerves, and other cells. It has good metabolic activity and repair
capabilities and can regulate the differentiation and growth of chondrocytes.'®'”

The subchondral bone is intimately linked to the underlying cartilage, constituting the osteochondral junction, or
cartilage-bone junction. The osteochondral junction is a crucial structure that links cartilage and bone, serves to protect
joints and sustain the body through robust adhesion and optimal stress distribution.'® In addition, the osteochondral
connection also promotes the transport of nutrients and oxygen, maintaining the metabolic function of the cartilage. In
certain diseases and injuries, the osteochondral junction may be damaged or destroyed, leading to impaired function of
cartilage and bone as well as biomechanical changes.'”'” Research indicates that OCs can degrade cartilage—bone
connections through matrix metalloproteinases (MMPs) and cysteine protease-dependent pathways, resulting in dimin-

ished bone density.*’

Biological Characteristics of Osteoclasts

OCs originate from pluripotent hematopoietic stem cells, which further differentiate into myeloid progenitor cells.
These progenitor cells can then differentiate into megakaryocytes, granulocytes, monocytes/macrophages, or OCs.*'**
The number of nuclei in each osteoclast ranges from 10 to 100, and the quantity of nuclei affects the rate of bone
resorption by the osteoclast for a given volume of bone.”® Mature, multinucleated OCs are present only at sites of bone
resorption. The cytoskeleton of mature OCs can form podosome-like structures to facilitate their movement toward
resorption sites. This actin-rich, podosome-like cytoskeleton can be observed in developing OCs, and its structure can
be independently analyzed using fluorescence recovery after photobleaching (FRAP) techniques and immunofluores-
cence microscopy.”*

The fully formed F-actin ring surrounding OCs is an important marker for demonstrating their functional activity and
bone resorption potential.>> Mature OCs present elevated levels of tartrate-resistant acid phosphatase (TRAP). TRAP is
regarded as a definitive histological marker of adult OCs. Mature OCs also express significant indicators, such as matrix
metalloproteinase 9 (MMP9) and the integrin avfB3. Nonetheless, multinucleated cells and the TRAP enzyme are
extensively utilized to detect and monitor the development of OCs.>

The procedures associated with OC fusion are thought to transpire as outlined below: (a) migration, (b) recognition,
(c) cell—ell adhesion, and (d) membrane fusion.”* In the presence of macrophage colony-stimulating factor (M-CSF),
mononuclear pre-OCs differentiate into multinucleated OCs. M-CSF and RANKL, both of which are expressed by OBs,
are involved in the differentiation of OCs.?® By binding to the RANK receptor on the surface of OCs, it directly
stimulates osteoclast activation. This interaction between RANKL and the RANK receptor induces a signaling cascade,
thereby promoting the expression of genes associated with osteoclastogenesis,?’ such as dendritic cell-specific trans-
membrane protein (DC-STAMP), nuclear factor of activated T cells 1 (NFATc1),?® TRAP, and CTSK, which can resorb
and degrade bone tissue® (Figure 1).

Overview of Osteoclasts as Therapeutic Targets for OA

Recent studies have demonstrated the critical importance of subchondral bone in the development of OA.*® Studies have
shown that pathological changes in subchondral bone can be detected even before the appearance of cartilage lesions.”'
The initial observable changes associated with OA typically involve osteoclast activation and alterations in the turnover rate
of subchondral bone under the influence of abnormal mechanical stress.*** Numerous studies have suggested that the early
stages of OA can be defined by transient activation of OCs, a change that precedes phenotypic alterations in cartilage
degradation.® There is increasing recognition that therapeutic strategies targeting OCs may represent a significant pathway
for treating OA.>> As the mechanisms underlying the role of OCs in OA are gradually untangled, osteoclast-based
treatments for OA are increasingly being proposed.®’**3* OCs play multifaceted roles in the pathogenesis of OA,
including mediating cartilage damage, participating in joint fibrocartilaginous changes, promoting angiogenesis, and
inducing pain. The interplay of these effects collectively contributes to the progression of OA (Figure 2 and Table 1).

Journal of Inflammation Research 2025:18 hetps: 11193



Chen et al

A Anatomy of the B
normal knee '

—+—— Superficial zone

ol o . Articular
Femur b A Middle zone cartilage
/ — Deep zone
Patella *~— Calcified cartilage
- “——— Subchondral bone plate
Knee joint N
~—— Subchondral bone trabeculae

Ligament ——

Fibula————

M-CSF/
@) RANKL
&/

TI b 1a Multipotent myeloid pre-osteoclast osteoclast
hematopoietic progenitor
stem cells cell

Figure | Schematic representation of subchondral bone structure and osteoclast formation (A) The anatomical structure of a healthy knee; (B) The inset shows a magnified
view of the microstructure of subchondral bone; (C) The process of OC formation. Created in BioRender. Chen, S. (2025) https://BioRender.com/a42j210.
Abbreviations: M-CSF: Macrophage colony-stimulating factor; RANKL: Receptor Activator of Nuclear Factor-kB Ligand.
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Figure 2 Diagram of the role of OCs in regulating cartilage damage, angiogenesis, and pain in the OA microenvironment. Created in BioRender. Chen, S. (2025)

https://BioRender.com/fb5aame.
Abbreviations: PDGF-BB, Platelet-Derived Growth Factor-BB; NGF, Nerve Growth Factor.

Mediating Cartilage Injury
OA is a degenerative joint condition characterized by the deterioration of articular cartilage and subchondral bone, with
cartilage degradation being crucial to the course of the disease. Recent studies have shown that OCs contribute to
articular cartilage degradation through direct secretion of catabolic factors and indirect modulation of biomechanical
stress*! (Figure 3).

Emerging research indicates that exosome-mediated communication between OCs and chondrocytes plays
a significant role in OA pathogenesis. OC-derived exosomes transport microRNAs (miRNAs) to chondrocytes,
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Table | Overview of the Various Mechanisms of Action of OCs

Potential Therapeutic Approach
and Target

Type and Outcome

Effect

Reference

Direct contact

Degradation of osteochondral
junction and articular cartilage

Exosomes

Exosomes

Disruption of mechanical homeostasis
indirectly leads to articular cartilage
degradation

Disruption of mechanical homeostasis
indirectly leads to articular cartilage
degradation

PDGF-BB

Netrin-1|

NGF

Netrin-1

Increased Sensitivity

Inflammatory environment

Cartilage damage

Cartilage damage

Cartilage damage

Cartilage damage

Cartilage damage

Cartilage damage

Angiogenesis

Angiogenesis

Causes pain

Causes pain

Causes pain

Causes pain

OC precursors have the ability to interact with chondrocytes of
normal phenotype, directly contact hypertrophic chondrocytes,
and migrate into cartilage through invasive vascularization.

The capability of OCs to degrade articular cartilage and
osteochondral junctions in an MMP-dependent as well as
caspase-dependent ways

OCs deliver miRNA to chondrocytes via exosomes, targeting
Smad2 to promote cartilage matrix degradation

Delivery of miRNA targeting TIMP-2/3 resistance molecules in
chondrocytes reduces cartilage matrix degradation in resistance
to OA

OC-mediated bone resorption induces a substantial increase in
TGF-B1 levels, which in turn drives the acquisition of
osteoprogenitor cells to subchondral bone, thereby causing
aberrant bone remodelling and osteosclerosis. Ongoing cartilage
injury remains due to of subchondral bone alterations how
modify its biomechanical properties, conveying shear forces to
the cartilage layer.

The medial and lateral compartments descend asymmetrically
due to the absence of a bone barrier similar to the fibula on the
lateral side and the absence of robust soft tissue support around
the medial tibial plateau. This exacerbates the imbalance of joint
stress.

PDGF-BB can be secreted by OCs, which binds to PDGFR-f} and
activates the PDGF-BB/PDGFR-f signalling pathway, which is
essential for angiogenesis.

Netrin-1 is considered to be a potent vascular mitogen that can
activate CD 146 receptors on endothelial cell membranes and
promote angiogenesis

OCs mediate OA pain by secreting nerve growth factor (NGF)
to recruit sensory nerves.

Netrin-| stimulates the growth of axons in DRG neurones and
the sensory innervation of subchondral bone through its
receptor, DCC.

OC:s secrete protons from the bone resorption site by acidifying
the extracellular bone microenvironment via the a3 vacuolar
proton ATPase. The acidic environment activates and upregulates
pH-sensitive acid-sensitive nociceptors, transient receptor
potential vanilloid subfamily member | (TRPV1), and acid-sensing
ion channel 3 (ASIC3), thereby instructing pain the neurones in
the peripheral part.

When pathological inflammation occurs, OC precursor cells
directly secrete or indirectly activate proinflammatory T cells to
produce proinflammatory cytokines (such as IL-6, IL-1f, and
TNF-a), thereby increasing OC bone resorption and mediating

inflammatory pain.

[39]

[20]

[40]

[34]

[41

[42,43]

[44]

[45]

[46]

[47]

[48,49]

[50]

specifically targeting Smad2, thereby facilitating cartilage matrix degradation.*® Furthermore, these exosomes may

diminish cartilage matrix integrity by delivering miRNAs that suppress tissue inhibitors of metalloproteinases (TIMP-

2/3) in chondrocytes.* Targeted silencing of genes associated with OC activation has been shown to mitigate cartilage
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Figure 3 Direct and indirect factors of cartilage damage mediated by OCs. Pre-osteoclasts can directly mediate cartilage injury through vascular invasion. Alternatively,
mature osteoclasts may directly mediate cartilage damage by secreting IncRNA or miRNA. In addition, mature osteoclasts can mediate subchondral bone microfracture by
affecting the mechanical stress of subchondral bone and secrete TGF-B | to mediate bone remodeling, leading to stress imbalance in cartilage and indirectly affecting cartilage
homeostasis. Created in BioRender. Chen, S. (2025) https://BioRender.com/s82g938.

Abbreviations: LncRNA, Long non-coding RNA; miRNA, microRNA; TGF-B1, Transforming Growth Factor-Bl.

degradation in OA by preemptively inhibiting pathological changes in subchondral bone.'? Dai et al discovered that the
exosomal let-7a-5p, which is derived from pre-OCSs and adult OCs, regulates Smad2, thereby promoting the hyper-
trophic differentiation of chondrocytes.”’ Additionally, Hu et al proposed that OC precursors can migrate to cartilage via
invasive vasculature, directly contacting hypertrophic chondrocytes and interacting with chondrocytes of a normal
phenotype.41

Moreover, OCs indirectly contribute to articular cartilage degradation by disrupting mechanical homeostasis.
Under typical physiological conditions, subchondral bone dynamically modulates mechanical stresses applied to the
joint through the coordinated functions of OCs and OBs.’> As OA progresses, OC-mediated microfractures in
subchondral bone alter its biomechanical properties, shear stresses applied to the cartilage layer result in persistent
cartilage damage. Moreover, OC-mediated bone resorption leads to a substantial increase in TGF-B1 levels, resulting
in aberrant bone remodeling and osteosclerosis.”> In addition, in the early stages of OA, TGF-Bl can promote
subchondral bone angiogenesis, such as the establishment of H-type tubes (CD31™EMCN"), which are closely
related to osteoprogenitor cells.’* These H-type channels also impede subchondral bone transformation and impact
bone microarchitecture, bone cysts and bone spurs.’® The expression of TGF-P1 in osteoclasts is markedly elevated
in a time-dependent and dose-dependent manner in response to mechanical stimulation.’® Moreover, the apoptosis of
chondrocytes increases when these cells are cultured with OCs.>® In addition, intraperitoneal injection of TGF-BIR
inhibitors can reverse chondrocyte apoptosis and reduce cartilage degradation in OA model rats.’® The lack of
robust soft tissue support around the medial tibial plateau, coupled with the absence of a bony barrier akin to the
fibula on the lateral side, results in asymmetric subsidence between the medial and lateral compartments, exacer-
bating joint stress imbalance.*****>” Mechanical stress-induced upregulation of TGF-B1 in OCs is implicated in

cartilage degradation and chondrocyte death in OA.>*®
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Promoting Angiogenesis

Under normal physiological conditions in bone joints, both HIF-1a and the DLL4/Notch signaling pathway play critical
roles in positively regulating type H vasculogenesis, which subsequently promotes subchondral bone formation. This
process is indispensable for maintaining the normal structure and function of bone joints, ensuring joint stability, and
supporting load-bearing capacity.”®®' However, in the complex pathological context of OA, the osteogenic process
mediated by type H vasculogenesis tends to differ from that in the normal state, contributing to the detrimental
progression of OA.

In a healthy bone environment, type H vasculogenesis serves as a precisely regulated physiological process that
accurately matches the growth, repair, and metabolic demands of bone tissue. HIF-1a stabilizes and activates a series of
target genes in a hypoxic environment, coordinating with the DLL4/Notch signaling pathway to finely control vasculo-
genesis. This guidance ensures the orderly extension of new blood vessels into bone-forming regions, providing adequate
nutritional and oxygen support for osteoblast recruitment, differentiation, and bone matrix synthesis. Simultaneously, it
facilitates the timely removal of metabolic waste, thereby maintaining a normal and robust balance between bone
formation and remodeling in the subchondral bone.>

In OA, there are microfractures at the osteochondral junction, creating a conduit from the subchondral bone plate to
the noncalcified cartilage. The fluid, cells, and cytokines beneath the articular cartilage subsequently continue to increase,
leading to abnormal angiogenesis in the subchondral bone.®* In the past few years, the rich blood supply of subchondral
bone has been considered a marker and drug target for OA.®* OA is characterized by inflammation and cartilage injury,
and angiogenesis may contribute to the destruction of joints.®*®> An earlier diagnostic characteristic of human OA is
increased angiogenesis in subchondral bone, which is accompanied by vascular invasion into ischemic cartilage.®>
Animal studies have consistently shown that the increased thickness of the subchondral bone plate ultimately injures the
articular cartilage, possibly resulting from aberrant subchondral bone angiogenesis and osteogenesis.”®

In the early stage of OA, the overactivation of OCs in the subchondral bone promotes type H (CD31™EMCN™)
angiogenesis, leading to changes in the oxygen microenvironment of the joint, which is a critical factor in the progression
of OA.” Maintaining a hypoxic microenvironment in the subchondral bone significantly impedes the progression of
OA."" The interaction between H-type vascular activation-mediated chondrocytes and subchondral bone is crucial for the
progression of OA. H-type blood vessels mediate cartilage matrix homeostasis by secreting MMP-9 and MMP-2, and
excessive angiogenesis can lead to osteogenesis.”*

Furthermore, significant changes, such as elevated levels of inflammatory factors and abnormal mechanical stress,
occur in the microenvironment within bone joints. The combined effects of these factors may interfere with the normal
function of HIF-1a and the DLL4/Notch signaling pathway, resulting in uncontrolled type H angiogenesis.”>’® Although
bone mass increases, bone strength does not improve owing to insufficient bone mineralization, leading to a lack of
mechanical properties of subchondral bone, thereby causing damage to articular cartilage and exacerbating the vicious
cycle of OA.”” Moreover, the abnormal expansion of neovascularization may also carry inflammatory factors deep into
the bone tissue, further aggravating the inflammatory response, forming a vicious cycle and promoting the progression of
OA. Interestingly, bevacizumab (an anti-VEGF antibody) can reduce the formation of subchondral H-type blood vessels
in an OA model and delay the progression of OA.”® Notably, OCs appear to produce various angiogenic factors, such as
platelet-derived growth factor-BB (PDGF-BB)"**° and netrin-1,*"* which can directly stimulate the formation of new
blood vessels.

PDGF-BB

Preosteoclasts, as progenitors of osteoclasts, exhibit restricted bone resorption activity. Bone marrow TRAP+ mono-
nuclear cells and osteoclasts can release PDGF-BB, which is essential for angiogenesis and is linked to osteogenesis to
sustain bone homeostasis in healthy mice.* PDGF-BB serves as the ligand for platelet-derived growth factor receptor p.
The interaction of PDGF-B with PDGFR-p initiates PDGF-BB/PDGFR-p signaling.** PDGF-BB/PDGFR-p signaling is
crucial for angiogenesis and is associated with the stability of newly created vessels, which regulate the cellular
mechanisms involved in osteogenesis. Similarly, PDGF-BB secreted by monocytic preosteoclasts promotes type
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H angiogenesis to maintain normal bone formation and bone remodeling.******* Knockdown of PDGF-BB in TRAP+
mononuclear cells impairs angiogenic osteogenesis junctions,*® whereas if PDGF-BB expression is increased in TRAP+
mononuclear cells, bone formation and even fracture healing are enhanced.® In addition, abnormal overexpression of
PDGF-BB in pre-OCs leads to an imbalance in vascular and skeletal homeostasis.***® Su et al recently reported that
increased secretion of PDGF-BB by preosteoclasts fosters aberrant angiogenesis-dependent bone formation in subchon-

dral bone, hence contributing to the pathophysiology of OA pathogenesis.***’

Netrin- |

In addition to common angiogenic factors, OCs are able to secrete netrin-1, which is considered a potent vascular
mitogen.®"*? In addition to its role in axon guidance, netrin-1, a neuronal guidance molecule, can activate the CD146
receptor on the endothelial cell membrane to promote angiogenesis.*> Netrin-1 particularly promotes the proliferation,
migration, and adhesion of vascular cells with efficacies comparable to those of VEGF, PDGF, or fibronectin.®!

OA Pain

Joint pain is a cardinal symptom of OA. Abnormal subchondral bone remodeling has been identified as a major factor in
OA pain.®® Research has indicated that magnetic resonance imaging (MRI) of subchondral bone marrow edema-like
lesions is strongly correlated with OA pain.” Elevated OC activity facilitates the recruitment of mesenchymal stem cells
within the bone marrow, which subsequently undergo aberrant subchondral bone formation. A close interconnection
between the nervous system and the skeletal system has been established.* The sensory nerve supply of subchondral bone
during OA progression is contingent upon OC activity.*” Subchondral bone OCs engage in the recruitment of sensory

1,47

nerves through the secretion of nerve growth factor (NGF)*® and Netrin- thereby facilitating the mediation of OA

pain.

NGF

NGF is instrumental in both acute and chronic pain conditions, particularly those linked to inflammation.*>*° Previous
studies have confirmed that anti-NGF therapy has potential in treating OA-related pain.’'-*> CRISPR-induced deletion of
NGF mitigated osteoarthritis pain in a murine model of medically produced osteoarthritis.”*

Netrin-|

OCs can also induce subchondral sensory nerve axon growth by secreting Netrin-1**. Previous studies have shown that
Netrin-1 is important for subchondral bone remodeling, the induction of calcitonin gene-related peptide (CGRP)-positive
sensory innervation, and pain in OA.*” Mechanistically, Netrin-1 facilitates axon development in DRG neurons and
sensory innervation of subchondral bone via its receptor DCC.*’ Knockdown of Netrin-1 in OCs reduces OA pain

behavior.*”%

Increased Sensitivity

Furthermore, a substantial body of clinical evidence has demonstrated that persistent continuous nociceptive input from
OA joints induces sensitization of both the central and peripheral nervous systems.” Central sensitization of the spinal
cord, coupled with the dysregulation of ascending and descending pathways between the brain and spinal cord, as well as
local cytokines, chemokines, and inflammatory mediators in OA joints, contributes to heightened pain sensitivity
(hyperalgesia) and the perception of pain from nonpainful stimuli (allodynia).*****® OC resorption can generate an
altered milieu in the subchondral bone, thereby peripherally sensitizing pain neurons. OCs acidify the extracellular bone
microenvironment through the vacuolar proton ATPase, facilitating the secretion of protons from the site of bone
resorption.””'%’ The acidic environment enhances and activates pH-sensitive nociceptors, specifically transient receptor
potential vanilloid subfamily member 1 (TRPV1) and acid-sensing ion channel 3 (ASIC3),** which in turn triggers the
release of neuropeptides and excitatory amino acids from nerve endings, ultimately causing pain in the cerebral cortex. In
this process, the local ATP level and H+ concentration increase are coupled, and ATP binding to adenine receptors in the
bones can also induce pain signals.
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Inflammatory Environment Induces Pain

When pathological inflammation occurs, OC precursor cells directly secrete or indirectly activate proinflammatory T cells
to produce proinflammatory cytokines (such as IL6, IL1B and TNF-a), thereby increasing OC bone resorption and
mediating skeletal inflammatory pain.’® Among them, IL-1f can directly act on nociceptors by interacting with TRPV1
and IL-1PB receptors, to lower the pain threshold, or by increasing prostaglandin synthesis, to indirectly sensitize
nociceptors and induce pain. Moreover, TNF-o and IL6 can promote Nat influx in spinal dorsal horn neurons by
activating the p38-MAPK pathway and lowering the excitability threshold.

Intercommunication between the nervous system and the skeletal system has become increasingly documented,
underscoring their mutual interdependence.* The sensory nerve supply of subchondral bone during the progression of
OA is closely associated with OC activity.*” There is increasing recognition that targeting the subchondral bone and
peripheral nerves may represent an alternative strategy for curtailing the progression of OA.'"!

Novel OA Therapy Based on Osteoclasts

A more comprehensive understanding of ovarian cancer biology and genetics is believed to facilitate the development of
more targeted therapeutic strategies.'>¢ In recent years, biotherapy has received considerable attention, with stem cell-
based therapies being among the most researched strategies. Mesenchymal stem cells (MSCs) and their secreted
extracellular vesicles (EVs) have garnered widespread attention for the treatment of OA.'"*'% Exosomes facilitate
intercellular communication via endocytosis, ligand—receptor interactions, direct membrane fusion, or signaling
pathways.'*

As research continues to expand, EVs have become key for mediating OC activity and treating OA. Research has
shown that exosome-derived miR-212-3p from OCs targets the TGF-f1/Smad2 signaling pathway, inhibiting the
anabolic metabolism of chondrocytes in OA and accelerating catabolic metabolism.*® Exosomes derived from dental
pulp stem cells alleviate knee OA by inhibiting TRPV4-mediated OC activation.'’® Bone marrow mesenchymal stem
cells and their derived exosomes alleviate cartilage damage and pain in sodium iodoacetate-induced experimental OA in
rats.'”” Li et al reported that human articular cartilage stem cells derived from TNFAIP3 could partially inhibit the
formation and activation of subchondral bone OCs, indicating a beneficial effect in OA.'*®

In addition, some emerging therapeutic approaches are gradually enriching the osteoclastology of OA: a new
antioxidant, PDA-PEG nanoparticles prepared by Wu et al, could alleviate early OA by inhibiting the generation of
OCs and angiogenesis in the subchondral bone.>” The traditional Chinese medicine Sangi can inhibit OC fusion by
suppressing the ERK/c-fos/NFATc1 pathway, thereby delaying osteoclastogenesis and subsequently inhibiting abnormal
angiogenesis and neuropathic pain.*® The EP4 receptor antagonist HL-43 can inhibit the secretion of Netrin-1, recruit
CGRP-positive sensory neurons to the subchondral bone to alleviate OA pain, and reduce the H-type vasculature in the
subchondral bone by inhibiting the secretion of PDGF-BB by OCs to treat OA.'% The STING inhibitor C-176 can reduce
articular cartilage and subchondral bone damage in a DMM mouse OA model by inhibiting OC differentiation.'*
Diosgenin inhibits the differentiation and bone resorption function of OCs, thereby suppressing subchondral bone loss
in OA mice and indirectly protecting the articular cartilage.'> Dihydroartemisinin reduces osteoclast development and
bone resorption by obstructing the NF-kB, MAPK, and NFATc1 signaling pathways, hence mitigating OA."'%!!!

Single-Cell Sequencing
Single-cell sequencing (scRNA-seq) technology has rapidly developed in recent years, providing a powerful tool for
comprehensively dissecting cellular heterogeneity, and has been considered a breakthrough tool for advancing the science
of entire organisms.''? In the context of bone biology, scRNA-seq can be used to elucidate the cellular basis of the
occurrence and development of OA,'"*!' elucidate intricate and infrequent cell populations, reveal regulatory interac-
tions among genes, and monitor various cell lineages throughout OA development.''

Wang et al revealed the trajectory of OC formation and intercellular communication with immune cells in the context
of osteoporosis, suggesting that the bone immune microenvironment plays an important role in the formation and

activation of OCs.''® Hu et al identified the cell subtypes of the OA tibial plateau and described two unique endothelial

Journal of Inflammation Research 2025:18 hetps: 11199



Chen et al

cell populations distinguished by exosome synthesis and the inflammatory response or vascular function and angiogen-
esis via single-cell sequencing. They also described three OC subtypes associated with vascularization, matrix produc-
tion, and matrix mineralization, providing important insights into the pathophysiology of OA.''* Tsukasaki et al
identified the importance of CD11c and Cited2 in the in vitro activation of OCs, refining the molecular mechanisms
of OC activation through the use of scRNA-seq.''” However, possibly due to the lower number of OCs than other cells,
there is still a lack of scRNA-seq analysis of OCs in the subchondral bone of OA patients. As methods for the specific
isolation of OCs, such as magnetic bead sorting,>* continue to advance, scRNA-seq of OCs in OA subchondral bone will
likely emerge in the future, contributing to the diagnosis and treatment of OA.

Summary and Outlook

In summary, the role of subchondral bone OCs in OA has emerged as a crucial area of research, shedding light on the
complex interplay among bone remodeling, cartilage degeneration, and pain mechanisms. These findings highlight that
OCs not only are integral to the pathophysiology of OA through mediating cartilage injury and promoting angiogenesis
but also serve as potential therapeutic targets for innovative treatments. Current therapeutic strategies, including
biotherapies involving mesenchymal stem cells and their exosomes, show promise in mitigating OC-related pathological
changes. Future research should focus on leveraging advanced techniques such as scRNA-seq to deepen our under-
standing of OC heterogeneity and its interactions within the joint microenvironment. This could lead to targeted
interventions that specifically address the multifaceted nature of OA, ultimately advancing the field of OA treatment.
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