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Abstract

Osteoporosis (OP) and osteoarthritis (OA) are two common degenerative musculoskeletal dis-
orders associated with aging and are traditionally classified and managed as distinct disease
entities. Emerging evidence suggests that OP and OA may share bidirectional associations
and common biological mechanisms, and that under specific pathological conditions they
may develop into a mutually reinforcing comorbid state. The comorbidity of osteoporosis and
osteoarthritis (OP-OA) is not a simple superimposition of bone loss and cartilage degenera-
tion; rather, it represents a disorder of the osteochondral unit centered on disruption of the
subchondral bone microenvironment. Alterations in the structural strength, remodeling dy-
namics, vascular and neural status, and bone marrow lesions of subchondral bone collectively
reshape the local microenvironment, thereby directly affecting mechanical signal transmission
and cellular behavior within the joint. Focusing on the subchondral bone microenvironment
as the central pathological nexus, this review systematically summarizes how mechanical im-
balance, aberrant bone remodeling, inflammatory activation, metabolic dysregulation, and
cellular senescence jointly remodel the local niche in OP-OA comorbidity. These microenvi-
ronmental changes further induce phenotypic remodeling and fate deviation of bone marrow
mesenchymal stem cells, bone remodeling-related cells, osteoimmune cells, and chondrocytes.
On this basis, we integrate the regulatory roles of developmental signaling, mechanotransduc-
tion pathways, and inflammatory—immune signaling networks, and propose that microenvi-
ronment-driven cell fate plasticity may serve as a key mechanistic hub promoting the initia-
tion and progression of OP-OA comorbidity as well as the persistent destabilization of the
osteochondral unit. This perspective may help overcome the limitations of current studies that
address OP and OA separately, and may provide a theoretical framework for early identifica-
tion and stratification, biomarker discovery, and combined precision-targeted interventions
for this comorbid condition.

Keywords: osteoporosis; osteoarthritis; comorbidity; osteochondral unit; subchondral
bone; microenvironment; cell fate plasticity
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1. Introduction

Osteoporosis (OP) and osteoarthritis (OA) are among the most prevalent degenera-
tive skeletal disorders associated with aging. Both conditions are characterized by high
prevalence and substantial disability, and their global disease burden has continued to
increase in recent years [1,2]. Traditionally, OP and OA have been investigated along sep-
arate research trajectories and have even been conceptualized as disorders with con-
trasting mechanical and metabolic features. OP is primarily characterized by reduced
bone mass, deterioration of bone microarchitecture, and an increased risk of fragility frac-
tures, whereas OA is commonly regarded as a chronic degenerative joint disease driven
by articular cartilage degeneration and abnormal mechanical loading. However, accumu-
lating evidence indicates that OP and OA are not entirely distinct entities. Rather, they
share several risk factors, including inflammation, advanced age, and metabolic dysregu-
lation, as well as overlapping genetic architectures, biological mechanisms, and potential
causal relationships [3,4]. These findings suggest that OP and OA may have a complex
comorbid basis and, in certain populations, may manifest as osteoporosis—osteoarthritis
(OP-OA) comorbidity [5].

In OP-OA comorbidity, degeneration of articular cartilage appears to be more pro-
nounced, as reflected by more extensive cartilage fibrosis, deep fissuring, and focal full-
thickness cartilage loss. Meanwhile, the subchondral bone undergoes aberrant bone re-
modeling, trabecular disorganization, and markedly increased bone turnover, ultimately
leading to aggravated subchondral bone sclerosis [6]. Subchondral bone not only contrib-
utes to load transmission and mechanical buffering but also shapes the local microenvi-
ronment through bone remodeling, vascular and neural remodeling, inflammation, and
metabolic regulation. Through these mechanisms, subchondral bone influences cartilage
homeostasis and pain generation and may participate in driving disease progression from
the early stages of OA [7,8]. Evidence from human specimens further suggests that, in the
setting of OA combined with OP, cartilage degeneration and aberrant subchondral bone
remodeling coexist, supporting a central role of the osteochondral interface in this comor-
bid condition [9]. Based on this rationale, the present review adopts “cell fate plasticity
driven by the subchondral bone microenvironment” as its central perspective. We system-
atically review the clinical and pathological basis of OP-OA comorbidity, abnormal sub-
chondral bone remodeling, and the associated alterations in multiple cell fates, while in-
tegrating the key signaling networks involved. This framework may provide new insights
into trans-tissue interactions within the osteochondral unit and inform precision thera-
peutic strategies for OP-OA comorbidity.

2. Clinical and Pathological Basis of OP-OA Comorbidity
2.1. Epidemiological Co-Occurrence and Overlapping Risk Factors

Recent genetic epidemiological evidence and clinical observations suggest that OP
and OA are linked by complex comorbid relationships in the contexts of aging, postmen-
opausal status, and metabolic abnormalities [10,11]. Studies have shown that the preva-
lence of OP among patients with OA is not negligible and may vary substantially accord-
ing to study design, anatomical site of measurement, and population characteristics.
Therefore, a simplistic distinction based solely on “bone sclerosis” or “low bone mass” is
insufficient to explain the comorbid phenomenon [12]. From the perspective of risk factors,
postmenopausal women experience bone loss due to aging and estrogen deficiency. Cor-
tical bone deterioration may lead to uneven mechanical loading of intra-articular cartilage,
disruption of trabecular microarchitecture, and even collapse of the articular surface.
These changes disturb the biomechanical equilibrium within the joint cavity and impair
the transmission of load-induced stress from cartilage to subchondral bone. Evidence
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from animal models further suggests that reduced muscle strength and abnormal lower-
limb alignment may decrease joint stability and increase imbalanced interarticular friction,
thereby accelerating cartilage wear and contributing to the onset of OA [13]. Conversely,
during the middle stages of OA progression, osteophyte formation and impaired cartilage
function may lead to dysregulated bone metabolism in the subchondral region, which can
subsequently contribute to secondary OP [14]. Thus, OP-OA comorbidity essentially rep-
resents a vicious pathological cycle. Multiple shared risk factors may simultaneously act
on bone remodeling imbalance and disruption of joint homeostasis, allowing OP and OA
to arise within the same individual on a shared biological background. Accordingly, OP-
OA comorbidity should be understood as a composite musculoskeletal phenotype driven
by common risk factors.

2.2. Imaging Features and Histological Evidence

Imaging and histological studies indicate that the osteochondral interface is a key
lesion site in OP-OA comorbidity, particularly the subchondral bone plate, trabecular
bone, and bone marrow cavity microenvironment. Quantitative magnetic resonance im-
aging (MRI) analyses have shown that, in patients with OA combined with OP, clinical
symptoms are more strongly associated with bone marrow lesions and subchondral bone
alterations than with cartilage thickness. This finding suggests that symptoms in these
patients may originate predominantly from subchondral bone pathology rather than from
cartilage wear alone [15]. Studies of peri-knee bone mineral density have also shown that
postmenopausal patients with OA and OP exhibit periarticular bone mineral density dis-
tributions that differ from those observed in patients with OA alone. These distributions
are associated with Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAUQC) scores, radiographic severity, and lower-limb alignment parameters, indicat-
ing that local bone mass and joint pathology are not independent processes. At the histo-
logical level, pathological grading of subchondral bone changes may progress in parallel
with the severity of cartilage degeneration. These changes include thickening of the sub-
chondral bone plate, disorganized trabecular orientation, and abnormalities of the calci-
fied cartilage layer, suggesting that cartilage degeneration and bone remodeling occur as
coupled processes [16]. In early rabbit models of OP-OA comorbidity, improvement of
subchondral bone microarchitecture and remodeling parameters using the bone anabolic
agent parathyroid hormone (PTH) has been shown to improve subchondral bone density
and bone damage, thereby preventing cartilage injury [17]. Micro-computed tomography
(micro-CT) assessment of femoral head specimens from patients with OA further revealed
that, when OP and OA coexist, the microstructural and mineralization characteristics of
subchondral bone exhibit marked regional and compartment-specific differences. In both
OP and OA, the degree of mineralization in subchondral bone is higher than that in the
subchondral plate, and these compartmental differences vary according to the severity of
cartilage degeneration [18]. These findings further demonstrate that the comorbid state is
not simply characterized by either “osteoporosis” or “bone sclerosis”; rather, it represents
a complex structural alteration involving low bone mass, focal remodeling, and abnormal
mineralization.
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2.3. Phenotypic Heterogeneity and Clinical Relevance

OP-OA comorbidity is not a single homogeneous disease state but instead resembles
a clinical phenotypic spectrum with marked spatiotemporal heterogeneity. This heteroge-
neity may be reflected in bone mineral density, patterns of subchondral bone remodeling,
pain severity, and functional outcomes. Analyses from the Osteoarthritis Initiative data-
base suggest that patients with OA can be stratified into distinct subgroups according to
clinical and structural characteristics. Patients with concomitant OP appear to exhibit a
bone-related phenotype dominated by subchondral bone abnormalities, in which pain
and functional impairment are more strongly associated with osseous changes than with
cartilage damage alone [19]. Studies focusing on OA clinical phenotypes, molecular endo-
types, and treatment stratification have further emphasized that differences in bone re-
modeling, inflammation, metabolism, and pain mechanisms are important contributors to
the heterogeneity of OP-OA comorbidity [20]. This heterogeneity has clear clinical signif-
icance. Increased subchondral bone fragility may progress to subchondral insufficiency
fracture, leading to articular surface collapse, aggravated pain, and secondary deteriora-
tion of joint structure [21]. Therefore, OP-OA comorbidity not only shapes structural phe-
notypes but may also influence clinical outcomes and management strategies. Its manage-
ment should move beyond single-disease paradigms toward stratified assessment and
precision intervention based on the osteochondral unit.

3. Aberrant Subchondral Bone Remodeling in OP-OA Comorbidity
3.1. Structural and Mechanical Imbalance at the Osteochondral Interface

The osteochondral interface consists of hyaline cartilage, the tidemark, calcified car-
tilage, and the subchondral bone plate, and serves as a key functional unit for mechanical
load transmission and molecular exchange within the joint [22,23]. Under physiological
conditions, hyaline cartilage displays a well-organized zonal architecture. The superficial
zone is enriched in type II collagen (COL2) and lubrication-associated molecules, enabling
resistance to shear stress, whereas the deep zone absorbs compressive loads through ver-
tically aligned collagen fibers [24]. The tidemark, which demarcates the boundary be-
tween deep cartilage and calcified cartilage, is continuous, distinct, and regular in healthy
joints and represents an important histological marker of cartilage maturation and inter-
face stability [22]. Calcified cartilage forms a functional gradient layer between cartilage
and bone, and its continuous stiffness transition helps dissipate stress and reduce stress
concentration [25].

During OP-OA comorbidity, this gradient architecture is initially disrupted by sub-
chondral bone fragility. Unlike the focal sclerosis commonly observed in late-stage iso-
lated OA, the comorbid state is often characterized by reduced bone mass, impaired ma-
terial properties of the subchondral bone plate, and insufficient trabecular support be-
neath the osteochondral interface. These changes prematurely weaken the mechanical
foundation of the osteochondral interface [26]. Studies have shown that the mechanical
and material properties of the OP-associated subchondral bone plate are significantly in-
ferior to those observed in OA, and the resulting decline in structural support can directly
alter the loading environment of the overlying cartilage [27]. On this weakened structural
basis, OA-related abnormal loading is more likely to concentrate in the deep cartilage and
calcified cartilage layers, shifting stress distribution at the interface from a physiological
gradient pattern to pathological focal concentration [28]. As the disease progresses, the
calcified cartilage layer may undergo thickening, pathological mineralization, and for-
mation of multiple tidemarks, indicating disruption of the original continuous transition
structure [29]. Although pathological calcification can increase local stiffness, it compro-
mises the buffering capacity of the interface, thereby promoting stress concentration, crack
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propagation, and microdamage accumulation [25]. Concurrently, the subchondral bone
plate undergoes marked remodeling, characterized by plate thickening, increased hard-
ness, disorganized trabecular microarchitecture, and abnormally active bone turnover
[30]. Therefore, osteochondral interface imbalance in OP-OA comorbidity can be concep-
tualized as a sequential and mutually reinforcing process: OP first compromises the osse-
ous support and buffering capacity beneath the interface, whereas OA subsequently pro-
motes abnormal mineralization, stress concentration, and interface remodeling. Together,
these processes establish a vicious cycle in which structural degeneration and mechanical
imbalance amplify one another.

3.2. Spatiotemporal Heterogeneity of Subchondral Bone Remodeling Dynamics

In the context of OP-OA comorbidity, subchondral bone remodeling is not a uniform
or static process but instead exhibits marked spatiotemporal heterogeneity. A central fea-
ture of this process is that OP-induced low bone mass and bone fragility alter the onset,
rhythm, and spatial distribution of OA-associated remodeling. Experimental studies have
shown that when OA develops secondary to OP, subchondral bone exhibits earlier high-
turnover remodeling and microstructural damage, which can directly aggravate subse-
quent cartilage degeneration [31]. Other studies have demonstrated that patients with
OP-OA comorbidity show more severe deterioration of subchondral trabecular microar-
chitecture than patients with OA alone, characterized by reduced plate-like trabeculae,
increased rod-like structures, and an association with more severe cartilage damage.
These findings suggest that remodeling in the comorbid state is not simply homogeneous
sclerosis, but rather aberrant remodeling based on destabilized osseous support [32].

From a temporal perspective, subchondral bone remodeling shows typical stage-de-
pendent characteristics. In isolated early OA, enhanced bone resorption, reduced trabec-
ular bone mass, and increased porosity of the subchondral bone plate are commonly ob-
served, followed by gradual progression toward plate thickening and focal sclerosis
[33,34]. However, in the presence of OP, this process is often initiated earlier and becomes
more unstable. Early-stage changes are dominated by osteoclast-mediated high bone turn-
over and trabecular deterioration, whereas some regions fail to develop effective compen-
satory sclerosis and instead remain in a state of persistent microdamage and insufficient
repair [21]. Therefore, temporal heterogeneity in OP-OA comorbidity does not merely
reflect sequential disease stages, but also reflects asynchronous entry into and exit from
high-turnover states across different regions.

From a spatial perspective, remodeling imbalance is predominantly concentrated in
weight-bearing regions and microdamage sites. Animal studies have shown that post-
menopausal OP significantly aggravates damage to calcified cartilage and subchondral
bone in weight-bearing areas, accompanied by increased subchondral osteoclast accumu-
lation and greater porosity of the subchondral bone plate. These findings indicate that OP
amplifies OA-associated bone resorption responses in locally high-stress regions [35]. This
may explain why, in the comorbid state, bone resorption-dominant fragile areas, focal
sclerotic regions, and bone marrow lesion areas often coexist within the same joint, rather
than presenting as homogeneous remodeling. Local mechanical overload and the inflam-
matory microenvironment may drive uncoupled activation of osteoclasts and osteoblasts
through pathways such as osteoprotegerin/receptor activator of nuclear factor-«xB ligand
(OPG/RANKL) and transforming growth factor-p (TGF-f), thereby further promoting
site-specific remodeling responses [36,37]. Thus, subchondral bone remodeling in OP-OA
comorbidity represents a focal, high-turnover, and asynchronous aberrant remodeling
process established on the basis of bone fragility.
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3.3. Coupling Between Early Bone Marrow Lesions and Cartilage Degeneration

Bone marrow lesions (BMLs) represent an important early phenotype linking aber-
rant subchondral bone remodeling to cartilage degeneration in OP-OA comorbidity. On
magnetic resonance imaging (MRI), BMLs typically appear as ill-defined hyperintense ar-
eas on fat-suppressed T2-weighted images or fluid-sensitive sequences. Histopathologi-
cally, they correspond to bone marrow fibrosis, necrosis-like changes, microfractures, vas-
cular proliferation, and locally increased high-turnover bone remodeling [38-40]. BMLs
are widely regarded as important imaging markers of active subchondral bone pathology
in OA. However, in the context of OP, reduced bone mass, weakened trabecular support,
and decreased fatigue resistance make the subchondral bone more susceptible to micro-
damage and osseous decompensation under equivalent mechanical loading. Therefore, in
the comorbid state, BMLs may more accurately reflect “aberrant remodeling on the basis
of bone fragility” [21,41].

A clear temporal and spatial coupling also exists between BMLs and cartilage degen-
eration. Longitudinal studies have shown that incident, persistent, or enlarging BMLs are
associated with an increased risk of subsequent cartilage loss within the same subregion,
whereas reduction or resolution of BMLs is generally associated with a lower risk of local
structural deterioration [42]. Moreover, BMLs may lie along a continuous pathological
spectrum linking OP, OA, and subchondral insufficiency fracture (SIF). Elderly women
and patients with OP are considered more prone to subchondral fragility-related injury;
on MR, such lesions often manifest as extensive abnormal bone marrow signals and may
further progress to SIF, articular surface collapse, and secondary OA [21]. These findings
suggest that, in OP-OA comorbidity, at least a subset of BMLs may not merely represent
inflammatory or load-related signal abnormalities, but rather serve as imaging reflections
of bone fragility-related decompensation, microfracture, and failed local repair.

3.4. Vascular and Neural Invasion and Bone Marrow Niche Remodeling

In OP-OA comorbidity, subchondral bone abnormalities are not limited to bone loss
or remodeling of the subchondral bone plate; they are also accompanied by concomitant
disruption of vascular, neural, and bone marrow niches. Bone vasculature and its sur-
rounding cells jointly constitute the bone marrow vascular niche, which directly partici-
pates in osteogenesis, bone remodeling, and the maintenance of local homeostasis. This
niche undergoes marked remodeling during aging and in bone-loss disorders [43]. Type
H vessels are closely associated with osteogenic activity and are involved in both physio-
logical and pathological processes in skeletal diseases such as OP and OA, suggesting that
OP-OA comorbidity may share a pathological basis characterized by impaired vascular—
bone coupling [44]. In OA subchondral bone, the formation of type H vessels with high
expression of cluster of differentiation 31 and endomucin (CD31"Emcnt) is considered a
bridge linking aberrant bone remodeling with cartilage degeneration [45]. Studies have
shown that type H vessel formation in OA subchondral bone is closely associated with
regions of active bone remodeling and is regulated by multiple signaling axes, including
platelet-derived growth factor-BB/platelet-derived growth factor receptor-p (PDGF-
BB/PDGFR-f), Slit guidance ligand 3/Roundabout guidance receptor 1 (SLIT3/ROBO1),
transforming growth factor-1/Smad proteins (TGF-1/Smads), hypoxia-inducible factor-
la/vascular endothelial growth factor A (HIF-1a/VEGF-A), and mechanistic target of ra-
pamycin complex 1 (mTORC1) [46-50]. Thus, vascular abnormalities are not merely sec-
ondary phenomena, but rather constitute an integral component of osteochondral unit
destabilization.

An additional point that warrants emphasis is that subchondral bone alterations in
OP-OA comorbidity do not always manifest as a systemic and symmetrical pattern of
bone loss, but more often display marked local heterogeneity and regional specificity.
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Even in the setting of an overall reduction in bone mineral density, different regions
within the same epiphysis may exhibit distinct patterns of blood supply, microvascular
density, bone marrow lesion burden, and remodeling activity. A recent study of the hu-
man femoral head showed increased vascularization in the subchondral region of elderly
patients with OA, suggesting that local vascular remodeling may participate in structural
alterations of subchondral bone [51]. At the same time, studies on bone marrow lesions
have shown that their genetic and histological changes are not uniformly distributed, but
are closely associated with local bone remodeling, inflammatory responses, and tissue in-
jury [52]. Therefore, local blood supply disturbance, H-type vessel remodeling, and re-
duced tissue microstability may together drive the coexistence of trabecular fragile re-
gions, bone marrow lesions, and focal sclerotic areas within the same bone. The concept
of tissue micro-instability proposed by Volkov et al. further suggests that osteophyte for-
mation and local bone structural remodeling may not be determined solely by systemic
bone loss, but may instead be closely related to local vascular-mechanical uncoupling [53].
On the basis of vascular abnormalities, neural ingrowth further amplifies local patho-
logical responses. Studies have shown that, with OA progression, the expression of nerve
growth factor (NGF) in osteochondral channels and bone marrow progressively increases,
followed by an increase in calcitonin gene-related peptide (CGRP)-positive sensory nerves.
These findings indicate that neural ingrowth exhibits clear temporal and site-specific char-
acteristics [54]. The NGF/tropomyosin receptor kinase A (NGF/TrkA) signaling axis has
been reported to drive aberrant sensory innervation and peripheral sensitization. Its acti-
vation is closely associated with the opening of osteochondral channels, increased nerve
fiber density, and persistent pain transmission, suggesting that neurovascularization at
the osteochondral junction is not only related to pain phenotypes but may also directly
participate in the progression of structural damage [55]. In addition, osteoclast-derived
Netrin-1, an axon guidance molecule, can induce abnormal extension of sensory nerve
fibers into the subchondral bone, thereby establishing a molecular link among aberrant
bone resorption, neural sensitization, and nerve invasion [56]. The aberrantly ingrown
sensory nerve endings subsequently release neuropeptides such as CGRP and substance
P (SP), which may further influence local blood flow regulation, inflammatory cell activa-
tion, and bone turnover. Therefore, neural ingrowth has dual pathological significance in
both pain amplification and microenvironmental regulation [57]. Under OP-OA comor-
bid conditions, impairment of the barrier function of the osteochondral interface facilitates
the invasion of abnormal blood vessels and nerves along porous regions of the subchon-
dral bone plate and through osteochondral channels, thereby accelerating the transition
of subchondral bone from compensatory remodeling to decompensated remodeling [58].
Bone marrow niche remodeling represents the tissue-level extension of these patho-
logical changes. Studies have shown that OA-associated BML regions are not merely im-
aging abnormalities but biologically active bone marrow lesions with distinct pathological
activity [59]. Single-cell sequencing has further revealed expansion of pro-inflammatory
monocyte/macrophage populations, enhancement of cellular senescence phenotypes, ab-
normal mesenchymal cell states, and reprogramming of intercellular communication net-
works within these lesion areas, accompanied by upregulation of cartilage-damaging sig-
nals. These findings indicate that the bone marrow niche shifts from a relatively homeo-
static reparative microenvironment to a pathological niche that continuously produces
pro-degenerative signals [60]. Collectively, in OP-OA comorbidity, vascular abnormali-
ties, neural ingrowth, and bone marrow niche disruption are not independent events; ra-
ther, they represent a continuous pathological process that drives the subchondral bone
microenvironment from homeostasis toward a pro-degenerative state.
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4. Microenvironmental Factors Driving Altered Cell Fate Plasticity
4.1. Abnormal Mechanical Stimulation and Altered Extracellular Matrix Stiffness

In OP-OA comorbidity, cartilage matrix degeneration and aberrant subchondral
bone remodeling occur simultaneously, disrupting the mechanical continuity of the oste-
ochondral unit. As a result, local stress transmission shifts from a relatively uniform gra-
dient distribution to spatiotemporally heterogeneous stress concentration [61]. With the
coexistence of early subchondral bone loss and subsequent focal sclerosis, the local joint
environment is chronically exposed to abnormal compressive, shear, and tensile stimuli,
thereby continuously reshaping the mechanical microenvironment surrounding resident
cells [62]. In this context, the mechanosensitive programs of chondrocytes, osteocytes, and
bone marrow mesenchymal stem cells (BMSCs) no longer maintain tissue homeostasis,
but instead gradually shift toward pathological reprogramming [63]. In chondrocytes, ab-
normal mechanical inputs are initially sensed by mechanoreceptive structures such as
cell-matrix adhesion complexes and mechanosensitive ion channels, and are subse-
quently converted into intracellular signaling events. Among these mechanisms, integrin-
mediated cell-matrix interactions are fundamental for maintaining cartilage homeostasis.
Dysregulation of this signaling axis may impair the adaptive response of chondrocytes to
mechanical cues from the microenvironment, thereby promoting OA-related pathological
progression [64]. In addition, the chondrocyte mechanotransduction network involves
multiple regulatory layers, including Ca?" channels, primary cilia, and the extracellular
matrix (ECM) microenvironment. These structures collectively participate in the sensing,
integration, and amplification of mechanical signals. Under abnormal loading conditions,
however, mechanotransduction may shift from adaptive regulation toward pathological
programs dominated by catabolism and stress responses [65]. At the downstream effector
level, Yes-associated protein/transcriptional coactivator with PDZ-binding motif
(YAP/TAZ) and Piezo-type mechanosensitive ion channel components 1/2 (PIEZ0O1/2)
further mediate the conversion of mechanical stimuli into transcriptional reprogramming.
Impaired nuclear translocation of YAP is associated with reduced anabolic activity in
chondrocytes [66], whereas enhanced PIEZO1 mechanosensitivity can aggravate stress in-
jury-induced cartilage degeneration [67]. Collectively, these findings indicate that abnor-
mal mechanical stimulation persistently reshapes chondrocyte fate through multilayered
mechanotransduction networks and represents an important driver of cartilage patholog-
ical progression in OP-OA comorbidity.

In addition to abnormal loading, altered matrix stiffness itself acts as a critical phys-
ical signal regulating cell fate. Studies have demonstrated that matrix elasticity can di-
rectly modulate lineage commitment of BMSCs: stiffer matrices preferentially induce os-
teogenic differentiation, whereas softer matrices are less favorable for the maintenance of
osteogenesis [68]. Subsequent studies further confirmed that matrix stiffness and cell
spreading jointly regulate the balance between osteogenic and adipogenic differentiation
of BMSCs. These findings suggest that regional stiffness heterogeneity within the oste-
ochondral microenvironment in OP-OA comorbidity may promote divergent BMSC dif-
ferentiation fates across different anatomical regions [69]. Therefore, in OP-OA comorbid-
ity, low-stiffness regions caused by reduced bone mass and insufficient mineralization
may weaken osteogenic signaling in BMSCs, whereas high-stiffness regions associated
with focal sclerosis may amplify local mechanotransduction and cellular stress responses.
Together, these processes may ultimately establish spatiotemporally divergent cell fate
decisions driven by stiffness heterogeneity [70]. Overall, abnormal mechanical stimulation
and altered matrix stiffness constitute important upstream mechanisms underlying oste-
ochondral unit destabilization in OP-OA comorbidity (Figure 1A).

https://doi.org/10.3390/ijms27135757


https://doi.org/10.3390/ijms27135757

Int. ]. Mol. Sci. 2026, 27, 5757

9 of 34
A Abnormal Mechanical Stimulation and Altered Chronic Inflammatory Activation and Alterations in the B
Extracellular Matrix Stiffness Osteoimmune Microenvironment
Int Mechanosensitive % o2
Normal AbnormalLoad ntegrin ion channel N 0 v S * ~ Macrophage T
Matrix Stiffness \ ] S IL-1B /Osteoclasl yJ
Change o : Dendritic cellS *%%, TNF-a Bone resorption T
4 Cap Ca? s ®® L6 =S
Cax+ N DAMPs release
S J Ca? Prlmary cilliur :
L s Channel %47 Neutrophil Osteoblast
Bone
vi i tion &
YAP/TAZ ‘50\“‘”"9 Alte,.a ) ormation
(8 » —— ¢ IL-177
ECM \ / s,
stiffne; ) Th171
Low a High W % Chondrocyte
- A ?“ ! - — ﬁ RANKLT
9'" MMP-13
Osteogenesis T Adipogenesis T © ADAMTS-S Bcell 7
0 i
C Disruption of Hypoxic Homeostasis and Energy & Cellular Senescence and Senescence-Associated D
Metabolic Reprogramming :"Z Secretory Phenotype-Driven Disruption of the
% @ \:“? Metabolic Microenvironment
)
- 5 IL-6T IL-1BTTNF-a T
Vascularization T i Chondrocyte OP-OA comorbidity BMSC MMP-31 MMP-13 1
\ﬁ ¢ {«. B S ASP QI /
GLUTI1{ enescent 7 ;
% Inflammation
LDHA; MMP-131 4—@ cells OS“-‘OCY‘C RS amplification
021 PFKFB A Matrix degradation
HIF 1al _,(‘OL’AI i Bone remodeling
ACANL Cartilage destruction Glycolysis T . imbalance
=t i Adipose cell
Hypertrophy actate (
l Osteoblastic-like accumulation ARP141 ¥ ', > —» _ Innate
differentiation Audlllcauon PARPI immunity
OXPHOS CDWT Pt adid
Low O2 - High oxygen S20A, MMP-131 BMAT1 Falmitic aci
tension S ADAMTS-5 1 .‘2. —-b NAD+ L Ceramide T >
’ 2L €oL2A1 ‘ Osleoulast 1 > ~
ACANY Bone resorption T SlRTl” 1 BMSC homing

Figure 1. Microenvironmental factors driving alterations in cell fate plasticity. (A) Abnormal me-

chanical stimulation and altered extracellular matrix stiffness. (B) Chronic inflammatory activation

and alterations in the osteoimmune microenvironment. (C) Disruption of hypoxic homeostasis and

energy metabolic reprogramming. (D) Cellular senescence and senescence-associated secretory

phenotype-driven disruption of the metabolic microenvironment.

4.2. Chronic Inflammatory Activation and Alterations in the Osteoimmune Microenvironment

Chronic low-grade inflammation is one of the key mechanisms driving aberrant sub-
chondral bone remodeling and cell fate deviation in OP-OA comorbidity. Under the com-
bined effects of mechanical microdamage, matrix fissure propagation, and dysregulated
lipid metabolism, the osteochondral interface releases damage-associated molecular pat-
terns (DAMPs), thereby activating innate immune responses and inducing the recruit-
ment and functional remodeling of macrophages, dendritic cells, and neutrophils [71,72].
Persistently activated immune cells release pro-inflammatory cytokines, including inter-
leukin-1f3 (IL-1f), tumor necrosis factor-a (TNF-at), and interleukin-6 (IL-6). These cyto-
kines promote osteoclast differentiation and enhance bone resorptive activity while sim-
ultaneously suppressing osteoblast function, thereby shifting bone remodeling toward a
bone-resorptive state [73,74]. Meanwhile, chronic inflammation continuously activates
catabolic programs in chondrocytes through key signaling pathways such as nuclear fac-
tor-kB (NF-kB) and Janus kinase/signal transducer and activator of transcription
(JAK/STAT). This activation induces the production of matrix-degrading enzymes, in-
cluding matrix metalloproteinase-13 (MMP-13) and a disintegrin and metalloproteinase
with thrombospondin motifs 5 (ADAMTS-5), accelerating cartilage matrix degradation,
tidemark disruption, and destruction of the osteochondral interface [75].

Adaptive immune responses also play a critical role in OP-OA comorbidity. Studies
have shown that enrichment of T helper 17 (Th17) cells and elevated interleukin-17 (IL-17)
levels in the bone marrow cavity and synovial tissue not only promote osteoclastogenesis
but also enhance inflammatory crosstalk between immune cells and osteoblasts, thereby
reinforcing the imbalance of bone turnover [76]. In addition, B-cell activation and B-cell-
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derived receptor activator of nuclear factor-kB ligand (RANKL) can further amplify oste-
oclastogenic signaling, weaken the microstructural stability of subchondral bone, and
strengthen the capacity of the osteoimmune microenvironment to maintain a bone-resorp-
tive phenotype [77]. As inflammation persists, immune cells also undergo metabolic re-
programming. Innate immune cells, represented by macrophages, may shift toward a gly-
colysis-dependent M1 pro-inflammatory phenotype, establishing a vicious cycle in which
inflammatory amplification, oxidative stress, and tissue injury mutually reinforce one an-
other [78]. Therefore, chronic inflammatory activation and alterations in the osteoimmune
microenvironment are not only amplifiers of OP-OA pathological progression, but also
key pathological foundations driving aberrant subchondral bone remodeling, disruption
of osteochondral interface stability, and abnormal remodeling of cell fate plasticity (Figure
1B).

4.3. Disruption of Hypoxic Homeostasis and Energy Metabolic Reprogramming

As the barrier function of the osteochondral interface deteriorates in OP-OA comor-
bidity, enhanced local vascularization may alter the perfusion pattern and oxygen diffu-
sion gradient within the osteochondral unit. This change may interfere with the hypoxia-
adaptive programs on which deep-zone chondrocytes depend, thereby exposing chon-
drocytes to pathologically elevated oxygen tension [30]. Under physiological conditions,
articular chondrocytes are chronically adapted to a hypoxic environment. Their energy
metabolism is predominantly glycolytic and relies on hypoxia-inducible factor-1a (HIF-
1a) to maintain the expression of glycolytic regulators, including glucose transporter 1
(GLUT1), lactate dehydrogenase A (LDHA), and 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3 (PFKEB3), as well as the stability of matrix synthesis programs involving
type Il collagen alpha 1 chain (COL2A1) and aggrecan (ACAN) [79]. By contrast, hypoxia-
inducible factor-2a (HIF-2a) has been identified as a key transcriptional regulator of car-
tilage catabolism. It markedly promotes the expression of molecules such as MMP-13 and
accelerates cartilage destruction, while also participating in chondrocyte hypertrophic dif-
ferentiation and activation of endochondral ossification-like programs [80,81]. Therefore,
in the comorbid state, disruption of hypoxic homeostasis weakens the HIF-1a-dominated
adaptive transcriptional network while enhancing HIF-2a-mediated catabolic and termi-
nal differentiation signals, thereby driving chondrocyte transition from homeostatic
maintenance toward a degenerative phenotype.

With the loss of hypoxic homeostasis, chondrocyte energy metabolism gradually
shifts from glycolytic predominance toward increased dependence on mitochondrial oxi-
dative phosphorylation (OXPHOS), accompanied by abnormal mitochondrial membrane
potential, accumulation of reactive oxygen species (ROS), and enhanced oxidative stress
[82,83]. Excessive ROS not only disrupt mitochondrial homeostasis but also upregulate
the expression of catabolic mediators such as MMP-13 and ADAMTS-5, suppress the ex-
pression of COL2A1 and ACAN, and ultimately weaken the matrix-maintaining capacity
and stress-resistance threshold of chondrocytes [84]. Other studies have shown that HIF-
la coordinately regulates glycolysis, OXPHOS, amino acid metabolism, and lipid metab-
olism, making it a key node in maintaining hypoxic adaptation and metabolic flexibility
in chondrocytes [85]. Meanwhile, imbalanced mitochondrial dynamics, mitochondrial
DNA (mtDNA) damage, and impaired mitophagy may jointly promote chondrocyte hy-
pertrophy, apoptosis, and extracellular matrix loss [86]. Notably, these metabolic abnor-
malities are not specific to OA alone. In OP, mitochondrial dysfunction is likewise char-
acterized by impaired OXPHQOS, increased ROS production, dysregulated mitophagy,
and abnormal energy metabolism in BMSCs, osteoblasts, and osteoclasts. These changes
can directly disturb the balance between bone formation and bone resorption while am-
plifying aging- and oxidative damage-related signals [87]. Thus, disruption of oxygen
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metabolic homeostasis may be regarded as a critical turning point through which oste-
ochondral interface injury progresses toward cellular dysfunction in OP-OA comorbidity
(Figure 1C).

4.4. Cellular Senescence and Senescence-Associated Secretory Phenotype-Driven Disruption of
the Metabolic Microenvironment

In OP-OA comorbidity, cellular senescence is not merely an age-related phenome-
non, but rather an important pathological mechanism driving homeostatic imbalance of
the osteochondral unit. Studies on OA and OP have separately shown high levels of se-
nescent cell accumulation in BMSCs, osteocytes, and bone marrow adipocytes. These
changes are closely associated with impaired bone-forming capacity, expansion of bone
marrow adipose tissue (BMAT), and bone loss, and may exert additive or synergistic ef-
fects within the OP-OA comorbid microenvironment [88,89]. Although senescent cells
withdraw from the cell cycle, they do not enter a metabolically quiescent state. Instead,
they continuously release pro-inflammatory cytokines, proteases, and growth-regulatory
molecules through the senescence-associated secretory phenotype (SASP), thereby re-
modeling the local immunometabolic microenvironment [90]. SASP is mainly maintained
and amplified through signaling pathways such as nuclear factor-kB (NF-xB) and p38 mi-
togen-activated protein kinase (p38 MAPK). These pathways promote the sustained se-
cretion of interleukin-6 (IL-6), interleukin-1f (IL-1f), tumor necrosis factor-a (TNF-a), ma-
trix metalloproteinase-3 (MMP-3), and MMP-13, thereby driving inflammatory amplifica-
tion, matrix degradation, and imbalance in bone remodeling [91,92]. Single-cell sequenc-
ing studies have shown that senescent stem cell populations can aberrantly regulate the
osteogenic/adipogenic differentiation balance of neighboring cells through the epiregu-
lin/epidermal growth factor receptor (EREG-EGFR) paracrine axis. This process may pre-
dispose subchondral bone to pathological sclerosis and structural remodeling rather than
effective repair [93]. Thus, OP-associated cellular senescence in epiphyseal regions may
initially alter the reparative capacity and secretory profile of subchondral bone, creating
persistent pathological conditions for subsequent osteochondral crosstalk and cartilage
degeneration.

The pathogenic effects of SASP are further amplified by metabolic reprogramming.
Mitochondrial dysfunction and nicotinamide adenine dinucleotide (NAD*) depletion are
important foundations of senescence-associated metabolic imbalance. Upregulation of
NAD*-consuming enzymes, such as poly(ADP-ribose) polymerase family member 14
(PARP14) and cluster of differentiation 38 (CD38), can reduce intracellular NAD* levels,
thereby inhibiting the activity of sirtuin 1/3 (SIRT1/3). This, in turn, weakens antioxidant
defense, mitochondrial homeostasis, and matrix synthesis capacity [94]. Meanwhile, se-
nescent cells are often accompanied by enhanced glycolysis, lactate accumulation, and
local acidification. This acidic microenvironment can enhance osteoclast-mediated bone
resorption and promote bone mineral dissolution, thereby amplifying bone microstruc-
tural deterioration in the context of OP [95]. Disordered lipid metabolism further rein-
forces the pathological effects of SASP. In OA-OP comorbidity, BMAT expansion and ac-
cumulation of lipid peroxidation products may increase lipotoxic metabolites, such as pal-
mitic acid and ceramides. These molecules can act as metabolic damage-associated mo-
lecular patterns, activating innate immune responses, inducing metaflammation, and sup-
pressing stem cell homing and differentiation required for osteochondral repair [96]. Ac-
cordingly, in OP-OA comorbidity, epiphyseal senescent cells and the pro-inflammatory,
pro-acidifying, and lipotoxic metabolic effects shaped by their SASP are likely to serve as
important mediators linking bone loss, aberrant bone remodeling, and cartilage degener-
ation (Figure 1D).
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5. Cell Fate Plasticity Driven by the Subchondral Bone
Microenvironment

5.1. Lineage Bias of Bone Marrow Mesenchymal Stem Cells and Osteogenic—Adipogenic
Imbalance

During the pathological progression of OP-OA comorbidity, fate decisions of sub-
chondral bone marrow mesenchymal stem cells (BMSCs) undergo systematic reprogram-
ming, characterized by a shift from osteogenic toward adipogenic lineage commitment.
This shift results in impaired bone formation, expansion of bone marrow adipose tissue
(BMAT), and deterioration of trabecular bone architecture [97]. BMAT is a functional mi-
croenvironmental component with metabolic regulatory and paracrine activities. Its ab-
normal expansion is closely associated with increased bone fragility and disruption of
bone homeostasis and may therefore be regarded as a histological manifestation of BMSC
fate bias [98,99].

Abnormal remodeling of the metabolic microenvironment is a primary driver of
BMSC lineage bias. In the comorbid state of OP and OA, accumulation of free fatty acids,
enhanced lipid peroxidation, and increased oxidative stress are commonly observed.
These alterations can persistently activate the adipogenic transcriptional program domi-
nated by the peroxisome proliferator-activated receptor y/CCAAT enhancer-binding pro-
tein o (PPARy-C/EBPa) axis, while weakening osteogenic transcription mediated by the
Runt-related transcription factor 2/Osterix (RUNX2/OSX) axis, thereby shifting BMSCs to-
ward the adipogenic lineage [100]. Marrow adipogenic lineage precursors (MALPs), as
early-stage adipogenic lineage cell populations, contribute to BMAT expansion in comor-
bid models. They also suppress osteoprogenitor function and amplify bone resorptive sig-
naling through paracrine secretion of factors such as RANKL, TNF-a, and IL-6, thereby
establishing a self-reinforcing “lipotoxic” microenvironmental loop [101]. In addition, ag-
ing-associated mitochondrial dysfunction and ROS accumulation preferentially impair
osteogenic differentiation, which is highly dependent on oxidative phosphorylation
(OXPHOS), whereas the more glycolysis-dependent adipogenic pathway is relatively pre-
served. This further contributes to a pathological phenotype characterized by concurrent
BMAT expansion and reduced osteogenic capacity [102].

Epigenetic regulation also plays a crucial role in stabilizing BMSC lineage bias, al-
lowing this lineage shift to evolve from a transient adaptive response into a relatively sta-
ble pathological state. The OP-OA comorbid microenvironment may induce DNA meth-
ylation and histone modification reprogramming in BMSCs. Promoter regions of osteo-
genesis-related genes, including RUNX2, OSX, and bone vy-carboxyglutamate protein
(BGLAP), exhibit hypermethylation, whereas adipogenic genes such as peroxisome pro-
liferator-activated receptor y (PPARG) and fatty acid-binding protein 4 (FABP4) remain
in an open chromatin conformation [103]. In particular, downregulation of histone lysine
demethylases 4B and 6B (KDM4B/KDMG6B) directly leads to enrichment of the repressive
histone mark trimethylation of histone H3 lysine 9 (H3K9me3) at osteogenic genes,
thereby epigenetically constraining osteogenic potential [104]. Long non-coding RNAs
(IncRNAs) are also deeply involved in lineage determination. Loss of IncRNA Bmncr ex-
pression can relieve inhibition of the adipogenic transcription factor early B-cell factor 1
(EBF1), resulting in impaired osteogenesis of BMSCs and accumulation of marrow adi-
posity [105]. In addition, microRNA-188 (miR-188) and microRNA-204 (miR-204) can
drive the osteogenic-to-adipogenic transition of BMSCs by targeting RUNX2 signaling
[106].

The osteogenic/adipogenic imbalance of BMSCs not only causes bone loss but also
accelerates OA progression by altering the mechanical and biochemical environment of
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the osteochondral interface. Expanded BMAT secretes abundant adipokines, such as lep-
tin and resistin, which can penetrate the tidemark and directly act on chondrocytes, in-
ducing matrix metalloproteinase (MMP) expression and cartilage matrix degradation
[107]. Meanwhile, replacement of trabecular bone by adipose tissue weakens the mechan-
ical support capacity of subchondral bone, leading to interface stress concentration and
microfractures. Reduced mechanotransduction further suppresses osteogenic pathways
such as YAP/TAZ and Wnt/{-catenin signaling, ultimately forming a vicious feedback
loop in which OP and OA mutually reinforce one another [108]. Taken together, abnormal
adipogenic bias of BMSCs may be regarded as a cellular hub linking OP and OA comor-

bidity (Figure 2A).
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Figure 2. Cell fate plasticity driven by the subchondral bone microenvironment. (A) Lineage Bias of
Bone Marrow Mesenchymal Stem Cells and Osteogenic—Adipogenic Imbalance. (B) Phenotypic re-
modeling and functional dysregulation of bone remodeling-related cells. (C) Functional reprogram-
ming of osteoimmune cells. (D) Aberrant Chondrocyte Differentiation and Osteogenic/Fibrotic

Transition.
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5.2. Phenotypic Remodeling and Functional Dysregulation of Bone Remodeling-Related Cells

The paradoxical coexistence of “bone sclerosis and bone loss” in OP-OA comorbidity
can be attributed to abnormal phenotypic plasticity and functional dysregulation of bone
remodeling-related cells. First, the core abnormality of osteocytes lies in impaired mecha-
notransduction and reduced capacity for local matrix maintenance. Osteocytes dynami-
cally regulate the perilacunar microenvironment through the lacunar—canalicular net-
work and matrix metalloproteinase-13 (MMP-13)- and cathepsin K (CTSK)-mediated per-
ilacunar remodeling (PLR), thereby maintaining their mechanosensitivity. However, in
OA subchondral bone, this process is markedly suppressed. Excessive mineralization of
the perilacunar matrix, insufficient clearance of microdamage, and disruption of the can-
alicular network occur simultaneously, substantially reducing the adaptive capacity of
subchondral bone under abnormal loading conditions [109]. Morphological studies of
end-stage OA have revealed pronounced abnormalities in osteocyte lacunar architecture,
suggesting that, in the context of OP, already fragile trabecular bone may be more prone
to a vicious cycle of impaired mechanosensing and maladaptive responses [110].

Osteoblasts exhibit an abnormal phenotype characterized by enhanced osteogenic
activation but impaired terminal mineralization. In sclerotic regions of OA subchondral
bone, osteoblasts show active proliferation and high expression of type I collagen alpha 1
chain (COL1A1) and alkaline phosphatase (ALP). However, the matrix they secrete dis-
plays disorganized woven bone-like features, with a markedly reduced mineral apposi-
tion rate, resulting in the formation of abnormal osteoid-like tissue [23]. When abnormal
mechanical loading induces excessive activation of the TGF-31-Smad2/3 pathway, BMSCs
may be aberrantly recruited and accumulated in sclerotic regions, where they contribute
to osteoid deposition while their terminal differentiation into mature mineralizing osteo-
blasts is inhibited. This ultimately leads to the coexistence of subchondral bone plate thick-
ening and low-quality bone [74]. In addition, OP-related systemic factors, such as estrogen
deficiency, further impair the terminal mineralization capacity of osteoblasts. As a result,
their response to mechanical loading shifts from a normal anabolic program toward an
aberrant secretory phenotype characterized by increased production of IL-6, interleukin-
8 (IL-8), and MMP-13, thereby aggravating microstructural damage in subchondral bone
[111].

Aberrant osteoclast activation represents a key initiating and amplifying factor in
subchondral bone remodeling in OP-OA comorbidity. In OP-OA comorbid models, ab-
normal subchondral bone remodeling is commonly accompanied by suppressed osteo-
genic and chondrogenic differentiation of BMSCs, together with enhanced migration, ad-
hesion, and differentiation of osteoclast precursors, suggesting that osteoclastogenesis is
not merely a consequence of bone loss but an active mechanism driving destabilization of
the osteochondral unit. Mechanical loading intervention of the knee joint can alleviate ab-
normal subchondral bone remodeling by upregulating Wnt/B-catenin signaling, indicat-
ing that correction of the mechanical environment may indirectly restrain osteoclast-
driven remodeling imbalance [112]. In the comorbid microenvironment, OP-related estro-
gen deficiency, trabecular microdamage, and disruption of the OPG/RANKL balance may
prime osteoclast precursors, whereas OA-related inflammatory mediators, oxidative
stress, and abnormal mechanical loading further promote RANKL/NF-kB/nuclear factor
of activated T cells c1 (NFATc1)-dependent osteoclast differentiation. Recent studies have
further shown that integrin beta 2 (ITGB2) participates in osteoclast differentiation and
cytoskeletal remodeling in OA, thereby linking inflammatory adhesion signaling to en-
hanced osteoclast activity [113], whereas activation of nuclear factor erythroid 2-related
factor 2 (Nrf2) can attenuate OA progression by suppressing oxidative stress and sub-
chondral osteoclastogenesis [114]. Beyond bone resorption, osteoclasts may also function
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as paracrine regulatory nodes involved in cartilage, vascular, and neural remodeling. Os-
teoclast-derived apoptotic bodies can disturb subchondral bone remodeling and acceler-
ate OA progression through RANKL reverse signaling [115]. In addition, osteoclast-se-
creted galectin-3 promotes cartilage degeneration in ovariectomized rats through the low-
density lipoprotein receptor-related protein 1 (LRP1)/B-catenin axis [116], and osteoclast-
derived slit guidance ligand 3 (SLIT3) may also mediate OA pain and degenerative
changes, suggesting that osteoclasts do not act solely as bone-resorbing cells but may also
participate in neurovascular remodeling [117]. Taken together, osteoclast-related abnor-
malities in OP-OA comorbidity should be understood as a combined process involving
excessive bone resorption, disrupted osteoblast—osteoclast coupling, enhanced cartilage-
catabolic signaling, and neurovascular remodeling. In summary, the phenotypic imbal-
ance and mutual amplification among osteocytes, osteoblasts, and osteoclasts jointly drive
low-quality subchondral bone remodeling and functional decline of the osteochondral
unit in OP-OA comorbidity (Figure 2B).

5.3. Functional Reprogramming of Osteoimmune Cells

In OP-OA comorbidity, the subchondral bone marrow cavity becomes a pathological
site where abnormal bone metabolism, chronic inflammation, and immune cell remodel-
ing converge. OP-induced low bone mass and microdamage accumulation may enhance
the interaction between subchondral bone and the bone marrow immune microenviron-
ment, thereby continuously amplifying local immune responses associated with OA. Flow
cytometric analyses have identified CD14/HLA-DR*/CD68* macrophages and
CD45*/HLA-DR-/CD115* osteoclast precursors in the subchondral bone marrow region of
OA joints, suggesting that inflammatory cell infiltration and expansion of osteoclast pre-
cursors constitute an important cellular basis for aberrant subchondral bone remodeling
[118]. In the comorbid context, estrogen deficiency, oxidative stress, failed microfracture
repair, and persistent release of cartilage matrix degradation products may jointly drive
osteal macrophages to shift from a homeostasis-supporting phenotype toward pro-in-
flammatory and pro-osteoclastogenic phenotypes [119]. M1-like macrophages release in-
flammatory mediators, including TNF-a, IL-1p3, IL-6, and MMPs, which not only enhance
chondrocyte catabolism and matrix degradation but also promote osteoclastogenesis by
upregulating RANKL-related signaling. Conversely, insufficient M2-like macrophage-
mediated inflammation resolution and tissue repair further establishes a vicious cycle of
inflammatory amplification, enhanced bone resorption, and accelerated cartilage degen-
eration [120]. Therefore, in the comorbid setting, macrophage polarization imbalance
should not be regarded merely as an extension of OA-associated synovial inflammation,
but rather as the consequence of superimposed OP-related bone-resorptive conditions
and OA-related cartilage damage signals. Single-cell sequencing studies have also shown
that monocyte/macrophage populations undergo the most prominent changes after joint
injury in OA, accompanied by the participation of multiple immune cell types, including
T cells, B cells, neutrophils, natural killer cells, and dendritic cells. These findings suggest
that subchondral bone immune remodeling is highly heterogeneous and dynamically
evolving [121].

Adaptive immune abnormalities further amplify osteoimmune imbalance in OP-OA
comorbidity. T cells, B cells, and dendritic cells can engage in persistent crosstalk with
osteoblasts, osteoclasts, chondrocytes, and synovial cells through cytokines, chemokines,
and antigen-presentation signals, thereby converting local mechanical and metabolic in-
jury into chronic immunoinflammatory responses [122]. In OP, imbalance between T
helper 17 (Th17) cells and regulatory T cells (Tregs) is considered an important immune
mechanism promoting bone resorption. Th17 cell-derived IL-17 can promote RANKL ex-
pression and enhance osteoclast differentiation, whereas Tregs limit inflammation and
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osteoclastogenesis through interleukin-10 (IL-10) and TGF-p. When this balance is dis-
rupted, inflammatory and mechanical injury signals in OA subchondral bone are more
likely to induce osteoclast activation and disordered bone turnover [123]. B cells may also
participate in osteoclast regulation through RANKL and inflammatory cytokines, thereby
weakening the microstructural stability of subchondral bone [123]. In addition, in OP-OA
comorbidity, osteoclasts —as effector cells derived from the monocyte-macrophage line-
age—are regarded as key executors that translate osteoimmune reprogramming into
structural destruction. Through bone matrix degradation, protease release, secretion of
immunomodulatory factors, and neurovascular interactions, osteoclasts contribute to sub-
chondral bone resorption, subchondral bone plate disruption, and formation of a pain-
promoting microenvironment [124]. Thus, osteoimmune reprogramming in OP-OA
comorbidity essentially results from the superimposition of systemic osteoclastogenic sus-
ceptibility in OP and local joint injury signals in OA, making subchondral bone a central
pathological hub where immune inflammation, bone resorption, and cartilage degenera-
tion are mutually amplified (Figure 2C).

5.4. Aberrant Chondrocyte Differentiation and Osteogenic/Fibrotic Transition

In the context of OP-OA comorbidity, physical and biochemical alterations in the
subchondral bone microenvironment drive aberrant differentiation of articular chondro-
cytes, which are normally maintained in a terminally differentiated and quiescent state.
First, articular chondrocytes may depart from their stable hyaline cartilage phenotype and
reactivate hypertrophic differentiation and endochondral ossification-like programs.
Studies based on Col10al-Cre lineage tracing have shown that some hypertrophic chon-
drocytes do not inevitably undergo apoptosis, but can survive and transdifferentiate into
osteoblast-like cells expressing type X collagen alpha 1 chain (COL10A1) and ALP [125].
Meanwhile, distal-less homeobox 5 (DLX5) can cooperate with RUNX2 to promote
COL10A1 expression and chondrocyte hypertrophic differentiation, suggesting that hy-
pertrophic chondrocytes may actively participate in cartilage calcification, tidemark ad-
vancement, and pathological osteophyte formation by acquiring an osteogenic-like phe-
notype [126]. Thus, in OP-OA comorbidity, the coexistence of systemic bone loss and local
subchondral sclerosis may generate a heterogeneous mechanical state, further amplifying
the positive feedback among chondrocyte hypertrophy, matrix mineralization, and aber-
rant subchondral bone remodeling.

Second, the transition of chondrocytes toward a fibroblast-like phenotype is another
important mechanism underlying cartilage quality deterioration in the comorbid state.
Under sustained mechanical overload, inflammatory stimulation, and a vascularized mi-
croenvironment, chondrocytes may gradually lose their stable hyaline cartilage pheno-
type and shift toward fibroblast-like or fibrocartilage-like states. Single-cell transcriptomic
studies have identified a characteristically expanded fibrochondrocyte population in late-
stage OA. This population shows weakened cartilage matrix-maintenance programs in-
volving SRY-box transcription factor 9 (SOX9), COL2A1, and ACAN, together with in-
creased expression of fibrosis-associated molecules such as COL1A1, a-smooth muscle
actin (a-SMA), and fibronectin 1 (FN1). These findings suggest that chondrocytes shift
from maintaining hyaline cartilage homeostasis toward low-quality fibrotic repair [127].
Other experimental evidence indicates that mechanical stress overload can induce chon-
drocyte dedifferentiation and acquisition of a fibrotic phenotype by inhibiting the
YAP/TAZ pathway. This transition replaces viscoelastic hyaline cartilage with inferior fi-
brous tissue, thereby substantially weakening the anti-friction and shock-absorbing func-
tions of the articular surface [128]. In summary, in OP-OA comorbidity, abnormal me-
chanical and inflammatory microenvironments drive chondrocytes toward osteogenic-
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like and fibroblast-like phenotypic deviations, thereby accelerating cartilage calcification,
fibrotic replacement, and destabilization of the osteochondral unit (Figure 2D).

6. Key Signaling Networks Regulating Cell Fate Plasticity in the
Subchondral Bone Microenvironment

6.1. Developmental Reactivation and Lineage Differentiation: TGF-p/BMP, Wnt/B-Catenin, and
Hedgehog Signaling Networks

TGEF-3/BMP signaling is primarily involved in the regulation of cartilage matrix syn-
thesis, chondrocyte differentiation, and bone remodeling homeostasis (Figure 3A). In the
subchondral bone of OP-OA comorbidity, TGF-31 is excessively activated under condi-
tions of abnormal mechanical loading and enhanced bone resorption. Through the
Smad?2/3 pathway, activated TGF-f1 recruits large numbers of BMSCs while simultane-
ously suppressing bone morphogenetic protein (BMP) signaling, thereby blocking the ter-
minal differentiation of these cells into mature bone-forming cells. This process ultimately
leads to the accumulation of immature osteoid-like tissue and subchondral bone sclerosis
[129]. BMP signaling typically promotes osteogenic programs, including RUNX2 and Os-
terix (OSX), through Smad1/5/8 and is essential for BMSC osteogenic differentiation and
mature bone mineralization [130]. However, when BMP signaling is aberrantly enhanced
in the deep cartilage or calcified cartilage zone, it can induce the expression of COL10A1,
RUNX2, and MMP-13, promoting chondrocyte hypertrophy and endochondral ossifica-
tion-like transition. This dual role may partly explain the coexistence of OP-associated low
bone mass and OA-associated subchondral sclerosis [131].

Wnt/p-catenin signaling is a key pathway linking the osteogenic/adipogenic fate
switch of BMSCs (Figure 3B). After Wnt ligands bind to Frizzled receptors and low-den-
sity lipoprotein receptor-related protein 5/6 (LRP5/6) co-receptors, the [3-catenin degrada-
tion complex composed of Axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1),
and glycogen synthase kinase-3(3 (GSK-3f) is inhibited. Stabilized -catenin then translo-
cates into the nucleus, where it cooperates with T-cell factor/lymphoid enhancer factor
(TCF/LEF) transcription factors to activate downstream genes such as RUNX2 and OSX,
thereby promoting BMSC osteogenic differentiation, osteoblast proliferation, and bone
formation [132]. However, in osteoporotic regions of OP-OA comorbidity, estrogen defi-
ciency, mechanical unloading, inflammation, and cellular senescence can upregulate Wnt
antagonists such as Dickkopf-related protein 1 (DKK1) and sclerostin (SOST). These fac-
tors inhibit LRP5/6-mediated [3-catenin stabilization, weakening the RUNX2/OSX-driven
osteogenic program while allowing adipogenic programs mediated by PPARy and
C/EBPa to predominate. As a result, BMSCs are biased toward the adipogenic lineage
[90,133]. By contrast, in locally sclerotic regions, mechanical overload may suppress SOST
expression in osteocytes, thereby relieving its inhibitory effect on LRP5/6 and causing ex-
cessive activation of Wnt/(3-catenin signaling. In chondrocytes, this overactivation induces
the expression of RUNX2, MMP-13, ADAMTS-5, and COL10A1, thereby driving aberrant
subchondral bone formation, osteophyte development, and enhanced cartilage catabo-
lism [134,135]. Thus, Wnt/B-catenin signaling displays a typical biphasic regulatory pat-
tern, contributing to the spatial heterogeneity of OP-OA comorbidity characterized by the
coexistence of low bone mass and focal sclerosis.

The Hedgehog signaling pathway is a major driver of chondrocyte hypertrophy and
endochondral ossification-like changes in OP-OA comorbidity (Figure 3C). Increased ex-
pression of pathway components, including Indian hedgehog (Ihh), Patched homolog 1
(PTCH1), and glioma-associated oncogene homolog 1 (GLI1), is associated with the up-
regulation of hypertrophic and catabolic markers such as COL10A1, RUNX2, and MMP-
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13. These findings suggest that Hedgehog signaling can reactivate developmental pro-
grams resembling endochondral ossification, thereby promoting cartilage calcification,
tidemark advancement, and osteophyte formation, and further aggravating the patholog-
ical coexistence of OP-related low bone mass and OA-related focal bone sclerosis [136,137].
In addition, Hedgehog signaling can regulate the expression of parathyroid hormone-re-
lated protein (PTHrP) and RANKL in osteoblasts, thereby influencing the balance be-
tween bone formation and bone resorption. This indicates that Hedgehog signaling acts
not only on chondrocytes but may also contribute to OP-OA progression by regulating
high-turnover remodeling of subchondral bone [138].
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Figure 3. Developmental reactivation and lineage differentiation signaling networks regulating cell
fate plasticity in the subchondral bone microenvironment. (A) TGF-f/BMP signaling network. (B)
Wnt/B-catenin signaling network. (C) Hedgehog signaling network.

6.2. Mechanotransduction and Cytoskeletal Remodeling: PIEZO, Integrin—FAK, and YAP/TAZ
Signaling Networks

In OP-OA comorbidity, mechanotransduction serves as an important bridge through
which alterations in the subchondral bone microenvironment influence cell fate. PIEZO1/2
are key mechanosensitive ion channels that link mechanical stimulation to cell fate regu-
lation. They can sense fluid shear stress, compressive loading, and changes in membrane
tension, and activate downstream signals such as nuclear factor of activated T cells
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(NFAT), Yes-associated protein 1 (YAP1), and {3-catenin through Ca? influx, thereby par-
ticipating in osteogenic differentiation and bone mass maintenance. Impaired PIEZO-me-
diated mechanosensing leads to reduced osteogenic capacity, suggesting that PIEZO
channels represent an important molecular basis for skeletal adaptation to mechanical
loading [139,140]. In chondrocytes, the OA-associated inflammatory microenvironment
can overactivate PIEZO1 and enhance its mechanosensitivity, making injurious mechani-
cal loading more likely to induce Ca?" overload, mitochondrial dysfunction, apoptosis,
and extracellular matrix (ECM) degradation, thereby continuously driving cartilage de-
generation [141]. Thus, PIEZO1/2 not only mediate adaptive osteogenic responses of bone-
lineage cells to mechanical loading, but also promote aberrant subchondral bone remod-
eling and cartilage degeneration under abnormal mechanical conditions (Figure 4A).

Unlike the transient mechanosensing mediated by PIEZO channels, the integrin—fo-
cal adhesion kinase (Integrin—-FAK) axis constitutes a key component of sustained mech-
anotransduction (Figure 4B). By recognizing ECM components, integrins sense matrix
stiffness and adhesion status, and activate focal adhesion complex-mediated signaling
pathways such as FAK/Src and Ras homolog family member A/Rho-associated coiled-
coil-containing protein kinase (RhoA-ROCK). These pathways regulate actin cytoskeletal
rearrangement and cellular tension, thereby stably transmitting extracellular mechanical
information to the nucleus. This mechanism is essential for chondrocytes and subchondral
bone cells to sense microenvironmental changes [142,143]. In osteoporotic regions of OP-
OA comorbidity, insufficient matrix support and weakened adhesion signaling can re-
duce cytoskeletal tension in BMSCs, suppress RUNX2-related osteogenic programs, and
promote their shift toward the adipogenic lineage [144]. Conversely, in locally sclerotic
regions, thickened and stiffened matrix enhances Integrin—-FAK signaling, inducing stress
fiber formation and increased cellular contractility, thereby placing bone-lineage cells and
chondrocytes in a persistent high-tension state. This sustained mechanical input not only
promotes aberrant osteogenesis in subchondral bone, but may also induce chondrocyte
hypertrophy, dedifferentiation, and fibroblast-like changes [145].

YAP/TAZ are key transcriptional coactivators at which PIEZO-mediated calcium sig-
naling and Integrin-FAK-mediated cytoskeletal tension converge (Figure 4C). A stiff ECM
and increased cytoskeletal tension can promote YAP/TAZ dephosphorylation and nuclear
translocation, enabling them to bind transcription factors such as TEA domain transcrip-
tion factors (TEADs) and activate the expression of genes related to osteogenesis, fibrosis,
and matrix remodeling, including connective tissue growth factor (CTGF) and cysteine-
rich angiogenic inducer 61 (CYR61). This process promotes aberrant subchondral bone
formation, disordered trabecular remodeling, and fibrotic matrix deposition [93,146]. Un-
der osteoporotic or unloading conditions, however, YAP/TAZ are more likely to remain
in the cytoplasm and undergo degradation, resulting in suppression of BMSC osteogenic
programs and enhancement of adipogenic differentiation [147]. In addition, the role of
YAP/TAZ in chondrocytes is context-dependent. Moderate YAP activity contributes to
mechanical adaptation and maintenance of matrix homeostasis, whereas in the presence
of matrix stiffening and inflammatory stimulation, aberrant YAP activation may promote
loss of the chondrocyte phenotype, enhanced catabolism, and degenerative progression
[148]. Therefore, PIEZO, Integrin-FAK, and YAP/TAZ together constitute a mecha-
notransduction axis in OP-OA comorbidity, driving insufficient osteogenesis in low-
bone-mass regions, aberrant osteogenesis in sclerotic regions, and cartilage degeneration.
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naling network. (C) YAP/TAZ signaling network.

6.3. Coupling Between Inflammatory Immunity and Bone Remodeling: NF-xB, OPG/RANKL,
and JAK/STAT Signaling Networks

In the OP-OA comorbid microenvironment, OP-associated low bone mass and dis-
ruption of trabecular microarchitecture reduce the load-bearing capacity of subchondral
bone. Meanwhile, OA-related abnormal mechanical loading and matrix degradation
products promote the sustained release of DAMPs, ROS, and pro-inflammatory mediators,
thereby driving the osteochondral interface into a state of chronic low-grade inflammation
[21]. In this environment, IL-1B, TNF-a, and SASP can activate NF-kB signaling in chon-
drocytes, synovial cells, and bone marrow immune cells, inducing the expression of
MMP-13, ADAMTS-5, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase
(iNOS). These changes promote cartilage matrix degradation and sustain inflammatory
responses [149]. In addition, NF-kB can crosstalk with hypoxia-inducible factor (HIF) sig-
naling, allowing inflammatory stimulation and a hypoxia-like metabolic state to mutually
reinforce each other [150]. HIF-2a serves as a link between cartilage degeneration and
subchondral bone remodeling in this process. In chondrocytes, it promotes catabolic and
hypertrophic differentiation programs, including MMP-13 and RUNX2 expression,
whereas in osteogenic-lineage cells, it can enhance RANKL-related osteoclastogenic sig-
naling, thereby synergistically promoting cartilage matrix degradation and subchondral
bone resorption [151]. NF-kB can also inhibit mitophagy, leading to the accumulation of
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damaged mitochondria and ROS bursts. This oxidative stress ultimately forces chondro-
cytes toward ferroptosis or senescence-associated transdifferentiation [84,152]. Therefore,
in OP-OA comorbidity, NF-kB integrates OP-related subchondral microdamage, inflam-
matory remodeling of the bone marrow immune microenvironment, and OA-related car-
tilage catabolism into a continuous pathological process (Figure 5A).
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Figure 5. Inflammatory immune and bone remodeling coupling signaling networks regulating cell
fate plasticity in the subchondral bone microenvironment. (A) NF-kB signaling network. (B)
OPG/RANKL signaling network. (C) JAK/STAT signaling network.

The OPG/RANKL axis is the effector pathway through which inflammatory signals
are converted into osteoclastic bone resorption in OP-OA comorbidity (Figure 5B). In OP,
impaired function of osteoblasts, osteocytes, and BMSCs can reduce the OPG/RANKL ra-
tio and enhance the tendency toward osteoclastogenesis [153]. Meanwhile, OA-related
mechanical overload, osteocyte apoptosis, and local inflammatory cytokines can further
upregulate RANKL expression. RANKL then binds to receptor activator of nuclear factor-
kB (RANK) on osteoclast precursor cells, activating downstream signaling pathways such
as tumor necrosis factor receptor-associated factor 6 (TRAF6), NF-xB, and MAPK. These
events lead to early trabecular bone loss, porosity of the subchondral bone plate, and high-
turnover remodeling in subchondral bone [154]. RANKL-mediated bone resorption not
only aggravates OP-related local bone fragility, but also weakens the mechanical support
provided by subchondral bone to the overlying cartilage. Furthermore, through the open-
ing of osteochondral channels, neurovascular invasion, and formation of bone marrow
lesions, it further promotes OA-related pain and cartilage degeneration [155].
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The JAK/STAT pathway primarily sustains cytokine signal amplification in OP-OA
comorbidity (Figure 5C). Cytokines such as IL-6, IL-17, and interferon-y (IFN-y) can es-
tablish paracrine loops among synovial cells, chondrocytes, and bone marrow immune
cells. Through JAK/STAT signaling, these cytokines promote inflammatory mediator re-
lease, chondrocyte apoptosis, and extracellular matrix degradation [156]. Meanwhile, in
OP-OA comorbidity, IL-6/JAK/STAT-mediated inflammatory signaling may further in-
fluence RANKL-related osteoclastogenic responses, transforming chronic inflammation
into high-turnover remodeling and bone resorption in subchondral bone [157]. In sum-
mary, NF-kB initiates inflammatory transcription, OPG/RANKL executes osteoclastic
bone resorption, and JAK/STAT maintains cytokine signal amplification. Together, these
pathways drive the transformation of subchondral bone from a mechanical support struc-
ture into a pathological site characterized by persistent inflammation, osteoclastic resorp-
tion, and cartilage damage.

7. Limitations of Current Evidence
7.1. Contradictory Evidence and Interpretive Limitations

Current evidence suggests that the relationship between OP and OA is neither linear
nor uniformly concordant across all patients. Epidemiological studies support a complex
association between the two conditions, but this association is influenced by joint site, age,
sex, skeletal region selected for bone mineral density assessment, mechanical loading sta-
tus, and disease stage [158,159]. Clinically, some patients with severe osteoporosis do not
exhibit overt cartilage degeneration, whereas some very elderly individuals with reduced
bone mass show only relatively mild OA changes. These observations suggest that OP-
OA comorbidity may be better understood as a spatially and temporally heterogeneous
osteochondral phenotype, rather than a fixed pathological process determined solely by
systemic bone loss.

In addition, a simple classification of certain molecular pathways as either “protec-
tive” or “pathogenic” may obscure their context-dependent roles. TGF-3, for example,
contributes to cartilage homeostasis, bone formation, and tissue repair under physiologi-
cal conditions, but under abnormal mechanical loading, enhanced bone resorption, or
dysregulated subchondral remodeling, it may also promote aberrant bone formation, vas-
cular invasion, and cartilage degeneration [160]. Therefore, mechanistic interpretations
involving TGF-f, Wnt/f3-catenin, RANKL, and inflammatory mediators should be care-
fully bounded by tissue compartment, disease stage, and evidence source, rather than be-
ing generalized across all OP-OA settings.

Local bone alterations and vascular factors should likewise be considered as inde-
pendent dimensions of disease interpretation. In OP-OA comorbidity, skeletal abnormal-
ities do not necessarily emerge as synchronous systemic bone loss, but may first appear
as localized alterations within the epiphysis or subchondral bone. Local blood supply dis-
turbance, abnormal H-type vessel remodeling, bone marrow lesions, and microstructural
instability may generate the coexistence of fragile, sclerotic, and high-turnover remodel-
ing regions within the same bone. Recent work on tissue micro-instability further suggests
that osteophyte formation and localized epiphyseal remodeling may be associated with
local vascular-mechanical uncoupling rather than being explained solely by systemic os-
teoporosis [53]. This concept may help explain why some patients with OP do not develop
overt OA and why bone changes in OP-OA often display asymmetry and regional speci-
ficity.
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7.2. Limitations of Experimental Models of OP-OA Comorbidity

Current experimental models remain unable to fully recapitulate the natural course
of OP-OA comorbidity. In most cases, OP and OA are induced separately and then com-
bined sequentially, making it difficult to reproduce key features such as aging, local vas-
cular remodeling, neural invasion, bone marrow niche alteration, and intrabone hetero-
geneity within a single model [161,162]. For example, rabbit studies involving PTH sug-
gest that anabolic stimulation can improve early microstructural changes, but these find-
ings more closely reflect local modification of bone remodeling and are not sufficient to
represent the long-term course of comorbidity or to explain late-stage focal sclerosis, vas-
cular abnormalities, and pain phenotypes.

Moreover, ovariectomized rodent models mainly reflect systemic estrogen deficiency,
surgical OA models primarily represent mechanically induced injury, and chemically in-
duced models emphasize inflammatory amplification. None of these approaches fully re-
produces the coexistence of bone loss, bone marrow lesions, abnormal H-type vessel re-
modeling, neurovascular invasion, and local subchondral bone micro-instability. Future
models should therefore incorporate aging, vascular factors, and spatial heterogeneity of
the osteochondral unit, and should be validated through longitudinal imaging, multi-om-
ics approaches, and spatial tissue analysis.

8. Therapeutic Implications and Emerging Combined Intervention
Strategies in OP-OA Comorbidity

If the core pathology of OP-OA comorbidity lies in destabilization of the osteochon-
dral unit, therapeutic goals should move beyond simply increasing bone mass, relieving
pain, or protecting cartilage alone, and instead focus on stabilizing the subchondral bone
microenvironment, interrupting pathological bone-cartilage crosstalk, and improving
both structural progression and symptom burden. Recent studies have further supported
the concept of OA as a whole-joint disease involving cartilage, subchondral bone, syno-
vium, bone marrow lesions, immune responses, and pain pathways, thereby providing a
more rational framework for integrated intervention in OP-OA comorbidity [163]. Within
this framework, subchondral bone is no longer viewed as a passive bystander, but rather
as a therapeutically actionable site linking bone loss, locally increased turnover, bone mar-
row lesions, neurovascular invasion, and pain generation [164,165].

From a translational perspective, OP-OA comorbidity may be better managed
through phenotype-based stratification rather than a uniform treatment algorithm. Pa-
tients characterized predominantly by bone marrow lesions, subchondral bone fragility,
or high bone turnover may benefit more from therapies targeting bone remodeling, oste-
oimmune crosstalk, and neurovascular remodeling, whereas those with prominent syno-
vitis, metabolic dysregulation, pain sensitization, or advanced structural collapse may re-
quire combinations of anti-inflammatory, metabolic, mechanical, rehabilitative, and struc-
ture-preserving approaches [166,167]. Such stratification may also help explain why single
drugs or single-target interventions often show unstable efficacy in unselected popula-
tions. Future clinical studies should therefore prioritize phenotype-enriched cohorts and
incorporate composite endpoints including bone marrow lesions, subchondral bone mi-
crostructure, pain, and functional outcomes in order to determine whether bone-targeted
or multitarget combination therapies are truly effective in OP-OA comorbidity.

The therapeutic significance of the OP-OA concept, therefore, lies not in proposing a
single universal drug, but in redefining the intervention logic. Treatment intensity should
be matched to the dominant pathological phenotype, and bone protection, immune mod-
ulation, neurovascular intervention, and mechanical management should be integrated
into a staged strategy. In patients with early bone fragility and high-turnover remodeling,
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stabilization of subchondral bone and reduction in bone marrow lesion burden may de-
serve priority. In those with inflammation- or pain-dominant disease, greater emphasis
may be placed on modulation of the immune-neurovascular axis. In advanced structural
disease, pharmacological treatment alone may be insufficient and may need to be com-
bined with alignment correction, rehabilitation, and structural interventions.

9. Conclusions

OP-OA comorbidity is not a simple superimposition of bone loss and cartilage de-
generation, but rather an osteochondral unit disorder centered on imbalance of the sub-
chondral bone microenvironment. Abnormal mechanical loading, high-turnover bone re-
modeling, and chronic inflammation mutually reinforce one another and are accompa-
nied by neurovascular invasion, metabolic dysregulation, and cellular senescence, gradu-
ally shifting local homeostasis toward a degenerative state. During this process, BMSCs
exhibit an imbalance between osteogenic and adipogenic differentiation; bone remodel-
ing-related cells undergo functional abnormalities; osteoimmune cells acquire pro-inflam-
matory and pro-osteoclastogenic tendencies; and chondrocytes undergo hypertrophic, os-
teogenic-like, or fibroblast-like transitions. Together, these events establish a pathological
cycle of “subchondral bone microenvironment remodeling—altered cell fate plasticity—
progressive osteoarticular degeneration,” suggesting that microenvironment-driven cel-
lular plasticity is a key mechanism underlying OP-OA comorbidity progression.

However, current research still faces several limitations, including insufficient direct
evidence for comorbidity-specific mechanisms, marked phenotypic heterogeneity, and
unclear boundaries between cellular transdifferentiation and phenotypic remodeling. Ex-
isting animal models also remain unable to fully recapitulate the entire course of OP-OA
comorbidity. Future studies should establish animal models that better reflect comorbid
characteristics, combine multi-omics and spatially resolved technologies to identify spe-
cific biomarkers, and explore intervention strategies targeting the microenvironment and
key cellular states. In terms of clinical translation, management of OP-OA comorbidity
should shift from single-disease treatment toward individualized stratified therapy. Com-
prehensive treatment strategies should be developed according to bone mineral density,
subchondral bone remodeling, inflammatory status, pain phenotype, and metabolic state.
The combined application of antiresorptive or bone-forming therapies, osteoimmune
modulation, cartilage protection, and mechanical interventions may represent an im-
portant direction for future mechanism-guided treatment.
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OP Osteoporosis

OA Osteoarthritis

OP-OA Osteoporosis—osteoarthritis

MRI Magnetic resonance imaging

WOMAC Western Ontario and McMaster Universities osteoarthritis index
PTH Parathyroid hormone

Micro-CT Micro-computed tomography

BMLs Bone marrow lesions

SIF Subchondral insufficiency fracture

CD31 Cluster of differentiation 31

Emen Endomucin

PDGEF-BB Platelet-derived growth factor-BB

PDGFR-B Platelet-derived growth factor receptor-3

SLIT3 Slit guidance ligand 3

ROBO1 Roundabout guidance receptor 1

TGF-f1 Transforming growth factor-f31

Smads Sma- and Mad-related proteins

HIF-1a Hypoxia-inducible factor-1a

VEGF-A Vascular endothelial growth factor A

mTORC1 Mechanistic target of rapamycin complex 1

NGF Nerve growth factor

CGRP Calcitonin gene-related peptide

TrkA Tropomyosin receptor kinase A

SP Substance P

BMSCs Bone marrow mesenchymal stem cells

COL2 Type II collagen

ECM Extracellular matrix

YAP/TAZ Yes-associated protein/transcriptional coactivator with PDZ-binding motif
PIEZO1/2 Piezo-type mechanosensitive ion channel component 1/2
DAMPs Damage-associated molecular patterns

IL-1B Interleukin-1p3

TNF-a Tumor necrosis factor-a

IL-6 Interleukin-6

NF-xB Nuclear factor-xB

JAK/STAT Janus kinase/signal transducer and activator of transcription
MMP-13 Matrix metalloproteinase-13

ADAMTS-5 A disintegrin and metalloproteinase with thrombospondin motifs 5
Th17 T helper 17 cells

IL-17 Interleukin-17

GLUT1 Glucose transporter 1

LDHA Lactate dehydrogenase A

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
COL2A1 Collagen type Il alpha 1 chain

ACAN Aggrecan

HIF-2a Hypoxia-inducible factor-2a

OXPHOS Oxidative phosphorylation

ROS Reactive oxygen species

mtDNA Mitochondrial DNA

BMAT Bone marrow adipose tissue

SASP Senescence-associated secretory phenotype

p38 MAPK P38 mitogen-activated protein kinase

MMP-3 Matrix metalloproteinase-3

EREG-EGFR Epiregulin/epidermal growth factor receptor

NAD~ Nicotinamide adenine dinucleotide

PARP14 Poly(ADP-ribose) polymerase family member 14
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Wnt/B-catenin
PLR
CTSK
COL1A1
ALP
CD14
HLA-DR
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SOX9
a-SMA
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Axin
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GSK-3p3
TCF/LEF
DKK1
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Ihh
PTCH1
GLI1
PTHrP
NFAT
YAP1
Integrin-FAK
FAK/Src

RhoA-ROCK

TEAD

CTGF

CYR61
COX-2

iNOS
OPG/RANKL

Cluster of differentiation 38
Sirtuin 1/3
Peroxisome proliferator-activated receptor y/CCAAT/enhancer-binding protein

Runt-related transcription factor 2/Osterix
Marrow adipogenic lineage precursors

Bone gamma-carboxyglutamate protein
Peroxisome proliferator-activated receptor gamma
Fatty acid-binding protein 4

Lysine demethylase 4B/lysine demethylase 6B
Trimethylation of histone H3 lysine 9

Long non-coding RNA

Early B-cell factor 1

MicroRNA-188

MicroRNA-204

Matrix metalloproteinases
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Perilacunar remodeling

Cathepsin K

Collagen type I alpha 1 chain

Alkaline phosphatase

Cluster of differentiation 14

Human leukocyte antigen-DR isotype

Cluster of differentiation 68

Cluster of differentiation 45

Cluster of differentiation 115

Regulatory T cells

Interleukin-10

Collagen type X alpha 1 chain

Distal-less homeobox 5

SRY-box transcription factor 9

Alpha-smooth muscle actin

Fibronectin 1

Bone morphogenetic protein

Frizzled receptor

Low-density lipoprotein receptor-related protein 5/6
Axis inhibition protein

Adenomatous polyposis coli

Casein kinase 1

Glycogen synthase kinase-3(3

T-cell factor/lymphoid enhancer-binding factor
Dickkopf-related protein 1

Sclerostin

Indian hedgehog

Patched 1

GLI family zinc finger 1

Parathyroid hormone-related protein

Nuclear factor of activated T cells
Yes-associated protein 1

Integrin-focal adhesion kinase

Focal adhesion kinase/Src kinase

Ras homolog family member A/Rho-associated coiled-coil containing protein
kinase

TEA domain transcription factor

Connective tissue growth factor

Cysteine-rich angiogenic inducer 61
Cyclooxygenase-2

Inducible nitric oxide synthase
Osteoprotegerin/receptor activator of nuclear factor-1B ligand
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RANK Receptor activator of nuclear factor-«xB
TRAF6 Tumor necrosis factor receptor-associated factor 6
IFN-y Interferon-y
NFATc1 Nuclear factor of activated T cells 1
ITGB2 Integrin beta 2
Nrf2 Nuclear factor erythroid 2-related factor 2
Galectin-3 Galectin-3
LRP1 Low-density lipoprotein receptor-related protein 1
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