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Abstract　Osteoarthritis (OA) and rheumatoid arthritis (RA) have long been framed as degenerative and autoimmune entities, 

respectively; mounting evidence instead supports a unified mechano-immune paradigm in which joint loading and inflammatory 

signaling are reciprocally reinforcing. In this review, we synthesize advances across mechanotransduction (Piezo1; YAP/TAZ), focal-

adhesion/cytoskeletal regulation (vinculin, filamin-A; upstream talin-1/Kindlin-2/paxillin), and niche inflammatory mediators (HE4, 

IL-36/IL-38) to explain how mechanical stress and cytokines co-produce persistent catabolism, synovial invasion, and fibrotic 

remodeling. We articulate a dual-hit model in which OA is predominantly mechanical-overload-driven, with secondary 

inflammation, whereas RA is immune-driven but imposes abnormal mechanical stress that further distorts joint biomechanics; both 

converge on canonical hubs (NF-κB/MAPK/JAK-STAT) to accelerate matrix degradation and apoptosis. Building on this framework, 

we propose integrated multi-marker panels that combine mechanosensors and adhesion proteins with conventional assays (CRP, 

ESR, anti-CCP) to enhance differential diagnosis and prognostication, particularly in postmenopausal women, where estrogen 

decline heightens mechano-immune susceptibility, thereby offering a means to quantify the impact of mechano-immune 

dysregulation. Integrating mechanotransductive and cytoskeletal biomarkers with conventional serological indices has been reported 

to improve differential diagnosis between osteoarthritis and rheumatoid arthritis in exploratory studies. While the magnitude of 

diagnostic gain varies across cohorts, combined biomarker strategies generally show enhanced discriminatory performance compared 

with single-marker approaches. These findings highlight translational potential but require validation in large, standardized clinical 

populations before routine implementation. Finally, we map translational opportunities spanning Piezo1 inhibition (GsMTx4), YAP/

TAZ blockade (verteporfin), IL-36 axis antagonism (IL-36Ra, IL-38), anti-HE4 strategies for RA-ILD, and adhesion-stabilizing 

approaches, alongside mechanoresponsive biomaterials for regenerative applications and precision medicine guided by biomarker 

profiles. Collectively, this review reframes OA and RA as mechano-immune syndromes and delineates a clinically actionable 

roadmap from biophysics to bedside.
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In mammals, cellular mechanotransduction and 
cytoskeletal integrity represent fundamental processes 
that maintain tissue homeostasis and orchestrate 
immune-mechanical crosstalk[1]. Focal adhesion 
proteins—including vinculin, filamin-A, talin, 
Kindlin-2, and paxillin—link the extracellular matrix 
(ECM) with the actin cytoskeleton, thereby governing 
cell adhesion, migration, and signal transduction. 
Alongside these, mechanosensitive ion channels such 
as Piezo1 and transcriptional co-regulators such as 
YAP/TAZ translate physical forces into biochemical 
responses that shape chondrocyte survival, synovial 
fibroblast activation, and inflammatory cascades[2-4]. 
In parallel, non-classical mediators such as human 
epididymis protein 4 (HE4) and interleukin-36 (IL-36) 
have emerged as novel contributors to joint pathology, 
linking fibrotic remodeling and cytokine-driven 
inflammation to cartilage degeneration, particularly in 
the postmenopausal setting[5-6].

At its core, this review proposes that 
osteoarthritis (OA) and rheumatoid arthritis (RA) 
converge on a shared mechano-immune axis, in which 
mechanical loading, cytoskeletal remodeling, and 
inflammatory signaling are functionally inseparable 
rather than sequential events. Central 
mechanotransductive regulators—particularly Piezo1 
and the YAP/TAZ transcriptional complex—emerge 
as molecular hubs that integrate ECM mechanics with 

immune activation[7-8]. This conceptual framework is 
especially relevant in postmenopausal disease, where 
estrogen deficiency lowers the threshold for mechano-
immune dysregulation, reshaping disease initiation, 
progression, and translational opportunities[9-10].

OA and RA are the most prevalent painful and 
disabling arthropathies worldwide. OA affects more 
than 250 million individuals globally, representing the 
leading cause of disability in older adults, while RA 
affects approximately 1% of the global population, 
imposing substantial socioeconomic and healthcare 
burdens[11-12]. OA is primarily a degenerative disorder 
driven by senescence, obesity, trauma, and abnormal 
mechanical loading. In contrast, RA is an autoimmune 
disease characterized by synovial hyperplasia, 
autoantibody production, and chronic inflammation 
culminating in progressive joint destruction. Despite 
their distinct etiologies, both conditions share a 
common hallmark: irreversible cartilage and ECM 
degradation[13-14].

Postmenopausal women represent a uniquely 
vulnerable population. The abrupt decline in estrogen 
after menopause accelerates bone loss, enhances 
oxidative stress, and amplifies inflammatory 
signaling, thereby worsening disease onset, severity, 
and outcomes in both RA and OA[15-16]. Current 
diagnostic markers—such as C-reactive protein (CRP), 
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anti-citrullinated peptide antibodies (ACPA), and 
matrix metalloproteinases—remain limited in 
specificity and prognostic value, particularly for 
differentiating RA from OA in postmenopausal 
women. This underscores the urgent need for novel 
mechanotransduction-driven and cytoskeletal 
biomarkers that not only illuminate disease 
pathogenesis but also guide diagnosis, prognosis, and 
therapy[17-18].

These findings indicate a molecular convergence 
with mechanotransduction pathways. Recent evidence 
implicates Wnt/β‑catenin signaling, m6A-modified 
long non-coding RNAs (lncRNAs), and  liquid-liquid 
phase separation (LLPS) as upstream regulators that 
couple inflammatory cues to mechanical execution 
programs in joint tissues. In chondrocytes and 
synoviocytes, these dysregulated pathways interface 
with YAP/TAZ activity and focal-adhesion 
remodeling to reprogram transcription, amplify matrix 
catabolism, and sustain fibro-inflammatory niches—
thereby providing a mechanistic bridge between 
canonical inflammatory signaling and Piezo1-driven 
force sensing in RA and OA[2, 19-21].

In this review, we systematically synthesize the 
roles of nine emerging factors—HE4, vinculin, 
filamin-A, talin, Kindlin-2, paxillin, Piezo1, YAP/
TAZ, and IL-36—in the context of postmenopausal 
RA and OA. Specifically, we aim to: (1) provide a 
comprehensive description of their molecular and 
structural characteristics and their integration into 
ECM-cytoskeleton networks; (2) analyze the 
mechanisms by which these biomarkers contribute to 
cartilage degradation, synovial inflammation, and 
joint damage in RA and OA; (3) evaluate their 
diagnostic and prognostic potential for disease 
differentiation in postmenopausal women; (4) explore 
their translational relevance as therapeutic targets and 
components of biomarker panels for precision 
medicine in arthritis.

To clarify the novelty of this synthesis in relation 
to existing literature, it is important to emphasize how 
the present review differs from prior studies. Unlike 
previous reviews that have addressed 
mechanotransduction, inflammatory signaling, or 
fibrotic remodeling in OA and RA largely as parallel 
or partially overlapping processes, the present work 
advances a unified mechano-immune framework in 
which mechanical loading, cytoskeletal remodeling, 
and immune activation are mechanistically 
inseparable. Rather than discussing Piezo1/YAP/TAZ 
signaling or inflammatory mediators in isolation, we 
integrate mechanosensors, focal-adhesion and 
cytoskeletal regulators, and niche mediators 

(including HE4 and IL-36/IL-38) within shared 
intracellular convergence hubs (NF- κB/MAPK/JAK-
STAT) to explain divergent OA-RA disease 
trajectories. Importantly, this review uniquely centres 
on postmenopausal estrogen deficiency as a biological 
amplifier of mechano-immune susceptibility and 
extends these mechanistic insights toward clinically 
actionable biomarker-panel concepts and therapeutic 
prioritization strategies. Together, this integrative and 
translational perspective moves beyond descriptive 
synthesis and delineates a conceptual framework not 
explicitly developed in previous reviews.

1　 Cytoskeletal and mechanotransduction 
biomarkers in postmenopausal arthritis

This section delineates the pathogenic 
mechanisms by which mechanical stress and 
inflammatory signaling drive cartilage damage in OA 
and RA. It contrasts OA, where abnormal mechanical 
loading predominates and promotes extracellular 
matrix breakdown through Piezo1 overactivation, 
Filamin-A dysregulation, and matrix-degrading 
enzymes, with RA, where immune-driven synovitis 
and invasive fibroblast-like synoviocytes orchestrate 
pannus formation and cartilage invasion. By 
integrating mechanotransductive regulators (Piezo1 
and YAP/TAZ), adhesion signaling (talin, Kindlin-2, 
paxillin), and inflammatory mediators (HE4 and      
IL-36), this section highlights how distinct initiating 
triggers converge on shared execution pathways that 
culminate in cartilage destruction in postmenopausal 
joints.
1.1　Molecular structure and biological functions

Postmenopausal arthritis is characterized by 
altered biomechanics and persistent inflammation, 
which are sensed and mediated by specialized 
biomolecules. These molecules include cytoskeletal 
and focal adhesion proteins, mechanosensitive ion 
channels, transcriptional co-activators, and secreted 
inflammatory mediators. Collectively, they form an 
integrated network that couples ECM mechanics with 
intracellular signaling and gene regulation[22-23].

Among focal adhesion proteins, vinculin, talin, 
filamin-A, Kindlin-2, and paxillin are pivotal in 
linking integrins to the actin cytoskeleton. Talin and 
Kindlin-2 initiate integrin activation, while vinculin 
and filamin-A reinforce adhesion under force by 
binding F-actin and transmembrane receptors in a 
tension-dependent manner. Paxillin functions as a 
scaffold that recruits kinases such as FAK and Src, 
thereby integrating mechanical and chemical 
signaling. Together, these proteins enable cells to 
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sense ECM stiffness and transduce it into biochemical 
pathways, as summarised in Table 1[24-25].

Piezo1, a trimeric mechanosensitive ion channel, 
directly converts mechanical stretch or pressure into 
calcium influx, thereby activating downstream 
cascades such as MAPK and BMP signaling 
pathways. This process influences chondrocyte and 
synoviocyte responses to altered joint loading, a 
hallmark of OA and RA[26]. At the nuclear level, YAP 
and TAZ, co-activators of the Hippo pathway, act as 
transcriptional mechanosensors. They shuttle to the 
nucleus under mechanical stress or matrix stiffening, 
driving gene expression programs linked to 
proliferation, matrix remodeling, and fibrosis[27].

Secreted factors further shape the pathological 
milieu. HE4 (WFDC2) inhibits proteases and 
promotes collagen accumulation, thereby linking 
chronic inflammation to fibrosis and aberrant ECM 
remodeling[28]. Elevated HE4 levels have been 
associated with more severe RA and systemic fibrotic 
complications in postmenopausal women[29]. IL-36, a 
member of the IL-1 cytokine family, amplifies 

synovial inflammation by activating NF‑κB and 
MAPK signaling, stimulating the release of pro-
inflammatory mediators and matrix-degrading 
enzymes. Its enrichment in RA and psoriatic arthritis 
synovia underscores its contribution to chronic 
immune activation[30-31].

Taken together, these biomarkers illustrate how 
cytoskeletal dynamics, mechanotransduction 
pathways, and inflammatory mediators converge to 
shape the pathophysiology of postmenopausal 
arthritis. Their dual roles in mechanical sensing and 
immune modulation highlight their potential as 
diagnostic and therapeutic targets in both RA and OA.
1.2　Regulatory mechanisms governing mechano-
immune signaling

In joint homeostasis, cytoskeletal and focal-
adhesion proteins, mechanosensors, and inflammatory 
mediators are governed by coordinated cycles of 
activation, post-translational modification (PTM), and 
degradation that tune adhesion dynamics, 
mechanosensitivity, and ECM remodeling. In 
postmenopausal arthritis, estrogen deficiency and the 

Table 1　Structural and functional features of emerging mechanotransduction biomarkers in postmenopausal arthritis

Biomarker

Vinculin

Filamin-A

Talin

Kindlin-2

Paxillin

Piezo1

YAP/TAZ

HE4

IL-36

Structural features

116 ku, head-tail domains, binds 

talin & actin

280 ku dimer, 24 Ig-like repeats, 

actin-binding

270 ku, FERM head+rod with 

VBSs

FERM+PH domain, binds 

β-integrin tail

68 ku, LD motifs+LIM domains

Trimeric ion channel, ~300 ku 

subunit

65-70 ku, Hippo effectors, 

transcription co-activators

~25 ku glycoprotein, WAP domains

IL-1 family cytokine, ~160-180 aa 

precursors

Core function

Reinforces focal adhesions under 

tension

Crosslinks actin, a mechanosensor

Integrin activation, actin linkage

Supports integrin clustering

Scaffold for FAK/Src & actin linkage

Ca2+ influx upon stretch

Nuclear mechanotransducers

Protease inhibition, pro-fibrotic

Activates NF-κB/MAPK, 

pro-inflammatory

Role in RA/OA (postmenopausal)

Strengthens integrin-actin linkage, stabilizes 

synovium

Responds to matrix stiffness, regulates 

signaling

Couples ECM stiffness to actin remodeling

Essential for adhesion, force transmission

Coordinates mechanical & chemical signaling

Modulates chondrocyte & synoviocyte 

responses

Drive fibrosis, proliferation, cartilage 

remodeling

Elevated in RA, particularly in RA-associated 

fibrotic manifestations (e.g., RA-ILD); links 

chronic inflammation to fibrosis

Amplifies synovitis, promotes MMPs, and 

cytokine release

Reference

[32-33]

[34]

[35-36]

[37]

[38]

[26]

[27]

[29, 39]

[30, 40]

ECM: extracellular matrix; ku: kilodalton; Ig-like: immunoglobulin-like; FERM: band 4.1/ezrin/radixin/moesin; VBS: vinculin-binding site (s); PH: 

pleckstrin homology; LD motifs: leucine-aspartate motifs; LIM domains: Lin-11/Isl-1/Mec-3 domains; FAK: focal adhesion kinase; Src: Src family 

kinase; Ca2+: calcium ion; NF-κB: nuclear factor kappa-B; MAPK: mitogen-activated protein kinase; MMP: matrix metalloproteinase; WAP: whey 

acidic protein; aa: amino acids; RA: rheumatoid arthritis; OA: osteoarthritis; RA-ILD: rheumatoid arthritis-associated interstitial lung disease; IL: 

interleukin.
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accompanying shift toward oxidative and 
inflammatory stress can perturb these regulatory 
checkpoints, lowering the threshold for maladaptive 
mechano-immune activation[22, 41].

Across focal adhesions and the actin 
cytoskeleton, PTMs function as rapid “molecular 
switches” that control assembly-disassembly kinetics 
and force transmission. Rather than acting as isolated 
biochemical events, phosphorylation-driven turnover, 
force-dependent conformational switching, and 
regulated proteolysis collectively determine whether 
adhesion complexes (e. g., paxillin-talin-vinculin) and 
actin crosslinkers (e. g., filamin-A) maintain adaptive 
plasticity or transition toward invasive, pathogenic 
remodeling. When dysregulated, these PTM-
dependent processes promote aberrant cytoskeletal 
reorganization, facilitating synovial fibroblast 
migration/invasion and accelerating cartilage matrix 
breakdown[42-43].

Mechanotransductive hubs are similarly 
constrained by tightly regulated turnover. PTM-
dependent control of Piezo1 responsiveness and YAP/
TAZ localization ordinarily limits excessive calcium-
coupled signaling and transcriptional reprogramming 
under physiological load. However, in chronically 
inflamed or stiffened arthritic microenvironments—
conditions frequently amplified after menopause—
loss of these restraints can sustain mechanosensitive 
signaling, reinforcing downstream inflammatory hubs 
(NF‑κB/MAPK) and pro-fibrotic/catabolic gene 
programs that drive tissue destruction[22, 44].

Secreted mediators also rely on regulated 
maturation and stability to prevent persistent 
signaling. For example, enhanced stability and 
accumulation of HE4 can favor fibrotic ECM 
persistence, whereas dysregulated activation of IL-36 
signaling can prolong NF‑κB/MAPK pathway 
engagement, amplifying chronic inflammation and 
matrix degradation. Thus, altered turnover of secreted 
effectors links inflammatory persistence to long-term 
structural remodeling in both OA and RA[45-46].

Altogether, PTM- and turnover-dependent 
regulation determine whether joint cells remain in 
homeostatic adaptation or shift toward a self-
sustaining pathological state. In postmenopausal 
arthritis, disruption of these regulatory layers—
through persistent mechanosensitive signaling, 
aberrant cytoskeletal remodeling, and prolonged 
inflammatory activation—contributes directly to 
synovial invasion, cartilage breakdown, and fibrotic 

progression.
1.3　 Estrogen deficiency as a modulator of the 
mechano-immune axis

Estrogen plays a critical regulatory role in 
maintaining joint homeostasis by modulating 
cytoskeletal organization, mechanotransduction, and 
inflammatory signaling. In articular cartilage and 
synovium, estrogen receptor signaling (ERα, ERβ, 
and GPER) restrains excessive mechanosensitivity 
and suppresses pro-inflammatory transcriptional 
programs. Estrogen deficiency after menopause 
disrupts this regulatory balance, lowering the 
threshold for mechano-immune activation and 
amplifying pathological responses to mechanical 
load[47-48].

Mechanistically, this effect reflects direct 
estrogen receptor-dependent regulation of core 
mechano-immune checkpoints. At a molecular level, 
estrogen exerts direct regulatory control over key 
components of the mechano-immune axis through 
ERα/ERβ‑ and GPER-mediated mechanisms. 
Estrogen signaling stabilizes cytoskeletal organization 
and focal-adhesion integrity, thereby constraining 
mechanosensitive calcium entry and limiting 
excessive Piezo1 activation under physiological 
mechanical load. In parallel, estrogen signaling 
restricts YAP/TAZ nuclear translocation by preserving 
Hippo pathway restraint and actin cytoskeletal 
tension, preventing premature activation of pro-
fibrotic and catabolic transcriptional programs. Loss 
of estrogen removes these regulatory checkpoints, 
permitting exaggerated Piezo1-mediated Ca2+ influx, 
sustained YAP/TAZ nuclear localization, and 
heightened NF‑κB/MAPK responsiveness. 
Consequently, downstream inflammatory and fibrotic 
mediators, including IL-36 and HE4, become 
dysregulated, reinforcing feed-forward mechano-
immune loops that amplify joint pathology in 
postmenopausal OA and RA[15, 47-49].

Consistent with these receptor-mediated 
regulatory effects, estrogen depletion has been 
associated with enhanced Piezo1 responsiveness and 
exaggerated Ca2+ influx under mechanical stress, 
thereby promoting NF-κB activation and chondrocyte 
apoptosis[47]. In parallel, loss of estrogen signaling 
favors YAP/TAZ nuclear localization through altered 
cytoskeletal tension and focal-adhesion dynamics, 
shifting joint cells toward proliferative, fibrotic, and 
catabolic transcriptional states[48]. These effects are 
further reinforced by dysregulation of adhesion and 
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actin-binding proteins, including vinculin, filamin-A, 
talin, and Kindlin-2, which become more susceptible 
to force-induced remodeling in estrogen-deficient 
tissues[36].

Estrogen deficiency also intersects with 
inflammatory mediators that shape the arthritic 
microenvironment. Reduced estrogen signaling 
permits heightened IL-36 pathway activation and 
sustained NF‑κB/MAPK signaling, amplifying 
synovial inflammation, while elevated HE4 
expression links chronic inflammation to fibrotic 
remodeling in RA. Collectively, these mechanisms 
position menopause as a critical biological amplifier 
of mechano-immune dysregulation, providing a 
molecular rationale for the increased incidence, 
severity, and heterogeneity of OA and RA in 
postmenopausal women[29, 50].

An important, yet often underappreciated, 
distinction in postmenopausal arthritis relates to the 
mode of estrogen decline. Natural menopause is 
characterized by a gradual reduction in estrogen levels 
over several years, allowing partial cellular adaptation 
of cytoskeletal organization, mechanosensor 
responsiveness, and inflammatory thresholds. In 
contrast, surgical menopause induces abrupt and 
profound estrogen deprivation, which may precipitate 
acute mechano-immune dysregulation within joint 
tissues[16].

From a mechanobiological perspective, sudden 
estrogen withdrawal is expected to lower the 
activation threshold of mechanosensitive pathways 
such as Piezo1, leading to exaggerated Ca2+ influx in 
response to physiological mechanical loads. This 
acute sensitization may, in turn, accelerate NF‑κB 
activation and promote early chondrocyte apoptosis. 
Similarly, rapid loss of estrogen-mediated cytoskeletal 
restraint may favor prompt nuclear localization of 
YAP/TAZ, shifting joint cells toward pro-fibrotic, 
proliferative, and catabolic transcriptional programs 
before compensatory mechanisms can develop[26, 47].

In parallel, estrogen deprivation has been linked 
to enhanced inflammatory and fibrotic signaling. 
Surgical menopause may therefore be associated with 
a more pronounced upregulation of mediators such as 
HE4, which connects inflammation to tissue fibrosis, 
particularly in RA. By contrast, the slower hormonal 
transition in natural menopause may permit a more 
gradual evolution of mechano-immune imbalance, 
potentially contributing to heterogeneity in disease 
onset, severity, and progression among 

postmenopausal women[29].
Although direct comparative studies examining 

mechanotransductive markers in natural versus 
surgical menopause remain limited, this conceptual 
distinction provides a biologically plausible 
framework for understanding inter-individual 
variability in postmenopausal OA and RA. Future 
longitudinal and mechanistic studies are warranted to 
determine whether the tempo of estrogen loss 
differentially modulates Piezo1 activity, YAP/TAZ 
signaling, and HE4 expression, thereby influencing 
disease trajectories and therapeutic responsiveness.
1.4　Functional classification

A variety of cytoskeletal, mechanosensory, and 
inflammatory proteins have been identified in 
postmenopausal arthritis. These molecules can be 
grouped into functional categories based on their 
structural domains and biological roles. Unlike 
collagens, which are classified by chain composition 
and fibrillar organization, these biomarkers are 
defined by their contribution to focal adhesion 
integrity, actin remodeling, force sensing, and 
inflammatory signaling[51]. Together, they form an 
interconnected network that governs cell-matrix 
interactions and tissue remodeling (Figure 1).

Adhesion proteins, including vinculin, talin, 
Kindlin-2, and paxillin, constitute the structural and 
signaling backbone of focal adhesions. Talin binds 
and activates integrins, vinculin reinforces the 
integrin-talin-actin linkage under force, Kindlin-2 
cooperates with talin to stabilize high-affinity integrin 
states, and paxillin functions as a scaffold for kinases 
such as FAK and Src, integrating adhesion signaling 
with cytoskeletal dynamics. Collectively, they secure 
robust attachment to the ECM while enabling force 
transmission into biochemical pathways[52-53].

Actin crosslinkers such as filamin-A organize 
actin filaments into flexible networks, providing 
resilience against shear stress. Its Ig-like repeat 
domains undergo force-dependent unfolding, 
exposing integrin-binding sites, allowing actin 
remodeling and signal propagation. Dysregulated 
Filamin-A dynamics alter chondrocyte and 
synoviocyte stiffness, a feature implicated in the 
mechanopathology of OA and RA[54].

Mechanosensors, notably Piezo1 and YAP/TAZ, 
serve as primary force detectors. Piezo1 is a trimeric 
mechanosensitive ion channel that translates 
membrane deformation into calcium influx and 
downstream signaling, affecting processes such as 
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chondrocyte survival and inflammatory activation. 
YAP/TAZ are transcriptional co-activators regulated 
by the Hippo pathway and cytoskeletal tension; when 
localized in the nucleus, they drive gene programs 
promoting proliferation, fibrosis, and abnormal ECM 
deposition. Both act as central sensors linking 
mechanical stress to transcriptional and metabolic 
reprogramming[55-56].

Inflammatory and secretory mediators further 
complement this classification. HE4 is a secreted 

glycoprotein with protease-inhibitory activity that 
prevents collagen degradation, promoting fibrosis in 
chronically inflamed joints. IL-36 cytokines, once 
proteolytically activated, amplify NF- κB and MAPK 
pathways in synovial fibroblasts and chondrocytes, 
sustaining inflammation and ECM catabolism. These 
secretory factors act in concert with adhesion and 
mechanosensory proteins to perpetuate tissue damage 
in postmenopausal arthritis[30, 45].

1.5　Expression patterns in articular cartilage and 
synovium

OA and RA exhibit distinct expression profiles of 
key mechanotransductive and inflammatory 
biomarkers in articular cartilage and synovium. These 
molecular differences explain the divergent 
pathological features of OA—characterized mainly by 
degenerative cartilage-matrix loss with mild 
inflammation—versus RA, which is dominated by 

immune-driven synovitis and invasive pannus 
formation that destroys cartilage and bone[57-58].   
Table 2 provides a comparative overview of focal 
adhesion proteins, mechanosensors, and secreted 
inflammatory mediators, highlighting their expression 
patterns in cartilage and synovium and their roles in 
matrix degradation, inflammation, and bone 
remodeling.

Adhesion proteins
(vinculin, talin,

Kindlin-2, paxillin)

Biomarkers in
postmenopausal arthritis

Inflammatory/secretory
(HE4, IL-36)

Actin crosslinkers
(filamin-A)

Mechanosensors
(Piezo1, YAP/TAZ)

Mechanical sensing/Ca2+ signallingCytoskeletal tension

Fig. 1　Functional classification and interaction framework of emerging biomarkers in postmenopausal osteoarthritis and 
rheumatoid arthritis

Biomarkers are grouped into four functional classes: adhesion proteins (vinculin, talin, Kindlin-2, paxillin), actin crosslinkers (filamin-A), 

mechanosensors (Piezo1, YAP/TAZ), and inflammatory/secretory mediators (HE4, IL-36). Directional arrows indicate key functional interactions 

between these classes. Actin crosslinkers contribute to cytoskeletal tension, which influences the integrated biomarker network, whereas 

mechanosensors transduce mechanical sensing and Ca2+-dependent signaling into downstream cellular responses. Together, this scheme highlights 

how structural and signaling biomarker classes are functionally interconnected at early stages of postmenopausal joint pathology, without implying 

detailed intracellular signaling pathways.
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Table 2　Comparative expression of cytoskeletal, mechanosensory, and inflammatory biomarkers in articular cartilage and 
synovium of postmenopausal osteoarthritis (OA) and rheumatoid arthritis (RA)

Vinculin

Talin-1

Kindlin-2

Paxillin

Filamin-A

Piezo1

YAP/TAZ

Focal adhesion 

(integrin-actin linker)

Focal adhesion 

(integrin activator)

Focal adhesion 

(integrin co-activator)

Focal adhesion 

(scaffold/adaptor)

Cytoskeletal 

crosslinker (actin-

binding)

Mechanosensitive 

ion channel

Mechanotransduction 

regulators (Hippo 

pathway)

Present in chondrocytes and 

synovial cells; focal adhesion 

distribution is altered by 

mechanical softening or 

inflammation (IL-1β causes 

vinculin disassembly in 

chondrocytes)

Expressed in chondrocytes; no 

notable OA-specific up/down-

regulation reported. OA 

synovium shows baseline talin 

in resident cells

High in healthy articular 

chondrocytes; downregulated in 

OA cartilage. OA synovium: 

baseline low expression

Present in chondrocytes and 

synoviocytes. Low activation in 

OA synovium (~37% of OA 

lining cells show active paxillin)

Expressed in cartilage and 

synovium. No OA-specific 

change; involved in 

chondrogenesis

Constitutively expressed in 

chondrocytes. Upregulated in 

OA cartilage, leading to 

apoptosis and catabolic enzyme 

expression

Low baseline activity in 

cartilage. In OA, aberrantly 

activated, driving MMPs and 

suppressing collagen II and Sox9

Highly expressed in RA FLS 

focal adhesions (integrin 

complexes); maintains synovial 

cell-matrix adhesion. Not 

specifically upregulated in RA 

cartilage

Strongly expressed in RA 

synovium and cultured FLS 

(full-length and cleaved forms 

detected). Enriched at RA FLS 

focal adhesions, co-localized 

with integrins

Present in RA synovium 

(Kindlin-2 detectable in RA FLS 

and tissue)

Highly activated in RA 

synovium (~77% of RA lining 

cells positive for active paxillin)

Overexpressed in RA synovium; 

identified as a novel autoantigen 

in ~56% of RA patients

Expressed in RA joint cells. In 

RA cartilage, inflammation 

sensitizes Piezo1; in RA FLS, 

Piezo1 mediates apoptosis

Highly upregulated in RA 

synovium; abundant nuclear 

YAP/TAZ in RA FLS drives 

invasiveness, angiogenesis, and 

cytokine production

Mediates mechanotransduction 

and cell adhesion. In OA, loss/

disorganization of vinculin 

impairs chondrocyte attachment 

and promotes dedifferentiation. 

In RA, abundant vinculin 

enables FLS anchorage and 

invasive migration on cartilage 

surfaces

Couples integrin β cytoplasmic 

tails to the cytoskeleton to 

trigger integrin activation. In 

RA, high talin-1 promotes 

robust integrin signaling, 

enhancing FLS adhesion, 

migration, and cartilage invasion

Augments integrin signaling. 

OA: loss of Kindlin-2 impairs 

mechanotransduction and 

induces catabolic pathways. RA: 

Kindlin-2 in FLS supports 

aggressive integrin-mediated 

anchoring

Coordinates the assembly of 

FAK-Src signaling complexes. 

In RA, hyperactive paxillin 

drives FLS invasion and 

monocyte recruitment. In OA, 

its role is secondary to matrix 

damage

Crosslinks F-actin and connects 

the cytoskeleton to integrins. 

OA: supportive role in 

chondrocytes. RA: dual role—

structural (FLS invasiveness) 

and immunologic (autoantigen)

Converts mechanical signals to 

biochemical responses. OA: 

promotes cartilage degeneration. 

RA: context-dependent—

aggravates cartilage injury but 

may limit FLS hyperplasia

OA: drives cartilage catabolism. 

RA: endow synovium with 

tumour-like properties

[33, 59-

60]

[22, 37, 

61]

[62-64]

[65-67]

[59, 68-

69]

[70-71]

[22, 49]

Biomarker Functional group Expression in OA 

(cartilage/synovium)

Expression in RA 

(cartilage/synovium)

Pathological role Reference
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HE4 

(WFDC2)

IL-36 

(α/β/γ)

Secreted protease 

inhibitor (innate 

immunity)

Pro-inflammatory 

cytokine (IL-1 

family)

Minimally expressed in OA 

joints; no major role

Low in OA synovium; pathway 

is mostly inactive. Experimental 

activation worsens OA

Significantly elevated in RA 

serum and synovium; associated 

with disease activity and fibrosis

Robustly upregulated in RA 

synovium; produced by plasma 

cells and activates FLS

OA: little role. RA: promotes 

fibrosis and inflammation; 

emerging biomarker of disease 

severity

Acts as an immune amplifier. 

OA: minor role unless 

experimentally activated. RA: 

key link between autoimmunity 

and synovial inflammation

[29, 72]

[73-74]

Continued to Table 2

Biomarker Functional group Expression in OA 

(cartilage/synovium)

Expression in RA 

(cartilage/synovium)

Pathological role Reference

IL-1β: interleukin-1 beta; FLS: fibroblast-like synoviocytes; RA: rheumatoid arthritis; OA: osteoarthritis; FAK-Src: focal adhesion kinase/Src 

family kinase signaling axis; F-actin: filamentous actin; MMPs: matrix metalloproteinases; Sox9: SRY-box transcription factor 9; YAP/TAZ: Yes-

associated protein/transcriptional co-activator with PDZ-binding motif.

1.5.1　 Adhesion and focal adhesion proteins in OA 
vs RA

Vinculin, talin, Kindlin-2, and paxillin constitute 
the focal adhesion complex, linking integrins to the 
actin cytoskeleton and orchestrating 
mechanotransduction. In healthy cartilage, they 
stabilize chondrocyte morphology and confer 
resistance to mechanical loading. In OA, focal 
adhesion signaling is disrupted: Kindlin-2, normally 
abundant in articular chondrocytes, becomes 
markedly downregulated, destabilizing 
mechanotransduction and activating oxidative stress-
driven catabolic pathways (Stat3-Runx2) that 
upregulate matrix-degrading enzymes. Vinculin and 
talin also display altered distribution under 
inflammatory and mechanical stress, while IL-1β 
exposure can disassemble vinculin-rich adhesions, 
leading to impaired mechanosignaling, chondrocyte 
dedifferentiation, and apoptosis[62, 75].

By contrast, RA is characterized by 
hyperactivation of integrin-focal adhesion signaling in 
synovial fibroblast-like synoviocytes (FLS). Talin-1 
and Kindlin-2 are strongly co-expressed in FLS 
adhesions, and phosphorylated paxillin levels are 
more than doubled compared to OA (77% vs 37% of 
lining cells). This robust paxillin/FAK/Src cascade 
enhances FLS motility and invasiveness, driving 
pannus formation and direct invasion into cartilage 
and bone. In parallel, integrin signaling also amplifies 
osteoclast genesis through αvβ3-FAK-Src-paxillin 
activation, thereby accelerating periarticular bone 
erosion[52, 76].

Filamin-A, an actin crosslinker essential for 
cytoskeletal stability, further highlights the divergence 
between OA and RA. In OA cartilage, it supports 
mechanotransduction and has been explored as a 

potential chondrogenic regulator[77]. In RA, however, 
Filamin-A is highly expressed in synovial tissue but 
paradoxically acts as a neo-autoantigen, eliciting T- 
and B-cell responses that perpetuate synovitis. Thus, 
while focal adhesion proteins in OA reflect impaired 
homeostasis, in RA they become pathogenic drivers of 
tissue invasion, cartilage destruction, and bone 
remodeling[78].
1.5.2　 Mechanosensors and downstream signaling 
（Piezo1 and YAP/TAZ）

Piezo1, a mechanosensitive ion channel, plays a 
pivotal role in translating physical stress into 
biochemical responses. In OA chondrocytes, aberrant 
activation of Piezo1 by abnormal loading or fluid 
shear induces excessive Ca2+ influx, upregulates 
matrix-degrading enzymes (MMP-13, ADAMTS-5), 
and triggers apoptosis, thereby accelerating cartilage 
degeneration. Experimental models confirm that 
pharmacological inhibition of Piezo1 can attenuate 
these catabolic processes[79]. In RA cartilage, pro-
inflammatory cytokines such as IL-1β sensitise 
Piezo1, amplifying Ca2+-driven injury and linking 
immune-mediated inflammation to mechanobiological 
stress. Interestingly, in RA synovium, Piezo1 
activation has paradoxical effects: in FLS, mechanical 
stretch can trigger MAPK/ERK5-mediated apoptosis, 
potentially limiting hyperplasia. However, 
dysregulated Piezo signaling in synoviocytes and 
macrophages may also amplify inflammatory 
cascades, underscoring its dual role in RA 
pathogenesis[80-81].

These divergent outcomes highlight the context-
dependent nature of Piezo1 signaling across arthritic 
tissues. Although Piezo1 functions as a conserved 
mechanosensor, its downstream biological 
consequences are dictated by cellular identity, 
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inflammatory priming, and biomechanical 
microenvironment. In OA, Piezo1 activation in 
chondrocytes occurs predominantly under chronic 
mechanical overload within a relatively low-grade 
inflammatory milieu, where sustained Ca2+ influx 
promotes endoplasmic reticulum stress, mitochondrial 
dysfunction, and NF‑κB-driven catabolic 
transcriptional programs culminating in chondrocyte 
apoptosis and extracellular matrix degradation[82]. In 
contrast, within the RA synovium, Piezo1 signaling 
operates in a profoundly inflammatory and 
hypercellular environment. Fibroblast-like 
synoviocytes preconditioned by high levels of TNF-α 
and IL-1β exhibit altered downstream coupling, 
allowing Piezo1 activation to engage MAPK/ERK5-
dependent apoptotic pathways that may limit 
hyperplasia rather than directly drive cartilage 
destruction[83]. Collectively, these observations 
reconcile the apparent paradox of Piezo1-mediated 
apoptosis in RA synovium versus cartilage 
degeneration in OA and establish Piezo1 as a context-
sensitive mechanotransducer rather than a uniformly 
pathogenic driver.

YAP/TAZ, nuclear effectors of the Hippo 
pathway, serve as master regulators of 
mechanotransduction and gene expression. In OA 
cartilage, inflammatory and mechanical cues (e.g., IL-
1β, TNF‑α, excessive stiffness) aberrantly activate 
YAP/TAZ, driving catabolic remodeling. Nuclear YAP 
upregulates MMP-3, MMP-9, MMP-13, and 
ADAMTS-5 while repressing anabolic genes such as 
COL2A1 and SOX9, shifting chondrocytes toward 
dedifferentiation, apoptosis, and impaired repair[49]. In 
RA synovium, YAP/TAZ are abundantly localized in 
FLS nuclei, correlating with disease severity. They 
promote invasiveness, cytokine release (IL-6, IL-8), 
and angiogenesis through downstream mediators such 
as Snail and Ezrin-PI3K/Akt signaling. Inhibition of 
YAP/TAZ in experimental RA models reduces FLS 
proliferation, invasiveness, and angiogenesis, 
highlighting them as therapeutic targets. Collectively, 
Piezo1 and YAP/TAZ exemplify how abnormal 
mechanosensing integrates with inflammation to 
exacerbate both cartilage degeneration in OA and 
synovial aggression in RA[21, 49].
1.5.3　 Secreted inflammatory mediators （HE4 and 
IL-36）

HE4, a secreted glycoprotein with protease 
inhibitor activity, remains largely quiescent in OA but 
is markedly elevated in RA, where it correlates with 
joint destruction and RA-associated interstitial lung 
disease[84]. Produced predominantly by activated 
fibroblasts and infiltrating immune cells in inflamed 

synovium, HE4 contributes to chronic inflammation 
and tissue remodeling by altering protease activity 
and extracellular matrix turnover, thereby serving as a 
potential biomarker for disease severity and risk 
stratification[45]. Beyond its established association 
with fibrosis, emerging evidence positions HE4 as a 
mechanotransduction-responsive downstream effector 
within the mechano-immune axis rather than a 
primary mechanosensor[85]. Current data suggest that 
HE4 expression is indirectly regulated by mechanical 
cues through canonical mechanotransductive 
pathways. Mechanical stress-induced activation of 
Piezo1-mediated Ca2+ influx and YAP/TAZ nuclear 
signaling enhances NF‑κB and MAPK activity—
transcriptional programs that have been implicated in 
HE4 upregulation in inflammatory and fibrotic 
contexts[86-87]. Within this framework, HE4 functions 
as an amplifier and stabilizer of chronic inflammatory 
and fibrotic responses by sustaining NF-κB 
persistence, promoting extracellular matrix 
remodeling, and reinforcing fibroblast-like 
synoviocyte activation[85]. Consequently, HE4 
contributes to a feed-forward mechano-immune-
fibrotic loop that links mechanical stress to 
irreversible structural joint damage, particularly in 
RA. IL-36, in contrast, is minimally expressed in OA 
under normal conditions. However, experimental 
models have shown that intra-articular IL-36α 
accelerates OA progression if present, underscoring 
its potential to exacerbate cartilage loss during 
inflammatory flares[88]. In RA, however, IL-36α is 
strongly upregulated, particularly in CD138+ plasma 
cells within the synovium. It drives an amplification 
loop wherein stimulation of fibroblast-like 
synoviocytes induces IL-6 and IL-8 release, fueling 
Th17 activation and neutrophil recruitment[50]. 
Collectively, HE4 and IL-36 exemplify secreted 
mediators that are relatively silent in degenerative OA 
but pathologically activated in autoimmune RA, 
amplifying synovial inflammation, cartilage 
destruction, and systemic complications[30].

2　 Pathogenic mechanisms of cartilage 
damage in OA and RA

Building on the above mechano-immune 
framework, the following section details the distinct 
downstream mechanisms that drive cartilage and joint 
damage in OA and RA.
2.1　Extracellular matrix （ECM）  breakdown in 
osteoarthritis （OA）

ECM degradation represents a pivotal 
pathological hallmark of OA, resulting from the 
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convergence of mechanical stress and inflammatory 
mediators that progressively compromise cartilage 
integrity[89].

Matrix-degrading enzymes (MMP-13 and 
ADAMTS-5): in OA, MMP-13 (collagenase-3) is the 
dominant enzyme responsible for cleaving type II 
collagen, while ADAMTS-5 (aggrecanase-2) is the 
principal protease degrading aggrecan. Their 
overexpression leads to fragmentation of cartilage 
structural components, weakening compressive 
resilience. The accumulation of these degradation 
products not only disrupts the extracellular matrix but 
also amplifies inflammatory signaling, accelerating 
structural breakdown[89-90].

Filamin-A dysregulation and Piezo1 
overactivation: Filamin-A normally stabilizes actin 
architecture and focal-adhesion integrity, thereby 
supporting chondrocyte resilience under mechanical 
load. In OA, Filamin-A dysregulation compromises 
cytoskeletal stability and increases vulnerability to 
load-induced injury. In line with upstream 

mechanotransductive mechanisms, aberrant Piezo1 
activation under pathological strain drives Ca2+-
coupled catabolic programs that promote chondrocyte 
apoptosis and accelerate extracellular matrix 
breakdown[82, 91].

The contribution of HE4 and IL-36 to low-grade 
inflammation is significant, as OA is characterized by 
chronic, low-grade inflammation. IL-36α, typically 
minimally expressed, can accelerate disease 
progression when upregulated, while its blockade 
with IL-36Ra attenuates synovitis and cartilage 
loss[92]. Similarly, HE4 (WFDC2), a secreted 
glycoprotein, has been shown to enhance NF‑κB 
activity and stimulate IL-6 release, reinforcing 
persistent inflammatory signaling[93]. Collectively,   
IL-36 and HE4 contribute to a self-perpetuating 
inflammatory microenvironment that exacerbates 
cartilage degeneration. These interrelated mechanical 
and inflammatory mechanisms, culminating in 
progressive ECM degradation and cartilage loss in 
OA, are summarized schematically in Figure 2.

2.2　 Immune-mediated synovitis and cartilage 
invasion in RA

While Piezo1-YAP/TAZ signaling constitutes a 
central mechanotransductive axis, its relevance in RA 
becomes most evident through the downstream 

inflammatory, invasive, and tissue-destructive 
programs it sustains.

RA is fundamentally characterized by synovial 
hyperplasia and the transformation of FLS into 
invasive, tumour-like cells that form the destructive 

Piezo1
overactivationFilamin-A

dysregulation

Type II collagen

Matrix synthesis Cartilage matrix
fragments

Matrix production

Matrix production

Matrix catabolism

Pro-inflammatory cytokines

IL-1β
TNF-α

NF-κB activation

HE4 IL-36

Local
inflammation

Osteoarthritis

Chondrocyte

Matrix degradation

MMPs

Fig. 2　Schematic representation of extracellular matrix breakdown in osteoarthritis (OA)
Converging mechanical cues (Filamin-A dysregulation, Piezo1 overactivation) together with inflammatory mediators (IL-1β, TNF- α, HE4, IL-36) 

promote NF-κB activation and MMP-driven matrix catabolism, thereby disrupting the balance between matrix synthesis and catabolism. This 

imbalance accelerates cartilage matrix degradation with subsequent release of cartilage matrix fragments, ultimately amplifying local inflammation 

and progressive cartilage damage in osteoarthritis.



2026；53（3） ·673·ABOD Kareem Salim，et al：Mechano-immune Crosstalk in RA and OA

pannus[14]. Molecular drivers such as talin, Kindlin-2, 
paxillin, and YAP/TAZ reinforce focal-adhesion 
signaling and cytoskeletal remodeling, thereby 
sustaining the migratory, invasive, and pro-
inflammatory phenotype of RA FLS[38]. Vinculin, 
while classically recognised as a stabilizer of talin-
integrin linkages, exhibits altered localization under 
inflammatory stress in RA, thereby reinforcing 
adhesion dynamics and contributing to the invasive 
behavior of synoviocytes. These activated 
synoviocytes penetrate the cartilage surface, 
producing matrix-degrading enzymes and 
perpetuating chronic inflammation[94].

Cytokine networks play a central role in fueling 
synovial invasion. Pro-inflammatory mediators, 
including IL-1β and TNF‑α, activate catabolic and 
proliferative programs in FLS, while IL-36 
contributes to a feed-forward inflammatory loop, 
amplifying IL-6 and IL-8 release and accelerating 
pannus formation[95]. In parallel, HE4 (WFDC2) has 
emerged as a novel inflammatory and fibrotic 
biomarker, not only associated with RA severity but 

also linked to extra-articular manifestations such as 
RA-associated interstitial lung disease (RA-ILD)[96].

Bone erosion is driven by osteoclastogenesis, 
orchestrated by cross-talk between integrins (e. g.,   
αvβ3) and the RANKL/FAK/Src axis, which promotes 
osteoclast activation and resorptive activity at the 
bone-pannus interface[97]. In addition, Filamin-A, a 
cytoskeletal protein, has been implicated as an 
autoantigen in RA, further reinforcing immune 
activation and joint destruction[98].

At the cartilage-pannus interface, co-activation 
of β -integrins by talin-1 and Kindlin-2, together with 
paxillin scaffolding of FAK-Src complexes, confers 
tumour-like anchorage and directional invasion to RA 
FLS, thereby coupling adhesive mechanics to 
inflammatory matrix destruction[22]. Collectively, 
these mechanisms converge to establish the hallmark 
pathological process of RA: immune-mediated 
synovitis evolving into invasive pannus that 
progressively erodes both cartilage and bone 
(Figure 3).

ECM degradation Subchondral bone

Cartilage remodeling Synovial hub
Immune amplification &

bone erosion

Mechanical Immune interactions in RA

RANKL

MMP-13

Neutrophil

Chondrocyte

Compressive
load

MMP-13 ADAMTS-5

Mechanical Immune

IL-1β IL-1β/TNF-α
IL-36

IL-6, IL-8

IL-6, IL-8
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message/RA-
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Integrin-
FAK-Src-
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Fig. 3　Immune-mediated synovitis and pannus invasion in rheumatoid arthritis
Hyperactivated fibroblast-like synoviocytes (FLS) integrate integrin-FAK-Src-paxillin signaling with YAP/TAZ nuclear activity to drive invasion at 

the cartilage-pannus interface. Upstream cytokines (IL-1β, TNF-α, and IL-36) amplify IL-6/IL-8 release, recruiting Th17 cells and neutrophils. 

Concurrently, HE4 sustains fibrotic remodeling and indicates RA-ILD risk. Osteoclastogenesis (αvβ3-FAK/Src-RANKL) mediates bone erosion. The 

diagram depicts cell-matrix adhesion complexes (talin-1, vinculin, filamin-A crosslinking), with downstream matrix degradation by MMP-13 and 

ADAMTS-5.
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3　Crosstalk between mechanical stress and 
inflammation

This section synthesizes the bidirectional 
crosstalk between mechanical stress and inflammatory 
signaling that sustains joint pathology in OA and RA. 
It illustrates how mechanical cues—mediated by 
Piezo1 activation, focal-adhesion signaling (talin, 
Kindlin-2, paxillin), cytoskeletal instability (filamin-A, 
vinculin), and YAP/TAZ nuclear translocation—
directly amplify inflammatory cascades. Conversely, 
pro-inflammatory cytokines and niche mediators (IL-
1β, TNF‑α, IL-36, and HE4) reciprocally heighten 
mechanosensitivity, reinforcing Ca2+ influx, NF‑κB/
MAPK activation, and catabolic gene programs. By 
contrasting OA as predominantly mechanically driven 
with secondary inflammation and RA as immune-
driven with secondary biomechanical distortion, this 
section defines a feed-forward mechano-immune loop 
that converges on shared execution hubs to drive 
matrix degradation and cell death in postmenopausal 
joints.
3.1　Mechanical drivers amplifying inflammation

Mechanical overload initiates a 
mechanotransductive cascade that sensitises 
inflammatory signaling and lowers the activation 
threshold of canonical inflammatory hubs, particularly 
NF- κB and MAPK. In this context, Piezo1-mediated 
Ca2+ influx functions as an established upstream 
trigger that can directly promote IL-6/IL-8 
production, consistent with observations that 
pharmacological Piezo1 activation (e. g., Yoda1) 
elevates these cytokines and demonstrates that 
mechanical cues alone can ignite early inflammatory 
responses[26].

Upstream of NF-κB and MAPK signaling, talin-1/
Kindlin-2 co-activate β‑integrins while paxillin 
nucleates FAK-Src signaling at focal adhesions, acting 
as a mechanical “switch” that converts load sensing 
into sustained inflammatory and catabolic 
programmes[35, 41]. In parallel, inflammatory cytokines 
(TNF- α, IL-1β) reinforce these circuits by sustaining 
YAP/TAZ-dependent transcriptional programmes that 
promote matrix-degrading enzymes (e. g., MMP-1, 
MMP-13) and strengthen invasive phenotypes in both 
chondrocytes and fibroblast-like synoviocytes[49] .

Cytoskeletal destabilisation further amplifies this 
response: dysregulated Filamin-A compromises actin 
crosslinking and focal-adhesion integrity, reducing 
cellular resilience to mechanical stress and, in RA, 
linking mechanical instability to immune recognition 
through its autoantigenic potential[98]. Likewise, 

abnormal redistribution of vinculin disrupts adhesion 
dynamics in RA synoviocytes, facilitating 
inflammatory cell infiltration and reinforcing the 
persistence of mechano-inflammatory signaling 
within the joint[99].
3.2　 Inflammatory cytokines modulating 
mechanotransduction

IL-1β and TNF- α have been shown to increase 
Piezo1 responsiveness in joint cells, creating a feed-
forward loop in which cytokine-primed Piezo1 
channels heighten Ca2+ influx and perpetuate NF-κB-
driven catabolism[81].

Members of the IL-36 family further modulate 
synoviocyte mechanobiology. In RA, IL-36α 
enhances FLS activation and promotes IL-6/IL-8 
release, while alterations in IL-36Ra/IL-38 signaling 
differentially regulate FLS migration and invasion[50]. 
Likewise, HE4 (WFDC2) has been implicated in 
sustaining chronic inflammation by upregulating NF-
κB and IL-6 pathways, effectively coupling immune 
signaling to mechanical stress persistence in the 
arthritic joint[100].
3.3　The feedback loop： OA versus RA

Taken together, both OA and RA exhibit critical 
crosstalk between mechanical stress and inflammatory 
signaling, though the initiating drivers differ. In OA, 
mechanical overload predominates, eliciting low-
grade inflammation and gradual extracellular matrix 
loss[101]. In RA, autoimmune activation establishes 
invasive pannus tissue that not only drives chronic 
inflammation but also imposes abnormal mechanical 
stress on cartilage and subchondral bone[102].

This “dual-hit model” highlights disease-specific 
dominance: OA as a mechanically driven disorder 
with secondary inflammation, and RA as an immune-
driven disease that secondarily distorts joint 
biomechanics. This mechano-inflammatory 
convergence is summarized in Figure 4, which maps 
(left) mechanical drivers—Piezo1-mediated Ca2+ 
influx, YAP/TAZ activation, and focal-adhesion 
instability (Filamin-A dysregulation, vinculin 
mislocalization)—against (right) inflammatory priming 
by IL-1β/TNF‑α, IL-36-induced IL-6/IL-8 loops, and 
HE4-driven NF‑κB persistence, funneling centrally 
into NF‑κB/MAPK/JAK-STAT hubs and culminating 
in matrix loss and apoptosis.

4　Translational and biomarker potential of 
mechanotransduction pathways

This section translates the mechanobiological 
insights discussed above into clinically actionable 
frameworks, focusing on diagnostic stratification, 
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prognostic refinement, and emerging therapeutic 
opportunities. It highlights how mechanotransductive 
hubs—particularly Piezo1 and the YAP/TAZ axis—
together with cytoskeletal adaptors and niche 
inflammatory mediators (HE4, IL-36/IL-38), can be 
integrated with conventional biomarkers to improve 
RA-OA discrimination, risk prediction, and patient 
stratification in postmenopausal women. In parallel, 
this section critically evaluates preclinical therapeutic 
strategies, precision-medicine applications, AI-
assisted pathology, and regenerative approaches, 

while acknowledging translational limitations and 
implementation challenges.
4.1　Diagnostic and prognostic applications

A multimodal panel that fuses 
mechanotransductive indices (Piezo1/YAP/TAZ; 
filamin-A/vinculin) with conventional serology (CRP, 
ESR, anti-CCP) yields complementary signals and 
reduces misclassification between OA and RA. By 
aligning mechanical execution pathways with immune 
readouts, these panels move beyond single-analyte 
limitations and enable phenotype-aware triage. A 
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Fig. 4　Integrated mechano-immune crosstalk driving joint pathology in osteoarthritis (OA) and rheumatoid arthritis (RA)
Mechanical drivers, including abnormal joint loading, activate mechanosensitive pathways such as Piezo1-mediated Ca2+ influx, cytoskeletal 

remodeling (filamin-A dysregulation and vinculin mislocalization), and YAP/TAZ activation, thereby increasing NF-κB sensitivity and downstream 

inflammatory responsiveness. In parallel, inflammatory mediators (IL-1β, TNF-α, IL-36, and HE4) further enhance mechanosensitivity through feed-

forward mechano-immune signaling loops that sustain NF-κB, MAPK, and JAK-STAT activation. These mechanical and immune signals converge on 

shared intracellular signaling hubs, promoting matrix degradation, chondrocyte apoptosis, and synovial invasion. While OA is predominantly initiated 

by mechanical overload with secondary low-grade inflammation leading to matrix loss, RA is primarily immune-driven, characterized by invasive 

pannus formation, abnormal mechanical stress, and bone erosion. Together, these schematics illustrate a bidirectional mechano-immune loop that 

culminates in progressive joint destruction.
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multi-marker panel might integrate Piezo1/YAP/TAZ 
activity indices, focal-adhesion proteins (vinculin, 
filamin‑A), and niche mediators (HE4, IL‑36/IL‑38) 
alongside classic inflammation markers (CRP, ESR, 
anti-CCP). For example, Filamin‑A has recently been 
identified as an RA-specific autoantigen eliciting T/B-
cell responses in over 50% of patients, whereas HE4 
is elevated in RA patients with interstitial lung 
involvement. Such mechanobiomarkers may 
discriminate “mechanical” OA from “immune” RA: 
osteoarthritic cartilage under abnormal load tends to 
show high Piezo1/YAP signaling, whereas RA 
synovium exhibits pronounced IL‑36/IL‑38-mediated 
inflammation. Notably, conventional biomarkers 
alone lack full specificity: meta-analyses of RA-ILD 
cohorts report that CRP, ESR, and anti-CCP values 
overlap significantly between RA and RA-ILD. 
Integrating novel markers could therefore improve 
sensitivity and specificity in differential diagnosis and 
prognostication. For instance, Piezo1 channel 
expression/activity correlates with OA progression, 
and its inhibition (e. g., by GsMTx4) slows cartilage 
degeneration. At the same time, IL‑38 (an IL‑36R 
antagonist) shows an inverse correlation with pro-
inflammatory cytokines in RA and predicts disease 
activity[29, 103-106].

Importantly, it should be emphasized that the 
current evidence supporting improved diagnostic 
performance of multi-marker mechano-immune 
panels is derived primarily from heterogeneous and 
exploratory studies. Consequently, reported gains in 
sensitivity, specificity, or overall discriminatory 
capacity should be interpreted as indicative trends 

rather than definitive performance metrics. Rigorous 
prospective validation in large, well-characterized 
cohorts, together with assay harmonization and formal 
cost-effectiveness analyses, will be essential before 
such panels can be translated into routine clinical 
practice.

In addition to the need for clinical validation, 
several practical barriers currently limit the routine 
implementation of these mechano-immune panels. 
From a cost-effectiveness perspective, expanding 
diagnostic workflows beyond conventional serology 
(CRP, ESR, anti-CCP) to include 
mechanotransductive markers and cytoskeletal 
proteins increases assay complexity and laboratory 
burden. In addition, while ELISA-based 
quantification of circulating biomarkers (e. g., HE4, 
IL-36, vinculin fragments) is technically feasible, 
functional assessment of mechanosensitivity—such as 
Piezo1 or YAP/TAZ activation—remains largely 
confined to research settings and lacks standardized 
clinical platforms. Pre-analytical variability, 
differences in tissue source (serum vs synovial fluid), 
and the absence of harmonized reference ranges 
further complicate cross-center comparability. 
Addressing these challenges will require assay 
simplification, standard operating procedures, and 
validation of cost-effective multiplex platforms before 
mechano-immune panels can transition from 
experimental tools to routine clinical diagnostics. As 
summarized in Table 3, a conceptual comparison is 
provided between conventional inflammatory markers 
and emerging mechanotransduction-related 
biomarkers, illustrating their relative expression 

Table 3　Examples of conventional markers versus novel mechanotransduction-related biomarkers

Biomarker

CRP

Anti-CCP

ESR

Piezo1

YAP/TAZ

Vinculin

Filamin-A

HE4

IL-36/IL-38

OA (postmenopausal)

↑ (low-grade, degenerative)

~0

↑
High (mechanical stress)

High (mechanical feedback)

Upregulated in cartilage

Expressed

Basal (low)

Low

RA (postmenopausal)

↑↑ (flare, high)

High (60%-80%)

↑↑
Moderate (cytokine-sensitized)

Moderate (inflamed synovium)

Upregulated in the synovium

High (autoantigenic)

Elevated (ILD-fibrosis risk)

High

Comment

Acute-phase reactant

RA-specific autoantibodies

Nonspecific inflammation marker

Mechanosensitive ion channel

Mechanotransduction effectors

Focal-adhesion adaptor

RA-specific autoantigen

Fibrosis marker

Pro-/anti-inflammatory cytokines

Reference

[107]

[108]

[109]

[81, 110]

[22]

[99, 111]

[98, 112]

[113-114]

[30, 115]

↑: elevated; ↑↑: markedly elevated; ~0: absent/negligible. OA: osteoarthritis; RA: rheumatoid arthritis; ILD: interstitial lung disease; AUC: area 

under the ROC curve. Relative levels are qualitative summaries of current evidence rather than absolute concentrations; diagnostic performance of 

novel mechanotransductive markers (Piezo1, YAP/TAZ, vinculin, filamin-A, HE4, IL-36/IL-38) requires validation in large, independent cohorts. 

Notably, Filamin-A has emerged as an RA-associated autoantigen, whereas HE4 correlates with RA-ILD risk. talin-1, Kindlin-2, and paxillin are 

core components of the integrin-FAK adhesion axis with strong mechanistic evidence in RA/OA tissue studies; however, their clinical assay 

validation (serum/synovial sensitivity, specificity, AUC) is currently investigational, and thus they are listed here as exploratory adhesion markers 

rather than established diagnostic biomarkers.
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patterns and potential diagnostic relevance in 
postmenopausal OA and RA.
4.2　 Therapeutic targeting of 
mechanotransduction

Piezo1 inhibitors (e. g., GsMTx4). Blocking 
Piezo1-mediated Ca2+ influx can halt mechano-
inflammatory signaling. In preclinical models, 
GsMTx4 markedly attenuates cartilage damage, 
chondrocyte apoptosis, and the release of 
inflammatory mediators in loaded joints. Such agents 
aim to “break” the early feed-forward loop of 
mechanical stress and IL‑1β-driven NF-κB activation 
in OA[26, 116].

YAP/TAZ inhibitors (e. g., verteporfin). 
Pharmacological inhibition of the Hippo pathway 
effectors YAP/TAZ can suppress matrix catabolism. 
YAP/TAZ are known to drive MMP-13 and other 
catabolic gene expression in response to cytokine and 
stretch stimuli. Verteporfin (a YAP inhibitor) has been 
shown in animal studies to reduce aggressive 
rheumatoid arthritis fibroblast-like synoviocytes (RA-
FLS) behavior and MMP levels, and might similarly 
protect cartilage from degeneration[117-118].

HE4 blockade. Given HE4’s role in fibrotic 
remodeling, anti-HE4 therapies could mitigate RA-
associated ILD. HE4 promotes fibrosis via MAPK/
MMP/NF- κB pathways; neutralizing HE4 has shown 
anti-fibrotic effects in lung models. In RA-ILD, HE4 
levels correlate with fibrosis on imaging, so that HE4 
antagonists may prevent lung complications[45, 119].

IL-36 receptor antagonists (IL-36Ra, IL-38). 
Restoring the balance of IL-36 signaling can quell 
synovial inflammation. IL-38 (an IL-36R antagonist) 
is a potent anti-inflammatory cytokine whose 
deficiency worsens RA. Clinical data show IL-38 
levels inversely track IL-6/IL-17 and disease activity, 
and exogenous IL-38/IL-36Ra can dampen 
pathogenic Th17 responses. Blocking the IL-36/IL-1 
axis may therefore interrupt chronic synovitis[30, 88].

Focal-adhesion stabilization. Strengthening 
cartilage focal adhesions (e. g., stabilizing vinculin-
actin linkages or filamin networks) could reinforce 
tissue integrity. For example, mimetics that enhance 
vinculin binding or filamin-A crosslinking might 
resist the FLS invasion and cartilage erosion seen in 
RA. While still conceptual, targeting adhesion 
complexes may help maintain homeostasis under 
stress[120-121].
4.3　 Integration into precision and regenerative 
medicine

Mechanotransductive biomarkers can be woven 
into next-generation diagnostics and therapies for 
arthritis.

(1) Point-of-care/liquid biopsy. Rapid assays 
(ELISA or biosensor-based) for HE4, filamin‑A, 
vinculin, or IL-38 in blood or synovial fluid would 
enable bedside stratification. For instance, rapid 
assays quantifying HE4, alone or in combination with 
cytoskeletal markers such as Filamin‑A, may help 
identify patients at risk of RA-associated interstitial 
lung disease (RA-ILD) or early systemic involvement, 
analogous to the clinical use of anti-CCP antibodies. 
Such multiplexed liquid biopsy approaches        
warrant further validation for point-of-care 
implementation[29, 122].

(2) Omics-driven profiling. Transcriptomic, 
proteomic, and metabolomic data from patient 
samples can be combined with mechanobiology 
profiles. Integrating, say, cartilage RNA-seq 
(reflecting YAP/IL-36 pathway activation) with serum 
cytokines and clinical scores will help define 
molecular subtypes (e. g., “mechanical/OA-
predominant” vs “immune/RA-predominant”). 
Machine learning on these multi-omic datasets can 
reveal signatures that guide personalized therapy 
choices[123-124].

(3) Mechanoresponsive biomaterials. In tissue 
engineering, novel scaffolds could be engineered to 
sense Piezo1 or YAP/TAZ signals. For example, a 
cartilage graft impregnated with Piezo1-activatable 
gel beads might release anabolic factors in response to 
mechanical load, promoting adaptive regeneration. 
Similarly, IL-36-responsive hydrogel implants could 
locally modulate inflammation in arthritic joints. 
Designing “smart” biomaterials tuned to 
mechanotransductive pathways would bridge 
mechanical rehabilitation and molecular 
therapy[125-126].

(4) Precision medicine. Ultimately, treatments 
can be tailored to an individual’s biomarker profile. 
Patients with high mechanosensor activity (e. g., 
elevated Piezo1 transcripts or YAP nuclear 
localization) might preferentially receive 
mechanoregulation therapies (joint offloading, Piezo1 
inhibitors). Those with dominant IL-36/TLR 
signatures may get specific cytokine inhibitors. In 
practice, this means using biomarker panels to decide 
which patients need aggressive DMARDs/biologics 
versus those likely to benefit from mechanical 
interventions or emerging mechano-targeted 
drugs[127-128].
4.4　Conceptual framework （novelty anchor）

OA and RA as mechano-immune syndromes: the 
unifying theme is that tissue mechanics and immunity 
are intertwined in both diseases. Rather than viewing 
OA as “just wear-and-tear” and RA as “just 
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autoimmunity,” this framework posits that mechanical 
stress always feeds into inflammation, and vice versa. 
For example, mechanical loading of cartilage 
activates Piezo1 in mesenchymal/stem cells, which in 
turn polarizes Th17 cells and drives synovitis. 
Conversely, chronic inflammation (TNF/IL-1) 
sensitizes mechanosensors and amplifies downstream 
NF- κB and YAP pathways, creating a vicious feed-
forward loop[129-130]. In other words, OA is partly 
immune-driven by stress, and RA is partly mechano-

driven by dysregulated load. This concept is 
schematized in Figure 5, a translational roadmap: 
mechanotransduction biomarkers lead to new 
diagnostic assays, enabling refined prognosis, which 
in turn highlight therapeutic targets, ultimately 
feeding into precision and regenerative medicine 
applications. By anchoring our strategy in this 
mechano-immune model, we provide a novel 
perspective that elevates the clinical relevance of 
mechanotransduction.

4.5　 Computational pathology and AI-enabled 
biomarker readouts

Recent advances in AI-driven histopathology 
enable slide-level inference of biomarker states 
directly from routine hematoxylin and eosin staining 
(HE staining) and immunohistochemistry (IHC) 
images, offering scalable, objective quantification of 

mechano-immune phenotypes[131]. Weakly supervised 
deep learning on whole-slide images (WSIs) can 
capture nuclear YAP/TAZ localization, focal-adhesion 
enrichment (e. g., vinculin/paxillin patterns), and 
stromal-immune architecture, thereby inferring 
pathway activation that complements serological 
testing and multiplex immunoassays. Practically, 

Biomarker discovery

Conceptual hub
OA & RA as mechano-immune diseases→integration of biomechanics+inflammation 

Piezol, YAP/TAZ
Vinculin, Filamin-A

HE4, IL-36 (or CRP, ESR, Anti-CCP)

Panels traditional+novel biomarkers
ROC (sensitivity, specificity, AUC)

HE4: RA-ILD marker
Filamin-A: autoantigen in RA

Piezo1/YAP/TAZ: progression/activity

Liquid biopsy platforms
Omics integration (trnscriptomics, proteomics, metabolomics)

Point-of-care diagnostics
Tissue engineering/scaffolds responsive to Piezo1/YAP/TAZ

Precision/regenerative medicine

Piezo1 inhibitors (GsMTx4)
YAP/TAZ modulators (verteporfin)

IL-36Ra/IL-38
HE4 blockade

Stabilization of vinculin/filamin-A

Diagnostics & prognosis

Therapeutic targets

Fig. 5　Translational roadmap for mechano-immune research in osteoarthritis (OA) and rheumatoid arthritis (RA)
The diagram illustrates a bench-to-bedside translational pipeline linking mechanobiological discovery to clinical application. It summarises the 

progression from biomarker discovery (Piezo1, YAP/TAZ, vinculin, filamin-A, HE4, IL-36) to diagnostic and prognostic stratification through 

integrated biomarker panels and ROC-based performance metrics. The roadmap further highlights emerging therapeutic targets—primarily at 

preclinical or early translational stages—including modulation of Piezo1, YAP/TAZ, IL-36 signaling, HE4-associated fibrosis, and cytoskeletal 

stabilization. Finally, precision and regenerative medicine strategies are outlined, encompassing liquid biopsy platforms, multi-omics integration, 

point-of-care diagnostics, and mechano-responsive tissue engineering approaches. Collectively, the schematic conceptualizes OA and RA as mechano-

immune disorders and provides a structured framework for translating mechanotransduction research into personalized clinical interventions.
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multimodal pipelines that fuse digital pathology with 
synovial/circulating biomarker panels (HE4, IL-36/   
IL-38, Piezo1/YAP signatures) and clinical metadata 
can yield robust risk scores for RA-OA discrimination, 
progression, and RA-associated ILD[132]. To ensure safe 
adoption, models should undergo cross-site external 
validation, bias auditing, pre-analytical standardisation, 
and explainability analyses (e. g., attention heatmaps, 
cell-level attributions), with governance for data 
privacy and model-drift monitoring before deployment 
into diagnostic workflows[132].
4.6　Immunopathology integration

Mechanotransduction unfolds within an immune 
effector layer. In RA, IL-36-high synovium, Th17 
skewing, neutrophil protease activity, and fibroblast-
myeloid crosstalk cooperates with YAP/TAZ-centric 
mechanics to consolidate pannus invasiveness; in OA, 
low-grade cytokine tone modulates Piezo1 
responsiveness under abnormal load. Accordingly, 
composite panels pairing mechanosensors/adhesion 
proteins (Piezo1, YAP/TAZ, filamin-A, vinculin) with 
immune readouts (IL-36/IL-38 balance, IL-6/IL-8) are 
poised to stratify mechano-immune phenotypes and 
guide therapy selection[22, 30, 47].

5　 Therapeutic options and clinical 
perspectives

This section translates the mechano-immune 
framework into actionable therapeutic and clinical 
perspectives, spanning pharmacological targeting, 
cytoskeletal stabilization, regenerative strategies, and 
precision medicine. It synthesises emerging 
interventions aimed at interrupting pathological force-
inflammation feedback loops, including modulation of 
Piezo1, YAP/TAZ, IL-36 signaling, HE4-driven 
fibrosis, and focal-adhesion dynamics. Beyond 
experimental therapies, the section critically evaluates 
translational readiness, drug repurposing 
opportunities, and patient stratification approaches, 
with particular emphasis on postmenopausal women 
as a high-risk population. By integrating 
mechanobiology with clinical decision-making, this 
section outlines a realistic pathway from molecular 

insight to personalized intervention while 
acknowledging current limitations and 
implementation challenges.
5.1　 Pharmacological targeting of 
mechanotransduction

Therapeutic opportunities cluster around four 
axes: Piezo1 inhibition, YAP/TAZ modulation, IL-36/
IL-38 rebalancing, and adhesion/cytoskeletal 
stabilisation; together, these strategies interrupt 
mechano-immune feed-forward loops that drive tissue 
destruction[87]. Chronic joint stress drives 
inflammation via mechanosensors; blocking these 
signals can halt disease cascades. Piezo1 inhibitors   
(e. g., the peptide GsMTx4) prevent stress-induced 
Ca2+ influx and downstream NF‑κB activation, 
breaking the early inflammatory loop. Indeed, 
GsMTx4 markedly reduced cartilage damage and 
chondrocyte death in OA models[133]. YAP/TAZ 
inhibitors (e. g., verteporfin) curb synoviocyte 
aggression by suppressing matrix metalloproteinases 
and pannus formation[22]. In RA models, verteporfin 
reduced TNF‑α‑induced MMP-1 and IL-6, confined 
FLS invasiveness, and improved arthritis severity[134]. 
IL-36 axis modulators—namely IL-36 receptor 
antagonists and IL-38—rebalance synovial cytokines. 
Exogenous IL-38 or IL-36Ra shifts macrophages and 
FLS towards anti-inflammatory phenotypes. 
Preclinical data show IL-38 overexpression in arthritic 
joints greatly attenuates inflammation and lowers 
TNFα/IL-17 production[135]. HE4 antagonists target 
fibrotic RA complications. HE4 is upregulated in 
fibrotic lung and joint disease, driving fibroblast 
activation via annexin II. In vivo, knocking down HE4 
markedly reduces pulmonary fibrosis, making HE4 
blockade (antibody or shRNA) a novel anti-fibrotic 
strategy[45].

Drug repurposing is a key theme: verteporfin (an 
FDA-approved angiogenesis inhibitor) and GsMTx4 
(studied in cardiac mechano-physiology) exemplify 
how existing drugs can be redirected. For instance, 
verteporfin’s anti-YAP activity in oncology models 
suggests repurposing for synovitis[136]. Together, these 
approaches demonstrate that mechanobiological 
targets can yield translational therapies (Table 4).

Table 4　Therapeutic targets within mechanotransduction and adhesion pathways in OA and RA: mechanisms, 
strategies, and current development status

Piezo1

YAP/TAZ

IL-36/IL-38

HE4

Blocks Ca2+ influx → NF-κB inhibition

Suppress MMPs & pannus invasion

Modulate synovial inflammation

Anti-fibrotic, RA-ILD prevention

GsMTx4 (peptide inhibitor)

Verteporfin (repurposed drug)

IL-36Ra; recombinant IL-38

HE4 antibody/shRNA

Preclinical

Preclinical/oncology trials

Preclinical

Preclinical/fibrosis models

[137-138]

[139-140]

[141]

[45]

Target Mechanism of action Therapeutic strategy Status Reference
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Filamin-A/vinculin

Talin-1/Kindlin-2/paxillin

Stabilize focal adhesions, prevent invasion

Upstream integrin-FAK activation

Peptide stabilizers (experimental)

Exploratory adhesion modulators

Conceptual

Conceptual

[64, 142]

[52, 61]

Continued to Table 4

Target Mechanism of action Therapeutic strategy Status Reference

OA: osteoarthritis; RA: rheumatoid arthritis; ILD: interstitial lung disease; FLS: fibroblast-like synoviocytes; NF-κB: nuclear factor kappa-B; MMP-

13: matrix metalloproteinase-13; FAK: focal adhesion kinase. Status categories are based on currently available literature. preclinical: tested in vitro/

in vivo experimental models; clinical: evaluated in patients; repurposing: drugs in use for other indications with potential arthritis applications; 

conceptual: mechanistic evidence without therapeutic validation. Exploratory adhesion markers (talin-1, Kindlin-2, paxillin) are included as 

upstream regulators of the integrin-FAK axis, but remain investigational with no established diagnostic/therapeutic assays.

5.2　Cytoskeletal and focal adhesion stabilisation
Another strategy is to stabilize cell-matrix 

adhesions. Proteins like filamin-A and vinculin anchor 
the actin cytoskeleton to integrin complexes; 
enhancing their function could rigidify the adhesion 
network and impede FLS invasion[143]. Although still 
in their early stages of development, filamin-A/
vinculin-targeting peptides or small molecules might 
reinforce the cytoskeletal scaffold and preserve 
cartilage integrity (Table 4). Upstream regulators in 
the integrin-FAK axis (talin-1, Kindlin-2, paxillin) are 
also of interest. These proteins initiate focal-adhesion 
signaling; experimental adhesion modulators could 
tune integrin activation to reduce motility. Such 
approaches are at an exploratory stage, but by 
fortifying cellular attachments, they could synergise 
with anti-inflammatory therapies to limit pannus 
growth[64, 144].
5.3　Regenerative and biomaterials approaches

Regenerative medicine offers smart solutions that 
address mechanical processes. Mechanoresponsive 
scaffolds and hydrogels can be engineered to sense 
local forces and release therapeutics. For example, 
piezoelectric hydrogels generate electrical cues under 
load, promoting matrix deposition and stem cell 
differentiation. Piezoelectric nanofibrous scaffolds, 
under physiological strain, greatly enhance ECM 
production and chondrogenesis[145]. One could 
envision matrices embedded with Piezo1- or YAP-
sensitive elements that liberate growth factors during 
movement, or scaffolds incorporating IL-36/IL-38 
moieties to neutralise inflammation locally[146]. Smart 
implants—such as 3D-printed devices—could contain 
drug reservoirs that dispense anti-inflammatory or 
mechano-modulatory agents on demand. Finally, 
tissue-engineered cartilage can integrate these 
concepts, such as autologous cartilage grafts seeded in 
mechanoresponsive matrices to support repair in 
postmenopausal women (after menopause, declining 
estrogen impairs cartilage resilience; such implants 
could compensate by providing tailored 
biomechanical cues). These biomaterial strategies are 

emerging and have not yet reached clinical trials, but 
they point toward future precision therapies[147-148].
5.4　 Clinical perspectives and personalized 
medicine

A precision approach tailors intervention to 
patient signatures. For instance, patients with high 
Piezo1 expression or hyperresponsive joints might 
benefit from joint unloading (orthotics/physiotherapy) 
and Piezo1 inhibitors. Patients driven by an IL-36-
high profile (e. g., robust synovial IL-36γ) might 
receive targeted cytokine-blockade (analogous to IL-
36R blockers in dermatology). Those with elevated 
HE4 would be monitored for RA-ILD and considered 
for anti-fibrotic therapy[149-150].

Postmenopausal women require special focus. 
Menopause is a novel aspect of our model: hormonal 
decline weakens the cartilage/immune interface. 
Indeed, meta-analysis shows postmenopausal women 
have a significantly higher RA risk than 
premenopausal peers (odds ratio ~1.35) [151]. Estrogen 
normally supports bone and cartilage homeostasis; its 
loss leads to subchondral bone resorption and 
cartilage thinning, compounding mechanical 
vulnerability. Recognising this, clinical strategies for 
older women could combine hormonal support with 
mechano-targeted drugs. In sum, personalizing 
therapy by biomarker profile and hormonal status 
could amplify efficacy[152].
5.5　Clinical translation landscape

To date, no registered clinical trials directly 
target Piezo1, YAP/TAZ, HE4, or IL-36 in arthritis. 
However, experience from other fields points to fast-
follower potential. For example, IL-36R antagonists 
(spesolimab, imsidolimab) have shown efficacy in 
pustular skin disease, earning FDA approval, which 
suggests they could be repurposed for synovitis[153]. 
Verteporfin is being tested as a YAP inhibitor in 
oncology, and our preclinical work (Table 4) argues 
for trials in inflammatory arthritis. Notably, HE4-
targeting approaches proved anti-fibrotic in 
pulmonary models, implying that anti-HE4 drugs 
could prevent RA-ILD progression[140]. One might 
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summarize: no RCTs exist yet in arthritis for these 
targets; however, lessons from oncology and fibrosis 
suggest imminent translational opportunities. As new 
inhibitors move through clinical pipelines, early-phase 
trials in RA/OA-possibly via drug-repurposing 
protocols-should be prioritized. A schematic overview 
of this translational trajectory—from target discovery 
and preclinical validation to repurposing, clinical 
translation, and ultimately precision and regenerative 
applications—is schematically illustrated in Figure 6.

5.5.1　Clinical trial status and translational readiness
At present, most mechano-immune-targeted 

therapeutic strategies discussed in this review—

including Piezo1 inhibition and YAP/TAZ blockade—
remain at the preclinical stage[8]. Based on keyword 
searches of major clinical trial registries 
(ClinicalTrials.gov (https://clinicaltrials.gov)  and  the 
EU Clinical Trials Register (https://www.
clinicaltrialsregister.eu); accessed  January  2026),  we 
did not identify phase I/II interventional trials directly 
evaluating Piezo1‑, YAP/TAZ‑, HE4‑, or IL-36-
targeted interventions in OA or RA. Nevertheless, 
translational progress is emerging through adjacent 
clinical fields. IL-36 receptor antagonists (e. g., 
spesolimab and imsidolimab) have demonstrated 
clinical efficacy and safety in inflammatory 
dermatologic disorders, supporting the feasibility of 
repurposing IL-36-axis modulation for synovial 

inflammation[153-154]. Likewise, verteporfin—an FDA-
approved agent currently under clinical evaluation as 
a YAP inhibitor in oncology—represents a potential 
repurposing candidate, contingent upon joint-specific 
delivery and safety optimization[155-156]. Overall, these 
observations indicate that although mechano-immune 
therapeutic concepts are not yet clinically validated in 
OA or RA, their mechanistic alignment with agents 
already in clinical pipelines supports a realistic 
trajectory toward early-phase translational studies, 
provided that proof-of-concept and phase I safety 
assessments are prioritized.
5.5.2　Translational challenges and considerations

While mechano-immune-targeted strategies offer 
compelling translational opportunities, several 
challenges must be addressed before clinical 
implementation. Effective intra-articular delivery 
remains a major hurdle due to rapid synovial 
clearance and the need for sustained, site-specific 
bioavailability. Moreover, key mechanotransductive 
regulators, including Piezo1 and YAP/TAZ, are 
widely expressed across multiple tissues, raising 
concerns regarding targeting specificity and potential 
systemic adverse effects. These issues are particularly 
relevant in chronic conditions such as OA and RA, 
where long-term modulation of mechanosensitive 
pathways may disrupt physiological tissue adaptation 
and repair. Collectively, these limitations underscore 
the necessity for advanced local delivery platforms, 
selective pathway modulation, and rigorous early-
phase clinical evaluation to balance therapeutic 
efficacy with long-term safety.
5.6　Clinical risk stratification

Patient-level heterogeneity substantially 
modulates mechanobiomarker expression and 
performance. In postmenopausal women, estrogen 
decline accelerates subchondral bone loss and stromal 
fibrosis, amplifying YAP/TAZ programs; obesity 
increases joint loading and alters cytokine tone, 
sensitising Piezo1 and integrin signaling; smoking and 
genetic predisposition (autoantibody status) further 
bias synovial immunity[157-158]. To operationalise 
precision care, we propose a tiered approach:

(1) Baseline signature: CRP/ESR, anti-CCP plus 
core mechanomarkers (Piezo1/YAP indices, filamin-
A, vinculin) and niche mediators (HE4, IL-36/IL-38).

(2) Risk modifiers: menopausal status, BMI, 
smoking, prior flares, extra-articular disease (e.g., RA-
ILD risk flagged by HE4).

(3) Actionable strata: mechanical-     
predominant OA→offloading+Piezo1/adhesion-
supportive strategies; immune-predominant RA→
cytokine-axis targeting; mixed→combination therapy 

Target discovery

Preclinical validation

Repurposing trials

Clinical translation

Precision/regenerative medicine applications

Fig. 6　Translational pipeline of mechano-immune targets 
in osteoarthritis and rheumatoid arthritis

The diagram summarizes the stages from target discovery and 

preclinical validation through drug repurposing and clinical translation 

to precision and regenerative medicine applications.
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with staged sequencing.
5.7　Limitations & implementation challenges

(1) Despite the promising therapeutic potential of 
targeting mechanotransductive regulators such as 
Piezo1 and YAP/TAZ, several challenges limit their 
immediate clinical translation. Achieving effective 
local drug delivery within the joint remains difficult 
due to rapid synovial clearance and the need for 
repeated intra-articular injections. In addition, Piezo1 
and YAP/TAZ are widely expressed in multiple 
tissues, raising concerns about systemic off-target 
effects if inhibitors are administered chronically. 
Importantly, most available evidence for these 
therapeutic strategies is derived from preclinical 
models, and robust data on long-term safety, joint-
specific bioavailability, and optimal dosing in humans 
is still lacking. These limitations highlight the need 
for improved local delivery systems and careful safety 
evaluation before clinical application.

(2) Biomarker specificity. A key limitation of the 
proposed mechano-immune biomarkers is their 
limited disease exclusivity. Molecules such as HE4, 
YAP/TAZ, and Filamin-A are not arthritis-specific. 
They may also be altered in systemic or fibrotic 
conditions that frequently coexist in postmenopausal 
women, including malignancy, cardiovascular disease, 
and age-related tissue remodeling. Consequently, 
elevations in these markers cannot be interpreted as 
arthritis-specific when assessed in isolation.

(3) Context-dependent pathogenic relevance. 
Importantly, the significance of these biomarkers in 
OA and RA is context-dependent, arising from joint-
specific localization, pathway coupling, and 
coordinated activation within mechano-immune 
networks rather than absolute circulating levels. For 
example, YAP/TAZ activation in mechanically 
stressed chondrocytes or synovial fibroblasts reflects 
local mechano-inflammatory reprogramming distinct 
from activation observed in oncogenic or fibrotic 
tissues.

(4) Mitigation strategies. To mitigate specificity 
limitations, this review emphasizes integrated multi-
marker panels combining mechanotransductive 
regulators, cytoskeletal proteins, inflammatory 
mediators, and established clinical indices (e. g., 
DAS28 and imaging findings). Such pattern-based 
approaches reduce confounding from systemic 
comorbidities and improve disease discrimination, 
although prospective validation in large, well- 
characterized cohorts remains essential.

(5) Regulatory and standardization. Clinical 
deployment of mechanobiology-informed diagnostics 
requires assay standardization, pre-analytical standard 

operating procedures (SOPs), and robust evidence of 
clinical validity and utility under FDA/EMA 
frameworks. Reference ranges for novel targets (e.g., 
Filamin-A, HE4) must be established in multi-centre, 
demographically diverse cohorts with harmonized 
sampling and readout protocols.

(6) Inter-patient variability. Age, menopausal 
state, comorbidities, and genetics influence biomarker 
baselines and biodistribution, complicating universal 
cut-offs. Prospective studies should incorporate 
calibration by risk factors (e. g., BMI, smoking) and 
use external validation across sites to ensure 
generalizability and mitigate spectrum bias.

(7) AI integration. Digital pathology and 
multimodal ML face risks of domain shift, bias, and 
limited interpretability. Mitigations include cross-site 
external validation, model cards/datasheets, drift 
monitoring, and clinician-in-the-loop review with 
explainable outputs (e. g., slide-level attention maps 
and cell-level attributions) before clinical deployment.

6　Conclusion

OA and RA should no longer be viewed as 
merely degenerative or autoimmune diseases but as 
mechano-immune disorders in which mechanical 
stress and inflammatory signaling are inseparably 
interconnected. By integrating conventional 
inflammatory biomarkers (CRP, ESR, anti-CCP) with 
emerging mechanotransductive and cytoskeletal 
mediators—including Piezo1, YAP/TAZ, vinculin, 
filamin-A, HE4, and IL-36/IL-38—our review 
highlights the potential of multi-marker diagnostic 
panels to achieve more precise disease differentiation 
and prognostication, particularly in postmenopausal 
women. In parallel, the integrin-FAK adhesion axis—
anchored by talin-1, Kindlin-2, and paxillin—links 
tissue load to inflammatory execution programs, 
underscoring its promise as an exploratory biomarker 
and an upstream therapeutic entry point within the 
mechano-immune framework. Importantly, 
translational perspectives now extend beyond 
biomarker discovery toward targeted interventions: 
Piezo1 inhibition, YAP/TAZ blockade, HE4 
antagonism, IL-36 modulation, and stabilization of 
cytoskeletal/focal adhesion proteins represent 
promising pharmacological and regenerative 
strategies. The development of mechanoresponsive 
scaffolds, smart biomaterials, and precision-medicine 
frameworks tailored to postmenopausal women 
further strengthens the therapeutic potential of this 
paradigm. Nevertheless, current evidence remains 
limited by the scarcity of large, multi-centre clinical 
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cohorts and the predominance of preclinical data, 
underscoring the urgent need for rigorous validation 
and early-phase translational trials. Forward outlook. 
Next-generation studies should prioritise multi-centre 
validation of mechanotransductive panels, AI-enabled 
slide analytics for mechano-immune quantification, 
and mechanosensitive biomaterials that couple 
diagnosis with therapy. By integrating multi-omics 
with digital pathology and risk stratification in 
postmenopausal women, this paradigm can accelerate 
trial readiness and enable personalized, disease-
modifying interventions in RA and OA. Taken 
together, reframing OA and RA as mechano-immune 
syndromes provides a novel conceptual and clinical 
framework with the potential to transform diagnostic 
algorithms, prognostic tools, and therapeutic 
strategies, ultimately paving the way for precision and 
regenerative medicine in arthritis.
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