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Abstract: Osteoarthritis (OA) is a chronic degenerative joint disorder characterized by cartilage degradation and bone remodeling. 
Mechanical stimuli play fundamental roles in maintaining joint homeostasis by regulating cellular metabolism and the composition and 
stiffness of the extracellular matrix (ECM). Consequently, targeting mechanics-associated factors represent a promising therapeutic 
direction for OA. MicroRNAs (miRNAs), a class of short non-coding RNAs, negatively regulate target mRNAs at the posttranscrip
tional level and modulate gene expression in recipient cells without altering gene sequences. Growing interest surrounds the impact of 
mechanical forces on cellular responses and associated epigenetic gene expression. Therefore, investigating miRNA expression under 
mechanical loading conditions is crucial for elucidating the role of mechanosensitive miRNAs in articular cartilage and bone 
metabolism. This highlights specific miRNAs as potential therapeutic targets to disrupt the pathological feedback loops in OA. In 
this review, we examine the current applications of mechanosensitive miRNAs and delivery systems for OA therapy. We further 
analyze potential factors influencing their application. Significantly, extracellular vesicles (EVs) may facilitate the transport of 
mechanosensitive miRNAs across the bone–cartilage interface under mechanical stress. This mechanism provides a novel perspective 
for fully understanding the bidirectional communication between chondrocytes and osteocytes in response to physiological loading, 
and how its dysregulation contributes to OA pathology. Advancing research on EVs and their miRNA cargo is essential for the 
effective application of mechanosensitive miRNA-based regulation in intercellular and tissue interactions during OA treatment.
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Introduction
Osteoarthritis (OA) is a chronic degenerative joint disease characterized by cartilage degeneration, bone remodeling, and 
synovitis involvement throughout its onset and progression.1,2 During this pathological process, mechanical stimuli 
critically regulate joint homeostasis through dynamic control of cellular metabolism and extracellular matrix (ECM) 
composition and stiffness.3–5 Targeting mechanosensitive factors represents a promising therapeutic direction for OA by 
converting detrimental mechanical forces into beneficial signals. Therefore, manipulating mechanotransduction pathways 
offers opportunities to halt OA progression. Recently, several mechanosensors, including pericellular matrix (PCM) and 
ECM components, mechanically gated ion channels and porins (such as transient receptor potential vanilloid 4 and 
Piezo), integrins, mitochondria, cytoskeleton, and primary cilia have been discovered as the first responders to mechan
ical force.6–8 However, the downstream effectors that enact alterations in gene expression profiles during mechanotrans
duction signaling remain incompletely characterized, despite the established roles of several transcription factors (eg, 
nuclear factor kappa-light-chain-enhancer of activated B cells [NF-κB], Yes-associated protein [YAP]) in mediating 
cellular responses to mechanical stimuli.9–13 However, traditional therapeutic approaches targeting growth factors or 
small-molecule inhibitors face significant challenges in clinical translation due to inherent limitations in specificity and 
stability, coupled with high production costs. Consequently, small oligonucleotides—including microRNAs (miRNAs) 

Journal of Inflammation Research 2025:18 9609–9625                                                     9609
© 2025 Shang. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php and 
incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                     

Open Access Full Text Article

Received: 19 March 2025
Accepted: 12 July 2025
Published: 19 July 2025

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


that regulate mechanosensitive cellular metabolism—represent a promising alternative for modulating physiological 
systems.14–17

As short non-coding RNAs averaging ~22 nucleotides, miRNAs provide a simple, cost-effective, and scalable 
approach to direct cellular activities by regulating gene expression through mRNA degradation or translational 
repression.18 Recently, the impact of mechanical forces on cellular mechanotransduction and their role in mechanics- 
induced epigenetic regulation of gene expression have garnered significant scientific attention.19 Although the interplay 
between mechanical forces and biological responses constitutes a highly intricate process that modulates multiple cellular 
events—including proliferation, differentiation, inflammation, senescence, and apoptosis—its core regulatory mechanism 
may be mediated through mechanosensitive miRNAs. This mechanism has been extensively investigated in the context 
of OA, particularly during the degenerative processes affecting articular cartilage and subchondral bone.20

Therefore, investigating miRNA expression under mechanical loading conditions will elucidate the systemic effects 
of mechanotransduction signaling during bone and cartilage degeneration. Furthermore, advances in delineating the 
multifunctional roles of mechanosensitive miRNAs in articular cartilage and bone metabolism will underscore their 
potential as therapeutic targets for interrupting disease-driving circuits in OA.21,22

This review will critically evaluate current research on mechanosensitive miRNAs in cartilage and bone biology, 
highlighting their therapeutic potential for OA treatment. Subsequently, we will summarize emerging delivery systems— 
particularly extracellular vesicles (EVs)—that enable targeted transfer of mechanosensitive miRNAs as a paradigm for 
precision therapeutics. Finally, key challenges in the clinical translation of mechanosensitive miRNA-based therapies and 
future research directions will be analyzed.

Mechanosensitive miRNAs in Cartilage
Physiological mechanical forces—encompassing compressive, tensile, and shear stresses—are indispensable for sustain
ing articular cartilage homeostasis by orchestrating anabolic-catabolic equilibrium, chondrocyte phenotypic stability, and 
ECM integrity. These forces regulate mechanotransduction pathways that activate key transcription factors (eg, YAP/ 
TAZ) and epigenetic modulators (eg, mechanosensitive miRNAs), thereby maintaining tissue functionality and joint 
health.23 As the sole cellular constituents in cartilage, chondrocytes sense dynamic alterations in the mechanical 
microenvironment and transduce extracellular forces into biochemical signals that regulate cellular activities, thereby 
modulating PCM properties and tissue homeostasis.24 Cartilage chondrocytes sense extracellular mechanical forces 
through specialized mechanoreceptors (eg, integrins, TRPV/PIEZO channels) and ion channels, activating downstream 
signaling cascades—including calcium-dependent pathways and focal adhesion kinase (FAK) phosphorylation—that 
regulate pivotal cellular processes in OA pathology, such as the synthesis, secretion, and EV-mediated transfer of 
miRNAs.5

By integrating miRNA microarray profiling with quantitative reverse transcription polymerase chain reaction (qRT- 
PCR), Dunn et al pioneered the identification of spatially resolved miRNA expression patterns in bovine articular 
cartilage, revealing mechanosensitive miRNAs (eg, miR-221/222) that are significantly upregulated in weight-bearing 
regions (anterior medial condyle, M1) compared to non-weight-bearing zones (posterior medial condyle, M4).25 As the 
first identified mechanosensitive miRNAs in mammalian articular cartilage, miR-221 and miR-222 exhibit spatially 
stratified upregulation, and this mechano-activated miRNA pair targets key regulators of cartilage homeostasis.26 While 
acknowledging the developmental and species-specific limitations of bovine cartilage models, Hecht et al, further 
validated this mechanosensitive axis in mature tissue-engineered human cartilage. Their study demonstrated that non- 
physiological static loads downregulate miR-222 expression, leading to derepression of ADAMTS5 and increase in 
aggrecan degradation (proteomic analysis). Concomitantly, these loads upregulated miR-221, which inhibited PTEN, 
triggered hyperactivation of the PI3K/Akt pathway, and ultimately induced chondrocyte hypertrophy and apoptosis. 
Collectively, these results establish miR-221/222 as central mediators of OA mechanopathology, providing a mechanistic 
rationale for miRNA-targeted therapies aimed at recalibrating dysregulated mechanotransduction pathways.20 Similarly, 
Stadnik et al demonstrated that mechanical stress dynamically upregulates the expression of mechanosensitive miRNAs 
—including miR-221, miR-222, miR-21-5p, and miR-27a-5p—in both ex vivo cartilage explants subjected to 
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incremental load magnitudes and in vivo joint cartilage exposed to abnormal loading.27 These findings further support the 
involvement of epigenetic mechanisms in transducing mechanical cues into cellular activities during OA progression.

In situ, chondrocytes reside within a dynamic and spatially heterogeneous mechanical microenvironment character
ized by multi-modal loading modalities—compression, hydrostatic pressure, shear stress, osmotic stress, and tensile 
strain—which exhibit significant zonal variations due to depth-dependent differences in ECM composition and chon
drocyte morphology (flattened in superficial vs columnar in deep zones).28 Through integrated in vivo joint loading 
models and in vitro 3D hydrogel systems replicating zone-specific mechanical cues, studies have demonstrated that 
chondrocytes differentially transduce these biomechanical signals via mechanosensitive ion channels (eg, TRPV4/ 
PIEZO1) and purinergic Ca2+ signaling, ultimately modulating the expression of mechanosensitive miRNAs (eg, miR- 
221/222, miR-140-5p, miR-23b-3p).29–32 These miRNAs, as cataloged in Table 1, function as critical epigenetic 
regulators of cartilage homeostasis by targeting key anabolic/catabolic pathways in a load-dependent manner.

However, in the human body, articular cartilage experiences complex combinations of stress patterns. Consequently, 
while individual stress patterns can be effectively analyzed in the lab to investigate specific molecular changes in detail, 
they fail to replicate the in vivo cellular and molecular responses within human cartilage. Given that mechanical stress- 
induced injury is a primary aetiological factor in OA, investigating mechanosensitive miRNAs induced by actual 
mechanical injury—rather than by individual stress patterns—is of particular significance. Such miRNAs represent 
potential therapeutic targets themselves and could be harnessed as therapeutic agents. For example, miR-140 is 
specifically and highly expressed in human articular cartilage.42 Previous studies have identified that miR-140 plays 
an important homeostatic and chondroprotective role in adult joints and can be modulated by mechanically driven 
signals.43 Chaudhry et al demonstrated a groundbreaking approach by achieving CRISPR-Cas9-mediated editing of miR- 
140 with 90–98% efficiency in primary human articular chondrocytes—the first study to accomplish such high-precision 
genetic manipulation in this cell type. Their genome-wide screening identified novel mechanosensitive targets of miR- 
140 (including ADAMTS5, MMP13, and TGF-βR2), which coordinately regulate ECM degradation and inflammatory 

Table 1 Expression and Clinical Relevance of Mechanosensitive miRNAs in Cartilage

miRNA Target Mechanical 
Force

Function Literature Clinical 
Relevance

miR-9-5p KLF5 Tensile strain Intra-articular injection of exosome-mediated miR-9-5p could 
prevent OA progression

Li et al 202333 Cartilage

miR-214 NA Treadmill 
exercise

Suitable mechanical load induced expression of miR-214 may be 
chondroprotective.

Cao et al 202234 Cartilage

miR-140 Mechanosensitive 
targets

Cartilage 
injury

The expression of miR-140 is down-regulated upon cartilage injury 
and play a vital role in cartilage homeostasis.

Chaudhry et al 202235 Cartilage

miR-221-3p P27/TIMP3/TCF4/ 
ARNT

NA Chondrocyte-derived EVs could inhibit the bone formation capability 
of osteoblasts.

Shang et al 202136 Cartilage

miR-221/222 
miR-21/27a

TIMP3/CPEB3 Mechanical 
loading

Mechanically regulated miRNAs were identified in cartilage under 
mechanical stress.

Stadnik et al 202127 Cartilage

miR-365 HDAC4 Cyclic tensile 
strain

Cyclic tensile strain could increase miR-365 expression and promote 
chondrogenesis of BMSCs

Chen et al 201937 Cartilage

miR-365 HDAC4 Cyclic 
loading

miR-365 could participate into the regulation of mechanical stress 
and contribute to cartilage catabolism.

Yang et al 201638 Cartilage

miR-365 HDAC4 Cyclic 
loading

miR-365 is mechanically responsive microRNA and directly targets 
HDAC4.

Guan et al 201139 Cartilage

miR-203 ERα Mechanical 
stress

Mechanical stress could reduce ERα expression by regulating miR- 
203 activity in chondrocytes.

Tian et al 201940 Cartilage

miR-146a Smad4 Mechanical 
injury

miR-146a could increase the expression of VEGF and damaging the 
TGF-β pathway via targeting Smad4 in cartilage.

Jin et al 201441 Cartilage

Note: NA: Information not reported or not investigated in the source study.
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responses. Single-cell RNA sequencing further confirmed that edited miR-140 simultaneously suppressed IL-6/STAT3 
signaling and metalloproteinase activity, significantly enhancing chondrocyte resilience to mechanical stress. This 
pioneering work establishes gene-edited mechanosensitive miRNAs as precision therapeutic tools targeting OA patho
genesis at the epigenetic level.35 Similarly, Yang et al provided mechanistic evidence that cyclic tensile strain (10% 
elongation, 0.5 Hz) upregulates miR-365 expression by 3.7-fold in human chondrocytes, directly targeting HDAC4’s 3′- 
UTR confirmed by dual-luciferase reporter assays.38 This epigenetic modulation suppresses HDAC4-mediated deacety
lation of histone H3 at lysine 9, consequently enhancing SOX9-dependent collagen type II and aggrecan transcription. 
Crucially, pathological mechanical loading (15% strain) reversed this protective effect, inducing miR-365-mediated 
promotion of MMP-13 and ADAMTS-5 via NF-κB hyperactivation—demonstrating its dual role as a mechanoadaptive 
switch in OA progression.38 Earlier work by Guan et al first established miR-365-HDAC4 axis in chondrogenesis, 
revealing its necessity for mechanical loading-induced differentiation of mesenchymal stem cells.39 Thus, targeting 
mechanosensitive miRNAs in articular chondrocytes holds potential as a novel therapeutic strategy for both preventing 
and treating OA.

Mechanosensitive miRNAs in Subchondral Bone Remodeling
Subchondral bone remodeling, characterized by the coupled processes of bone resorption and formation, is dynamically 
regulated by mechanosensitive miRNAs in OA pathophysiology. Given its intimate link to articular cartilage as an 
adjacent tissue, subchondral bone critically contributes to OA pathogenesis and progression.44–46 Direct mechanical 
loading of articular cartilage activates intracellular signaling pathways, leading to biochemical responses; these altera
tions in cartilage homeostasis further mediate stress transfer to the underlying subchondral bone.47–49 As a dynamic 
tissue, subchondral bone undergoes continuous remodeling governed by the balance between osteogenic activity and 
bone resorption. This process is mediated by interactions among osteoblasts, osteoclasts, and osteocytes within the 
subchondral microenvironment. Accumulating evidence indicates that miRNAs serve as key regulators in mechanosen
sing and mechanotransduction, modulating bone homeostasis through post-transcriptional silencing of critical transcrip
tion factors and signaling pathway modulators.33,50 For instance, mechanoresponsive miR-103a directly targets Runx2 
(runt-related transcription factor 2) in osteoblasts by binding its 3′-untranslated region (3’UTR), thereby suppressing 
osteogenic differentiation through post-transcriptional repression of this master transcription factor. Concurrently, 
mechanosensitive miR-154-5p inhibits osteolineage commitment of adipose-derived mesenchymal stem cells (ADSCs) 
by silencing core components of the canonical Wnt/β-catenin signaling pathway, including Wnt5a and downstream 
effectors.51,52 Pathological subchondral remodeling in OA emerges from dichotomous mechanical stressors: disuse- 
induced trabecular resorption and overloading-triggered sclerotic thickening. This imbalance disrupts biomechanical 
reciprocity across the osteochondral unit, fueling OA progression through uncoupled joint loading and inflammatory 
amplification via cytokine-mediated crosstalk.52 Mechanosensitive miRNAs thus emerge as pivotal regulators of these 
pathways. Arfat et al employed a hindlimb unloading (HLU) mouse model to simulate mechanical underuse, screening 
for differentially expressed miRNAs in long bones. They discovered that miR-208a-3p suppresses osteogenesis during 
remodeling by directly targeting ACVR1 in MC3T3-E1 cells, a core receptor for bone morphogenetic protein (BMP) 
signaling.53 Crucially, this study demonstrated that antagomiR-208a-3p administration enhanced osteogenic differentia
tion in MC3T3-E1 preosteoblasts by suppressing miR-208a-3p. Concurrently, it reversed mechanical unloading-induced 
bone loss in HLU mice. These findings establish miR-208a-3p inhibition as a promising therapeutic strategy for bone- 
related pathologies, including OA, by restoring mechanotransductive homeostasis. Additional mechanosensitive miRNAs 
regulating bone metabolism are cataloged in Table 2.

The osteochondral functional unit, comprising articular cartilage and subchondral bone, exhibits a critical bidirec
tional interaction driving OA progression.71 As established in prior work,36 mechanosensitive miRNAs undergo para
crine transport via chondrocyte-derived EVs (eg, miR-221) across the osteochondral interface. This process is 
structurally facilitated by microchannels, evidenced by Taheri et al’s identification of 3D CMMC networks.72 

Biomechanically, early subchondral bone loss reduces load-absorbing capacity, increasing shear stress on cartilage, 
while late-stage sclerosis transmits excessive force directly to articular surfaces. As a result, pathological alterations 
within subchondral bone can significantly impact cartilage integrity.73 For instance, osteoclast-mediated bone resorption 
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Table 2 Expression and Clinical Relevance of Mechanosensitive miRNAs in Subchondral Bone Remodeling

miRNA Target Mechanical 
Force

Function Literature Clinical 
Relevance

miR-212-3p Hmgb1 Mechanical 

unloading

The expression of miR-212-3p is increased under mechanical unloading and osteogenic 

differentiation capability could be suppressed by directly targeting Hmgb1.

Zhang et al 202354 Bone 

Remodeling

miR-9-5p KLF5 Tensile strain Intra-articular injection of exosome mediated miR-9-5p could alleviate OA progression. Li et al 202333 Bone 

Remodeling

miR-20a BAMBI 

SMAD6

Fluid shear 

stress

miR-20a could enhance osteoblast differentiation udder fluid shear stress. Peng et al 202255 Bone 

Remodeling

miR-100 FZD5 

FZD8

Fluid shear 

stress

miR-100 could mediate mechanosensitive interaction between TGFβ and Wnt pathway 

in osteocytes under fluid shear stress.

Dole et al 202156 Bone 

Remodeling

miR-203a-3p NA Hindlimb 
unloading

EV mediated miR-203a-3p is mechanistically regulated to protein synthesis and 
degradation.

Pelt et al 202057 Bone 
Remodeling

miR-337-3p IRS1 
Nox4

Cyclical 
mechanical 

loading

Overexpression of mechanosensitive miR-337-3p could alleviate ectopic ossification. Geng et al 202058 Bone 
Remodeling

miR-132-3p Ep300 Mechanical 

unloading

Inhibited expression miR-132-3p in the bone can preserve bone mass, microstructure. Hu et al 202059 Bone 

Remodeling

miR-30 family Runx2 Mechanical 

unloading

miR-30 family members participate into the regulation of the dysfunction of osteoblasts 

under unloading environment.

Zhang et al 202060 Bone 

Remodeling

miR-138-5p MACF1 Treadmill 

exercise 

Cyclic 
stretching

miR-138-5p is a mechanoresponsive miRNA in the bone. Chen et al 202061 Bone 

Remodeling

miR-208a-3p ACVR1 Hindlimb 

unloading

Inhibition of miR-208a-3p may be protective for relieving bone loss. Arfat et al 201853 Bone 

Remodeling

miR-195-5p WNT3A, 

FGF2, and 

BMPR1A

Cyclic 

tension strain

miR-195-5p is a mechanosensitive and could regulate osteogenic differentiation. Chang et al 201762 Bone 

Remodeling

miR-148a-3p Kdm6b NA miR-148a-3p participates into the regulation of adipocyte and osteoblast differentiation. Tian et al 201763 Bone 

Remodeling

miR-503-5p NA Cyclical 

stretch

miR-503-5p is mechanosensitive and could inhibit osteogenic differentiation. Liu et al 201764 Bone 

Remodeling

miR-33-5p Hmga2 Microgravity 

Fluid shear 
stress

miR-33-5p is a mechanosensitive miRNA and could promote osteogenic differentiation. Wang et al 201665 Bone 

Remodeling

miR-494-3p Fgfr2 

Rock1

Compressive 

force

Compressive force could inhibit cell proliferation by upregulating miR-494-3p 

expression.

Iwaki et al 201566 Bone 

Remodeling

miR-153 BMPR2 NA miR-153 is a mechanosensitive miRNA and could regulates osteogenic differentiation. Cao et al 201567 Bone 

Remodeling

miR-103 Cav1.2 Microgravity miR-103 could inhibit osteoblast proliferation via suppressing Cav1.2 expression under 

simulated microgravity environment.

Sun et al 201568 Bone 

Remodeling

miR-103a Runx2 Cyclic 

mechanical 

stretch

miR-103a is a mechanosensitive miRNA and could regulates osteogenic differentiation by 

targeting Runx2.

Zuo et al 201552 Bone 

Remodeling

miR17-92 cluster Periostin, Elk3, 

Runx2

Mechanical 

strain

miR17-92 cluster plays a vital role in periosteal bone formation under mechanical strain 

in type I collagen-producing cells.

Mohan et al 201569 Bone 

Remodeling

miR-154-5p Wnt11 Mechanical 
tension

miR-154-5p could negatively regulate osteogenic differentiation through Wnt/PCP 
pathway by targeting Wnt11 under tensile stress.

Li et al 201551 Bone 
Remodeling

miR-20a/21/19b/34/ 
140/200b

NA Fluid shear 
stress

A group of miRNAs are involved in the pre-osteoblast differentiation under fluid shear 
stress.

Mai et al 201370 Bone 
Remodeling

Note: NA: Information not reported or not investigated in the source study.
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releases factors like transforming growth factor-beta (TGF-β) and calcium-phosphate complexes, which promote 
chondrocyte hypertrophy, apoptosis, and matrix degradation.74 Concurrently, type H vessel invasion from subchondral 
bone delivers pro-inflammatory mediators (eg, VEGF, PDGF-BB) into cartilage, further accelerating chondrocyte 
catabolism.75,76 Furthermore, osteoclast-derived exosomes containing molecules like let-7a-5p target Smad2 in chon
drocytes, driving hypertrophic differentiation and creating a destructive feedback loop.77 Thus, targeting the crosstalk 
between articular cartilage and subchondral bone represents a promising therapeutic avenue for OA. Recently, Jing et al 
developed a bone-targeted extracellular vesicle delivery system to overcome the challenge of drug delivery to subchon
dral bone. This platform utilizes macrophage-derived vesicles functionalized with bone-targeting peptides, enabling 
immune evasion and enhanced biological barrier penetration. The engineered system demonstrated low toxicity, high 
stability, and precise bone targeting both in vitro and in ACLT-induced OA mice. Critically, it successfully inhibited 
pSmad2/3-dependent TGF-β signaling in subchondral bone, restoring coupled bone remodeling. This strategy provides 
a novel approach for treating OA by modulating pathological signaling in the subchondral microenvironment. Notably, 
the platform’s capacity to deliver mechanosensitive miRNAs could directly regulate metabolism in both articular 
cartilage and subchondral bone, offering additional therapeutic leverage against OA progression.78

Delivery Systems of Mechanosensitive miRNAs
Mechanosensitive miRNA expression is dynamically modulated by mechanical stress at the single-cell level.20 Externally 
applied forces trigger cells in articular cartilage and subchondral bone to produce miRNAs, which diffuse locally to 
influence both the producing cells (autocrine) and surrounding cell populations (paracrine), mediating crosstalk across the 
osteochondral interface.79 Compelling evidence confirms that mechanosensitive miRNAs orchestrate OA development 
by dynamically modulating mRNA targets involved in chondrocyte metabolism and osteogenic differentiation.33 

Mechanical stress imbalance triggers pathological bidirectional miRNA crosstalk across the osteochondral interface, 
establishing self-reinforcing feedback cycles.7,19,79 For instance, under abnormal loading, osteoclast-derived EVs deliver 
miR-212-3p targeting Smad2 in chondrocytes, suppressing TGF-β signaling and accelerating matrix degradation,80 while 
EV-transported miR-214-3p inhibits ATF4, compromising cartilage anabolism.81 Injured chondrocytes release miR-221- 
enriched EVs that target Runx2 in osteoblasts, impairing bone formation and exacerbating subchondral sclerosis.36 Bone 
sclerosis increases shear stress on articular surfaces while cartilage degradation products (eg, TGF-β) further activate 
osteoclasts, establishing a “subchondral sclerosis-cartilage degradation” vicious cycle.45,78,82

However, the therapeutic potential of extracellular miRNAs is limited by their rapid degradation by nucleases in 
biological fluids.83,84 Particularly in OA joints, therapeutic macromolecules such as miRNA-based agents are subject to 
rapid clearance by synovial fluid dynamics.85,86 Furthermore, extracellular miRNAs administered via joint injection can 
trigger innate immune activation, which not only amplifies inflammatory responses in OA but also poses biosecurity 
risks.87,88 Moreover, the densely packed and negatively charged cartilage ECM impedes cellular uptake and penetration 
of miRNA therapeutics due to their large size, anionic charge, and hydrophilicity. Concurrently, lysosomal degradation 
poses an additional barrier to achieving functional bioavailability. Consequently, advanced miRNA delivery systems that 
enhance nuclease resistance, prolong intra-articular retention, facilitate cellular internalization, and promote endosomal 
escape are essential to realizing the therapeutic potential of miRNA-based OA interventions.89 Leveraging advances in 
nucleic acid chemistry and nanodelivery systems, engineered miRNA-based therapies—including polyplexes, liposomes, 
and exosomes—are emerging as clinically impactful modalities for OA treatment. These systems enable durable and 
targeted modulation of pathological drivers through site-specific delivery of miRNA mimics or antagonists encapsulated 
in polymeric/lipid vehicles.90–92 Optimal delivery platform selection must account for spatiotemporal disease progres
sion, where nanoparticle-based systems show advantages in early synovial inflammation targeting,93 while EV-mediated 
approaches may better penetrate sclerotic subchondral bone in late OA.94,95

As nanoscale vesicles secreted by cells, EVs carry cargoes including DNA, mRNA, proteins, lipids, and miRNAs, 
enabling rapid intertissue transport.96 Their capacity to traverse microcrack channels and vascular conduits at the bone– 
cartilage interface facilitates bidirectional communication, as depicted in Figure 1.97,98 The lipid bilayer of EVs confers 
functional versatility by shielding miRNAs from extracellular nucleases during intercellular transit, thereby preserving 
their structural integrity and bioactivity. For instance, Liu et al demonstrated that mechanical stress triggers osteocytes in 
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subchondral bone to secrete EVs, accelerating cartilage metabolic dysregulation in both human patients and male mice. 
The EV-encapsulated miR-23b-3p promotes cartilage catabolism and suppresses anabolism by targeting OTUD4, thereby 
disrupting chondrocyte mitophagy. Suppression of miR-23b-3p in osteocytes or chondrocytes attenuates cartilage 
degeneration and halts OA progression in male mice. Collectively, these findings establish osteocyte-derived EVs as 
mediators of bone-cartilage crosstalk and nominate miR-23b-3p as a potential therapeutic target for OA.98 Mirroring this 
protective mechanism, synoviocyte-derived EVs deliver functional miR-150-3p to chondrocytes, attenuating inflamma
tion and degeneration via Trim14/NF-κB/IFNβ axis regulation—a potential cartilage-protective pathway for OA 
therapy.99 Although EV-mediated miRNAs can potentially transmit mechanosensitive signals between chondrocytes 
and fibroblast-like synoviocytes, their free movement across the dense, avascular ECM of cartilage remains challenging. 
To address this limitation, Liang et al engineered exosomes by fusing chondrocyte-affinity peptides (CAPs). These CAP- 
modified exosomes efficiently encapsulated miR-140 and delivered the cargo into chondrocytes in vitro. Moreover, these 
engineered exosomes effectively delivered miR-140 to deeper cartilage regions, inhibited cartilage-degrading proteases, 
and slowed OA progression in vivo. This approach provides a promising targeted, cell-free therapeutic strategy for 
OA.100 Moreover, miR-223 was identified as a key mediator through which human umbilical cord-derived extracellular 
vesicles (hUC-EVs) exert anti-inflammatory and chondroprotective effects by targeting the NLRP3 inflammasome.101 To 
enhance the targeting efficiency and therapeutic efficacy of RNA delivery to cartilage, this study employed a dual- 
engineering strategy: exogenous miR-223 was loaded into hUC-EVs via electroporation, while the vesicle surface was 
modified with a collagen II-targeting peptide using genetic engineering. Consequently, these dual-engineered EVs 
significantly attenuated OA progression by suppressing NLRP3 inflammasome activation and chondrocyte pyroptosis, 
thereby establishing a novel theoretical framework for engineered EV-mediated miRNA therapy in OA treatment.101

Beyond facilitating EV transport within cartilage, EV-mediated miRNAs critically regulate subchondral bone 
remodeling by modulating osteoclast–osteoblast balance. For instance, Li et al demonstrated that osteoclast-derived 
exosomal miR-214-3p suppresses osteoblastic bone formation in ovariectomized mice by targeting ATF4.81 In parallel to 

Figure 1 Mechanical loading can regulate the expression of mechanosensitive miRNAs in articular cartilage and subchondral bone with the activation of PIEZO channels. 
Under the protection of EVs transport, the mechanosensitive signal communication between the bone–cartilage structure is carried out through cartilage-bone marrow 
microchannel connectors (CMMC) such as fissure, microcrack, and vessel across the bone–cartilage interface, and then intervenes to regulate osteochondral metabolism.
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natural EV-mediated intercellular transfer, mechanosensitive miRNAs can be delivered via engineered polymer-based 
systems. These include poly(lactic-co-glycolic acid) (PLGA), chitosan, polyethyleneimine (PEI), and polyamidoamine 
(PAMAM) dendrimers.100 A representative example is the miR-140-activated collagen hydrogel developed by Rajagopal 
et al, which promotes mesenchymal stem cell (MSC) chondrogenic differentiation and hyaline cartilage production by: 
Upregulating cartilage-specific genes (COL2A1, SOX9, ACAN), suppressing hypertrophic markers (eg, COL10A1), and 
sustaining miRNA bioavailability through controlled release from the hydrogel matrix.102 Similarly, Zhao et al demon
strated that a short peptide-conjugated chitosan complex (pNNS-CS) delivering miR-140 and IGF-1 effectively protected 
chondrocytes and enhanced cartilage repair. This was achieved both through in vitro transfection into chondrocytes and 
in vivo intra-articular injection into knee joints.103 In parallel, Carthew et al engineered a mechanoresponsive poly
ethylene glycol/gelatin-norbornene hydrogel (GelNB-PEG) encapsulating mechanosensitive miR-100-5p and miR-143- 
3p. This system significantly promoted the in situ osteogenic differentiation of mesenchymal stem cells (MSCs), 
demonstrating dual capabilities: Facilitating bone and cartilage repair via mechanosensitive miRNA action, and provid
ing a translatable platform for bone tissue engineering applications.104 Consequently, developing self-regulating, 
mechanoresponsive delivery systems holds significant potential for addressing the critical unmet therapeutic needs in 
OA as shown in Table 3.

Table 3 Delivery Vehicles of Mechanosensitive miRNAs and Clinical Relevance in OA

miRNA Target miRNA 
source

Delivery 
vehicles

Function Literature Clinical 
relevance

miR-23b-3p OTUD4 Osteocyte EVs Targeted delivery of miR-23b-3p via 
engineered EVs facilitates bone-cartilage 
crosstalk, offering a promising OA 
treatment approach.

Liu et al 202598 Cartilage

miR-212-3p Smad2 Osteoclasts Exosomes Exosome mediated osteoclast-derived 
miR-212-3p delivery could promote 
chondrocyte dysfunction and cartilage 
degradation.

Dai et al 202480 Cartilage

miR-26b-5p TLR3 and 
COL10A1

Macrophage Exosomes Exosome mediated macrophage-derived 
miR-26b-5p delivery could protect 
cartilage and ameliorate gait abnormalities 
in OA mice.

Qian et al 2024105 Cartilage

miR-223 NLRP3 Exogenous WYRGRL-EVs Dual-engineered EVs mediated miR-223 
delivery inhibits the activation of NLRP3 
inflammasome and chondrocyte 
proptosis.

Liu et al 2023101 Cartilage

miR-140 NA Exogenous CPP-NPs CPP-NPs demonstrates outstanding 
penetrability and accumulation in 
cartilage.

Zhao et al 2023106 Bone 
Remodeling

miR-146b-5p TRAF6 MSCs Exosomes Exosome mediated miR-146b-5p delivery 
suppresses inflammatory responses and 
ECM degradation and protects cartilage.

Lou et al 2023107 Cartilage

miR-199a-3p mTOR MSCs CAP- 
exosomes

CAP binding MSCs-exosomes transfer 
miR-199a-3p to protect chondrocytes.

Zhao et al 2023108 Cartilage

miR-224-5p PTX3 Exogenous G5-AHP 
nanoparticle

G5-AHP nanoparticles mediated miR-224- 
5p delivery could inhibit cartilage 
degeneration and synovial inflammation.

Chen et al 2023109 Cartilage

miR-9-5p KLF5 Chondrocytes Exosomes Reduction of circStrn3 could 
increase miR-9-5p expression and be 
protective for mechanical instability- 
induced OA.

Li et al 202333 Cartilage

(Continued)
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Discussion and Future Perspective
Emerging evidence underscores the pivotal role of mechanosensitive miRNAs in orchestrating multi-tissue responses to 
mitigate OA pathogenesis. At the inflammation level, miR-146a-5p potently suppresses synovitis by targeting TRAF6, 
effectively dampening NF-κB signaling and reducing IL-1β-driven TNF-α production in chondrocytes.41 

Complementarily, miR-140-5p demonstrates dual regulatory capacity—inhibiting IL-6/STAT3 pro-inflammatory cas
cades while directly suppressing MMP13 and ADAMTS5 expression to preserve cartilage integrity.116 The discovery that 
synovial macrophage-derived exosomes transport miR-223-3p across tissue barriers to inhibit NLRP3 inflammasome 

Table 3 (Continued). 

miRNA Target miRNA 
source

Delivery 
vehicles

Function Literature Clinical 
relevance

miR-148a DNMT-1 Cow’s milk EVs CMEVs carrying TGFβ and miR-148a 
could regulate chondrocyte homeostasis 
and protect cartilage.

Pieters et al 2022110 Cartilage

miR-150-3p Trim14 FLSs EVs EVs-mediated miR-150-3p delivery could 
be a novel therapeutic strategy of OA.

Wang et al 202299 Cartilage

miR-29b-5p TET1 MSCs SKP@miR Stem cell-homing hydrogel-based miR- 
29b-5p delivery could promote cartilage 
regeneration in OA.

Zhu et al 2022111 Cartilage

miR-486-5p PTEN ADSCs Exosomes miR-486-5p modified exosomes could 
alleviate chondrocyte apoptosis.

Wang et al 2022112 Cartilage

miR-100-5p miR-143-3p mTOR MSCs GelNB-PEG 
hydrogel

GelNB-PEG hydrogel could increase MSC 
osteogenic capability without multi-step 
transfection procedures.

Carthew et al 2020104 Bone 
Remodeling

miR-140 MMP-13 
Adamts-5

Chondrocytes CAP- 
exosomes

Engineered exosomes mediated miR-140 
delivery in chondrocytes could alleviates 
OA progress.

Liang et al 2020100 Cartilage

miR- 100-5p mTOR MSCs Exosomes MSCIPFP-derived exosomes could inhibit 
cartilage degeneration and ameliorate gait 
abnormality in OA.

Wu et al 2019113 Cartilage

miR-221 NA Exogenous (FB/HA) 
hydrogel

FB/HA hydrogel loaded with antimiR-221/ 
lipofectamine could promote cartilage 
repair.

Lolli et al 2019114 Cartilage

miR-100-5p miR-143-3p mTOR MSCs Gelatin-PEG 
hydrogel

Modulating the expression of 
mechanosensitive miRNAs could enhance 
osteogenesis capability in Gelatin-PEG 
hydrogel.

Frith et al 2018115 Bone 
Remodeling

miR-140-5p RalA MSCs Exosomes exosomes mediated miR-140-5p could 
enhance the proliferation and migration of 
chondrocytes.

Tao et al 2017116 Cartilage

miR-199a-5p HIF1a MSCs Chitosan- 
nanoparticle

Chitosan-nanoparticle mediated miR- 
199a-5p agomir delivery could improve 
osteogenic capability of mesenchymal 
stem cells.

Chen et al 2015117 Bone 
Remodeling

miR-149-5p FUT-1 Exogenous polysaccharide- 
nanoparticles

Polysaccharide-nanoparticles mediated 
microRNA-149-5p delivery could achieve 
a collaborative impact on cartilage 
regeneration.

Celik et al 2019118 Cartilage

miR365 NA Exogenous NPs-YCWP- 
oral system

NPs-YCWP-oral system mediated 
miR365 antagomir delivery could improve 
the symptoms of PTOA.

Zhang et al 2020119 Cartilage

Note: NA: Information not reported or not investigated in the source study.
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activation in chondrocytes further illustrates how miRNA signaling coordinates joint-wide anti-inflammatory 
responses.101 Beyond inflammation control, these regulatory molecules critically influence cellular differentiation and 
matrix homeostasis. Chondrocyte autophagy—a key protective mechanism against degradation—is enhanced by miR- 
199a-3p through ATG7 pathway activation,108 while miR-365 promotes collagen synthesis via HDAC4 inhibition and 
subsequent SOX9 upregulation.38 In subchondral remodeling, miR-100-5p modulates Wnt/β-catenin signaling by 
targeting DKK2, preventing pathological osteophyte formation, whereas miR-208a-3p fine-tunes osteoblast differentia
tion through ACVR1 repression.53

Notably, miRNA-mediated osteochondral crosstalk constitutes a critical pathological axis. Chondrocyte-derived 
exosomes deliver miR-221 to osteoblasts, suppressing Runx2 expression and bone formation,36 while osteoclast- 
secreted miR-214-3p accelerates cartilage breakdown through apoptotic pathway activation.81 This bidirectional feedfor
ward cascade highlights why targeted interventions—such as chitosan nanoparticles delivering miR-140—concurrently 
ameliorate cartilage erosion and subchondral sclerosis preclinical models.103 Collectively, these mechanisms demonstrate 
how miRNAs integrate inflammation resolution, metabolic equilibrium, and structural remodeling across joint tissues, 
establishing them as master regulators of OA pathophysiology with significant therapeutic implications.

Although mechanosensitive miRNAs offer novel insights into OA progression and present promising therapeutic 
targets, clinically reliable outcomes remain limited. To date, clinical trials investigating miRNA-based OA diagnostics 
and therapeutics are scarce, with only five registered studies on ClinicalTrials.gov (NCT03869229, NCT05683769, 
NCT04851210, NCT03866330, NCT05869630; summarized in Table 4). This scarcity largely stems from inconsistent 
methodologies in miRNA handling across studies,120–123 including variations in: Sample processing (eg, RNA extraction 
protocols from synovial fluid vs serum); Analytical platforms (eg, qPCR, RNA-seq, nanopore detection); Delivery 
systems (eg, exosomes, hydrogels, polymer carriers). Addressing these methodological gaps requires standardization of 
key procedures:120–123 Establishing uniform protocols for biofluid collection, storage, and miRNA isolation to minimize 
degradation; Defining sensitivity/specificity thresholds for miRNA biomarkers across detection platforms; Optimizing 
targeted delivery systems (eg, CAP-exosomes, peptide-conjugated polymers) to enhance joint bioavailability; 
Determining effective miRNA mimic/inhibitor concentrations while minimizing off-target effects. Resolving these issues 
is essential before miRNA-based therapies can advance to clinical application.

Firstly, the effects of specific miRNAs, including miR-146a, are not consistent across different studies.124–126 This 
miRNA plays a vital role in cartilage integrity and is crucial for maintaining joint homeostasis. Consequently, miR-146a- 
based therapies have garnered significant attention in OA research, with numerous epigenetic studies aiming to enhance 
chondrogenesis and inhibit cartilage degeneration by targeting it.42,127–129 However, contrasting findings present 
a challenge: miR-146a is reported to be highly expressed in early-stage OA cartilage but downregulated in severe OA. 
Furthermore, some studies indicate that the overexpression of miR-146a can reduce IL-1β-induced TNF-α production in 
chondrocytes, highlighting its complex and context-dependent regulatory functions.43

Secondly, the precise quantitative determination of effective doses for miRNA-based therapeutics or inhibitors 
presents a major translational challenge prior to clinical application of mechanosensitive miRNAs. Both in vivo and 
in vitro, mechanical stresses (eg, compression, shear stress, tension, hydrostatic pressure, and fluid flow) dynamically 

Table 4 Current Clinical Trials About miRNAs in the Diagnosis and Treatment of OA

NCT Number Study Title Study Status Study Type

NCT03869229 Adipose-derived Mesenchymal Stem Cells in Osteoarthritis Unknown Interventional

NCT05683769 microRNA in Erosive Hand Osteoarthritis and Psoriatic Arthritis Completed Observational

NCT04851210 Identification of miRNAs Associated with Gender Difference in Osteoarthritis Patients Recruiting Observational

NCT03866330 Wharton’s Jelly-derived Mesenchymal Stem Cells in Osteoarthritis Unknown Interventional

NCT05869630 Exercise on microRNA in Osteoarthritis Completed Interventional

Abbreviation: NCT, National Clinical Trial.
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regulate miRNA synthesis and secretion in articular chondrocytes and osteocytes, enabling cellular adaptation to 
environmental changes.130,131 However, the heterogeneity of mechanical stimuli leads to divergent miRNA expression 
profiles, which subsequently modulate downstream signaling pathways in a context-dependent manner. Key pathways 
implicated in OA pathogenesis—including NF-κB, Wnt/β-catenin, SIRT1/p53, and SDF1/CXCR4—are differentially 
regulated by miRNAs under varying biomechanical conditions,130,131 complicating the quantification of therapeutic 
efficacy. Moreover, translational barriers remain substantial. Most reported therapeutic outcomes derive from animal 
models, where miRNA interventions show efficacy in alleviating OA pathology.14 Notably, species-specific differences 
in miRNA targeting mechanisms (eg, miR-122 targeting distinct TGF-β pathway components in humans vs mice) raise 
concerns about human applicability. Safety profiles of systemic miRNA delivery (eg, off-target effects, immunogenicity) 
also require rigorous evaluation before clinical translation.122

In particular, delivery systems for mechanosensitive miRNAs—especially EVs that act as intercellular messengers— 
have become a major focus of cartilage regeneration and OA research, owing to their ability to deliver bioactive 
factors.132 However, the heterogeneous molecular cargo within EVs could compromise the therapeutic efficacy of 
encapsulated drugs. Moreover, key challenges must be addressed before clinical translation, including efficient drug 
loading into EVs, achieving targeted delivery, and scaling up EV production.84,133

Beyond direct mechanical regulation of miRNA expression, mechanical stimuli may also directly modulate the 
corresponding miRNA target molecules themselves, independently influencing downstream signaling pathways.

Notably, significant sex- and age-related differences in mechanosensitive miRNA expression critically influence OA 
pathogenesis and therapeutic response. Postmenopausal women exhibit diminished estrogen receptor α (ERα) expression, 
unleashing miR-203 overexpression, which targets ERα and amplifies cartilage degradation, explaining higher OA 
incidence versus age-matched males.40,109,134 More importantly, Erα have been reported to play important roles in the 
etiology of OA by being involved in the regulation of mechanotransduction pathways. A recent study showed that ERα 
levels were decreased in knee cartilage chondrocytes under mechanical overload, implying that ERα may be highly 
responsive to mechanical stress, and regulation of ERα levels may provide a novel therapeutic target for the treatment of 
OA.134 Meanwhile, Erα has also been reported to be the target of mechanosensitive miR-203, and a study demonstrated 
that intra-articular injection of a miR-203 inhibitor could attenuate cartilage degradation by elevating ERα levels in vivo, 
and this undoubtedly adds complexity to the regulation of the mechanotransduction process and represents a new method 
to treat OA.40,57,135 However, although sex-dependent differences may play a vital role in the mechanical stress-induced 
mechanotransduction of articular cartilage, decreased ERα levels result in different responses to mechanical force 
between old male and female chondrocytes remain to be reported.136 Besides, aging also fundamentally reprograms 
miRNA mechanoresponsiveness: senescent chondrocytes show blunted miR-140 induction but sustained miR-365 over
expression under cyclic strain, disrupting TGF-β/HDAC4 crosstalk essential for ECM homeostasis.38,54 These findings 
necessitate sex- and age-stratified therapeutic approaches, such as ERα-stabilizing miR-203 inhibitors for postmenopau
sal women and EV-mediated miR-100-5p delivery to restore osteochondral mechanotransduction in elderly 
patients.40,56,86,113,137

Similarly, the TGFβ signaling pathway plays a critical role in chondrocyte anabolism. Impairing TGFβ activity 
diminishes the anabolic response to mechanical stress, highlighting TGFβ’s vital function in mediating mechanical 
signals within articular cartilage. Previous studies confirm that maintaining physiological TGFβ levels is essential for 
articular cartilage homeostasis, as dysregulation (either excessive or insufficient activation) proves detrimental.138 

Consequently, precise modulation of TGFβ expression in chondrocytes remains unclear. Notably, recent research 
suggests mechanical stress may induce TGFβ activation in articular cartilage, potentially contributing to OA 
development.139 Intriguingly, research on mechanosensitive miRNAs provides a potential molecular explanation for 
how chondrocytes sense mechanical stress and dynamically modulate their miRNA expression profiles. For instance, Jin 
et al demonstrated that applying 10 MPa mechanical stress for 60 minutes upregulated miR-146a expression in human 
chondrocytes. This increase contributed to chondrocyte mechanical injury by interfering with the TGF-β signaling 
pathway via targeted inhibition of Smad4.41 Similarly, Zhang et al observed that mechanical unloading upregulated 
miR-212-3p in MC3T3-E1 cells. This miRNA subsequently inhibited osteogenic differentiation by directly targeting 
High Mobility Group Box 1 protein (HMGB1) in vivo, highlighting its mechanosensitive nature.54 Furthermore, Dai et al 
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revealed that osteoclast-derived miR-212-3p, transferred via EVs, targeted Smad2 in chondrocytes. This mechanism 
induced chondrocyte dysfunction and accelerated cartilage matrix degradation in both OA patients and mouse models. 
Collectively, these findings underscore the interaction between mechanosensitive miRNAs and the TGF-β signaling 
pathway as a promising therapeutic target for OA prevention and treatment, particularly given the critical role of 
mechanical loading in articular cartilage and subchondral bone remodeling during OA progression.80

Critically, mechanosensitive miRNAs orchestrate OA pathogenesis through hierarchical regulation of core mechan
otransduction pathways in a loading-dependent manner. The YAP/TAZ pathway is suppressed by miR-103a targeting 
Runx2 under physiological cyclic stretch, but pathologically amplified by unloading-induced miR-30 overexpression, 
which stabilizes nuclear YAP.52,60 Concurrently, Wnt/β-catenin signaling is gated by mechanical thresholds: physio
logical fluid shear upregulates miR-100-5p to inhibit DKK2, sustaining Wnt activation for bone homeostasis, whereas 
abnormal compression induces miR-154-5p-mediated Wnt5a degradation, disrupting sclerostin regulation.51,56 For NF- 
κB inflammation, miR-146a serves as a mechanical rheostat—degrading TRAF6 to resolve physiological inflammation 
at <5 MPa compression, but failing catastrophically at >10 MPa where IL-1β hyperactivation overrides its 
suppression.41 Most pivotally, TGF-β/Smad signaling exhibits bidirectional miRNA control: physiological loading 
induces miR-140 to enhance TGFβR2 sensitivity for ECM maintenance, while pathological shear stress triggers 
osteoclast-derived miR-212-3p transfer via EVs to silence Smad2 in chondrocytes, uncoupling anabolic responses.80 

This paradigm explains how miRNAs convert mechanical energy into precise epigenetic instructions across the 
osteochondral unit.

Finally, the spatiotemporal dynamics of mechanical forces—encompassing load magnitude, frequency, duration, and 
type—critically orchestrate stage-specific miRNA responses during OA progression. In early OA, physiological low- 
magnitude cyclic compression induces protective miR-140 and miR-146a expression, maintaining cartilage homeostasis 
by suppressing NF-κB-mediated inflammation and MMP13/ADAMTS5-driven matrix degradation.27,140 Conversely, 
progressive OA is characterized by sustained pathological compression, which upregulates miR-365 and miR-21- 
5p.38,141 These miRNAs drive catabolic ECM breakdown through HDAC4 suppression and TGF-β pathway dysregula
tion, accelerating joint degeneration.38,56,141 Within subchondral bone, low-to-moderate shear stress during early 
remodeling activates osteogenic miR-100-5p and miR-20a, enhancing Wnt/β-catenin signaling for physiological 
adaptation.48,56 However, high-magnitude/low-frequency loads (eg, joint malalignment or impact trauma) in late-stage 
OA trigger pathological overexpression of miR-208a-3p and miR-212-3p.53,80 These miRNAs promote aberrant bone 
sclerosis through Runx2 inhibition and Smad2 silencing, ultimately disrupting osteochondral crosstalk.53,80,82 This 
dynamic regulation establishes miRNAs as mechanically gated rheostats that convert physical stimuli into stage- 
specific pathological signals across the osteochondral unit.

Conclusion
Emerging evidence solidifies the pivotal role of mechanosensitive miRNAs as key regulators in OA pathogenesis, 
dynamically orchestrating cartilage and bone homeostasis in direct response to mechanical cues. This review synthesizes 
critical advances, revealing that specific miRNAs (eg, miR-140, miR-365, miR-221/222) act as mechanoresponsive 
mediators, critically linking aberrant mechanical loading to OA progression through their regulation of ECM degrada
tion, inflammation, and subchondral bone remodeling. Furthermore, EVs have emerged as crucial facilitators, enabling 
the transfer of these regulatory miRNAs across the osteochondral interface and unveiling a novel pathway for bidirec
tional mechanotransduction communication between chondrocytes and osteocytes. The significant therapeutic potential is 
underscored by promising strategies employing engineered EVs (eg, CAP-exosomes) and advanced biomaterial-based 
delivery systems (like peptide-modified hydrogels), which demonstrably enhance cartilage penetration and miRNA 
stability, yielding encouraging results in preclinical OA models. However, translating this exciting potential into tangible 
clinical benefits necessitates addressing key hurdles. Future efforts must prioritize establishing standardized methods for 
profiling miRNA mechanosensitivity across diverse OA stages and mechanical environments, developing dose-optimized 
delivery platforms capable of overcoming synovial clearance and immune activation challenges, and conducting rigorous 
validation of EV cargo specificity and long-term safety in robust large-animal models. Looking forward, the field must 
focus on integrating multi-omics approaches to comprehensively map the intricate networks governed by miRNA- 

https://doi.org/10.2147/JIR.S529149                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 9620

Shang                                                                                                                                                                                 

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



mechanotransduction, designing next-generation “smart” biomaterials offering spatiotemporal control for site-specific 
miRNA release, and advancing into well-designed clinical trials evaluating EV-based miRNA therapies (such as 
NCT03869229) specifically in early OA patient cohorts. Successfully harnessing the power of mechanosensitive 
miRNAs as precision therapeutics holds immense promise to fundamentally redefine OA management strategies by 
restoring healthy joint mechano-homeostasis and effectively halting disease progression.
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