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Knee osteoarthritis (KOA) is a highly prevalent degenerative joint disease 

characterized by osteophyte formation at joint margins, subchondral bone 

sclerosis, and progressive degeneration of the articular cartilage. In advanced 

stages, it can result in severe functional impairment of the knee joint, imposing 

a substantial burden on patients’ quality of life and on healthcare systems. 

Conventional intra-articular treatments, such as hyaluronic acid and 

corticosteroid injections, provide temporary pain relief but fail to achieve true 

tissue repair or regeneration. In recent years, several novel biological agents 

with regenerative potential have been introduced, yet their efficacy and safety 

remain debated. Exosomes, nanoscale vesicles secreted by cells, play essential 

roles in the pathophysiology of OA by mediating intercellular communication 

and regulating inflammatory and metabolic processes within the joint 

microenvironment. Exosomes derived from various cellular sources have been 

shown to promote chondrocyte proliferation and survival, suppress 

inflammation, maintain cartilage matrix homeostasis, and modulate subchondral 

bone remodeling and angiogenesis, demonstrating significant therapeutic 

promise for KOA. This review systematically summarizes current research on the 

mechanisms and therapeutic potential of exosomes derived from diverse cell 

types in KOA, highlighting recent advances and ongoing challenges. It aims to 

provide a theoretical foundation and reference framework for future basic 

studies and clinical translation of exosome-based therapies.
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1 Introduction

Knee osteoarthritis (KOA), the most prevalent chronic degenerative joint disease 

worldwide, is a leading cause of disability and reduced quality of life among middle- 

aged and older adults (1). Its prevalence shows a marked increase with advancing age 

(2, 3). The primary clinical manifestations of KOA include knee pain and restricted 

mobility, while its pathological features involve progressive cartilage wear, degeneration, 

and osteophyte formation (4, 5). Globally, developed countries report higher prevalence 

rates due to population aging and improved diagnostic capabilities (6), whereas 

developing nations face a rapidly growing disease burden driven by lifestyle changes, 

rising obesity rates, and increased life expectancy (7).

TYPE Review 
PUBLISHED 06 March 2026 
DOI 10.3389/fsurg.2026.1762559

Frontiers in Surgery 01 frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/fsurg.2026.1762559&domain=pdf&date_stamp=2020-03-12
mailto:xzyxhgx@163.com
mailto:yihua19@163.com
https://doi.org/10.3389/fsurg.2026.1762559
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fsurg.2026.1762559/full
https://www.frontiersin.org/articles/10.3389/fsurg.2026.1762559/full
https://www.frontiersin.org/articles/10.3389/fsurg.2026.1762559/full
https://www.frontiersin.org/articles/10.3389/fsurg.2026.1762559/full
https://www.frontiersin.org/journals/Surgery
https://doi.org/10.3389/fsurg.2026.1762559


The central pathogenesis of KOA involves abnormal 

mechanical stress that triggers intra-articular in-ammation, 

leading to excessive protease activation and cartilage matrix 

degradation that exceeds the tissue’s repair capacity (8). This 

cascade also promotes osteophyte formation and synovitis, 

ultimately resulting in irreversible progressive joint destruction 

(9). In clinical practice, patients with advanced-stage KOA and 

severe joint damage often require surgical intervention when 

conservative treatments fail. However, in early-stage KOA, 

pathological damage to tissues such as articular cartilage and 

subchondral bone is considerably less severe than in intermediate 

or advanced stages, rendering surgery unnecessary (10). 

Treatment options at this stage remain limited. With evolving 

diagnostic and therapeutic paradigms, increasing emphasis has 

been placed on early detection, precise diagnosis, and stepwise 

intervention. In this context, recent years have witnessed notable 

advances in regenerative medicine approaches for KOA.

Intra-articular injection therapy has emerged as a key modality 

in the regenerative treatment of OA, encompassing a range of 

therapeutic approaches. Increasing evidence supports its efficacy, 

particularly within the field of orthobiologics, where research 

activity has expanded markedly in recent years (11). Established 

treatment options include hyaluronic acid for lubrication, 

corticosteroids for anti-in-ammatory effects, and stem cells with 

immunomodulatory and tissue-regenerative potential. These 

therapies have shown favorable outcomes in reducing 

in-ammation, promoting tissue repair, and improving joint 

function (12). However, despite their therapeutic promise, these 

interventions are often limited by challenges such as inconsistent 

efficacy, lack of standardized preparation protocols, and ethical 

concerns, all of which hinder their clinical translation and 

broader application (13, 14). In this context, exosomes— 

nanoscale extracellular vesicles secreted by cells—have garnered 

significant attention for their unique biological functions. 

Carrying bioactive molecules such as proteins, nucleic acids, and 

lipids, exosomes play critical roles in intercellular communication, 

immunomodulation, and tissue repair. Moreover, they have 

demonstrated substantial potential for cartilage protection and 

regeneration in the treatment of KOA (15).

This review systematically examines the therapeutic potential 

and developmental challenges of exosomes in the treatment of 

KOA. It discusses the biological characteristics of exosomes, 

their mechanisms of action in KOA pathogenesis, recent 

advances in preclinical studies, and the current bottlenecks in 

clinical translation, while also outlining future directions. The 

goal is to provide a comprehensive reference for researchers, 

clinicians, and scholars in related fields—facilitating the 

translation of exosome-based therapies from basic research to 

clinical practice and ultimately offering more effective and 

minimally invasive treatment options for patients with KOA.

2 Pathological mechanisms of KOA

KOA is fundamentally a whole-joint disorder driven by the 

combined effects of mechanical and biological factors, resulting in 

impaired integrity of the articular cartilage, subchondral bone, 

and surrounding tissues, accompanied by in-ammatory responses 

(16). Its pathological mechanism is complex and progressive in 

nature, typically beginning with the degeneration of articular 

cartilage (17). Under continuous stimulation from abnormal 

mechanical loading (e.g., obesity, trauma) and pro-in-ammatory 

cytokines (such as IL-1 and TNF-α), chondrocyte metabolism 

becomes disrupted, marked by reduced synthetic capacity and 

heightened catabolic activity (18, 19). Chondrocytes produce 

excessive amounts of degrading enzymes, including matrix 

metalloproteinases (MMPs) and aggrecanases, which break down 

key components of the extracellular matrix (ECM), such as type 

II collagen and proteoglycans (20). This degradation leads to 

structural deterioration, loss of elasticity, fissuring, and erosion of 

the cartilage, ultimately causing cartilage thinning, fragmentation, 

and loss of joint cushioning (21, 22).

Importantly, the pathology extends beyond the cartilage. 

Synovial tissue develops secondary in-ammation, releasing 

additional in-ammatory mediators and perpetuating a self- 

sustaining cycle (8). Subchondral bone undergoes sclerosis, cyst 

formation, and osteophyte growth in an attempt to compensate, 

which paradoxically increases joint stiffness and pain (23). 

Surrounding muscles and ligaments also weaken and lose 

function due to pain and reduced mobility (24). Overall, the 

pathological process forms a vicious cycle in which mechanical 

damage and biological responses reinforce one another, 

culminating in structural failure of the joint, functional 

impairment, and clinical symptoms such as pain, stiffness, and 

restricted movement (25).

3 Biological characteristics of 
exosomes

Extracellular vesicles (EVs) are classified into several subtypes 

based on their size and mechanisms of biogenesis, with exosomes 

representing one of the principal categories (26), as summarized in 

Table 1. Exosome biogenesis is a tightly regulated, multi-step 

process originating from various cell types within tissues (27). 

This process involves key stages, including the formation of 

early endosomes, maturation into late endosomes, assembly of 

multivesicular bodies, and ultimately the release of small 

vesicles—illustrated in Figure 1. As illustrated in Figure 2, the 

exosome membrane surface displays structures including 

receptors and lipid anchors. Internally, exosomal proteins consist 

primarily of heat shock proteins, tetraspanin family members, 

and other membrane-associated proteins. Furthermore, exosomes 

carry a variety of functional nucleic acids, such as mitochondrial 

DNA, mRNA, circular RNA, microRNA, and long non-coding 

RNA (28). In addition, exosomes play essential roles in 

numerous biological processes such as angiogenesis, apoptosis, 

antigen presentation, intercellular signaling, and in-ammatory 

regulation. Through mediating intercellular communication, they 

enable precise modulation of recipient cells and act as critical 

carriers of molecular information between cells (29). Studies 

have shown that multiple cell types within the joint cavity, 

including chondrocytes and synovial cells, are capable of 

secreting exosomes (30). Under physiological conditions, 

chondrocyte-derived exosomes help regulate the balance between 

ECM synthesis and degradation by transferring specific miRNAs, 

thereby maintaining the structural integrity and functional 

stability of cartilage tissue (31).
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TABLE 1 Different types of EVs.

Classification Type Size (nm) Origin Composition Key markers

Small EVs Exomeres (26) <50 Most cell 

types

Non-membranous nanoparticles Non-membranous

Exosomes (32, 33) 30–150 Most cell 

types

Proteins, nucleic acids, lipids Tetraspanins (CD9, CD63, CD81, and CD82), ESCRT 

family of proteins, heat shock proteins (HSP70, HSP90), 

Alix, Tsg101

Microvesicles (26, 

33, 34)

>200 Most cell 

types

Plasma membrane, lipids Tetraspanins, proteins related to the germination 

process

Large EVs Migrasomes (35, 

36)

500–3000 Cells in 

migration

Proteins, mRNAs Tetraspanins, CPQ, PIGK, NDST1, EOGT

Apoptotic bodies 

(37, 38)

1,000–5,000 All cell types Proteins, RNAs, nuclear 

components, lipids, 

gasotransmitters

Integrin alpha-5, calreticulin

Large oncosomes 

(39, 40)

1,000–10,000 Cancer cells Proteins, nucleic acids, lipids ARF6, metalloproteinases

Endosomal sorting complexes required for transport, CPQ, carboxypeptidase Q; PIGK, phosphatidylinositol glycan anchor biosynthesis, class K; NDST1, bifunctional heparan sulfate 

N-deacetylase/N-sulfotransferase 1; EOGT, EGF domain–specific O-linked N-acetylglucosamine transferase.

FIGURE 1 

Biogenesis and release of exosomes and structure of exosomes. Exosome formation initiates with the inward invagination of the plasma membrane, 

which creates an early sorting endosome. This compartment then matures into a late sorting endosome. The membrane of the late endosome 

subsequently buds inward, accumulating intraluminal vesicles and transforming the structure into a multivesicular body. Finally, the multivesicular 

body fuses with the plasma membrane. Through exocytosis, it releases its internal vesicles into the extracellular space as exosomes. Exosomes 

possess a lipid bilayer membrane. This membrane incorporates various transmembrane proteins and receptors. Internally, exosomes carry a 

diverse cargo of functional biomolecules, including proteins and nucleic acids.
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4 Exosomes serve as diagnostic 
biomarkers for osteoarthritis

Early-stage osteoarthritis is frequently asymptomatic, yet 

treatment becomes increasingly difficult as the condition 

advances. This reality underscores the necessity of employing 

biomarkers for early diagnosis. Exosomes directly come from 

the damaged joint tissue. Their contents can dynamically and 

precisely re-ect the early pathological changes of osteoarthritis, 

thereby overcoming the limitations of traditional imaging 

examinations (41).

At present, numerous differentially expressed molecules 

associated with the onset and progression of osteoarthritis have 

been identified in exosomes. Among these, microRNAs 

represent the most extensively studied class of biomarkers. For 

example, exosomal miR-193b-3p is downregulated in 

osteoarthritis patients, whereas miR-130b-3p and miR-1271-5p 

are upregulated (42). Additionally, aberrant expression of the 

chondroprotective miR-140 is linked to cartilage defects (43). 

Moreover, long non-coding RNAs (lncRNAs) and circular RNAs 

(circRNAs) exhibit high stability. This property makes them 

promising biomarker candidates. For instance, the expression of 

lncRNAs prostate-specific transcript 1 and PCGEM1 in synovial 

exosomes rises with disease progression (44). This increase can 

help distinguish between different disease stages. Meanwhile, 

plasma circRNA-016901 shows specific overexpression in 

osteoarthritis patients. Its expression level correlates with disease 

severity, indicating its potential as a circulating biomarker (45).

For diagnostic targeting, synovial -uid exosomes represent the 

most direct and sensitive source for detecting early osteoarthritis, 

as they closely mirror the initial pathological and physiological 

alterations within the joint. Hence, they are often regarded as 

the reference standard for early diagnosis. In contrast, blood- 

derived exosomes, despite some signal dilution, offer the 

advantages of being minimally invasive and easily obtainable 

over time. These properties make them a primary candidate for 

clinical translation and longitudinal disease monitoring. In 

summary, exosomes carry specific molecular profiles, including 

miRNAs, lncRNAs, circRNAs, and proteins. This cargo provides 

a novel and multidimensional platform for molecular analysis. 

This platform can be applied to the early diagnosis of 

osteoarthritis, disease staging, and progression prediction.

5 Application of exosomes from 
different sources in the treatment of 
KOA

5.1 Bone marrow mesenchymal stem 
cell–derived exosomes (BMSC-Exos)

BMSCs are a population of multipotent cells residing in the 

bone marrow that play crucial roles in tissue repair and 

immunomodulation. The exosomes secreted by these cells are 

nanoscale vesicular structures containing a variety of bioactive 

molecules, including proteins and nucleic acids (46). BMSC- 

Exos facilitate intercellular communication and regulate the 

functions of neighboring cells. Studies have shown that BMSC- 

Exos effectively promote tissue regeneration and repair damaged 

cartilage and subchondral bone (47). Moreover, they exhibit low 

immunogenicity and favorable safety profiles in therapeutic use, 

making them a promising strategy for the treatment of KOA (48).

Existing studies have shown that BMSC-Exos enhance 

cartilage matrix synthesis by upregulating the expression of type 

II collagen and aggrecan, while simultaneously inhibiting 

catabolic enzymes such as ADAMTS5 and MMP-13 to slow 

matrix degradation (49). They also modulate key signaling 

pathways through the delivery of regulatory RNAs. For example, 

FIGURE 2 

Uptake of exosomes. The release of exosomes mainly occurs through the following three mechanisms: receptor-mediated endocytosis, direct 

binding, and membrane fusion.
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miR-361-5p targets DDX20, leading to inactivation of the NF-κB 

signaling pathway and attenuation of in-ammatory responses 

(50); lncRNA NEAT1 binds to miR-122-5p, preventing it from 

targeting Sesn2 and thereby activating the Nrf2 pathway to 

inhibit chondrocyte senescence and apoptosis (51); and miR- 

127-3p reduces MMP-13–mediated type II collagen degradation 

by suppressing the Wnt/β-catenin signaling pathway (52), as 

summarized in Table 2. Collectively, these studies demonstrate 

that BMSC-Exos regulate intra-articular in-ammatory responses, 

promote chondrocyte regeneration, and inhibit ECM 

degradation by transferring various microRNAs and lncRNAs. 

Through these mechanisms, they play a crucial role in 

maintaining cartilage microenvironment homeostasis and 

delaying the pathological progression of KOA.

5.2 Adipose mesenchymal stem cell– 
derived exosomes (ADSC-Exos)

ADSCs are adult stem cells isolated from adipose tissue, 

possessing notable regenerative and reparative potential (60). 

They are capable not only of differentiating into multiple cell 

types but also of modulating immune responses, promoting 

angiogenesis, and facilitating tissue repair through the secretion 

of diverse bioactive factors (61). ADSC-Exos, the nanoscale 

vesicles released by ADSCs, function as crucial signaling 

mediators that deliver targeted repair signals to injured cells 

(62). Given the wide distribution and abundance of adipose 

tissue in the human body, ADSCs offer significant advantages 

such as ample availability and ease of collection. As a result, 

ADSC-Exos are considered a safer and more accessible 

therapeutic option for KOA, showing great promise in the field 

of regenerative medicine (63).

ADSC-Exos alleviate intra-articular chondrocyte 

in-ammation by suppressing the release of in-ammatory 

mediators (64). One study demonstrated that miR-338-3p 

derived from ADSCs inhibits IL-1β–induced chondrocyte 

in-ammation and matrix degradation by downregulating 

RUNX2 expression (65). In addition, ADSC-Exos can mitigate 

KOA through multiple signaling pathways. Both in vivo and in 

vitro studies have shown that ADSC-derived exosomes deliver 

the key functional molecule miR-376c-3p to articular 

chondrocytes and synovial fibroblasts, directly inhibiting the 

protein expression of WNT3 and WNT9a. This, in turn, reduces 

activation of the downstream signaling molecule β-catenin, 

leading to marked suppression of ECM degradation in 

chondrocytes and alleviation of synovial fibrosis (66). 

Furthermore, recent studies have found that under in-ammatory 

conditions mimicking KOA in vitro (induced by IL-1β), the 

expression of miR-574-3p in ADSC-derived exosomes is 

significantly downregulated. Mechanistic analyses revealed that 

miR-574-3p directly targets CRIM1 through molecular binding, 

thereby inhibiting its protein translation and reducing CRIM1 

expression. This effect subsequently relieves the suppression of 

BMP signaling, resulting in dual therapeutic benefits: inhibition 

of chondrocyte hypertrophy and attenuation of in-ammatory 

responses (67). Details are presented in Table 3.

TABLE 2 Mechanisms of action and therapeutic effects of BMSC-exos in the treatment of OA.

RNA Mechanism Effect Reference

miR-361-5p Targets DDX20 and inactivates the NF-κB signaling pathway Alleviates in-ammation and chondrocyte damage (50)

miR-362-5p Targets PLXNB1 Promotes chondrogenic differentiation (53)

miR-127-3p Targets CDH11 and activates the Wnt/β-catenin pathway Alleviates chondrocyte damage (52)

miR-21 Upregulates circYAP1 gene while downregulating TLR7 gene Alleviates in-ammation and oxidative stress (54)

miR-9-5p Inhibits SDC1 Alleviates in-ammation and chondrocyte damage (55)

miR-320c Targets CDK6 gene, inhibits IL-1β, and regulates the NF-κB 

signaling pathway

Inhibits chondrocyte catabolism (56)

miR-92a-3p Regulates ADAMTS-4/5 factors Alleviates in-ammation while maintaining cartilage developmental 

homeostasis

(57)

miR-125a-5p Targets E2F2 Promotes chondrocyte migration and inhibits cartilage degeneration (58)

miR-136-5p Targets ELF3 Promotes chondrocyte migration and inhibits cartilage degeneration (59)

lnc RNA 

NEAT1

Binds to miR-122-5p and activates the Sesn2/Nrf2 axis Induces chondrocyte proliferation and autophagy while inhibiting 

apoptosis

(51)

TABLE 3 Mechanisms of action and therapeutic effects of ADSC-exos in the treatment of OA.

RNA Mechanism Effect Reference

miR- 

338-3p

Inhibits RUNX2 Inhibits chondrocyte 

in-ammation and 

degradation

(65)

miR- 

376c- 

3p

Inhibits Wnt/β- 

catenin signaling 

pathway by targeting 

WNT3 or WNT9a

Alleviates chondrocyte 

degradation and synovial 

fibrosis

(66)

miR- 

574-3p

Modulates CRIM1/ 

BMPs signaling

Inhibits chondrocyte 

hypertrophy and 

in-ammation

(67)

miR- 

93-5p

Targets ADAMTS9 Inhibits chondrocyte 

in-ammation, autophagy, 

and apoptosis

(70)

Li et al.                                                                                                                                                                  10.3389/fsurg.2026.1762559

Frontiers in Surgery 05 frontiersin.org

https://doi.org/10.3389/fsurg.2026.1762559


In the human knee joint, resident cells within the infrapatellar 

fat pad (IPFP) and synovial tissue—such as synovial cells and 

macrophages—play key roles in the onset and progression of 

in-ammatory joint diseases. Mesenchymal stem cells derived 

from the IPFP (IPFP-MSCs) possess strong immunomodulatory 

properties, primarily mediated through their exosomes 

(MSCIPFP-Exos), which can effectively suppress the pro- 

in-ammatory activation of synovial cells and macrophages, 

thereby modulating local joint in-ammation. Previous studies 

have shown that MSCIPFP-Exos exert cartilage-protective effects 

largely through their abundant miR-100-5p, which specifically 

inhibits mTOR expression in chondrocytes, thereby activating 

autophagy. This mechanism markedly alleviates IL-1β–induced 

chondrocyte apoptosis, promotes ECM synthesis, and reduces 

the expression of catabolic enzymes such as MMP-13 and 

ADAMTS5. In a mouse model of destabilization of the medial 

meniscus, this treatment effectively delayed articular cartilage 

degeneration and improved gait abnormalities, demonstrating 

significant chondroprotective effects (68). A study by Yin et al. 

further compared the therapeutic efficacy of exosomes derived 

from subcutaneous adipose tissue (ScAT) and those from IPFP- 

derived ADSCs in KOA. The results showed that IPFP-derived 

exosomes (ExosIPFP) exhibited superior efficacy in inhibiting 

ECM degradation in chondrocytes compared with ScAT-derived 

exosomes (ExosScAT). Subsequent small RNA sequencing 

revealed significantly higher expression of miR-99b-3p in 

ExosIPFP, and functional validation confirmed that it attenuates 

KOA progression by selectively suppressing ADAMTS4 

expression and enhancing ECM synthesis (69).

5.3 Synovial mesenchymal stem cell– 
derived exosomes (SMSC-Exos)

SMSCs are multipotent cells residing in the synovial tissue of 

joints, characterized by strong self-renewal capacity and the ability 

to differentiate into chondrocytes, osteocytes, and other cell types 

(71). The exosomes secreted by these cells act as key mediators of 

intercellular communication, carrying various bioactive molecules 

that transmit repair signals to surrounding damaged cells. 

Previous studies have shown that SMSC-Exos not only 

effectively suppress joint in-ammation but also significantly 

promote cartilage regeneration and repair. Moreover, by 

avoiding the potential risks associated with direct live-cell 

transplantation, SMSC-Exos present substantial therapeutic 

potential for the treatment of joint diseases such as OA (72).

An in vivo study examining the protective role of miRNAs in a 

rat model of KOA revealed that Wnt5a and Wnt5b, enriched in 

SMSC-Exos, promote Yes-associated protein (YAP) activation via 

stimulation of the non-canonical Wnt signaling pathway. This 

activation enhances chondrocyte proliferation and migration; 

however, it also suppresses the expression of the key chondrogenic 

transcription factor SOX9, resulting in reduced ECM synthesis 

and limited reparative efficacy (73, 74). Notably, the study further 

demonstrated that engineering exosomes to overexpress miR- 

140-5p—a miRNA known for its chondroprotective effects— 

produces markedly different outcomes. These modified exosomes 

not only promote proliferation and migration through the Wnt/ 

YAP pathway but also counteract the suppression of ECM 

synthesis, thereby exhibiting more comprehensive cartilage repair 

and protective effects in KOA (75). Furthermore, recent studies 

have shown that combining SMSC-Exos with icariin exerts 

synergistic promotive effects on cartilage repair via the Wnt/β- 

catenin signaling pathway, further underscoring the significant 

therapeutic potential of SMSC-Exos in KOA treatment (76). 

Additionally, evidence indicates that miR-485-3p in SMSC-Exos 

alleviates IL-1β–induced cartilage degradation by targeting NRP1 

to inhibit the PI3 K/Akt pathway. This mechanism enhances the 

proliferation and migration of osteoarthritic chondrocytes while 

suppressing apoptosis, in-ammation, and ECM degradation, 

thereby slowing the pathological progression of OA.

Researchers have shown that overexpression of specific 

miRNAs—such as miR-212-5p, miR-155-5p, and miR-26a-5p, as 

summarized in Table 4—not only promotes the proliferation 

and migration of osteoarthritic chondrocytes while inhibiting 

apoptosis, but also effectively relieves the suppression of ECM 

synthesis and enhances matrix production and secretion. This 

approach further strengthens the ability of SMSC-Exos to reduce 

cartilage in-ammation and mitigate tissue damage, thereby 

markedly improving their therapeutic efficacy in OA.

TABLE 4 Mechanisms of action and therapeutic effects of SMSC-exos in the treatment of OA.

RNA Mechanism Effect Reference

miR-140-5p Blocks inhibition of SOX9 expression through 

RalA

Relieves suppression of ECM synthesis while promoting chondrocyte proliferation 

and migration

(75)

miR-212-5p Targets ELF3 Inhibits chondrocyte degeneration and in-ammation (77)

miR-155-5p Targets Runx2 Promotes chondrocyte proliferation and migration, inhibits apoptosis, and enhances 

ECM secretion

(78)

miR-26a-5p Targets PTEN Inhibits chondrocyte apoptosis and in-ammation and alleviates cartilage damage (79)

miR-320c Targets ADAM19 Inhibits chondrocyte apoptosis and promotes repair of cartilage damage (80)

miR-130b- 

3p

Targets LRP12 and inhibits LRP12/AKT/β- 

catenin axis

Alleviates chondrocyte damage (81)

miR-485-3p Targets NRP1 and inhibits PI3 K/Akt signaling 

pathway

Alleviates cartilage degradation (82)

miR-129-5p Inhibits IL-1β by suppressing HMGB1 release Alleviates in-ammation and chondrocyte apoptosis (83)
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5.4 Synovial fibroblast–derived exosomes 
(SF-Exos)

Synovial fibroblasts (SFs) originate from the synovial tissue of 

the inner joint capsule and are key cellular components of the 

synovial stroma (84). SF-Exos are released by these fibroblasts 

and mediate communication between SFs and surrounding cells 

(e.g., chondrocytes, osteoclasts, and immune cells) (85). By 

transferring their molecular cargo, SF-Exos regulate 

physiological and pathological processes in recipient cells (86).

A study that established a rat OA model using ACLT + MMx 

surgery showed that treatment with miR-214-3p–overexpressing 

SF-Exos improved chondrocyte in-ammation and cartilage 

degeneration while reducing apoptosis, thereby significantly 

delaying OA progression (87). Similarly, miR-126-3p—by 

activating anti-in-ammatory pathways—effectively suppresses 

chondrocyte in-ammation and delays cartilage degeneration (88). 

Another study demonstrated that exosomes derived from IL-1β– 

treated human synovial fibroblasts markedly upregulated MMP-13 

and reduced collagen II levels in normal articular chondrocytes in 

vitro. These exosomes also enhanced the migration and tube 

formation of human umbilical vein endothelial cells and increased 

proteoglycan release from cartilage explants. Together, these 

findings suggest that SF-derived exosomes under IL-1β 
stimulation may contribute to OA pathogenesis by altering 

chondrocyte metabolic phenotypes and promoting angiogenesis.

Interestingly, the study by Wang et al. showed that intra-articular 

injection of exosomes derived from miR-146a–overexpressing 

fibroblast-like synoviocytes (miR-146a-FLS-Exos) effectively alleviated 

KOA progression. The core mechanism involves the delivery of miR- 

146a as a functional signaling molecule to joint tissues, where it 

targets and suppresses TRAF6 expression, thereby inhibiting 

overactivation of the key TLR4/TRAF6/NF-κB in-ammatory 

pathway. This dual mechanism simultaneously reduces chondrocyte 

apoptosis and cartilage matrix degradation while promoting the 

polarization of synovial macrophages from pro-in-ammatory M1 to 

anti-in-ammatory reparative M2 phenotypes, ultimately mitigating 

synovial in-ammation (89). SF-Exos thus exhibit significant 

therapeutic potential by targeting multiple pathological processes in 

KOA progression. When further engineered, they can serve as 

efficient drug delivery vehicles for anti-in-ammatory molecules or 

chondroprotective agents, enabling targeted therapies with high 

efficacy and low toxicity, as summarized in Table 5.

5.5 Human umbilical cord mesenchymal 
stem cell–derived exosomes 
(hucMSC-Exos)

hucMSCs are mesenchymal stem cells isolated from postnatal 

umbilical cord tissue, capable of releasing substantial amounts of 

exosomes following in vitro expansion (90). hucMSC-Exos play 

important roles in protecting chondrocytes, promoting cartilage 

matrix synthesis, and exerting anti-in-ammatory and 

immunomodulatory effects (91). Compared with exosomes 

derived from BMSCs or ADSCs, hucMSC-Exos offer greater 

accessibility, exhibit stronger proliferative capacity and higher 

exosome secretion activity, and avoid ethical concerns associated 

with other stem cell sources (91, 92).

Studies have shown that miR-1208 in hucMSC-Exos targets and 

suppresses METTL3 expression, thereby reducing NLRP3 mRNA 

methylation levels and inhibiting the release of in-ammatory 

factors. At the same time, it prevents the degradation of COL2A1 

and aggrecan while suppressing the expression of ADAMTS3 and 

MMP13. This process markedly reduces the maturation and 

secretion of key pro-in-ammatory cytokines IL-1β and IL-18, 

effectively alleviating the low-grade in-ammatory state in joints. 

The attenuation of in-ammation further inhibits chondrocyte 

apoptosis, promotes chondrocyte proliferation and migration, and 

restores the metabolic balance of the ECM, ultimately slowing OA 

progression (93). Additionally, high levels of lncRNA H19 in 

hucMSC-Exos promote chondrocyte migration and ECM 

secretion while inhibiting apoptosis and senescence. This occurs 

through exosomal H19 acting as a competing endogenous RNA 

that binds to miR-29b-3p, thereby upregulating FoxO3 expression 

in chondrocytes (94). A study by Li et al. further revealed that 

hucMSC-derived exosomes are enriched with several functionally 

important miRNAs, including miR-122-5p, miR-148a-3p, miR- 

486-5p, and miR-100-5p. These exosomes activate the PI3 K/Akt 

signaling pathway, promoting M2 macrophage polarization, 

reducing the production of pro-in-ammatory cytokines (TNF-α, 

IL-1, and IL-6), and increasing the expression of the anti- 

in-ammatory cytokine IL-10. Consequently, they effectively 

suppress joint in-ammation and delay the pathological 

progression of KOA (95). Specific details are presented in Table 6.

Overall, hucMSC-Exos demonstrate strong potential for the 

treatment of KOA owing to their ready accessibility, potent 

bioactivity, and broad differentiation capacity.

5.6 Human embryonic mesenchymal stem 
cell–derived exosomes (heMSC-Exos)

heMSCs are pluripotent stem cells derived from early 

embryonic mesodermal tissue, characterized by high viability 

and strong multidirectional differentiation potential (97). 

Exosomes secreted by heMSCs (heMSC-Exos) possess unique 

advantages in complex tissue regeneration processes. Studies 

have shown that heMSC-Exos can alleviate oxidative stress 

TABLE 5 Mechanisms of action and therapeutic effects of SF-exos in the treatment of OA.

RNA Mechanism Effect Reference

miR- 

214-3p

Targets anti- 

in-ammatory pathway

Ameliorates 

chondrocyte 

in-ammation and 

cartilage tissue 

degeneration

(87)

miR- 

126-3p

Targets anti- 

in-ammatory pathway

Constrains 

chondrocyte 

in-ammation and 

cartilage degeneration

(88)

miR- 

146a

Modulates Toll-like 

receptor 4/TRAF6/NF- 

κB signaling pathway

Modulates cartilage 

degradation and 

macrophage 

polarization

(89)
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through the Nox4–ROS–Nrf2 axis in models of neurological 

disease (98).

In a study by Zhang et al., using a rat model, weekly intra- 

articular injections of heMSC-Exos for 12 consecutive weeks 

produced significant cartilage-specific regenerative effects. This 

repair mechanism was closely linked to heMSC-Exos modulating 

local cellular activity through paracrine signaling, thereby 

promoting chondrocyte proliferation, differentiation, and ECM 

synthesis (99). Furthermore, a study by Wang et al. established a 

mouse OA model via surgical destabilization of the medial 

meniscus. The intra-articular administration of heMSC-Exos 

effectively mitigated cartilage destruction and matrix degradation. 

Mechanistic analysis revealed that heMSC-Exos maintained the 

chondrocyte phenotype and delayed OA progression by promoting 

type II collagen synthesis and inhibiting ADAMTS5 expression (100).

heMSCs are regarded as a promising strategy for OA treatment 

because of their multidirectional differentiation potential and 

remarkable cartilage repair capacity. However, ethical concerns 

surrounding the use of embryonic tissue remain a major barrier 

to the clinical application of their derived exosomes.

5.7 Human urine stem cell–derived 
exosomes (huSC-Exos)

huSCs are stem cells isolated from human urine, first 

identified by Zhang et al. in 2008 (101). These cells exhibit 

strong self-renewal ability and multidirectional differentiation 

potential (102). huSCs hold great promise for applications in 

cell therapy, tissue engineering, and regenerative medicine 

because of their wide availability, non-invasive and low-cost 

collection process, and the potential for autologous use, which 

minimizes immune rejection and avoids ethical issues. Similarly, 

huSC-Exos have been shown to modulate immune function by 

inducing B cell proliferation and IgM antibody secretion (103). 

In addition, when delivered via injectable hydrogel, huSC-Exos 

can accelerate bone regeneration (104).

In a study on KOA, Liu et al. found that intra-articular 

injection of huSC-Exos in OA model rats enhanced chondrocyte 

proliferation and migration while suppressing apoptosis, 

although it also reduced ECM secretion. Notably, huSC-Exos 

overexpressing miR-140-5p not only promoted cartilage 

regeneration and periosteal remodeling but also increased ECM 

secretion by targeting VEGFA (105). Furthermore, recent studies 

have engineered exosomes derived from miR-140–overexpressing 

human urine stem cells. In vitro experiments confirmed that 

these exosomes help maintain mitochondrial function, while in 

vivo intra-articular injection studies demonstrated that they 

improve subchondral bone structure and delay OA progression 

(106). The specific content can be found in Table 7.

5.8 Human amniotic fluid stem cell– 
derived exosomes (hafSC-Exos)

Amniotic -uid–derived stem cells were first reported and 

named by Gosden’s team in 1983 (107). These cells possess both 

embryonic stem cell–like pluripotency and adult stem cell 

characteristics (108). hAFSC-Exos, the nanoscale vesicles 

secreted by these cells, are notable for their low immunogenicity 

and high stability. As key bioactive components in cell-free 

therapies, they exert potent anti-in-ammatory, anti-apoptotic, 

pro-angiogenic, and tissue-repair effects by delivering various 

bioactive molecules such as proteins and nucleic acids (109, 

110). In a monosodium iodoacetate (MIA)–induced rat KOA 

model, hAFSC-Exos promoted effective cartilage repair through 

the delivery of TGFβ. After 3 weeks of treatment, nearly 

complete cartilage regeneration was observed, characterized by a 

smooth surface and hyaline cartilage phenotype. This reparative 

effect was positively correlated with TGFβ expression levels, 

highlighting its critical role in the regeneration process (111).

5.9 Dental pulp stem cell–derived 
exosomes (DPSC-Exos)

DPSCs are adult mesenchymal stem cells derived from tooth- 

associated tissues, offering key advantages such as easy 

accessibility, minimal invasiveness, and the absence of ethical 

concerns (112). DPSC-Exos are nanoscale EVs secreted by 

TABLE 6 Mechanisms of action and therapeutic effects of hucMSC-exos in the treatment of OA.

RNA Mechanism Effect Reference

miR-199a-3p Inhibits MAPK4/ 

NF-κB signaling 

pathway

Inhibits chondrocyte 

in-ammation and 

apoptosis

(96)

miR-1208 Targets METTL3 Alleviates OA 

progression

(93)

lncRNA H19 Relieves FoxO3 

inhibition in 

chondrocytes 

through miR-29b- 

3p

Promotes 

chondrocyte 

migration, enhances 

ECM synthesis, and 

inhibits apoptosis 

and senescence, thus 

facilitating cartilage 

repair

(94)

miR-122-5p Regulates PI3K-Akt 

signaling pathway, 

thereby promoting 

polarization of the 

M2 macrophage 

phenotype

Inhibits chondrocyte 

degradation and 

modulates 

in-ammatory and 

immune responses

(95)

miR-148a-3p

miR-486-5p

miR-100-5p

TABLE 7 Mechanisms of action and therapeutic effects of huSC-exos in the treatment of OA.

RNA Mechanism Effect Reference

miR- 

140-5p

Targets VEGFA Increases ECM secretion and 

promotes regeneration of 

both cartilage and 

subchondral bone

(105)

miR140 Targets CAPN1 Modulates chondrocyte 

mitophagy

(106)
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DPSCs that mediate various biological processes, including tissue 

repair and immunomodulation (113). A study by Lin et al. 

demonstrated that DPSC-Exos enriched with miR-140 exert 

anti-apoptotic effects by regulating the expression of apoptosis- 

related proteins, thereby alleviating knee joint symptoms in a rat 

model of OA (114). Fu et al. further revealed that DPSC-Exos 

suppress osteoclast differentiation by inhibiting TRPV4, 

suggesting this pathway as a potential therapeutic target for OA 

treatment (115). Moreover, Karaturk et al. were the first to 

demonstrate that under hypoxic conditions, DPSC-Exos exert 

protective effects on osteoarthritic chondrocytes by suppressing 

the production of pro-in-ammatory cytokines (116). Recent 

studies also indicate that the combined application of κ- 

carrageenan and DPSC-Exos shows significant therapeutic 

potential in the treatment of rat KOA (117).

5.10 Immune cell–derived exosomes

Exosomes derived from immune cells, particularly 

macrophages and T cells, play critical roles in the treatment of 

KOA. Their mechanisms primarily involve regulating 

in-ammation, promoting cartilage repair, protecting 

chondrocytes, and modulating the immune microenvironment 

(118, 119).

Macrophages are essential immune cells that play central roles 

in the initiation and progression of in-ammation-related diseases 

(120). Based on their functional phenotypes, macrophages are 

categorized into pro-in-ammatory M1 and anti-in-ammatory 

M2 types (121). Studies suggest that the diverse biological 

activities of M2 macrophages may be closely related to the 

exosomes they secrete (122). A study by Qian et al. 

demonstrated that miR-26b-5p contained in exosomes secreted 

by M2 macrophages exerts a protective effect on articular 

cartilage. Mechanistic investigations revealed that this protection 

occurs through targeting of TLR3 and COL10A1, while miR- 

26b-5p also contributes to macrophage polarization and 

promotes chondrocyte proliferation (27). Other studies have 

shown that exosomes derived from M2 macrophages can exert 

protective effects in a rat model of OA by activating the PI3 K/ 

AKT/mTOR signaling pathway (123). Moreover, hypoxic 

preconditioning has been found to further enhance the 

therapeutic efficacy of M2 macrophage–derived exosomes in 

OA. The underlying mechanism involves increased delivery of 

exosomal miR-124-3p to chondrocytes, which suppresses STAT3 

expression at the post-transcriptional level, thereby contributing 

to cartilage protection and in-ammation regulation (124).

The development and progression of KOA are closely 

associated with various T cell subsets, including T helper (Th) 

cells and regulatory T (Treg) cells (125, 126). Th1 and Th17 

cells are pro-in-ammatory subsets that exacerbate in-ammatory 

responses and promote disease progression in KOA (127–129). 

By contrast, Treg cells possess immunosuppressive functions 

that help maintain immune tolerance, and the exosomes they 

secrete inherit this regulatory capacity, potentially exerting 

protective effects in KOA (128, 130, 131). Studies have shown 

that Treg cell–derived exosomes can effectively suppress 

in-ammatory responses and reduce tissue damage by limiting 

immune cell infiltration (132).

5.11 Exosomes from other sources

Platelet-derived exosomes (Plt-Exos) have been shown to 

alleviate IL-1β–induced KOA in human chondrocyte models by 

promoting chondrocyte proliferation and migration, suppressing 

in-ammatory responses, and improving subchondral bone 

microstructure. RNA sequencing analysis revealed that the 

differentially expressed genes following Plt-Exos treatment were 

significantly enriched in biological processes related to anti- 

in-ammatory responses (e.g., inhibition of the NF-κB signaling 

pathway), as well as cell adhesion and migration (133). Previous 

studies have also shown that exosomes derived from induced 

pluripotent stem cells (iPSC-Exos) contribute to mitigating ECM 

degradation and the pathogenesis of OA (134). In a rabbit 

ACLT-induced OA model, Hsueh et al. observed that intra- 

articular injection of iPSC-Exos reduced cartilage degeneration, 

as evidenced by decreased structural damage, upregulation of 

collagen II expression, and downregulation of MMP13, 

ADAMTS5, and TNF-α (135). Furthermore, a study by Zhu 

et al. demonstrated that in a mouse OA model, exosomes 

derived from induced pluripotent stem cell–derived 

mesenchymal stem cells (iMSC-Exos) exhibited superior 

therapeutic efficacy compared to those secreted by synovial 

membrane mesenchymal stem cells (SM-MSC-Exos) (134).

6 Potential of engineered exosomes in 
treatment of KOA

Although exosomes have opened new avenues for the 

treatment of KOA, the clinical application of natural exosomes 

remains limited by challenges such as suboptimal therapeutic 

efficiency, insufficient targeting precision, and short duration of 

action (136). By contrast, engineered exosomes can act 

synergistically at multiple levels to precisely modulate the 

complex pathological processes of KOA, showing significant 

potential to address its core disease mechanisms (137). To 

improve in vivo retention and therapeutic efficacy, one study 

developed injectable hyperbranched PEG–crosslinked hyaluronic 

acid hydrogel microparticles using micro-uidic technology to 

encapsulate miR-99b-3p–modified exosomes. This approach 

significantly prolonged intra-articular retention of exosomes, 

enhanced their long-term therapeutic effects in promoting 

cartilage repair and inhibiting ECM degradation, and provided a 

clinically translatable strategy for sustained KOA treatment (69). 

The Wan team designed engineered exosomes modified with 

targeting peptides and encapsulated within a photocrosslinked 

spherical hydrogel. Both in vitro and in vivo studies confirmed 

that this composite hydrogel effectively loaded LRRK2-IN-1 and 

markedly enhanced the targeting ability and intra-articular 

retention of exosomes. This system successfully preserved the 

intrinsic functions of exosomes in alleviating OA and promoting 

cartilage repair while overcoming limitations such as rapid 

clearance and low retention rate, offering a potential new 

nanotechnology-based strategy for the treatment of OA (138). 

Furthermore, mechanistic investigations revealed that TNF-α 
preconditioning activates the PI3 K/AKT signaling pathway in 

IPFP-MSCs, upregulates expression of the autophagy-related 

protein ATG16L1, and consequently promotes exosome 
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secretion. In a mouse OA model, intra-articular injection of the 

resulting IPFP-MSC-ExosTNF−α demonstrated superior efficacy 

in ameliorating joint pathology compared with conventional 

exosomes. Subsequent research found that this enhanced 

chondroprotective effect was associated with a marked increase 

in low-density lipoprotein receptor–related protein 1 (LRP1) 

content within the exosomes. Together, these findings highlight 

an effective strategy to improve both production yield and 

therapeutic efficacy for OA (138).

7 Exosome challenges in knee 
osteoarthritis treatment

The application of exosomes in the treatment of KOA still 

faces several critical challenges. First, standardized protocols for 

exosome preparation have yet to be established. Different 

isolation and purification techniques—such as 

ultracentrifugation, polymer-based precipitation, and size- 

exclusion chromatography—yield substantial differences in 

purity, concentration, and biological activity, resulting in 

difficulties with quality control and comparability across 

exosomes from different sources or batches (139, 140). Second, 

there is no consensus on dosage or administration regimens for 

exosome-based therapy. Determining a safe, effective, and 

optimal dosage for patients with KOA at different disease stages 

remains a major challenge and requires further systematic 

preclinical and clinical studies (141–144). Another significant 

obstacle involves exosome stability during storage. Exosomes are 

prone to degradation after repeated freeze–thaw cycles, which 

can compromise their structural integrity and reduce bioactive 

content. They may also undergo denaturation or inactivation 

under both excessively low and high temperatures (145). Thus, 

even after successful isolation, exosomes must be stored within 

an appropriate temperature range for short-term preservation to 

maintain their structural and functional stability. Likewise, 

suitable strategies for long-term storage are still needed (146, 

147). Finally, the long-term safety and mechanisms of action of 

exosome-based therapies remain insufficiently understood. The 

scarcity of comprehensive animal studies and clinical data 

presents a major barrier to confirming their long-term efficacy 

and biosafety. Collectively, these challenges continue to hinder 

the reliable clinical translation of exosome therapies for KOA 

(148, 149).

8 Discussion

Exosomes deliver bioactive components such as proteins and 

RNAs, providing important therapeutic strategies for KOA 

(150). They act synergistically to exert multiple effects— 

including anti-in-ammatory activity, cartilage regeneration, 

regulation of matrix metabolism, and antioxidant protection— 

thereby promoting remodeling of the joint microenvironment 

and facilitating cartilage repair (Figure 3) (151).Among the 

various exosome types studied, engineered exosomes in 

FIGURE 3 

Application of exosomes from diverse sources in KOA.
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particular demonstrate enhanced targeting precision and 

therapeutic efficacy, highlighting their promising potential for 

future KOA treatment (152).

Exosomes exhibit significant variation depending on their 

cellular origin in Table 8. The ease of obtaining these exosomes 

differs considerably. Sources such as human urine-derived stem 

cells, platelets, and tissues like adipose and umbilical cord are 

relatively accessible. In contrast, acquiring exosomes from bone 

marrow, synovium, or embryonic sources typically requires 

invasive procedures or more complex isolation methods. 

Production yield also varies widely. Exosomes from adipose 

tissue, umbilical cord mesenchymal stem cells, and platelets 

generally offer a higher potential yield. Non-invasive sources like 

urine often depend on in vitro cell expansion, which can limit 

the final quantity of exosomes obtained (153). Ethical 

considerations present another layer of complexity. Sources like 

umbilical cord, dental pulp, and processed medical waste are 

associated with fewer ethical concerns. The use of embryonic 

stem cells, however, faces strict regulations due to the 

involvement of embryos (154). Regarding clinical translation, 

most exosome-based therapies remain in preclinical or early- 

stage clinical research. No source has yet been approved for 

routine clinical treatment. Functionally, exosomes from these 

diverse origins commonly demonstrate therapeutic potential in 

areas such as tissue repair, immune modulation, and disease 

modeling. Certain sources, including immune cells and platelets, 

also show promise for developing diagnostic biomarkers (118, 

155). In summary, selecting an exosome source requires a 

balanced consideration of multiple factors. These include 

acquisition feasibility, ethical acceptability, scalability, and 

biological relevance to the target disease. Future progress will 

depend on standardizing preparation methods and obtaining 

robust clinical validation to enable their transition into 

practical applications.

Although exosome-based therapy still faces numerous 

challenges, continued interdisciplinary collaboration is expected 

to foster innovative strategies that enhance its therapeutic 

effectiveness for OA. The combination of exosomes with other 

treatment modalities holds considerable promise for KOA. 

When used alongside conventional drugs, exosomes can not 

only enhance drug efficacy and reduce side effects but also serve 

as targeted delivery vehicles that precisely transport therapeutic 

agents to affected joint regions (156). This approach increases 

local drug concentration, minimizes systemic exposure, and 

reduces the risk of systemic adverse reactions. Moreover, the 

intrinsic immunomodulatory and tissue-repair functions of 

exosomes can act synergistically with pharmacologic treatments 

to jointly alleviate in-ammation and promote cartilage repair, 

thereby integrating and amplifying multiple therapeutic 

mechanisms (157, 158). Future research should focus on 

improving the sensitivity, specificity, and therapeutic efficacy of 

exosomes. As key mediators of intercellular communication, 

TABLE 8 The differences of exosomes from from diverse cellular sources.

Source Collection method Output (relative 

comparison)

Ethical 

considerations

Research 

stage

Current Status 

(Clinical Use)

Functionality 

relevance

BMSC Invasive (bone marrow 

puncture)

Medium Low Preclinical Not widely approved Therapeutic

ADSC Minimally invasive 

(liposuction)

High Low Preclinical Not widely approved Therapeutic

SMSC Invasive (obtained through 

arthroscopy or surgery)

Medium Low Preclinical Unapproved Therapeutic

SF Invasive (obtained through 

arthroscopy or surgery)

Medium Low Preclinical Unapproved Therapeutic

hucMSC Non-invasive (disposal of 

umbilical cord after 

delivery)

High Low Early clinical 

trials

Not widely approved Therapeutic

heMSC Invasive and complex Low High Preclinical Unapproved (Strictly 

limit)

Therapeutic

huSC Non-invasive Low Low Preclinical Unapproved Therapeutic

hafSC Invasive (amniocentesis) Medium Medium Preclinical Unapproved Therapeutic

DPSC Minimally invasive 

(obtained after tooth 

extraction)

Medium Low Preclinical Unapproved Therapeutic

Immune 

cell

Invasive (separation of 

blood or tissue)

Low Medium Preclinical Unapproved Therapeutic and 

diagnostic

blood 

platelet

Minimally invasive (blood 

collection)

High Low Preclinical Unapproved Therapeutic

iPSC Non-invasive (somatic cell 

reprogramming)

Dependent cultivation 

system

Medium Preclinical Unapproved Therapeutic
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exosomes carry abundant biological information. By further 

elucidating the complex cellular interactions and signaling 

networks involved in OA progression, researchers may uncover 

new therapeutic targets and develop more precise exosome- 

based interventions.

Compared to prior reviews, this article offers a more 

systematic overview of recent advances in exosome-based 

diagnosis and treatment for osteoarthritis. A key focus lies in 

the therapeutic domain, where it summarizes the mechanisms 

and research trends of exosomes derived from different stem cell 

sources. For clarity, the distinct therapeutic mechanisms and 

effects of various exosomes are presented in a comparative table. 

The article further details specific action pathways of exosomes 

in knee osteoarthritis. It also introduces emerging strategies for 

engineering exosomes, highlighting how bioengineering can 

enhance their therapeutic efficacy. Finally, this work objectively 

outlines the major current challenges in exosome therapy and 

suggests potential directions for future research.

This article has several inherent limitations. First, as a 

narrative review, the selection of cited literature is inherently 

subjective. It does not adhere to the rigorous search and 

screening protocols characteristic of a systematic review. 

Although we endeavored to cover significant advancements, the 

final selection of articles was inevitably in-uenced by the 

authors’ perspectives and research focus. Second, this review did 

not include a formal methodological quality assessment of the 

cited studies. Consequently, studies with potential design -aws 

or biased conclusions may have been discussed alongside more 

robust research. This approach could affect the overall reliability 

of the integrative findings. Finally, the primary aim of this 

article is to synthesize existing knowledge and to propose 

insights and future directions, rather than to deliver definitive 

conclusions. The mechanisms and perspectives discussed are 

largely based on inferences and interpretations drawn from the 

literature. They are intended to inspire subsequent research. 

Their broader applicability and validity require future 

confirmation through rigorous basic science and 

clinical investigations.

9 Conclusion

In summary, as key mediators of intercellular communication, 

exosomes show great promise in the diagnosis and treatment of 

KOA. Exosomes derived from various sources—such as BMSCs, 

ADSCs, and immune cells—offer diverse therapeutic 

applications, including modulation of the in-ammatory 

microenvironment, promotion of cartilage regeneration, and 

potential use as non-invasive biomarkers for early diagnosis. 

However, several challenges remain, including uncertainty 

regarding the optimal exosome type and administration 

frequency, difficulties in large-scale production, risks of off- 

target effects during delivery, and incomplete understanding of 

their underlying mechanisms of action. Engineered exosomes, 

through targeted modifications, can enhance delivery precision 

and therapeutic efficacy, providing new opportunities for 

standardized manufacturing and combination therapies. Looking 

ahead, the application of exosomes in KOA treatment holds 

broad potential and may contribute to the advancement of 

personalized medicine. Nevertheless, there is an urgent need to 

optimize isolation and purification techniques, improve tissue- 

specific targeting, develop efficient delivery systems, and validate 

safety and efficacy through large-scale clinical trials to enable 

successful clinical translation.

Author contributions

XL: Conceptualization, Funding acquisition, Investigation, 

Resources, Supervision, Visualization, Writing – original draft, 

Writing – review & editing. ZL: Formal analysis, Writing – 

original draft. QZ: Investigation, Writing – review & editing. 

XZ: Conceptualization, Writing – review & editing. YuS: 

Conceptualization, Writing – review & editing. SZ: Formal 

analysis, Writing – review & editing. PD: Visualization, 

Writing – review & editing. GH: Conceptualization, 

Investigation, Supervision, Writing – original draft, Writing – 

review & editing. YiS: Funding acquisition, Project 

administration, Resources, Supervision, Writing – original draft, 

Writing – review & editing.

Funding

The author(s) declared that financial support was received for 

this work and/or its publication. This work was supported by 

grants from Hubei Province Clinical Collaboration Project for 

Major and Refractory Diseases between Chinese and Western 

Medicine and the Innovative Research Program for Graduates of 

Hubei University of Medicine (YC202557).

Conflict of interest

The author(s) declared that this work was conducted in the 

absence of any commercial or financial relationships that could 

be construed as a potential con-ict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 

article has been generated by Frontiers with the support of 

artificial intelligence and reasonable efforts have been made to 

ensure accuracy, including review by the authors wherever 

possible. If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 

authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 

reviewers. Any product that may be evaluated in this article, or 

claim that may be made by its manufacturer, is not guaranteed 

or endorsed by the publisher.

Li et al.                                                                                                                                                                  10.3389/fsurg.2026.1762559

Frontiers in Surgery 12 frontiersin.org

https://doi.org/10.3389/fsurg.2026.1762559


References

1. Giorgino R, Albano D, Fusco S, Peretti GM, Mangiavini L, Messina C. Knee 
osteoarthritis: epidemiology, pathogenesis, and mesenchymal stem cells: what else 
is new? An update. Int J Mol Sci. (2023) 24(7):6405. doi: 10.3390/ijms24076405

2. Fitoussi A, Dartus J, Erivan R, Pasquier G, Migaud H, Putman S, et al. 
Management of medial femorotibial osteoarthritis: epidemiology, and survival of 
unicompartmental knee arthroplasty versus valgus high tibial osteotomy in France. 
Study of 108,007 cases from the French national hospitals database. Orthop 
Traumatol Surg Res. (2023) 109(8):103692. doi: 10.1016/j.otsr.2023.103692

3. Hodgson G, Jones S, Wehbe J, Afzal I, Clement ND, Kader DF. Patients aged 80 
years and older have an equal improvement in joint-specific outcome health 
related quality of life and level of satisfaction when compared to those aged 65–75 
years old undergoing knee arthroplasty. Knee. (2025) 54:209–16. doi: 10.1016/j. 
knee.2025.02.017

4. Zhu S, Qu W, He C. Evaluation and management of knee osteoarthritis. J Evid 
Based Med. (2024) 17(3):675–87. doi: 10.1111/jebm.12627

5. Liew JW, King LK, Mahmoudian A, Wang Q, Atkinson HF, Flynn DB, et al. A 
scoping review of how early-stage knee osteoarthritis has been defined. 
Osteoarthritis Cartilage. (2023) 31(9):1234–41. doi: 10.1016/j.joca.2023.04.015

6. Moseng T, Vliet Vlieland T, Battista S, Beckwée D, Boyadzhieva V, Conaghan PG, 
et al. EULAR Recommendations for the non-pharmacological core management of 
hip and knee osteoarthritis: 2023 update. Ann Rheum Dis. (2024) 83(6):730–40. 
doi: 10.1136/ard-2023-225041

7. Chen Q, Cai K, Li S, Du X, Wang F, Yang Y, et al. Navigating the global landscape 
of exercise interventions for knee osteoarthritis: exploring evolving trends and 
emerging frontiers from a bibliometric and visualization analysis perspective 
(2011–2022). J Am Med Dir Assoc. (2024) 25(11):105269. doi: 10.1016/j.jamda. 
2024.105269

8. Dainese P, Wyngaert KV, De Mits S, Wittoek R, Van Ginckel A, Calders P. 
Association between knee in-ammation and knee pain in patients with knee 
osteoarthritis: a systematic review. Osteoarthritis Cartilage. (2022) 30(4):516–34. 
doi: 10.1016/j.joca.2021.12.003

9. Kim S, Han S, Kim Y, Kim HS, Gu YR, Kang D, et al. Tankyrase inhibition 
preserves osteoarthritic cartilage by coordinating cartilage matrix anabolism via 
effects on SOX9 PARylation. Nat Commun. (2019) 10(1):4898. doi: 10.1038/ 
s41467-019-12910-2

10. Mahmoudian A, King LK, Liew JW, Wang Q, Appleton CT, Englund M, et al. 
Timing is everything: towards classification criteria for early-stage symptomatic 
knee osteoarthritis. Osteoarthritis Cartilage. (2024) 32(6):649–53. doi: 10.1016/j. 
joca.2024.02.888

11. Li G, Liu S, Chen Y, Zhao J, Xu H, Weng J, et al. An injectable liposome-anchored 
teriparatide incorporated gallic acid-grafted gelatin hydrogel for osteoarthritis 
treatment. Nat Commun. (2023) 14(1):3159. doi: 10.1038/s41467-023-38597-0

12. Si-Hyeong Park S, Li B, Kim C. Efficacy of intra-articular injections for the 
treatment of osteoarthritis: a narrative review. Osteoarthr Cartil Open. (2025) 
7(2):100596. doi: 10.1016/j.ocarto.2025.100596

13. Laver L, Filardo G, Sanchez M, Magalon J, Tischer T, Abat F, et al. The use of 
injectable orthobiologics for knee osteoarthritis: a European ESSKA-ORBIT 
consensus. Part 1-blood-derived products (platelet-rich plasma). Knee Surg Sports 
Traumatol Arthrosc. (2024) 32(4):783–97. doi: 10.1002/ksa.12077

14. Bohlouli M, Bastami F, Nokhbatolfoghahei H, Khojasteh A. Tissue buccal fat pad- 
stromal vascular fraction as a safe source in maxillofacial bone regeneration: a clinical 
pilot study. J Plast Reconstr Aesthet Surg. (2023) 79:111–21. doi: 10.1016/j.bjps.2023. 
01.027

15. Longfei H, Wenyuan H, Weihua F, Peng P, Sun L, Kun L, et al. Exosomes in 
cartilage microenvironment regulation and cartilage repair. Front Cell Dev Biol. 
(2025) 13:1460416. doi: 10.3389/fcell.2025.1460416

16. Gelber AC. Knee osteoarthritis. Ann Intern Med. (2024) 177(9):ITC129–44. 
doi: 10.7326/ANNALS-24-01249

17. Fan Y, Bian X, Meng X, Li L, Fu L, Zhang Y, et al. Unveiling in-ammatory and 
prehypertrophic cell populations as key contributors to knee cartilage degeneration in 
osteoarthritis using multi-omics data integration. Ann Rheum Dis. (2024) 
83(7):926–44. doi: 10.1136/ard-2023-224420

18. Khella CM, Horvath JM, Asgarian R, Rolauffs B, Hart ML. Anti-In-ammatory 
therapeutic approaches to prevent or delay post-traumatic osteoarthritis (PTOA) of 
the knee joint with a focus on sustained delivery approaches. Int J Mol Sci. (2021) 
22(15):8005. doi: 10.3390/ijms22158005

19. Wang Y, Jin Z, Jia S, Shen P, Yang Y, Huang Y. Mechanical stress protects against 
chondrocyte pyroptosis through TGF-β1-mediated activation of Smad2/3 and 
inhibition of the NF-κB signaling pathway in an osteoarthritis model. Biomed 
Pharmacother. (2023) 159:114216. doi: 10.1016/j.biopha.2023.114216

20. Hu Q, Ecker M. Overview of MMP-13 as a promising target for the treatment of 
osteoarthritis. Int J Mol Sci. (2021) 22(4):1742. doi: 10.3390/ijms22041742

21. Ghouri A, Muzumdar S, Barr AJ, Robinson E, Murdoch C, Kingsbury SR, et al. 
The relationship between meniscal pathologies, cartilage loss, joint replacement and 

pain in knee osteoarthritis: a systematic review. Osteoarthritis Cartilage. (2022) 
30(10):1287–327. doi: 10.1016/j.joca.2022.08.002

22. Wirth W, Ladel C, Maschek S, Wisser A, Eckstein F, Roemer F. Quantitative 
measurement of cartilage morphology in osteoarthritis: current knowledge and 
future directions. Skeletal Radiol. (2023) 52(11):2107–22. doi: 10.1007/s00256-022- 
04228-w

23. Javaid MK, Kiran A, Guermazi A, Kwoh CK, Zaim S, Carbone L, et al. Individual 
magnetic resonance imaging and radiographic features of knee osteoarthritis in 
subjects with unilateral knee pain: the health, aging, and body composition study. 
Arthritis Rheum. (2012) 64(10):3246–55. doi: 10.1002/art.34594

24. Johnson AJ, Barron SM, Nichols JA, Cruz-Almeida Y. Association of muscle 
quality and pain in adults with symptomatic knee osteoarthritis, independent of 
muscle strength: findings from a cross-sectional study. Arthritis Rheumatol. (2024) 
76(7):1062–70. doi: 10.1002/art.42834

25. Sahota B, Howes M, Rio E, Docking S, Cook J. Association between knee pain 
location and abnormal imaging or arthroscopic findings: a systematic review. Ann 
Phys Rehabil Med. (2022) 65(4):101638. doi: 10.1016/j.rehab.2022.101638

26. Jeyaraman M, Muthu S, Shehabaz S, Jeyaraman N, Rajendran RL, Hong CM, et al. 
Current understanding of MSC-derived exosomes in the management of knee 
osteoarthritis. Exp Cell Res. (2022) 418(2):113274. doi: 10.1016/j.yexcr.2022.113274

27. Wan T, Zhong J, Pan Q, Zhou T, Ping Y, Liu X. Exosome-mediated delivery of 
Cas9 ribonucleoprotein complexes for tissue-specific gene therapy of liver diseases. 
Sci Adv. (2022) 8(37):eabp9435. doi: 10.1126/sciadv.abp9435

28. Wu H, Gao P, Zhou W, Chen C, Wang M, Han L. Exosome-like nanovesicles 
(EVNs): a comprehensive overview of their isolation, characterization and biological 
applications. Food Chem. (2025) 495(Pt 3):146575. doi: 10.1016/j.foodchem.2025.146575

29. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of 
exosomes. Science. (2020) 367(6478):eaau6977. doi: 10.1126/science.aau6977

30. Chen M, Lu Y, Liu Y, Liu Q, Deng S, Liu Y, et al. Injectable microgels with hybrid 
exosomes of chondrocyte-targeted FGF18 gene-editing and self-renewable lubrication 
for osteoarthritis therapy. Adv Mater. (2024) 36(16):e2312559. doi: 10.1002/adma. 
202312559

31. Ning Y, Zhang F, Li S, Wang C, Wu Y, Chen S, et al. Integrative analysis of 
miRNA in cartilage-derived extracellular vesicles and single-cell RNA-Seq profiles 
in knee osteoarthritis. Arch Biochem Biophys. (2023) 748:109785. doi: 10.1016/j. 
abb.2023.109785

32. Foo JB, Looi QH, How CW, Lee SH, Al-Masawa ME, Chong PP, et al. 
Mesenchymal stem cell-derived exosomes and MicroRNAs in cartilage 
regeneration: biogenesis, efficacy, miRNA enrichment and delivery. 
Pharmaceuticals (Basel). (2021) 14(11):1093. doi: 10.3390/ph14111093

33. Stahl PD, Raposo G. Extracellular vesicles: exosomes and microvesicles, 
integrators of homeostasis. Physiology (Bethesda). (2019) 34(3):169–77. doi: 10. 
1152/physiol.00045.2018

34. Del Conde I, Shrimpton CN, Thiagarajan P, López JA. Tissue-factor-bearing 
microvesicles arise from lipid rafts and fuse with activated platelets to initiate 
coagulation. Blood. (2005) 106(5):1604–11. doi: 10.1182/blood-2004-03-1095

35. Huang Y, Zucker B, Zhang S, Elias S, Zhu Y, Chen H, et al. Migrasome formation 
is mediated by assembly of micron-scale tetraspanin macrodomains. Nat Cell Biol. 
(2019) 21(8):991–1002. doi: 10.1038/s41556-019-0367-5

36. Zhao X, Lei Y, Zheng J, Peng J, Li Y, Yu L, et al. Identification of markers for 
migrasome detection. Cell Discov. (2019) 5:27. doi: 10.1038/s41421-019-0093-y

37. Ou Q, Huang W, Wang B, Niu L, Li Z, Mao X, et al. Apoptotic vesicles: 
therapeutic mechanisms and critical issues. J Dent Res. (2024) 103(11):1057–65. 
doi: 10.1177/00220345241265676

38. Zhang X, Tang J, Kou X, Huang W, Zhu Y, Jiang Y, et al. Proteomic analysis of 
MSC-derived apoptotic vesicles identifies fas inheritance to ameliorate haemophilia a 
via activating platelet functions. J Extracell Vesicles. (2022) 11(7):e12240. doi: 10.1002/ 
jev2.12240

39. Muralidharan-Chari V, Clancy JW, Sedgwick A, D’Souza-Schorey C. 
Microvesicles: mediators of extracellular communication during cancer progression. 
J Cell Sci. (2010) 123(Pt 10):1603–11. doi: 10.1242/jcs.064386

40. Minciacchi VR, Freeman MR, Di Vizio D. Extracellular vesicles in cancer: 
exosomes, microvesicles and the emerging role of large oncosomes. Semin Cell Dev 
Biol. (2015) 40:41–51. doi: 10.1016/j.semcdb.2015.02.010

41. Chen M, Liu Y, Cao Y, Zhao C, Liu Q, Li N, et al. Remodeling the 
proin-ammatory microenvironment in osteoarthritis through interleukin-1 Beta 
tailored exosome cargo for in-ammatory regulation and cartilage regeneration. 
ACS Nano. (2025) 19:4924–41. doi: 10.1021/acsnano.4c16785

42. Chen P, Ruan A, Zhou J, Zeng L, Liu J, Wang Q. Identification and analysis of key 
microRNAs derived from osteoarthritis synovial -uid exosomes. Chin Med J (Engl). 
(2023) 136:245–7. doi: 10.1097/CM9.0000000000002101

43. Geng Y, Chen J, Alahdal M, Chang C, Duan L, Zhu W, et al. Intra-articular 
injection of hUC-MSCs expressing miR-140-5p induces cartilage self-repairing in 

Li et al.                                                                                                                                                                  10.3389/fsurg.2026.1762559

Frontiers in Surgery 13 frontiersin.org

https://doi.org/10.3390/ijms24076405
https://doi.org/10.1016/j.otsr.2023.103692
https://doi.org/10.1016/j.knee.2025.02.017
https://doi.org/10.1016/j.knee.2025.02.017
https://doi.org/10.1111/jebm.12627
https://doi.org/10.1016/j.joca.2023.04.015
https://doi.org/10.1136/ard-2023-225041
https://doi.org/10.1016/j.jamda.2024.105269
https://doi.org/10.1016/j.jamda.2024.105269
https://doi.org/10.1016/j.joca.2021.12.003
https://doi.org/10.1038/s41467-019-12910-2
https://doi.org/10.1038/s41467-019-12910-2
https://doi.org/10.1016/j.joca.2024.02.888
https://doi.org/10.1016/j.joca.2024.02.888
https://doi.org/10.1038/s41467-023-38597-0
https://doi.org/10.1016/j.ocarto.2025.100596
https://doi.org/10.1002/ksa.12077
https://doi.org/10.1016/j.bjps.2023.01.027
https://doi.org/10.1016/j.bjps.2023.01.027
https://doi.org/10.3389/fcell.2025.1460416
https://doi.org/10.7326/ANNALS-24-01249
https://doi.org/10.1136/ard-2023-224420
https://doi.org/10.3390/ijms22158005
https://doi.org/10.1016/j.biopha.2023.114216
https://doi.org/10.3390/ijms22041742
https://doi.org/10.1016/j.joca.2022.08.002
https://doi.org/10.1007/s00256-022-04228-w
https://doi.org/10.1007/s00256-022-04228-w
https://doi.org/10.1002/art.34594
https://doi.org/10.1002/art.42834
https://doi.org/10.1016/j.rehab.2022.101638
https://doi.org/10.1016/j.yexcr.2022.113274
https://doi.org/10.1126/sciadv.abp9435
https://doi.org/10.1016/j.foodchem.2025.146575
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1002/adma.202312559
https://doi.org/10.1002/adma.202312559
https://doi.org/10.1016/j.abb.2023.109785
https://doi.org/10.1016/j.abb.2023.109785
https://doi.org/10.3390/ph14111093
https://doi.org/10.1152/physiol.00045.2018
https://doi.org/10.1152/physiol.00045.2018
https://doi.org/10.1182/blood-2004-03-1095
https://doi.org/10.1038/s41556-019-0367-5
https://doi.org/10.1038/s41421-019-0093-y
https://doi.org/10.1177/00220345241265676
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1002/jev2.12240
https://doi.org/10.1242/jcs.064386
https://doi.org/10.1016/j.semcdb.2015.02.010
https://doi.org/10.1021/acsnano.4c16785
https://doi.org/10.1097/CM9.0000000000002101
https://doi.org/10.3389/fsurg.2026.1762559


the rat osteoarthritis. J Bone Miner Metab. (2020) 38:277–88. doi: 10.1007/s00774- 
019-01055-3

44. Zhao Y, Xu J. Synovial -uid-derived exosomal lncRNA PCGEM1 as biomarker for 
the different stages of osteoarthritis. Int Orthop. (2018) 42:2865–72. doi: 10.1007/ 
s00264-018-4093-6

45. Du M, Fan S, Liu Y, Hao Y, Guo J. The application of circRNA-016901 in 
improving the diagnostic accuracy of osteoarthritis. Biomed Res Int. (2022) 
2022:1158562. doi: 10.1155/2022/1158562

46. Kråkenes T, Sandvik CE, Ytterdal M, Gavasso S, Evjenth EC, Bø L, et al. The 
therapeutic potential of exosomes from mesenchymal stem cells in multiple 
sclerosis. Int J Mol Sci. (2024) 25(19):10292. doi: 10.3390/ijms251910292

47. Liu D, Zhao X, Zhang Q, Zhou F, Tong X. Bone marrow mesenchymal stem cell- 
derived exosomes promote osteoblast proliferation, migration and inhibit apoptosis 
by regulating KLF3-AS1/miR-338-3p. BMC Musculoskelet Disord. (2024) 25(1):122. 
doi: 10.1186/s12891-024-07236-0

48. Vig S, Fernandes MH. Bone cell exosomes and emerging strategies in bone 
engineering. Biomedicines. (2022) 10(4):767. doi: 10.3390/biomedicines10040767

49. He L, He T, Xing J, Zhou Q, Fan L, Liu C, et al. Bone marrow mesenchymal stem 
cell-derived exosomes protect cartilage damage and relieve knee osteoarthritis pain in 
a rat model of osteoarthritis. Stem Cell Res Ther. (2020) 11(1):276. doi: 10.1186/ 
s13287-020-01781-w

50. Tao Y, Zhou J, Wang Z, Tao H, Bai J, Ge G, et al. Human bone mesenchymal stem 
cells-derived exosomal miRNA-361-5p alleviates osteoarthritis by downregulating 
DDX20 and inactivating the NF-κB signaling pathway. Bioorg Chem. (2021) 
113:104978. doi: 10.1016/j.bioorg.2021.104978

51. Zhang S, Jin Z. Bone mesenchymal stem cell-derived extracellular vesicles 
containing long noncoding RNA NEAT1 relieve osteoarthritis. Oxid Med Cell 
Longev. (2022) 2022:5517648. doi: 10.1155/2022/5517648

52. Dong J, Li L, Fang X, Zang M. Exosome-Encapsulated microRNA-127-3p released 
from bone marrow-derived mesenchymal stem cells alleviates osteoarthritis through 
regulating CDH11-mediated wnt/β-catenin pathway. J Pain Res. (2021) 14:297–310. 
doi: 10.2147/JPR.S291472

53. Li Q, Xu P, Zhang C, Gao Y. MiR-362-5p inhibits cartilage repair in osteoarthritis 
via targeting plexin B1. J Orthop Surg (Hong Kong). (2022) 30(3):10225536221139887. 
doi: 10.1177/10225536221139887

54. El-Din SS, Aboulhoda BE, Hassouna A, Shakweer MM, Alghamdi MA, Essam D, 
et al. The role of intra-articular delivery of BM-MSCs-derived exosomes in improving 
osteoarthritis: implication of circYAP1/miRNA-21/TLR7 axis. Discov Med. (2024) 
36(186):1420–9. doi: 10.24976/Discov.Med.202436186.132

55. Jin Z, Ren J, Qi S. Exosomal miR-9-5p secreted by bone marrow-derived 
mesenchymal stem cells alleviates osteoarthritis by inhibiting syndecan-1. Cell 
Tissue Res. (2020) 381(1):99–114. doi: 10.1007/s00441-020-03193-x

56. Sun H, Huang Z, Wu P, Chang Z, Liao W, Zhang Z. CDK6 And miR-320c co- 
regulate chondrocyte catabolism through NF-κB signaling pathways. Cell Physiol 
Biochem. (2018) 51(2):909–23. doi: 10.1159/000495392

57. Mao G, Wu P, Zhang Z, Zhang Z, Liao W, Li Y, et al. MicroRNA-92a-3p regulates 
aggrecanase-1 and aggrecanase-2 expression in chondrogenesis and IL-1β-induced 
catabolism in human articular chondrocytes. Cell Physiol Biochem. (2017) 
44(1):38–52. doi: 10.1159/000484579

58. Xia Q, Wang Q, Lin F, Wang J. miR-125a-5p-abundant exosomes derived from 
mesenchymal stem cells suppress chondrocyte degeneration via targeting E2F2 in 
traumatic osteoarthritis. Bioengineered. (2021) 12(2):11225–38. doi: 10.1080/ 
21655979.2021.1995580

59. Chen X, Shi Y, Xue P, Ma X, Li J, Zhang J. Mesenchymal stem cell-derived 
exosomal microRNA-136-5p inhibits chondrocyte degeneration in traumatic 
osteoarthritis by targeting ELF3. Arthritis Res Ther. (2020) 22(1):256. doi: 10.1186/ 
s13075-020-02325-6

60. Gentile P. Adipose-Derived mesenchymal stem cells, cell-based therapies, and 
biomaterials as new regenerative strategies in plastic surgery. Biomedicines. (2022) 
10(8):1875. doi: 10.3390/biomedicines10081875

61. Krawczenko A, Bielawska-Pohl A, Paprocka M, Kraskiewicz H, Szyposzynska A, 
Wojdat E, et al. Microvesicles from human immortalized cell lines of endothelial 
progenitor cells and mesenchymal stem/stromal cells of adipose tissue origin as 
carriers of bioactive factors facilitating angiogenesis. Stem Cells Int. (2020) 
2020:1289380. doi: 10.1155/2020/1289380

62. Luo Y, Guo Q, Liu C, Zheng Y, Wang Y, Wang B. Adipose mesenchymal stem 
cell-derived extracellular vesicles regulate PINK1/parkin-mediated mitophagy to 
repair high glucose-induced dermal fibroblast senescence and promote wound 
healing in rats with diabetic foot ulcer. Acta Diabetol. (2025) 62(7):1041–56. 
doi: 10.1007/s00592-024-02422-x

63. Lee JH, Won YJ, Kim H, Choi M, Lee E, Ryoou B, et al. Adipose tissue-derived 
mesenchymal stem cell-derived exosomes promote wound healing and tissue 
regeneration. Int J Mol Sci. (2023) 24(13):10434. doi: 10.3390/ijms241310434

64. Gao Y, Huang X, Lin H, Zhao M, Liu W, Li W, et al. Adipose mesenchymal stem 
cell-derived antioxidative extracellular vesicles exhibit anti-oxidative stress and 
immunomodulatory effects under PM(2.5) exposure. Toxicology. (2021) 
447:152627. doi: 10.1016/j.tox.2020.152627

65. Li C, Li W, Pu G, Wu J, Qin F. Exosomes derived from miR-338-3p-modified 
adipose stem cells inhibited in-ammation injury of chondrocytes via targeting 
RUNX2 in osteoarthritis. J Orthop Surg Res. (2022) 17(1):567. doi: 10.1186/s13018- 
022-03437-2

66. Li F, Xu Z, Xie Z, Sun X, Li C, Chen Y, et al. Adipose mesenchymal stem cells- 
derived exosomes alleviate osteoarthritis by transporting microRNA -376c-3p and 
targeting the WNT-beta-catenin signaling axis. Apoptosis. (2023) 28(3-4):362–78. 
doi: 10.1007/s10495-022-01787-0

67. Kang J, Zhang L, Zhang L, Nan N, Liu Y, Hao H. Exosomal miR-574-3p from 
adipose-derived mesenchymal stem modulates CRIM1/BMPs signaling to restrain 
chondrocytes hypertrophy and in-ammatory response in knee osteoarthritis. Int 
Immunopharmacol. (2025) 159:114916. doi: 10.1016/j.intimp.2025.114916

68. Wu J, Kuang L, Chen C, Yang J, Zeng WN, Li T, et al. miR-100-5p-abundant 
exosomes derived from infrapatellar fat pad MSCs protect articular cartilage and 
ameliorate gait abnormalities via inhibition of mTOR in osteoarthritis. 
Biomaterials. (2019) 206:87–100. doi: 10.1016/j.biomaterials.2019.03.022

69. Yin Z, Qin C, Pan S, Shi C, Wu G, Feng Y, et al. Injectable hyperbranched PEG 
crosslinked hyaluronan hydrogel microparticles containing mir-99a-3p modified 
subcutaneous ADSCs-derived exosomes was beneficial for long-term treatment of 
osteoarthritis. Mater Today Bio. (2023) 23:100813. doi: 10.1016/j.mtbio.2023.100813

70. Li Y, Duan J, Lin W, Liu J. Exosomal miR-93-5p regulated the progression of 
osteoarthritis by targeting ADAMTS9. Open Med (Wars). (2023) 18(1):20230668. 
doi: 10.1515/med-2023-0668

71. Zamudio-Cuevas Y, Plata-Rodríguez R, Fernández-Torres J, Flores KM, 
Cárdenas-Soria VH, Olivos-Meza A, et al. Synovial membrane mesenchymal stem 
cells for cartilaginous tissues repair. Mol Biol Rep. (2022) 49(3):2503–17. doi: 10. 
1007/s11033-021-07051-z

72. Su J, Qi Y, Niu L, Wang Y, Wei B, Ma B, et al. The role of synovial mesenchymal 
stem cell-derived exosomes in cartilage repair: a systematic review. Front Pharmacol. 
(2025) 16:1617874. doi: 10.3389/fphar.2025.1617874

73. Liu CF, Lefebvre V. The transcription factors SOX9 and SOX5/SOX6 cooperate 
genome-wide through super-enhancers to drive chondrogenesis. Nucleic Acids Res. 
(2015) 43(17):8183–203. doi: 10.1093/nar/gkv688

74. Batarfi WA, Yunus M, Hamid AA, Maarof M, Abdul Rani R. Breaking down 
osteoarthritis: exploring in-ammatory and mechanical signaling pathways. Life 
(Basel). (2025) 15(8):1238. doi: 10.3390/life15081238

75. Tao SC, Yuan T, Zhang YL, Yin WJ, Guo SC, Zhang CQ. Exosomes derived from 
miR-140-5p-overexpressing human synovial mesenchymal stem cells enhance 
cartilage tissue regeneration and prevent osteoarthritis of the knee in a rat model. 
Theranostics. (2017) 7(1):180–95. doi: 10.7150/thno.17133

76. Tang D, Tang W, Chen H, Liu D, Jiao F. Synergistic effects of icariin and 
extracellular vesicles derived from rabbit synovial membrane-derived mesenchymal 
stem cells on osteochondral repair via the wnt/β-catenin pathway. Anal Cell Pathol 
(Amst). (2024) 2024:1083143. doi: 10.1155/2024/1083143

77. Zheng T, Li Y, Zhang X, Xu J, Luo M. Exosomes derived from miR-212-5p 
overexpressed human synovial mesenchymal stem cells suppress chondrocyte 
degeneration and in-ammation by targeting ELF3. Front Bioeng Biotechnol. (2022) 
10:816209. doi: 10.3389/fbioe.2022.816209

78. Wang Z, Yan K, Ge G, Zhang D, Bai J, Guo X, et al. Exosomes derived from miR- 
155-5p-overexpressing synovial mesenchymal stem cells prevent osteoarthritis via 
enhancing proliferation and migration, attenuating apoptosis, and modulating 
extracellular matrix secretion in chondrocytes. Cell Biol Toxicol. (2021) 
37(1):85–96. doi: 10.1007/s10565-020-09559-9

79. Lu L, Wang J, Fan A, Wang P, Chen R, Lu L, et al. Synovial mesenchymal stem 
cell-derived extracellular vesicles containing microRN555A-26a-5p ameliorate 
cartilage damage of osteoarthritis. J Gene Med. (2021) 23(11):e3379. doi: 10.1002/ 
jgm.3379

80. Kong R, Gao J, Zhang J, Ji L, Yu Y, Zhang L, et al. Synovial mesenchymal stem 
cell-derived exosomal miR-320c enhances chondrogenesis by targeting ADAM19. 
Future Med Chem. (2022) 14(2):81–96. doi: 10.4155/fmc-2021-0177

81. Zeng Z, Dai Y, Deng S, Zou S, Dou T, Wei F. Synovial mesenchymal stem cell- 
derived extracellular vesicles alleviate chondrocyte damage during osteoarthritis 
through microRNA-130b-3p-mediated inhibition of the LRP12/AKT/β-catenin axis. 
Immunopharmacol Immunotoxicol. (2022) 44(2):247–60. doi: 10.1080/08923973. 
2022.2038192

82. Qiu M, Xie Y, Tan G, Wang X, Huang P, Hong L. Synovial mesenchymal stem 
cell-derived exosomal miR-485-3p relieves cartilage damage in osteoarthritis by 
targeting the NRP1-mediated PI3K/akt pathway: exosomal miR-485-3p relieves 
cartilage damage. Heliyon. (2024) 10(2):e24042. doi: 10.1016/j.heliyon.2024.e24042

83. Qiu M, Liu D, Fu Q. MiR-129-5p shuttled by human synovial mesenchymal stem 
cell-derived exosomes relieves IL-1β induced osteoarthritis via targeting HMGB1. Life 
Sci. (2021) 269:118987. doi: 10.1016/j.lfs.2020.118987

84. Wang Y, Pan P, Khan A, Çil Ç, Pineda MA. Synovial fibroblast sialylation 
regulates cell migration and activation of in-ammatory pathways in arthritogenesis. 
Front Immunol. (2022) 13:847581. doi: 10.3389/fimmu.2022.847581

85. Cao H, Li W, Zhang H, Hong L, Feng X, Gao X, et al. Bio-nanoparticles loaded 
with synovial-derived exosomes ameliorate osteoarthritis progression by modifying 

Li et al.                                                                                                                                                                  10.3389/fsurg.2026.1762559

Frontiers in Surgery 14 frontiersin.org

https://doi.org/10.1007/s00774-019-01055-3
https://doi.org/10.1007/s00774-019-01055-3
https://doi.org/10.1007/s00264-018-4093-6
https://doi.org/10.1007/s00264-018-4093-6
https://doi.org/10.1155/2022/1158562
https://doi.org/10.3390/ijms251910292
https://doi.org/10.1186/s12891-024-07236-0
https://doi.org/10.3390/biomedicines10040767
https://doi.org/10.1186/s13287-020-01781-w
https://doi.org/10.1186/s13287-020-01781-w
https://doi.org/10.1016/j.bioorg.2021.104978
https://doi.org/10.1155/2022/5517648
https://doi.org/10.2147/JPR.S291472
https://doi.org/10.1177/10225536221139887
https://doi.org/10.24976/Discov.Med.202436186.132
https://doi.org/10.1007/s00441-020-03193-x
https://doi.org/10.1159/000495392
https://doi.org/10.1159/000484579
https://doi.org/10.1080/21655979.2021.1995580
https://doi.org/10.1080/21655979.2021.1995580
https://doi.org/10.1186/s13075-020-02325-6
https://doi.org/10.1186/s13075-020-02325-6
https://doi.org/10.3390/biomedicines10081875
https://doi.org/10.1155/2020/1289380
https://doi.org/10.1007/s00592-024-02422-x
https://doi.org/10.3390/ijms241310434
https://doi.org/10.1016/j.tox.2020.152627
https://doi.org/10.1186/s13018-022-03437-2
https://doi.org/10.1186/s13018-022-03437-2
https://doi.org/10.1007/s10495-022-01787-0
https://doi.org/10.1016/j.intimp.2025.114916
https://doi.org/10.1016/j.biomaterials.2019.03.022
https://doi.org/10.1016/j.mtbio.2023.100813
https://doi.org/10.1515/med-2023-0668
https://doi.org/10.1007/s11033-021-07051-z
https://doi.org/10.1007/s11033-021-07051-z
https://doi.org/10.3389/fphar.2025.1617874
https://doi.org/10.1093/nar/gkv688
https://doi.org/10.3390/life15081238
https://doi.org/10.7150/thno.17133
https://doi.org/10.1155/2024/1083143
https://doi.org/10.3389/fbioe.2022.816209
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1002/jgm.3379
https://doi.org/10.1002/jgm.3379
https://doi.org/10.4155/fmc-2021-0177
https://doi.org/10.1080/08923973.2022.2038192
https://doi.org/10.1080/08923973.2022.2038192
https://doi.org/10.1016/j.heliyon.2024.e24042
https://doi.org/10.1016/j.lfs.2020.118987
https://doi.org/10.3389/fimmu.2022.847581
https://doi.org/10.3389/fsurg.2026.1762559


the oxidative microenvironment. J Nanobiotechnology. (2024) 22(1):271. doi: 10.1186/ 
s12951-024-02538-w

86. Iorio R, Petricca S, Di Emidio G, Falone S, Tatone C. Mitochondrial extracellular 
vesicles (mitoEVs): emerging mediators of cell-to-cell communication in health, 
aging and age-related diseases. Ageing Res Rev. (2024) 101:102522. doi: 10.1016/j. 
arr.2024.102522

87. Lai C, Liao B, Peng S, Fang P, Bao N, Zhang L. Synovial fibroblast-miR-214-3p- 
derived exosomes inhibit in-ammation and degeneration of cartilage tissues of 
osteoarthritis rats. Mol Cell Biochem. (2023) 478(3):637–49. doi: 10.1007/s11010- 
022-04535-9

88. Zhou Y, Ming J, Li Y, Li B, Deng M, Ma Y, et al. Exosomes derived from miR- 
126-3p-overexpressing synovial fibroblasts suppress chondrocyte in-ammation and 
cartilage degradation in a rat model of osteoarthritis. Cell Death Discov. (2021) 
7(1):37. doi: 10.1038/s41420-021-00418-y

89. Wang H, Zhang Y, Zhang C, Zhao Y, Shu J, Tang X. Exosomes derived from miR- 
146a-overexpressing fibroblast-like synoviocytes in cartilage degradation and 
macrophage M1 polarization: a novel protective agent for osteoarthritis. Front 
Immunol. (2024) 15:1361606. doi: 10.3389/fimmu.2024.1361606

90. Xu Q, Yan P, Duan XJ, Wu X, Chen XJ, Luo M, et al. Human umbilical cord- 
derived mesenchymal stem cells and human cord blood mononuclear cells protect 
against cisplatin-induced acute kidney injury in rat models. Exp Ther Med. (2020) 
20(6):145. doi: 10.3892/etm.2020.9274

91. Chen D, Chen Z, Yuan J, Chen G, Chen Y, He K, et al. Research landscape and 
trends of human umbilical cord mesenchymal stem cell-derived exosomes. Stem Cell 
Res Ther. (2025) 16(1):259. doi: 10.1186/s13287-025-04379-2

92. Sankaranarayanan J, Kim HK, Kang JY, Kuppa SS, Yang HY, Seon JK. 
Comparative efficacy of exosomes derived from different mesenchymal stem cell 
sources in osteoarthritis models: an in vitro and ex vivo analysis. Int J Mol Sci. 26 
(12):5447. doi: 10.3390/ijms26125447

93. Zhou H, Shen X, Yan C, Xiong W, Ma Z, Tan Z, et al. Extracellular vesicles 
derived from human umbilical cord mesenchymal stem cells alleviate osteoarthritis 
of the knee in mice model by interacting with METTL3 to reduce m6A of NLRP3 
in macrophage. Stem Cell Res Ther. (2022) 13(1):322. doi: 10.1186/s13287-022- 
03005-9

94. Yan L, Liu G, Wu X. The umbilical cord mesenchymal stem cell-derived exosomal 
lncRNA H19 improves osteochondral activity through miR-29b-3p/FoxO3 axis. Clin 
Transl Med. (2021) 11(1):e255. doi: 10.1002/ctm2.255

95. Li K, Yan G, Huang H, Zheng M, Ma K, Cui X, et al. Anti-in-ammatory and 
immunomodulatory effects of the extracellular vesicles derived from human 
umbilical cord mesenchymal stem cells on osteoarthritis via M2 macrophages. 
J Nanobiotechnology. (2022) 20(1):38. doi: 10.1186/s12951-021-01236-1

96. Chen LQ, Ma S, Yu J, Zuo DC, Yin ZJ, Li FY, et al. Human umbilical cord 
mesenchymal stem cell-derived exosomal miR-199a-3p inhibits the MAPK4/NF-κB 
signaling pathway to relieve osteoarthritis. World J Stem Cells. (2025) 17(4):103919. 
doi: 10.4252/wjsc.v17.i4.103919

97. Grogan SP, Dorthé EW, Glembotski NE, D’Lima DD. In situ bioprinting 
embryonic-derived stem cells to repair human ex vivo chondral defects. Tissue Eng 
Part A. (2025) 31(21–22):1269–80. doi: 10.1089/ten.tea.2024.0346

98. He S, Wang Q, Chen L, He YJ, Wang X, Qu S. miR-100a-5p-enriched exosomes 
derived from mesenchymal stem cells enhance the anti-oxidant effect in a Parkinson’s 
disease model via regulation of Nox4/ROS/Nrf2 signaling. J Transl Med. (2023) 
21(1):747. doi: 10.1186/s12967-023-04638-x

99. Zhang S, Chu WC, Lai RC, Lim SK, Hui JH, Toh WS. Exosomes derived from 
human embryonic mesenchymal stem cells promote osteochondral regeneration. 
Osteoarthritis Cartilage. (2016) 24(12):2135–40. doi: 10.1016/j.joca.2016.06.022

100. Wang Y, Yu D, Liu Z, Zhou F, Dai J, Wu B, et al. Exosomes from embryonic 
mesenchymal stem cells alleviate osteoarthritis through balancing synthesis and 
degradation of cartilage extracellular matrix. Stem Cell Res Ther. (2017) 8(1):189. 
doi: 10.1186/s13287-017-0632-0

101. Zhang Y, McNeill E, Tian H, Soker S, Andersson KE, Yoo JJ, et al. Urine derived 
cells are a potential source for urological tissue reconstruction. J Urol. (2008) 
180(5):2226–33. doi: 10.1016/j.juro.2008.07.023

102. Kenigsberg Z, Welch RC, Bejoy J, Williams FM, Veach RA, Jarrett I, et al. 
Genome engineering of human urine-derived stem cells to express lactoferrin and 
deoxyribonuclease. Tissue Eng Part A. (2023) 29(13-14):372–83. doi: 10.1089/ten. 
tea.2023.0003

103. Zidan AA, Al-Hawwas M, Perkins GB, Mourad GM, Stapledon CJM, 
Bobrovskaya L, et al. Characterization of urine stem cell-derived extracellular 
vesicles reveals B cell stimulating cargo. Int J Mol Sci. (2021) 22(1):459. doi: 10. 
3390/ijms22010459

104. Lu W, Zeng M, Liu W, Ma T, Fan X, Li H, et al. Human urine-derived stem cell 
exosomes delivered via injectable GelMA templated hydrogel accelerate bone 
regeneration. Mater Today Bio. (2023) 19:100569. doi: 10.1016/j.mtbio.2023.100569

105. Liu Y, Zeng Y, Si HB, Tang L, Xie HQ, Shen B. Exosomes derived from human 
urine-derived stem cells overexpressing miR-140-5p alleviate knee osteoarthritis 
through downregulation of VEGFA in a rat model. Am J Sports Med. (2022) 
50(4):1088–105. doi: 10.1177/03635465221073991

106. Liu Y, Huang K, Zhou SL, Li S, Si HB, Zeng Y, et al. Engineered exosomal miR140 
modulates mitophagy of chondrocytes through targeting CAPN1 to alleviate 
osteoarthritis. Sci China Life Sci. (2025) 68(9):2617–34. doi: 10.1007/s11427-024-2843-7

107. Kim J, Lee Y, Kim H, Hwang KJ, Kwon HC, Kim SK, et al. Human amniotic 
-uid-derived stem cells have characteristics of multipotent stem cells. Cell Prolif. 
(2007) 40(1):75–90. doi: 10.1111/j.1365-2184.2007.00414.x

108. Luo H, Wang Z, Qi F, Wang D. Applications of human amniotic -uid stem cells 
in wound healing. Chin Med J (Engl). (2022) 135(19):2272–81. doi: 10.1097/CM9. 
0000000000002076

109. Castelli V, Antonucci I, d’Angelo M, Tessitore A, Zelli V, Benedetti E, et al. 
Neuroprotective effects of human amniotic -uid stem cells-derived secretome in an 
ischemia/reperfusion model. Stem Cells Transl Med. (2021) 10(2):251–66. doi: 10. 
1002/sctm.20-0268

110. Wgealla M, Liang H, Chen R, Xie Y, Li F, Qin M, et al. Amniotic -uid derived 
stem cells promote skin regeneration and alleviate scar formation through exosomal 
miRNA-146a-5p via targeting CXCR4. J Cosmet Dermatol. (2022) 21(10):5026–36. 
doi: 10.1111/jocd.14956

111. Zavatti M, Beretti F, Casciaro F, Bertucci E, Maraldi T. Comparison of the 
therapeutic effect of amniotic -uid stem cells and their exosomes on 
monoiodoacetate-induced animal model of osteoarthritis. Biofactors. (2020) 
46(1):106–17. doi: 10.1002/biof.1576

112. Lai CF, Shen J, Balic A, Pagella P, Schwab ME, Mitsiadis TA. Nogo-A regulates 
the fate of human dental pulp stem cells toward osteogenic, adipogenic, and 
neurogenic differentiation. Cells. (2022) 11(21):3415. doi: 10.3390/cells11213415

113. Bar JK, Lis-Nawara A, Grelewski PG. Dental pulp stem cell-derived secretome 
and its regenerative potential. Int J Mol Sci. (2021) 22(21):12018. doi: 10.3390/ 
ijms222112018

114. Lin T, Wu N, Wang L, Zhang R, Pan R, Chen YF. Inhibition of chondrocyte 
apoptosis in a rat model of osteoarthritis by exosomes derived from miR-140-5p- 
overexpressing human dental pulp stem cells. Int J Mol Med. (2021) 47(3):7. [pii]. 
doi: 10.3892/ijmm.2020.4840

115. Fu Y, Cui S, Zhou Y, Qiu L. Dental pulp stem cell-derived exosomes alleviate 
mice knee osteoarthritis by inhibiting TRPV4-mediated osteoclast activation. Int 
J Mol Sci. (2023) 24(5):4926. doi: 10.3390/ijms24054926

116. Karaturk H, Gonen ZB, Saraymen R, Gokdemir NS, Salkin H. Effects of dental 
pulp-derived mesenchymal stem cell exosomes produced under hypoxia conditions 
on osteoarthritic chondrocytes. Connect Tissue Res. (2025) 66(6):521–33. doi: 10. 
1080/03008207.2025.2519064

117. Jalahi M, Shahijani S, Jalahi A, Hosseini M, Farzam M, Dehghanian AR, et al. 
Evaluation of the healing effect of kappa-carrageenan combined with dental pulp 
stem cell-derived exosomes on induced knee osteoarthritis in male rats. Knee. 
(2025) 56:11–21. doi: 10.1016/j.knee.2025.04.020

118. Chen J, Tan Y, Chen Z, Yang H, Li X, Long X, et al. Exosomes derived from 
primary cartilage stem/progenitor cells promote the repair of osteoarthritic 
chondrocytes by modulating immune responses. Int Immunopharmacol. (2024) 
143:113397. doi: 10.1016/j.intimp.2024.113397

119. Fang W, Vangsness CT Jr. Implications of anti-in-ammatory nature of exosomes in 
knee arthritis. Cartilage. (2021) 13(2_suppl):204S–12. doi: 10.1177/1947603520904766

120. Oishi Y, Manabe I. Macrophages in in-ammation, repair and regeneration. Int 
Immunol. (2018) 30(11):511–28. doi: 10.1093/intimm/dxy054

121. Cutolo M, Campitiello R, Gotelli E, Soldano S. The role of M1/M2 macrophage 
polarization in rheumatoid arthritis synovitis. Front Immunol. (2022) 13:867260. 
doi: 10.3389/fimmu.2022.867260

122. Wang Y, Zhang J, Shi H, Wang M, Yu D, Fu M, et al. M2 tumor-associated 
macrophages-derived exosomal MALAT1 promotes glycolysis and gastric cancer 
progression. Adv Sci (Weinh). (2024) 11(24):e2309298. doi: 10.1002/advs.202309298

123. Da-Wa ZX, Jun M, Chao-Zheng L, Sen-Lin Y, Chuan L, De-Chun L, et al. 
Exosomes derived from M2 macrophages exert a therapeutic effect via inhibition 
of the PI3 K/AKT/mTOR pathway in rats with knee osteoarthritic. Biomed Res Int. 
(2021) 2021:7218067. doi: 10.1155/2021/7218067

124. Li H, Yang Y, Gao Y, Li B, Yang J, Liu P, et al. Exosomes derived from hypoxia- 
preconditioned M2 macrophages alleviate degeneration in knee osteoarthritis 
through the miR-124-3p/STAT3 axis. J Transl Med. (2025) 23(1):772. doi: 10.1186/ 
s12967-025-06808-5

125. Zhang W, Dang K, Huai Y, Qian A. Osteoimmunology: the regulatory roles of 
T lymphocytes in osteoporosis. Front Endocrinol (Lausanne). (2020) 11:465. doi: 10. 
3389/fendo.2020.00465

126. Yang M, Zhu L. Osteoimmunology: the crosstalk between T cells, B cells, and 
osteoclasts in rheumatoid arthritis. Int J Mol Sci. (2024) 25(5):2688. doi: 10.3390/ 
ijms25052688

127. Rosshirt N, Trauth R, Platzer H, Tripel E, Nees TA, Lorenz HM, et al. 
Proin-ammatory T cell polarization is already present in patients with early knee 
osteoarthritis. Arthritis Res Ther. (2021) 23(1):37. doi: 10.1186/s13075-020-02410-w

128. Wen Z, Qiu L, Ye Z, Tan X, Xu X, Lu M, et al. The role of th/treg immune cells 
in osteoarthritis. Front Immunol. (2024) 15:1393418. doi: 10.3389/fimmu.2024. 
1393418

Li et al.                                                                                                                                                                  10.3389/fsurg.2026.1762559

Frontiers in Surgery 15 frontiersin.org

https://doi.org/10.1186/s12951-024-02538-w
https://doi.org/10.1186/s12951-024-02538-w
https://doi.org/10.1016/j.arr.2024.102522
https://doi.org/10.1016/j.arr.2024.102522
https://doi.org/10.1007/s11010-022-04535-9
https://doi.org/10.1007/s11010-022-04535-9
https://doi.org/10.1038/s41420-021-00418-y
https://doi.org/10.3389/fimmu.2024.1361606
https://doi.org/10.3892/etm.2020.9274
https://doi.org/10.1186/s13287-025-04379-2
https://doi.org/10.3390/ijms26125447
https://doi.org/10.1186/s13287-022-03005-9
https://doi.org/10.1186/s13287-022-03005-9
https://doi.org/10.1002/ctm2.255
https://doi.org/10.1186/s12951-021-01236-1
https://doi.org/10.4252/wjsc.v17.i4.103919
https://doi.org/10.1089/ten.tea.2024.0346
https://doi.org/10.1186/s12967-023-04638-x
https://doi.org/10.1016/j.joca.2016.06.022
https://doi.org/10.1186/s13287-017-0632-0
https://doi.org/10.1016/j.juro.2008.07.023
https://doi.org/10.1089/ten.tea.2023.0003
https://doi.org/10.1089/ten.tea.2023.0003
https://doi.org/10.3390/ijms22010459
https://doi.org/10.3390/ijms22010459
https://doi.org/10.1016/j.mtbio.2023.100569
https://doi.org/10.1177/03635465221073991
https://doi.org/10.1007/s11427-024-2843-7
https://doi.org/10.1111/j.1365-2184.2007.00414.x
https://doi.org/10.1097/CM9.0000000000002076
https://doi.org/10.1097/CM9.0000000000002076
https://doi.org/10.1002/sctm.20-0268
https://doi.org/10.1002/sctm.20-0268
https://doi.org/10.1111/jocd.14956
https://doi.org/10.1002/biof.1576
https://doi.org/10.3390/cells11213415
https://doi.org/10.3390/ijms222112018
https://doi.org/10.3390/ijms222112018
https://doi.org/10.3892/ijmm.2020.4840
https://doi.org/10.3390/ijms24054926
https://doi.org/10.1080/03008207.2025.2519064
https://doi.org/10.1080/03008207.2025.2519064
https://doi.org/10.1016/j.knee.2025.04.020
https://doi.org/10.1016/j.intimp.2024.113397
https://doi.org/10.1177/1947603520904766
https://doi.org/10.1093/intimm/dxy054
https://doi.org/10.3389/fimmu.2022.867260
https://doi.org/10.1002/advs.202309298
https://doi.org/10.1155/2021/7218067
https://doi.org/10.1186/s12967-025-06808-5
https://doi.org/10.1186/s12967-025-06808-5
https://doi.org/10.3389/fendo.2020.00465
https://doi.org/10.3389/fendo.2020.00465
https://doi.org/10.3390/ijms25052688
https://doi.org/10.3390/ijms25052688
https://doi.org/10.1186/s13075-020-02410-w
https://doi.org/10.3389/fimmu.2024.1393418
https://doi.org/10.3389/fimmu.2024.1393418
https://doi.org/10.3389/fsurg.2026.1762559


129. Qi C, Shan Y, Wang J, Ding F, Zhao D, Yang T, et al. Circulating T helper 9 cells 
and increased serum interleukin-9 levels in patients with knee osteoarthritis. Clin Exp 
Pharmacol Physiol. (2016) 43(5):528–34. doi: 10.1111/1440-1681.12567

130. Okamoto K, Takayanagi H. Effect of T cells on bone. Bone. (2023) 168:116675. 
doi: 10.1016/j.bone.2023.116675

131. Fischer V, Haffner-Luntzer M. Interaction between bone and immune cells: 
implications for postmenopausal osteoporosis. Semin Cell Dev Biol. (2022) 
123:14–21. doi: 10.1016/j.semcdb.2021.05.014

132. Tung SL, Fanelli G, Matthews RI, Bazoer J, Letizia M, Vizcay-Barrena G, et al. 
Regulatory T cell extracellular vesicles modify T-effector cell cytokine production 
and protect against human skin allograft damage. Front Cell Dev Biol. (2020) 
8:317. doi: 10.3389/fcell.2020.00317

133. Xu C, Mi Z, Dong Z, Chen X, Ji G, Kang H, et al. Platelet-Derived exosomes 
alleviate knee osteoarthritis by attenuating cartilage degeneration and subchondral 
bone loss. Am J Sports Med. (2023) 51(11):2975–85. doi: 10.1177/ 
03635465231188122

134. Zhu Y, Wang Y, Zhao B, Niu X, Hu B, Li Q, et al. Comparison of exosomes 
secreted by induced pluripotent stem cell-derived mesenchymal stem cells and 
synovial membrane-derived mesenchymal stem cells for the treatment of 
osteoarthritis. Stem Cell Res Ther. (2017) 8(1):64. doi: 10.1186/s13287-017-0510-9

135. Hsueh YH, Buddhakosai W, Le PN, Tu YY, Huang HC, Lu HE, et al. 
Therapeutic effect of induced pluripotent stem cell -derived extracellular vesicles in 
an in vitro and in vivo osteoarthritis model. J Orthop Translat. (2023) 38:141–55. 
doi: 10.1016/j.jot.2022.10.004

136. Xavier J, Jerome W, Zaslav K, Grande D. Exosome-Laden scaffolds for treatment 
of post-traumatic cartilage injury and osteoarthritis of the knee: a systematic review. 
Int J Mol Sci. (2023) 24(20):15178. doi: 10.3390/ijms242015178

137. Mondal J, Pillarisetti S, Junnuthula V, Saha M, Hwang SR, Park IK, et al. Hybrid 
exosomes, exosome-like nanovesicles and engineered exosomes for therapeutic 
applications. J Control Release. (2023) 353:1127–49. doi: 10.1016/j.jconrel.2022.12.027

138. Wan J, He Z, Peng R, Wu X, Zhu Z, Cui J, et al. Injectable photocrosslinking 
spherical hydrogel-encapsulated targeting peptide-modified engineered exosomes 
for osteoarthritis therapy. J Nanobiotechnology. (2023) 21(1):284. doi: 10.1186/ 
s12951-023-02050-7

139. Amiri A, Bagherifar R, Ansari Dezfouli E, Kiaie SH, Jafari R, Ramezani R. 
Exosomes as bio-inspired nanocarriers for RNA delivery: preparation and 
applications. J Transl Med. (2022) 20(1):125. doi: 10.1186/s12967-022-03325-7

140. Sadeghi S, Tehrani FR, Tahmasebi S, Shafiee A, Hashemi SM. Exosome 
engineering in cell therapy and drug delivery. In0ammopharmacology. (2023) 
31(1):145–69. doi: 10.1007/s10787-022-01115-7

141. Khedri A, Roshanazadeh M, Hatami M, Sanaei A, Saki S, Salehipour Bavarsad S. 
Anti-fibrotic potential of WJ-MSC exosomes in liver fibrosis: mechanistic insights 
and dose-response efficacy. Iran J Pharm Res. (2024) 23(1):e149480. doi: 10.5812/ 
ijpr-149480

142. Ding M, Wang C, Lu X, Zhang C, Zhou Z, Chen X, et al. Comparison of 
commercial exosome isolation kits for circulating exosomal microRNA profiling. 
Anal Bioanal Chem. (2018) 410(16):3805–14. doi: 10.1007/s00216-018-1052-4

143. Kimiz-Gebologlu I, Oncel SS. Exosomes: large-scale production, isolation, drug 
loading efficiency, and biodistribution and uptake. J Control Release. (2022) 
347:533–43. doi: 10.1016/j.jconrel.2022.05.027

144. Riau AK, Ong HS, Yam G, Mehta JS. Sustained delivery system for stem cell- 
derived exosomes. Front Pharmacol. (2019) 10:1368. doi: 10.3389/fphar.2019.01368

145. Rezabakhsh A, Sokullu E, Rahbarghazi R. Applications, challenges and prospects 
of mesenchymal stem cell exosomes in regenerative medicine. Stem Cell Res Ther. 
(2021) 12(1):521. doi: 10.1186/s13287-021-02596-z

146. Wu JY, Li YJ, Hu XB, Huang S, Xiang DX. Preservation of small extracellular 
vesicles for functional analysis and therapeutic applications: a comparative 
evaluation of storage conditions. Drug Deliv. (2021) 28(1):162–70. doi: 10.1080/ 
10717544.2020.1869866

147. Jeyaram A, Jay SM. Preservation and storage stability of extracellular vesicles for 
therapeutic applications. AAPS J. (2017) 20(1):1. doi: 10.1208/s12248-017-0160-y

148. Zhang M, Hu W, Cai C, Wu Y, Li J, Dong S. Advanced application of stimuli- 
responsive drug delivery system for in-ammatory arthritis treatment. Mater Today 
Bio. (2022) 14:100223. doi: 10.1016/j.mtbio.2022.100223

149. Zhang B, Gong J, He L, Khan A, Xiong T, Shen H, et al. Exosomes based 
advancements for application in medical aesthetics. Front Bioeng Biotechnol. (2022) 
10:1083640. doi: 10.3389/fbioe.2022.1083640

150. Xie F, Liu YL, Chen XY, Li Q, Zhong J, Dai BY, et al. Role of MicroRNA, 
LncRNA, and exosomes in the progression of osteoarthritis: a review of recent 
literature. Orthop Surg. (2020) 12(3):708–16. doi: 10.1111/os.12690

151. Krylova SV, Feng D. The machinery of exosomes: biogenesis, release, and 
uptake. Int J Mol Sci. (2023) 24(2):1337. doi: 10.3390/ijms24021337

152. Liang Y, Duan L, Lu J, Xia J. Engineering exosomes for targeted drug delivery. 
Theranostics. (2021) 11(7):3183–95. doi: 10.7150/thno.52570

153. Lu H, Liu Z, Han S, Wang Y, Zhang X, Tao H, et al. Exosome-targeted injectable 
hydrogels for sustained DEPTOR delivery and delay of IDD via the mTORC1/SASP 
pathway. Int J Biol Macromol. (2025) 333:148758. doi: 10.1016/j.ijbiomac.2025.148758

154. Wu R, Li H, Sun C, Liu J, Chen D, Yu H, et al. Exosome-based strategy for 
degenerative disease in orthopedics: recent progress and perspectives. J Orthop 
Translat. (2022) 36:8–17. doi: 10.1016/j.jot.2022.05.009

155. Xu S, Ye J, Cai X. Identification of energy metabolism-related subtypes and 
diagnostic biomarkers for osteoarthritis by integrating bioinformatics and machine 
learning. J Multidiscip Healthc. (2025) 18:1353–69. doi: 10.2147/JMDH.S510308

156. Batrakova EV, Kim MS. Using exosomes, naturally-equipped nanocarriers, for drug 
delivery. J Control Release. (2015) 219:396–405. doi: 10.1016/j.jconrel.2015.07.030

157. Fan L, Liu C, Chen X, Zheng L, Zou Y, Wen H, et al. Exosomes-Loaded 
electroconductive hydrogel synergistically promotes tissue repair after spinal cord 
injury via immunoregulation and enhancement of myelinated axon growth. Adv 
Sci (Weinh). (2022) 9(13):e2105586. doi: 10.1002/advs.202105586

158. Huang X, Liao J, Feng F, Chen S, Liao E, Li D, et al. Combined application of 
exosomes and FPR2 agonist LXA4 in controlling fetal membrane in-ammation 
and promoting fetal membrane tissue repair. Reprod Sci. (2023) 30(6):1979–93. 
doi: 10.1007/s43032-022-01148-x

Li et al.                                                                                                                                                                  10.3389/fsurg.2026.1762559

Frontiers in Surgery 16 frontiersin.org

https://doi.org/10.1111/1440-1681.12567
https://doi.org/10.1016/j.bone.2023.116675
https://doi.org/10.1016/j.semcdb.2021.05.014
https://doi.org/10.3389/fcell.2020.00317
https://doi.org/10.1177/03635465231188122
https://doi.org/10.1177/03635465231188122
https://doi.org/10.1186/s13287-017-0510-9
https://doi.org/10.1016/j.jot.2022.10.004
https://doi.org/10.3390/ijms242015178
https://doi.org/10.1016/j.jconrel.2022.12.027
https://doi.org/10.1186/s12951-023-02050-7
https://doi.org/10.1186/s12951-023-02050-7
https://doi.org/10.1186/s12967-022-03325-7
https://doi.org/10.1007/s10787-022-01115-7
https://doi.org/10.5812/ijpr-149480
https://doi.org/10.5812/ijpr-149480
https://doi.org/10.1007/s00216-018-1052-4
https://doi.org/10.1016/j.jconrel.2022.05.027
https://doi.org/10.3389/fphar.2019.01368
https://doi.org/10.1186/s13287-021-02596-z
https://doi.org/10.1080/10717544.2020.1869866
https://doi.org/10.1080/10717544.2020.1869866
https://doi.org/10.1208/s12248-017-0160-y
https://doi.org/10.1016/j.mtbio.2022.100223
https://doi.org/10.3389/fbioe.2022.1083640
https://doi.org/10.1111/os.12690
https://doi.org/10.3390/ijms24021337
https://doi.org/10.7150/thno.52570
https://doi.org/10.1016/j.ijbiomac.2025.148758
https://doi.org/10.1016/j.jot.2022.05.009
https://doi.org/10.2147/JMDH.S510308
https://doi.org/10.1016/j.jconrel.2015.07.030
https://doi.org/10.1002/advs.202105586
https://doi.org/10.1007/s43032-022-01148-x
https://doi.org/10.3389/fsurg.2026.1762559

	Research progress and prospects of exosomes from diverse cellular sources in the treatment of knee osteoarthritis: a narrative review
	Introduction
	Pathological mechanisms of KOA
	Biological characteristics of exosomes
	Exosomes serve as diagnostic biomarkers for osteoarthritis
	Application of exosomes from different sources in the treatment of KOA
	Bone marrow mesenchymal stem cell–derived exosomes (BMSC-Exos)
	Adipose mesenchymal stem cell–derived exosomes (ADSC-Exos)
	Synovial mesenchymal stem cell–derived exosomes (SMSC-Exos)
	Synovial fibroblast–derived exosomes (SF-Exos)
	Human umbilical cord mesenchymal stem cell–derived exosomes (hucMSC-Exos)
	Human embryonic mesenchymal stem cell–derived exosomes (heMSC-Exos)
	Human urine stem cell–derived exosomes (huSC-Exos)
	Human amniotic fluid stem cell–derived exosomes (hafSC-Exos)
	Dental pulp stem cell–derived exosomes (DPSC-Exos)
	Immune cell–derived exosomes
	Exosomes from other sources

	Potential of engineered exosomes in treatment of KOA
	Exosome challenges in knee osteoarthritis treatment
	Discussion
	Conclusion
	Author contributions
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


