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A B S T R A C T   

Objective: To explore the mechanism and efficacy of gel in the treatment of posttraumatic oste-
oarthritis (PTOA), combined with hyaluronic acid (HA) and bone marrow mesenchymal stem cell 
exosomes (BMSC-EXOs), and to explain its role in alleviating oxidative stress damage induced by 
mitochondrial reactive oxygen species (ROS). 
Methods: How is the therapeutic potential of toa influenced by bone marrow mesenchymal stem 
cells-EXO to be evaluated both in vitro and in vivo. In vitro, BMSC-EXOs were extracted and 
characterized from rat specimens and labeled with Dil. Rat primary chondrocytes were then 
isolated to create a cellular PTOA model. BMSC-EXOs + HA group, BMSC-EXOs + HA + 740Y–P 
group, model group, BMSC-EXOs group, HA group, and control group were included in the cell 
group, and the function of cartilage matrix and the level of oxidative stress could be evaluated. 
Cartilage matrix integrity and oxidative stress can be assessed by grouping rats. At the same time, 
a rat model of ptosis can be established by excision of the anterior cruciate ligament, and joint 
rehabilitation, with pro-inflammatory and Enzyme-linked immunosorbent assay (ELISA) can be 
used to determine anti-inflammatory markers. 
Result: sThe combined use of BMSC-EXOs and HA gel was found to significantly reduce oxidative 
stress in chondrocytes and PTOA rat models, improving cartilage mechanical properties more 
effectively than BMSC-EXOs alone. 
Conclusion: BMSC-EXOs combined with HA gel offer a promising treatment for PTOA by modu-
lating damage caused by mitochondrial ROS-induced oxidative stress.   

1. Introduction 

Types of osteoarthritis include post-traumatic osteoarthritis, which occurs after a joint injury, such as intra-articular fractures, 
ligament injuries, or other joint traumas [1].PTOA accounts for 12 % of OA cases, predominantly affecting younger individuals. 

Shoulder instability, meniscus tears, patellar dislocation and dislocation are among the main risk factors [2]. 
The pathogenesis of PTOA involves disruption of cartilage matrix integrity due to oxidative stress, inflammatory reactions, cell 

death (apoptosis, necrosis, etc.), and ultrastructural changes in chondrocytes. Synovial inflammation encompasses mitochondrial 
dysfunction, oxidative and nitrosative stress, inflammatory reactions, and synovial macrophage infiltration. Subchondral bone 
changes involve uncoupling of bone remodeling, decreased bone formation, fibrosis, and increased bone tissue destruction [3–5]. 
NF-κB plays an important role in the regulation and activation of inflammatory response [6–8].p38 and ERK MAPKs were strongly 
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associated with the spread of cartilage degeneration after injury and suggest that blocking their activities may decrease the risk of 
PTOA by upregulating expressions of MMP-13, ADAMTS-5, and TNF-α [9,10].The inhibition of Jnk, along with the reduction of CCL2 
and 7, significantly ameliorates gait parameters in PTOA mice, indicating pain relief associated with OA [11].After injury, activation of 
male IL-6 − /− mice with downstream mediators STAT3 and ERK was decreased in the knee joint and dorsal root ganglion (DRG).Janus 
kinase (JAK) is crucial in STAT and ERK signaling pathways in cartilage breakdown metabolism and transmitting DRG pain signals in 
tissue grafts [12].The Wnt/β-catenin signaling pathway exhibits hyperactivity within the synovium of PTOA, influencing chondrocyte 
phenotype expression and proliferation [13].The prognosis of pta can inhibit and improve inflammation through the regulation of 
CHI3L1 [14].While the underlying pathogenesis is understood, low levels of reactive oxygen species (ROS) can be produced by 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and the progression of pta can be prevented by early intervention. 
Intracellular signal transduction is involved in articular chondrocytes, thereby maintaining cartilage homeostasis and regulating 
extracellular matrix (ECM) and chondrocyte proliferation and synthesis [15]. Compared to normal chondrocytes, ROS induced DNA 
damage was generated by OA chondrocytes, resulting in more severe ROS [16]. In synovial fluid, the main enzyme for ROS production 
is NADPH oxidase, which can exacerbate joint oxidative stress and mediate the progressive degradation of cartilage in OA patients 
[17]. Excessive ROS levels can degrade matrix components by inhibiting matrix synthesis, hindering cell migration, and decreasing 
growth factor activity. Matrix metalloproteinases (MMPs) are activated due to high ROS levels, cartilage degradation is intensified, and 
cell death processes can be inspired [18]. 

Non-hematopoietic stem cells in bone marrow refer to bone marrow mesenchymal stem cells, and a variety of cell types can be 
differentiated. The vesicles secreted by cells are exosomes (EXOs), which play an important role when intercellular communication is 
regulated and a variety of physiology and pathology are involved [19–21]. 

BMSCs regulate immune responses and promote tissue repair and regeneration, presenting a potential treatment approach for 
PTOA. They positively impact PTOA by secreting anti-inflammatory factors, promoting chondrocyte proliferation, and inhibiting 
chondrocyte apoptosis. Therapeutic effects can be demonstrated by the secretion of extracellular vesicles (EVs) by bone marrow 
mesenchymal stem cells, which contain proteins, lipids, RNAs, and other bioactive molecules that influence recipient cell functions. 
BMSC-derived EVs, particularly those rich in microRNAs, possess potent anti-inflammatory and immunomodulatory properties, 
promoting cartilage repair and regeneration by modulating gene expression and signaling pathways. These EVs can directly act on 
joint tissues, reducing inflammation and cartilage degradation, counteracting PTOA progression [22]. 

The key component of synovial fluid is hyaluronic acid (HA), plays a vital role in preventing joint deterioration. HA synthesis may 
not occur in all osteoarthritis (OA) patients, hence its exogenous administration is recommended to reduce discomfort and slow joint 
attrition by inhibiting pro-inflammatory cytokine secretion, deterring apoptosis, and regulating fibrotic development. The therapeutic 
application of HA in PTOA includes a hydrogel compound of crosslinked HA and Dexamethasone (cHA-Dex) to inhibit chondrocyte 
apoptosis and alleviate early PTOA stages. Amobarbital, an agent that reduces oxidative damage and cartilage cell death, is incor-
porated within the crosslinked HA hydrogel matrix, presenting a novel approach to PTOA prevention [23,24]. 

30–150 nm is exosome size, and a key role in intercellular communication can be played by transporting biologically active 
entities—such as proteins, lipids, and RNA—to target cells. They offer numerous therapeutic advantages, including biocompatibility 
and low immunogenicity, decreascing the immune rejection’s risk. Exosomes protect their cargo against biological degradation, 
enhancing stability and bioavailability of medicinal substances. Their precision targeting, thanks to specific molecular signatures, 
allows for bespoke delivery to afflicted tissues or cellular groups. Biological barriers can be crossed by exosomes, for example, the 
barrier of blood-brain, and modulate immune responses by transporting anti-inflammatory agents, positioning them as a forefront 
innovative therapeutic strategy to mitigate inflammation and tissue distress [25–29]. 

Exosome therapy encompasses several sophisticated methodologies: The supernatant was purified by cell culture and fluid exo-
somes isolation. engineering exosomes through genetic engineering or drug loading techniques; precise in vivo administration to 
targeted lesion sites via injection or alternative methods; and monitoring exosome-based therapies by using exosomes as biomarkers to 
track disease progression and treatment effectiveness. The cell-free therapeutic strategy of repair and tissue regeneration refers to 
exosome therapy [30–37]. 

The major challenge in clearing circulating exosomes and body fluids is to consistently release the target site. Exosomes can be 
cleared through the kidneys, with their size, surface charge, and composition influencing distribution and clearance rates. They may 
also be recognized and cleared by macrophages and neutrophils of the immune system. Chemical modification or surface engineering 
can enhance exosome stability and circulation time, reducing rapid clearance risk [38–40]. 

Hydrogels, known for their excellent biocompatibility and porous structure, are ideal vehicles for exosome delivery, significantly 
enhancing sustained exosome release. Hyaluronic Acid (HA) is commonly used to alleviate PTOA symptoms, aiding exosome stability 
and conservation. HA provides a protective sheath for exosomes, safeguarding their integrity and preventing premature disintegration 
or elimination. HA’s interaction with cellular surface receptors, such as CD44, enhances targeted delivery of HA-enriched exosomes to 
specific cell populations, increasing their therapeutic potential. These modified exosomes are efficiently absorbed via receptor- 
mediated endocytosis, boosting intracellular uptake of pharmaceutical compounds or bioactive constituents. HA also influences im-
mune response regulation in exosomes, modulating inflammation and immune cell polarization. In addition, through bioactive sub-
stances and transport growth factors, tissue repair and regeneration can be involved with hyaluronic acid, thus promoting the recovery 
of damaged tissues [41–43].pta can be treated by BMSC-EXOs + HA, and the potential mechanism of action of the regimen can be 
explored. 
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2. Materials and methods 

2.1. Isolation and BMSCs’s cultivation 

BMSCs were isolated using the bone marrow adherent technique. Sprague-Dawley rats at 2 weeks of age (10 rats/group, Beijing 
HFK Biotechnology Co., LTD.) were selected, 5 min was 75 % alcohol disinfection time, isoflurane overdose euthanasia. Dulbecco’s 
Modified Eagle Medium (DMEM) allows the bone marrow to be rinsed, and single-cell suspensions can be converted from sterile 
straws. Both femurs can be dissected under sterile conditions and the blood can be flushed with Dulbecco’s phosphate buffered saline 
(D-PBS) (D1040, Solarbio).Tissue fragments can be filtered through a 200-mesh sieve, and red blood cells can be cleaved by lysis buffer 
(Solarbio: R1010). 5 min was the centrifugation time of 1200 rpm, the supernatant was discarded, the cell suspension was cultured in 
T75 bottles (75 cm2/rat), the cells were incubated with 5 % CO2 at 37 ◦C, and the medium was refreshed 48 h later. Three days was the 
cycle of cell passage once, and further experiments were identified. 

2.2. BMSC-EXOs isolation, Identification, and Tracing staining 

Exo can be isolated in BMSC media using the Wayen exosome isolation kit (H-Wayen: EIQ3-04001). The supernatant was collected 
and centrifuged at 3000×g for 15 min at 4 ◦C.10 mL of the supernatant could be mixed with 5 mL of extractants and left for overnight at 
4 ◦C. At 4 ◦C and 3000×g, 1 h was the time for the mixture to be centrifuged, and 1 ml of D-PBS was re-suspended by the remaining 
cells, centrifuged at 10,000×g for 10 min, centrifuged again at 4 ◦C, and the supernatant was discarded. exo was identified by the final 
supernatant, and the red fluorescence could be labeled by the tracer Dil (Beyotime Biotechnology: C1991S). 

2.3. Construction of OA model and primary culture of rat chondrocytes 

Trypsin-collagenase digestion was performed, and 4-week-old Sprague-Dawley rats (n = 10) were sampled from chondrocytes. The 
rats were euthanized and sterilized in 75 % alcohol for 5 min. Costal cartilage and knee joint was dissected under aseptic conditions, 
minced, and digested with 0.25 % trypsin (Solarbio: 9002-07-7) at 37 ◦C for 15–20 min 0.2 % collagenase II (Gibco: 17101-015) was 
added, the supernatant was discarded and digested at 37 ◦C for 30–60 min.The resulting mixture was filtered through a 200-mesh sieve 
and centrifuged at 1200 rpm for 5 min. The cell pellet was resuspended in growth medium (88 % DMEM + 10 % EXO-FBS + 1 % ITS +
1 % PS) and cultured at 37 ◦C with 5 % CO2. The cell-induced OA model can be treated with 10 ng/mL IL-1β (MedChemeExpress: HY- 
P73900).Cells were divided into various treatment groups, including control, model, BMSC-EXOs, HA, BMSC-EXOs + HA, BMSC-EXOs 
+ 740Y–P, and BMSC-EXOs + HA + 740Y–P. The BMSC-EXOs and HA concentrations were 40 μg/mL and 300 μg/mL, respectively. The 
Animal Ethics Committee of Beichen District Hospital of Traditional Chinese Medicine approved all procedures. 

2.4. PTOA rat model Construction 

56 is the number of Sprague-Dawley rats at the age of 4 weeks, including HA group, BMSC-EXOs + HA group, BMSC-EXOs +740Y–P 
group, model group, and BMSC-EXOs group.Anterior cruciate ligament resection was performed under isoflurane anesthesia to induce 
PTOA. The control group underwent only skin incision and suturing. One week post-operation, rats were exercised twice daily.100 μL 
gastric saline can be injected into the joints of the BMSC-EXOs group, and 100 μL gastric saline can be injected into the joints of the 
model group after 4 weeks. 10 mg/kg 740Y–P can be administered in the BMSC-EXOs + HA + 740Y–P and BMSC-EXOs +740Y–P 
groups, and joint damage can be assessed using the OARSI scoring system over a continuous period of 12 weeks. 

2.5. Coverslip Immunofluorescence assay 

Chondrocytes were seeded at 1000 cells/coverslip (10 mm2) and incubated overnight. 10 % neutral formalin can hold the cells in 
place, permeabilized with 0.1 % Triton-100, and treated with 3 % hydrogen peroxide to inactivate catalase. Cells were blocked with 2 
% BSA (Solarbio: A8020) for 2 h, Incubation of primary antibodies against tubulin can be used (1:400, Abcam: AB7291) and collagen II 
(1:200, Abcam: AB34712) overnight at 4 ◦C. The next day, cells were treated with secondary antibodies: Alexa Fluor® 488 anti-rabbit 
IgG (1:500, Abcam: ab150081) and Alexa Fluor® 594 anti-mouse IgG (1:500, Abcam: ab150116) for 1 h at room temperature. The 
medium containing dapi is where the cells are placed, which can be observed under a confocal laser microscope (Nikon A1HD25). 

2.6. HE staining 

The paraffin wax is hydrated and dewaxed. Sections are stained with hematoxylin (Beso: ba4097) for 4 min, washed, and treated 
with 1 % hydrochloric acid alcohol. After bluing in 1 % ammonia and washing, sections were stained with eosin (Beso: ba4095) for 30 
s, washed, dehydrated, cleared, and mounted with neutral gum. Observations were made using a microscope (LECAI: DM750). 

2.7. ELISA 

Levels of IL-4, IL-6, TNF-A, and IL-10 can be detected by ELISA kit (R&D). Standards, controls, and samples were added to cor-
responding wells (100 μL each), and serum/plasma samples were first mixed with 50 μL of sample diluent. 
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2 h is the incubation time at room temperature, biotinylated antibodies (IL-6, TNF-A, IL-10, IL-4) (100 μL/well) can be added, and 
the Wells can be rinsed with a washing buffer. incubated for 30 min, and washed. Streptavidin-HRP (100 μL/well) was added, 
incubated for 30 min, and washed. Substrate solution was added, and the color will be stopped by using 100 μL of stopping fluid, and 

Fig. 1. Characterization of Bone Marrow-Derived Mesenchymal Stem Cell Exosomes (BMSC-EXOs). A: Microscopic imaging reveals BMSCs 
exhibiting a dense, spindle-shaped morphology under inverted microscopy. B: Through transmission electron microscopy, BMSC-EXOs are identified 
by their distinct cup-shaped morphology or hemispherical indentations. C: Western blot analysis confirms the significant presence of exosomal 
markers CD63, TSG101, and Alix, alongside the notable absence of the endoplasmic reticulum marker calnexin, indicating the purity and specificity 
of the extracted exosomes. The expressions of the markers CD29, CD31, and CD90 for BMSC were simultaneously assessed, yet the expression level 
of exosomes was notably low. D: Subsequent Western blot analysis delineates increased expressions of CD63 and Alix post-treatment with BMSC- 
EXOs + HA, underlining the bioactive effect of the treatment on exosomal marker expression. Significance levels are indicated as *p < 0.05; **p <
0.01; ns p > 0.05. 
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yellow can be changed from blue. 

2.8. ROS Detection 

Reactive Oxygen Species (ROS) are detected and DCFH-DA can be diluted in serum-free medium at a ratio of 1:1000, with 10 μmol/ 
L being the final concentration. After the cells are collected, the diluted DCFH-DA solution can be suspended by the cells, ensuring a 
cell density of one to two million cells per milliliter, and incubate at 37 ◦C for 20 min. During incubation, invert and mix every 3–5 min 
to ensure thorough interaction between the probe and the cells. The cells can be washed three times in serum-free medium after 
incubation, and unabsorbed DCFH-DA is removed. Cells can be stimulated by selected pharmacological agents as well as controls, or 
divide the cells into aliquots for different stimulations. Typically, a significant increase in reactive oxygen levels is observable 20–30 
min after stimulation with the positive control. If the probe is loaded after cell collection, analyze the samples using a fluorescence 
spectrophotometer. 

2.9. The assay of Western blotting 

The protein concentration can be determined using the BCA protein assay kit (Solarbio: PC0020), and the total protein can be 
extracted from tissues and groups of cells. Add 5×gel loading buffer proportionally, and heat the samples at 100 ◦C for 10 min. With 30 
μg of protein loaded per well, sodium dodecyl sulfate-polyacrylamide gel electrophoresis can be performed (SDS-PAGE) (stacking gel: 
80 V for 40 min, separating gel: 110 V for 60 min). At 300 mah, the polyvinylidene fluoride (PVDF) film can be transferred from the 
isolated protein. Primary antibody can be incubated at 4 ◦C overnight, and 2 h is the time for blocking 5 % skim milk powder (OXOID: 
LP0031B), then wash the membrane. 

1 h is the incubation time of the secondary antibody (Abcam: ab97080, 1:500 dilution) at room temperature, image development 
can be performed with the use of ECL kits, and statistical analysis can be performed.  

Antibody Dilution Catalog Number Manufacturer 

Alix 1:2000 ab275377 Abcam 
Calnexin 1:2000 ab22595 Abcam 
CD63 1:2000 ab134045 Abcam 
TSG101 1:2000 ab125011 Abcam 
CollagenII 1:2000 ab307674 Abcam 
MMP13 1:2000 ab315267 Abcam 
gp91phox 1:2000 ab310337 Abcam 
P22phox 1:2000 ab191512 Abcam 
P47phox 1:2000 ab308256 Abcam 
p-AKT 1:2000 ab308256 Abcam 
T-AKT 1:2000 ab38449 Abcam 
p-PI3K 1:2000 ab302958 Abcam 
T-PI3K 1:2000 ab139307 Abcam  

2.10. Statistical analysis 

Mean ± standard deviation (x ± s) was used to represent the data, and data analysis could be conducted through Prism 9.0 
software. T-test could be used to analyze the difference between groups, and statistical significance could be shown when the P-value 
was less than 0.05. One-way analysis of variance could be used to compare between groups. 

3. Results 

3.1. Identification results of BMSC-EXOs 

The morphology of exo can be extracted from rat bone marrow mesenchymal stem cell medium under electron microscope.EXOs 
were found to be cup-shaped or bi-concave, approximately 100 nm in diameter, with clear membrane boundaries (Fig. 1A and B). As 
can be seen from Western blotting results, CD63, TSG101 and ALIX in exo are highly expressed, while Calnexin, CD29, CD31 and CD90 
are not expressed (Fig. 1C). Significant expression was found in HA as well as ALIX and CD63, while bmsc-exo was an isolated sub-
stance (Fig. 1D).The expression levels of CD29, CD31, and CD90 markers for BMSCs were also evaluated, showing a marked reduction 
in exosome expression. 

3.2. How is BMSC-EXOs + HA affected by OA cartilage matrix synthesis and metabolism 

Exo can be labeled by the tracer Dil, with which chondrocytes are co-cultured, and exo can be phagocytic by the discovery of 
chondrocytes, which also increases the amount of exo due to the development of time (8 h, 16 h, 24 h), and the source of chondrocytes 
is type II collagen and proteoglycan, while MMP13 is involved in ECM degradation.From a pta model stimulated by 10 ng/mL IL-1β, 
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collagen II levels were reduced, and MMP13 levels were elevated. These trends were reversed by bmsc-exo and HA treatment, with the 
combined treatment showing superior results compared to individual treatments. There was no significant difference between the 
BMSC-EXOs + HA + 740Y–P group and the BMSC-EXOs +740Y–P group (Fig. 2B). 

In the model group, The levels of pro-inflammatory factors IL-6 and tnf-α were increased, while the levels of anti-inflammatory 
factors IL-10 and IL-4 were decreased. Both BMSC-EXOs and HA treatments reduced IL-6 and TNFα levels and increased IL-10 and 
IL-4 levels. The combined treatment further enhanced these effects. The addition of 740Y–P reversed these trends, Statistical signif-
icance was not found between the BMSC-EXOs + HA + 740Y–P and BMSC-EXOs +740Y–P groups (Fig. 2C&D).ROS levels increased 
significantly in the model group. Treatments with BMSC-EXOs or HA reduced ROS levels, with a more pronounced effect in the 
combined treatment group. The addition of 740Y–P increased ROS levels in both the BMSC-EXOs and combined treatment groups, with 
no significant differences between them (Fig. 2E). 

3.3. How is the level of ROS in osteoarthritis chondrocytes affected by BMSC-EXOs + HA 

It is important that cartilage degeneration is affected by ROS, and inflammation and apoptosis of chondrocytes are triggered by 

Fig. 2. Impact of BMSC-EXOs + HA on Osteoarthritis (OA) Cartilage Matrix Synthesis and Metabolism. A: Laser confocal microscopy at 600 ×
magnification exhibits time-dependent phagocytosis of BMSC-EXOs by chondrocytes over 8, 16, and 24 h. B: Treatment with BMSC-EXOs + HA is 
shown to enhance the synthesis of the extracellular matrix component, collagen II, while concurrently inhibiting the degradation marker, MMP13. 
Data resulted from triplicate experiments for enhanced reliability. C&D: Illustrated are the modulatory effects of BMSC-EXOs and HA treatments, 
both independently and combined, on the levels of pro-inflammatory (IL-6 and TNFα) and anti-inflammatory (IL-10 and IL-4) cytokines, before and 
after the application of 740Y–P. Treatments significantly adjust cytokine profiles favorably, this regulation is disrupted by 740Y–P, with no 
distinguishable difference between BMSC-EXOs and HA treatments post-740Y–P application. Significance markers as before. E：ROS detected the 
differential effects of BMSC-EXO, HA treatments, and their combination on ROS levels in a MODEL group, with a specific focus on the pronounced 
variations observed following the addition of 740Y–P. The comparative analysis underscores the distinct influence of single and combined thera-
peutic interventions on oxidative stress parameters. 
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high ROS levels. As chondrocytes were stimulated by il-1β, MDA levels and NADPH oxidase components were significantly increased, 
which decreased BMSC-EXOs treatment levels. The combined treatment showed a more evident reduction. The addition of 740Y–P 
negated these effects (Fig. 3A). Antioxidant system components SOD and GSH levels, reduced by IL-1β, after BMSC-EXOs treatment, 
with the combined treatment showing superior results. No significant differences were observed between the BMSC-EXOs +740Y–P 
and BMSC-EXOs + HA + 740Y–P groups (Fig. 3B). 

3.4. How is the PI3K/AKT signaling pathway in IL-1β-induced OA affected by BMSC-EXOs + HA 

IL-1β can disrupt OA cell homeostasis by activating the pathway of PI3K/AKT. BMSC-EXOs treatment down-regulated PI3K/AKT 
phosphorylation, protecting damaged cells. This effect was more pronounced in the combined treatment group compared to individual 
treatments. Significant differences between groups could be eliminated by the addition of 740Y–P (Fig. 4). suggesting that BMSC-EXOs 
+ HA may treat OA by regulating the PI3K/AKT pathway. 

3.5. ROS level of pta model is decreased due to BMSC-EXOs + HA 

From PTOA rat models, the articular cavity can be injected with BMSC-EXOs + HA and BMSC-EXOs. The level of MDA increased in 
the model group, while the level of SOD and GSH decreased. These changes were more pronounced in the combined treatment group 
compared to individual treatments. There was no significant difference between the BMSC-EXOs + HA + 740Y–P and BMSC-EXOs 
+740Y–P groups (Fig. 5). These results indicate that ROS levels in pta models can be reduced by BMSC-EXOs + HA. 

3.6. ECM synthesis can be promoted and inhibited by BMSC-EXOs + HA 

The recovery ability of pta rat model was evaluated by HE staining, and the cartilage of control group had smooth and complete 
surface and neatly arranged cells, while the model group had obvious cartilage damage. Structural incompleteness was the charac-
teristic of BMSC-EXOs group chondrocytes, while Relatively intact cartilages in the combined treatment group showed an increase in 
chondrocytes. The OARSI score indicated that BMSC-EXOs + HA improved chondrocyte proliferation (Fig. 6A). Western blotting 
showed reduced MMP13 and increased collagen II levels after BMSC-EXOs and combined treatment (Fig. 6B), indicating that collagen 
synthesis was promoted by BMSC-EXOs + HA, and degradation was inhibited. 

Fig. 3. BMSC-EXOs + HA Alleviates IL-1β-Induced Reactive Oxygen Species (ROS) Production in Chondrocytes. A: Western blot analysis quantifies 
the expression of NADPH oxidase subunits (p47phox, p22phox, and gp91phox), indicating ROS generation mechanisms. 
B: Cellular antioxidant status, represented through SOD and GSH levels, and lipid peroxidation marker, MDA, are evaluated, underpinning the 
antioxidative effects of the treatments. Analysis was repeated in triplicate for precision. Significance levels applied as previously noted. 
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3.7. Schematic Diagram of BMSC-EXOs therapeutic process 

The role of bone marrow mesenchymal stem cell-derived exosomes in toa therapy can be illustrated by this figure. Exosomes 
containing bioactive molecules are secreted and multiple cell types are differentiated by bone marrow mesenchymal stem cells. These 

Fig. 4. Suppression of the PI3K/AKT Signaling Pathway Activation in OA by BMSC-EXOs + HA. A: Reduced levels of IL-1β and phosphorylation of 
PI3K/Akt signaling pathways elements highlight the treatment’s efficacy in modulating OA-related signaling. 
B: Quantitative analysis of Western blot bands provides statistical support for the observed effects, with the experiment being replicated three times 
for statistical rigor. Significance notations remain consistent. 

Fig. 5. Reduction of ROS Levels in a Rat Model of Post-Traumatic Osteoarthritis (PTOA) by BMSC-EXOs + HA. 
This presents the evaluation of ROS modulation in a PTOA model following BMSC-EXOs + HA administration, with detailed oxidative stress marker 
assessments (MDA, GSH, SOD) confirming the therapeutic potential of this approach. A group size of n = 8 ensured statistical relevance, with 
significance indicated as prior. 
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exosomes, delivered via hyaluronic acid gel, activate the PI3K/AKT pathway, modulate ROS levels, and suppress MMP13 activity, 
promoting collagen II synthesis. The hydrogel framework inhibits PI3K and AKT pathways, reducing oxidative stress and enhancing 
cartilage repair (Fig. 7). Western blot raw uncut strips in Supplementary file 1. 

4. Discussion 

The diameter of 30–150 nm is BMSCS-EXO, small lipid membrane vesicles are secreted by BMSCs, and intercellular communication 
is mediated. They are captured by neighboring cells through ligand receptors or direct binding, facilitating information transmission 
[44]. 

Osteoblasts refer to bone marrow mesenchymal stem cells, and the repair of endogenous chondrocytes can be stimulated and 
damaged chondrocytes can be replaced, making them suitable for cartilage tissue repair. It can be seen from the study that the 
damaged tissue environment is regulated, a variety of nutritional factors are secreted by bone marrow mesenchymal stem cells, the cell 
regeneration process can be coordinated, differentiation, matrix synthesis, and cell proliferation are included. In addition, TGF-β, 
MMPs and TIMPs are mediated by bone marrow mesenchymal stem cells, thereby reducing tissue damage and stimulating ECM 
synthesis, and inhibiting fiber remodeling and ECM degradation [45]. 

Cartilage lesions and treatment can be improved by bone marrow mesenchymal stem cells. Similar biological functions exist in 
bmsc and BMSC-EXO but are easier to store, can penetrate biofilms, and have low immunogenicity [46].EXOs also do not proliferate, 
eliminating the risk of tumorigenesis [47]. As a long polysaccharide chain, cartilage and synovial fluid compose hyaluronic acid (HA), 
whose main functions are lubrication and shock absorption, thereby protecting joint structure and articular cartilage [48]. In the 
regulation of cell survival, proliferative, metabolic and inflammatory responses play an important role in the progression of pta. It 
protects and repairs chondrocytes, promoting their proliferation and migration, and inhibiting MMP13 expression, thus decelerating 
cartilage degradation. The pathway also modulates inflammatory reactions and oxidative stress responses, preserving chondrocyte 
integrity and inhibiting apoptosis through anti-apoptotic factors [49–51]. 

The PI3K/AKT signaling pathway was mediated by BMSC-EXOs in this study, and the generation of type II collagen in ECM was 
promoted and the degradation was inhibited in articular chondrocyte origin, significantly decreasing ROS levels in vivo, supporting 
BMSC-EXOs’ role in OAtreatment. ROS, as a byproduct of cellular metabolism, regulate signaling transduction and redox equilibrium 
under normal conditions but trigger oxidative stress and damage under PTOA, contributing to cartilage matrix degradation and joint 
damage. 

Reactive Oxygen Species (ROS) assume an essential and intricate role, This is particularly evident in the progression of post- 
traumatic osteoarthritis (pta). As a byproduct of cellular metabolism, ROS are associated with the regulation of signaling trans-
duction and the redox equilibrium under standard physiological conditions. However, under the pathological circumstances of PTOA, 
an aberrant elevation in ROS levels triggers oxidative stress, which not only inflicts damage upon cell membranes, proteins, and DNA, 
fostering dysfunction and mortality in chondrocytes The degradation of cartilage matrix is aided by the activation of enzymes, 
including A disintegrin, metalloproteinases, thromboreactive protein motifs (ADAMTS), and matrix metalloproteinases (MMPs), 
culminating in the disintegration of tissues. Furthermore, ROS, as a mediator of inflammation, amplifies inflammatory responses by 
activating the pathways of signaling like NF-κB, thus exacerbating joint damage and pain. The accumulation of ROS may also provoke 

Fig. 6. BMSC-EXOs + HA’s Role in Promoting Synthesis and Inhibiting Degradation of Chondrocyte Extracellular Matrix in a PTOA Model.** Here, 
HE staining and OARSI scoring affirms tissue recovery, while Western blot assesses molecular changes in collagen II synthesis and MMP13 activity, 
showcasing the dual protective and restorative effects of the treatment. Group size and significance notation matched previous descriptions. 
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the apoptosis of chondrocytes via the mitochondrial pathway, a mechanism closely linked to the advancement of PTOA. Additionally, 
ROS’s influence on autophagy and mitochondrial function, by affecting the dynamics of mitochondrial fusion and fission, interferes 
with cellular energy metabolism and viability, serving as a pivotal factor in the pathophysiology of PTOA [52–55]. Exosome extraction 
from cells typically yields limited amounts, challenging their clinical application due to complex and costly separation and purification 
processes. Optimizing extraction methods is necessary to improve efficiency and yield. Furthermore, the targeting precision of exo-
somes within the body is inadequate, potentially affecting therapeutic efficacy. Understanding the biological distribution and clear-
ance mechanisms of exosomes is crucial for enhancing their therapeutic efficiency and safety. Variability in exosome functionality and 
stability across different samples and storage conditions necessitates further research for clinical application. Establishing standard-
ized and scalable production processes is imperative for consistent and replicable exosome-based therapies [56,57]. 

Hyaluronic acid gel is commonly used for osteoarthritis treatment, but patients should be aware of potential adverse reactions, 
including local reactions like redness, pain, itching, or fever, which usually subside within a few days. More severe reactions like joint 
swelling, rashes, hives, difficulty breathing, infections, vascular damage, and joint stiffness require prompt medical attention [58,59]. 

Our study highlights the therapeutic potential of combining BMSC-EXOs and HA for treating PTOA. This combination significantly 
enhances type II collagen synthesis and reduces degradation, dramatically lowering ROS levels. The synergy between BMSC-EXOs and 
HA likely stems from HA’s role as a joint lubricant and shock absorber, creating an optimal microenvironment for BMSC-EXOs’ 
reparative functions. HA’s involvement in ECM restoration and systemic ROS level reduction further supports chondrocyte recovery, 

Fig. 7. Schematic Overview of BMSC-EXOs Delivered Through Hyaluronic Acid Gel in PTOA. 
This illustration encapsulates the therapeutic mechanism wherein BMSC-EXOs, mediated via hyaluronic acid gel, activate PI3K/AKT signaling, 
modulate ROS levels, and regulate MMP13 activity, cumulatively fostering collagen II production and offering insight into the innovative treatment 
paradigm for post-traumatic osteoarthritis. 
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presenting a promising therapeutic approach for PTOA management. 
In this study, OA can be regulated by the combination of exo and HA via the PI3K/AKT signaling pathway, offering a novel insight 

into their protective dynamics against OA pathogenesis. The co-administration of BMSC-EXOs and HA fosters cartilage restoration and 
ECM synthesis, mitigating PTOA’s adverse effects on articular chondrocytes. However, our study’s exploration of upstream signaling 
molecules is limited, necessitating further research and a full understanding of treatment mechanisms are needed. 

The repair effect of bone marrow mesenchymal stem cell-EXO can be evaluated by using in vitro and in vivo models and HA on 
chondrocytes within a PTOA context. In vitro assays confirmed BMSC-EXOs’ uptake by chondrocytes andIl-1β-induced ROS levels can 
be down-regulated through the PI3K/AKT signaling pathway, alongside increased collagen II production and ECM integrity. Corre-
sponding in vivo assessments in a rat PTOA model corroborated these findings, showing enhanced ECM collagen II synthesis and 
reduced degradation, with the combined treatment outperforming BMSC-EXOs alone. As an innovative therapeutic approach, the 
potential of bone marrow mesenchymal stem cells-EXO and hyaluronic acid can be demonstrated through the results, marking sig-
nificant progress in treating this debilitating condition. 
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