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Abstract
Background  There is currently no definitive treatment for osteoarthritis. We examined the therapeutic effects 
and underlying mechanisms of platelet-rich plasma (PRP) and adipose-derived mesenchymal stem cells (ADSCs), 
individually or in combination, in a rat model of anterior cruciate ligament-induced degenerative osteoarthritis (OA) of 
the knee. This study seeks to advance clinical approaches to OA treatment.

Methods  Eight- to nine-week-old male Sprague-Dawley (SD) rats were randomly assigned to two groups: (1) a 
normal control group (Group A) and (2) a model group. The control group received no treatment. The model group 
underwent treatment and was further subdivided into six groups: Group B (an injury control group), Group C (high-
dose ADSCs), Group D (PRP combined with high-dose ADSCs), Group E (low-dose ADSCs), Group F (PRP combined 
with low-dose ADSCs), and Group G (PRP alone). PRP and/or ADSCs were administered via intra-articular injection on 
Days 7, 37, and 67 post-surgery. Daily observations recorded activity levels and behavior, while weight changes were 
monitored weekly. Digital radiography (DR) was conducted on Days 30, 60, and 90 post-surgery to assess joint surface 
and contour alterations. Histopathological examination and inflammatory factor analysis were performed on cartilage 
and synovial tissue.

Results  No abnormal reactions were observed in any rats, and body weights increased as expected (P > 0.05). 
Significant differences in knee swelling rates and Wakitani scores were observed between Groups A and B (P < 0.01). 
Knee swelling rates also differed significantly between Group B and Groups C–G (P < 0.01). Wakitani scores decreased 
on Days 60 and 90 in Groups C–G. TNF-α and IL-1β expression levels were significantly higher in Group B compared to 
Group A (P < 0.05). Expression levels of these genes were significantly lower in Groups C–G than in Group B (P < 0.05).

Conclusions  Repeated intra-articular injections of PRP and ADSCs alleviated inflammation and pain, promoted tissue 
repair, and modulated immune responses in rats with surgically induced OA. The combination of PRP and ADSCs 
demonstrated enhanced therapeutic efficacy, suggesting its potential as a treatment option for OA.
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Introduction
Osteoarthritis (OA) is a degenerative joint syndrome 
characterized by articular cartilage destruction, sub-
chondral bone sclerosis, and cystic degeneration, lead-
ing to varying degrees of physical limitation and reduced 
quality of life [1–4]. Common symptoms include pain in 
peripheral joints, with the knee, hip, hand, and foot being 
most frequently affected [5, 6]. The pathogenesis of OA 
involves an imbalance between catabolic/proinflamma-
tory and anabolic pathways. Reactive oxygen species (free 
radicals) induce chondrocyte senescence and upregulate 
inflammatory cytokines such as IL6, IL-1β, and TNFα, 
which activate additional cytokines and pathways impli-
cated in disease progression [7, 8]. Current first-line treat-
ments, including surgical and conservative approaches, 
primarily offer short-term symptomatic relief without 
modifying disease progression [9, 10]. Total knee replace-
ment is the definitive treatment for refractory cases but 
results in persistent pain or functional impairment in up 
to 20% of patients after 12 months. Consequently, inno-
vative strategies are required to repair cartilage, allevi-
ate symptoms, and restore joint function. Biologics such 
as platelet-rich plasma (PRP), platelet lysate (PL), bone 
marrow aspirate concentrate (BMAC), growth factor 
concentrate (GFC), Wharton’s jelly (WJ), and mesenchy-
mal stem cells (MSCs) have gained attention for regen-
erative applications in orthopaedics [11–19]. While these 
approaches are considered safe, their long-term efficacy 
requires further validation through extended preclinical 
and clinical trials.

MSCs, with high self-renewal, proliferative, and differ-
entiation potential, can be derived from various sources, 
including skeletal muscle, synovium, and periosteum 
[20]. The most common MSCs sources are bone mar-
row and adipose tissue [21–25]. Adipose-derived MSCs 
(ADSCs) are preferred over bone marrow-derived coun-
terparts due to their superior accessibility, higher pro-
liferative and repair capacities, and lower donor site 
morbidity [26]. ADSCs exert paracrine [27], anti-inflam-
matory, and immunomodulatory effects depending on 
environmental conditions [28, 29]. Their therapeutic 
effects are likely mediated by paracrine signaling and the 
release of growth factors and cytokines that influence the 
intraarticular environment [30, 31]. ADSCs are known to 
polarize M0 macrophages and dendritic cells to an anti-
inflammatory phenotype [32]. They have shown excellent 
safety and promising clinical efficacy in treating mus-
culoskeletal disorders, especially rotator cuff tears and 
knee disorders [33, 34]. Preclinical studies demonstrate 
ADSCs’ positive effects on osteoarthritis (OA) treatment 
[35–37]. A systematic review revealed that removal of the 
cruciate ligament in animal models mimicked degenera-
tive cartilage arthritis, with ligament reconstruction fail-
ing to prevent further degeneration [38]. Due to the lack 

of randomized double-blind trials and long-term follow-
up data, further high-quality studies are needed to clarify 
the role and long-term safety of ADSCs in OA treatment 
[39, 40]. Platelets play a critical role in tissue healing and 
regeneration through mechanisms such as growth factor 
release, immune cell interactions, inflammation modula-
tion, and angiogenesis promotion [41–43]. These find-
ings support the development of platelet-based therapies. 
Platelet-rich plasma (PRP), a plasma product enriched 
with platelets, releases growth factors and cytokines 
upon degranulation [44]. Over the last decade, PRP 
therapy has gained widespread clinical use, particularly 
in spine, sports, and musculoskeletal medicine [45]. PRP 
injections have shown anti-inflammatory effects and pain 
relief in several studies [46–48], though no long-term 
improvement or complete pain relief has been reported. 
The effectiveness of PRP therapy is influenced by factors 
such as patient-specific characteristics and concurrent 
drug treatments, necessitating further research to opti-
mize its use [49]. This study aims to investigate the effects 
of multiple intraarticular injections of PRP and ADSCs in 
alleviating OA symptoms in rats.

Materials and methods
This work was initiated after approval by the Ethics 
Committee.

Isolation and identification of ADSCs
Inguinal subcutaneous adipose tissue was harvested 
under aseptic conditions. Fascial tissue and small blood 
vessels were removed, and the tissue was washed with 
1× PBS (Biosharp, Cat# BL302A), minced with sterile 
scissors, and digested with 0.25% trypsin (Gibco, Cat# 
25200-056) for 20 min at 37 °C in a water bath until the 
cell mixture became viscous. After centrifugation at 
1500–2000  rpm, 4  °C for 10  min, the pellet was resus-
pended in 5  ml of αMEM (Pricella, Cat# PM150421). 
The mixture was filtered, centrifuged, and washed again. 
The pellet was resuspended in αMEM containing 15% 
FBS (αMEM, Pricella, Cat# PM150421; FBS, Gibco, Cat# 
10099-141), transferred to a Petri dish, and incubated 
at 37  °C in 5% CO2. Cells were passaged at a 1:3 ratio 
when they reached 80–90% confluence (P1) (Fig.  1a). 
The third-generation cells (P3) were characterized by 
flow cytometry, and their differentiation potential (osteo-
genic, adipogenic, and chondrogenic) was assessed using 
induced differentiation kits (Solarbio, Cat# G1450, Cat# 
G1262, Cat# G2542).

The angiogenic capacity of ADSCs
Inguinal subcutaneous adipose tissue was harvested 
under aseptic conditions. Fascial tissue and small blood 
vessels were removed, and the tissue was washed with 
1× PBS (Biosharp, Cat# BL302A), minced with sterile 
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scissors, and digested with 0.25% trypsin (Gibco, Cat# 
25200-056) for 20 min at 37 °C in a water bath until the 
cell mixture became viscous. After centrifugation at 
1500–2000  rpm, 4  °C for 10  min, the pellet was resus-
pended in 5  ml of αMEM (Pricella, Cat# PM150421). 
The mixture was filtered, centrifuged, and washed again. 
The pellet was resuspended in αMEM containing 15% 
FBS (αMEM, Pricella, Cat# PM150421; FBS, Gibco, Cat# 
10099-141), transferred to a Petri dish, and incubated 
at 37  °C in 5% CO2. Cells were passaged at a 1:3 ratio 
when they reached 80–90% confluence (P1) (Fig.  1a). 
The third-generation cells (P3) were characterized by 

flow cytometry, and their differentiation potential (osteo-
genic, adipogenic, and chondrogenic) was assessed using 
induced differentiation kits (Solarbio, Cat# G1450, Cat# 
G1262, Cat# G2542).

Preparation of PRP
Blood was collected from the abdominal aorta using 
Ethylene Diamine Tetraacetic Acid (EDTA) anticoagu-
lation tubes. After centrifugation at 300 × g for 5  min, 
the supernatant was collected and further centrifuged at 
1200 × g for 7 min. The supernatant was discarded, and 
the platelets formed a white film. The mixture was shaken 

Fig. 1  Identification and function of ADSCs. a. Process of ADSC production. b. Flow cytometry analysis of surface markers. c. Multidirectional differentia-
tion potential. The fat droplets were stained red with oil red O (left). The calcium nodules were stained orange with alizarin red S (middle). The cartilage 
was stained blue with alcian blue dye solution (right). d. Proangiogenic capacity of ADSCs
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thoroughly and allowed to stand for 10 min to generate 
platelet-rich plasma (PRP).

Animal model of OA
Eight-to-nine-week-old SD rats (provided by Zhuhai 
BesTest Biotechnology Co., Ltd.) were randomly assigned 
to the following groups: a normal control group (Group 
A), an injury control group (Group B), and a model 
group (Groups C–G). In Groups C–G, the right knee 
joints were surgically exposed, the anterior cruciate liga-
ment was severed using microscopic scissors, and half of 
the meniscus was removed. No treatment was adminis-
tered to Group A. Each group consisted of 10 animals. 
The administered doses for each group are outlined in 
Table 1.

Specimen collection and processing
PRP and/or ADSCs were injected intraarticularly into 
the joints of Groups C–G on Days 7, 37, and 67 post-
surgery. Activities and joint swelling were monitored. 
Digital radiographs (DRs) were taken at Days 30, 60, and 
90 to assess changes in articular surfaces and contours. 
The rate of knee swelling was calculated. Finally, joint and 
synovial tissues were excised and fixed in 4% formalde-
hyde solution.Rate of knee swelling (%) = (Modelled knee 
circumference-Nonmodelled knee circumference) /Non-
modelled knee circumference × 100%.

Histopathological analysis
Knee cartilage from the femoral side of the model joint 
was dissected 90 days post-surgery. A 15 × 15  μm carti-
lage sample was cut, paraffin-embedded, sectioned, and 
stained with alizarin red, oil red O, and alcian blue. Syno-
vial tissue was collected and fixed in 4% formaldehyde 
solution for Hematoxylin-Eosin (HE) staining. Cartilage 
Wakitani score.

Based on the staining results, the Wakitani score was 
determined by combining the cell morphology, matrix 
staining results, cartilage surface flatness, and cartilage 
thickness.

Inflammatory factor analysis
At 90 days post-surgery, knee joint tissue and syno-
vial fluid were collected from the modeled position and 

fixed in 4% formaldehyde solution. IL-1β, TNF-α, and 
ADAMTS-4 expression levels were assessed by immuno-
histochemistry.Immunomodulation.

For the lymphocyte proliferation assay, ADSCs were 
plated at a density of 1 × 10^5 cells/ml in 6-well plates and 
allowed to adhere for 24  h. Mitomycin C (JSENB, Cat# 
ESM0503) was added at 10  µg/ml for 30  min to inhibit 
ADSC proliferation, after which the cells were washed 
with PBS. Carboxyfluorescein Succinimidyl Ester (CFSE) 
(Thermo, Cat# 65-0850-84)-labeled peripheral blood 
mononuclear cells (PBMCs) were stimulated with CD3/
CD28 (Novoprotein, Cat# GMP-A018, Cat# GMP-A063) 
for 24 h and then plated. Three experimental groups were 
established: PBMC, Phytohaemagglutinin (PHA), and 
ADSC. Lymphocyte proliferation was assessed by flow 
cytometry after 72 h, and supernatants were collected for 
TNF-α measurement by enzyme-linked immunosorbent 
assay (ELISA).

Proliferation inhibition rate (%) = (division index of the 
control group-division index of the experimental group)/
division index of the control group × 100%

Immunomodulation of Th1/Th17 Subsets: Cells were 
divided into two groups: control (PBMC + CD3/CD28) 
and experimental (PBMC + CD3/CD28 + ADSC). The 
ratio of Th1/Th17 subpopulations was determined by 
flow cytometry after 48 h.

Immunomodulation of Tregs: The experimental cells 
were divided into control (PBMC + CD3/CD28 + IL2/
IL15) (L2/IL15, Novoprotein, Cat# C013, Cat# C016) and 
experimental (PBMC + CD3/CD28 + IL2/IL15 + ADSC) 
groups. The proportions of Tregs were assessed by flow 
cytometry after 4 days of culture.

Results
Identification and function of ADSCs
Identification of ADSCs
Surface markers of ADSCs at P3 were analyzed by 
flow cytometry, and CD44 and CD29 were positively 
expressed at 99.93 and 99.97%, respectively. CD34 and 
CD45 were not expressed (Fig.  1b), which is consistent 
with the immunophenotypic characteristics of ADSCs.

Differentiation of ADSCs
ADSCs were incubated in lipogenic, osteogenic and 
chondrogenic induction media and then stained with oil 
red O, alizarin red and alizarin blue, respectively. Spheri-
cal lipid droplets within the cytoplasm are stained red by 
oil-red O staining. Alizarin red staining revealed reddish-
stained calcium nodules. Endoacidic mucopolysaccha-
rides in cartilage tissue were stained blue with alcian blue 
(Fig. 1c). These results suggest that rat ADSCs are stem 
cells with multidirectional differentiation potential.

Table 1  The administered doses in each group
Group Treatment Injection
A PBS /
B PBS /
C ADSCs 1 × 106

D ADSCs + PRP 1 × 106+ 2 ml
E ADSCs 1 × 105

F ADSCs + PRP 1 × 105 +2 ml
G PRP 2 ml
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Proangiogenic effects of ADSCs
Compared with those in the groups cultured alone, the 
number of crossing points and branch length of the 
vascular network was significantly greater in the group 
cocultured with ADSCs and HUVECs, suggesting that 
ADSCs can promote the formation of vascular networks 
in HUVECs (Fig. 1d).

Evaluation of growth and joint conditions
The processing time points of each group are shown in 
Fig. 2a.

All groups of rats exhibited no abnormal activity and 
showed normal weight gain. There was no significant dif-
ference in body weight between Groups A and B at any 
time point (P > 0.05) (Fig.  2b). Joint analysis revealed 
that all rats in Group A had smooth articular surfaces 
and synovium. The fat pad beneath the synovium was 
elastic, and no joint effusion was observed. In contrast, 
rats in Group B exhibited rough cartilage on the articu-
lar surface, synovial fibrosis, and severe atrophy of the 

sub-synovial fat pad on the side of the resected meniscus, 
accompanied by joint effusion. Symptoms were alleviated 
to varying degrees in Groups C–G compared to Group B.

The rate of knee swelling in rats from Group B was sig-
nificantly higher on Days 0, 30, 60, and 90 of treatment 
compared to Group A (P < 0.01). These findings con-
firm that anterior cruciate ligament resection effectively 
induces arthritis with concomitant joint swelling. Com-
pared to Group B, the knee swelling rates in Groups C–G 
were significantly lower on Days 60 and 90 of treatment 
(P < 0.01) (Fig. 2c).

Radiological assessment results are shown in Fig.  2d. 
Lateral (LAT) radiographs taken on Day 30 showed that 
the articular surfaces of rats in Groups B–G were smooth, 
with clear borders and no narrowing or widening of the 
joint cavity. As the study progressed, no obvious arthritic 
symptoms were observed in any of the groups at this 
time. However, by Day 60, LAT radiographs revealed 
early signs of arthritis in Group B, including mild pitting 
of the articular surface, slight thinning of the cartilage 

Fig. 2  Evaluation of growth and joint conditions. a. Processing time points for each group. b. Changes in the body weights of the rats. c. Joint swelling 
rates of the different groups of rats on days 30, 60 and 90 after treatment. d. DR was performed on days 30, 60 and 90 post surgery to analyze the changes 
in the articular surface and contour. N = 10, compared with Group A, “##”P < 0.01; compared with Group B, “**”P < 0.01
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layer, and early osteophyte formation. No significant 
differences were observed between Groups C–G and 
Group B at this time. By Day 90, LAT and anteroposte-
rior (AP) radiographs showed that rats in Group B exhib-
ited uneven joint surfaces, irregular joint space widths, 
a trend towards joint cavity narrowing, bone capillary 
formation, and deformation of the medial ankle joint sur-
face, accompanied by cartilage thinning and other signs 
of arthritis. Compared to Group B, rats in Groups C–G 
showed slight improvements in articular surface uneven-
ness and medial ankle joint deformation. Joint space nar-
rowing was also significantly reduced in these groups.

Histological analysis and cartilage Wakitani score
Compared to Group A, the Wakitani score for the knee 
joints in Group B was significantly higher (P < 0.01). In 
contrast, the Wakitani scores of knee joints in Groups 
C–G were significantly lower than those in Group B 
(P < 0.01) (Fig.  3a). Histological analysis via HE staining 
is shown in Fig.  3b. The synovium in Group A exhib-
ited a normal histological structure, with no noticeable 
inflammatory cell infiltration. In Group B, the synovium 
had a low cell density and showed significant infiltra-
tion by inflammatory cells. Groups C and D displayed 
a normal cell density, with only a small number of infil-
trating inflammatory cells. In Group E, the ratio of nor-
mal to inflammatory cells was approximately 50%, with 

a considerable presence of inflammatory cells. Group F 
had a higher number of normal cells than inflammatory 
cells, though moderate inflammatory cell infiltration was 
still present. Group G had fewer cells than Group B, and 
the majority of cells showed inflammatory infiltration. 
These results indicate a reduction in both inflammatory 
cell infiltration and the Wakitani score of degenerative 
arthritis with PRP, ADSCs, and their combination. How-
ever, the most significant improvements were observed 
in the ADSC and PRP groups.

Anti-inflammatory effects
TNF-α, IL-1β and ADAMTS-4 are important inflam-
matory factors in knee joints. The protein expression in 
each group was determined by immunohistochemistry 
(Fig. 4a). Compared with those in Group A, TNF-α and 
IL-1β expression was significantly greater in the cartilage 
in Group B (P < 0.05), but there was no significant change 
in the expression of ADAMTS-4 (P > 0.05) (Fig.  4b and 
c). Compared with those in Group B, TNF-α and IL-1β 
expression was significantly lower in Groups C–G 
(P < 0.05), while there was no difference in the expression 
of ADAMTS-4 (P > 0.05). The above results indicate that 
Groups C–G had some anti-inflammatory effects, but 
Group D had the greatest effect.

Fig. 3  Alleviation of cartilage symptoms in degenerative arthritis by PRP or/and ADSCs shown by pathological analysis. a. HE staining of the synovium 
(left) and toluidine blue (middle) and safranin O staining (right) of cartilage in different groups of rats. b. Wakitani scores were assigned to each group of 
rats based on the staining results, cell morphology, cartilage surface flatness, and cartilage thickness. N = 10, compared with Group A, “##”P < 0.01, com-
pared with Group B, “**”P < 0.01
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Immune regulation
We explored the effects of ADSCs on the inhibition of 
T lymphocyte proliferation, the inhibition of TNF-α 
secretion, and the proliferative capacity of various sub-
populations (Fig. 5). When PBMCs were cocultured with 
ADSCs at a 5:1 ratio, the rate of ADSC-mediated inhibi-
tion of lymphocyte proliferation was 52.56% (Fig.  5a), 
and the rate of inhibition of lymphocyte secretion of 
TNF-α was 98.11% (Fig. 5b). In contrast, the percentage 
of TNF-α secreted by PBMCs cocultured with ADSCs 
at a 25:1 ratio was 42.44%. At a 5:1 ratio, the rates of 
ADSC-mediated inhibition of the proliferation of the Th1 
and Th17 lymphocyte subpopulations were 18.20% and 
42.05%, respectively (Fig. 5c and d). The proliferation of 
Tregs was promoted by 9.02% when PBMCs and ADSCs 
were cocultured at a 5:1 ratio (Fig. 5e).

Discussion
Previous animal studies and clinical trials involving intra-
articular MSC injections for osteoarthritis (OA) have 
not consistently demonstrated definitive benefits [50, 
51]. It has been noted that MSCs injected into the knee 
can be rapidly degraded or disrupted by macrophages, 
highlighting the need for effective delivery systems to 

enhance MSC translation. Variations in stem cell sources, 
injection frequencies, dosages, and animal models may 
all influence the therapeutic outcomes of MSCs in OA 
treatment [52]. MSCs may also be more effective when 
combined with other therapies, such as PRP, which has 
been shown to reduce pain and synovial thickness [45, 
53].

This study examined the effects of PRP and/or ADSCs 
in treating surgery-induced OA. We observed signifi-
cant alleviation of inflammation, immune cell infiltra-
tion, and arthritis symptoms, along with protection 
against synovial thickening in treated animals compared 
to the untreated group. Moreover, the treatment notably 
improved damaged articular cartilage. Changes in knee 
swelling rates confirmed that anterior cruciate ligament 
resection successfully induced arthritis with accompany-
ing joint swelling, and PRP and/or ADSCs were effective 
in reducing knee swelling within 90 days. Radiological 
assessments at 90 days post-surgery revealed that rats 
in the model control group exhibited uneven joint sur-
faces, osteophyte formation, joint space narrowing, and 
joint surface deformation, along with cartilage thinning 
and other typical arthritic symptoms. In contrast, these 
symptoms were significantly alleviated in the treatment 

Fig. 4  Expression of the TNF-α, IL-1β and ADAMTS-4 proteins in rat knee joints cartilage. a. Protein expression of TNF-α, IL-1β and ADAMTS-4 in the carti-
lage of the knee joints of the rats in each group determined via immunohistochemistry. b. Optical density values of TNF-α, IL-1β, and ADAMTS-4 in each 
group. c. Areas positive for TNF-α, IL-1β and ADAMTS-4 in each group. N = 10, compared with Group A, “#”P < 0.05 and “##”P < 0.01, compared with Group 
B, “*”P < 0.05 and “**”P < 0.01
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groups, particularly the joint space narrowing. OA-
related metabolic imbalances lead to chondrocyte senes-
cence, which is closely associated with the development 
of OA and the release of inflammatory cytokines. TNF-α 
and IL-1β are key negative regulators that are overex-
pressed in the cartilage and synovium of OA patients. 
These cytokines synergistically stimulate the release of 
matrix metalloproteinases from chondrocytes, promot-
ing cartilage degradation [6, 7, 54]. TNF-α also induces 
ADAMTS-4, a metzincin protease primarily expressed in 
osteoarthritic cartilage [55], which plays a critical role in 
cleaving the extracellular matrix (ECM). A previous study 
demonstrated that ADAMTS-4 mRNA expression is sig-
nificantly elevated in an experimentally induced cartilage 
degeneration model, and that silencing ADAMTS-4 with 
siRNA can slow degenerative changes in cartilage [56]. In 
the current study, we confirmed that PRP and/or ADSCs 
can reduce the protein expression of TNF-α and IL-1β 
in the cartilage of rats with OA. However, no significant 
difference was observed in the protein expression of 
ADAMTS-4 between the treatment and control groups.

Previous studies have shown that PRP or MSCs can 
downregulate the gene expression of inflammatory 
markers such as IL-1β, TNF-α, and IL-6 in chondro-
cytes, and that elevated expression of these markers 
stimulates catabolic activity and cartilage destruction 
[6, 7, 57]. Our findings are consistent with this body of 
work. Notably, the combination of PRP and MSCs pro-
vided greater therapeutic benefits than either treatment 

alone. Given that TNF-α induces ADAMTS-4 expres-
sion [58], the combined effects of PRP and MSCs may 
enhance the inhibition of cartilage degradation pathways.
In the present study, despite the reduction in TNF-α pro-
tein expression, no corresponding effect on ADAMTS-4 
expression was observed. TNF-α has been shown to 
regulate ADAMTS-4 expression in osteoarthritic chon-
drocytes at the transcriptional level in a time- and 
dose-dependent manner [59]. However, the changes in 
TNF-α levels in this study were not sufficient to modu-
late ADAMTS-4 expression. Future studies should focus 
on determining the optimal regulatory dose and investi-
gating the underlying transcriptional mechanisms that 
govern this process. Increasing evidence suggests that 
synovitis and immune system involvement play critical 
roles in the progression of OA [60].T cells are the pri-
mary components of synovial infiltrates in osteoarthritis 
(OA) patients. Th1, Th17, and Treg cells are three distinct 
CD4 + T-cell subsets that play crucial roles in maintain-
ing immune balance [61]. Th1 and Th17 cells accumulate 
in the synovium, with Th1 cells being more abundant 
than Th17 cells [62]. Despite their importance in regulat-
ing inflammation and autoimmune responses, Tregs are 
significantly less frequent at the site of inflammation in 
the synovial membrane [63]. In light of these findings, 
we investigated the effects of ADSCs on T lymphocyte 
proliferation, TNF-α secretion, and the proliferative 
capacity of different T-cell subpopulations. Interestingly, 
ADSCs not only inhibited the proliferation of Th1 and 

Fig. 5  Effects of ADSCs on T cells. a. Inhibition of T lymphocyte proliferation. b. Inhibition of TNF-α secretion. c-d. Proliferative capacity of Th1 and Th17 
subpopulations. e. Treg proliferation assay. *P < 0.05, ***P < 0.001
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Th17 cells and TNF-α secretion but also promoted Treg 
proliferation, with higher doses yielding better results. 
Accumulating evidence suggests that ADSCs can reduce 
inflammation by secreting anti-inflammatory cytokines 
that suppress proinflammatory T cells and enhance the 
number of anti-inflammatory T cells.

Novel regenerative treatments, including MSC implan-
tation, MSC-derived exosomes, PRP, autologous chon-
drocyte implantation, and gene therapy, have been 
extensively studied for OA treatment [38]. However, the 
optimal dosage, cell number, and injection interval, either 
individually or in combination, remain subjects of ongo-
ing debate. Ensuring an adequate supply of MSCs for sus-
tained therapeutic effects remains a significant challenge.

With multiple injections of PRP in combination with 
MSCs, we obtained unexpected results.

Conclusion
Our data demonstrate that multiple combined intraar-
ticular injections of PRP and ADSCs significantly reduce 
inflammation, immune cell infiltration, and arthritic 
symptoms, while preventing synovial thickening com-
pared to the untreated group. However, the long-term 
sustainability of these effects remains unclear and will be 
addressed in future clinical trials.
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