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Background: Osteoarthritis (OA) is the most prevalent joint degenerative disease. MF is considered as a first-line treatment for OA.
In the long term, the cartilage tissue regenerated after MF is fibrocartilage. In this study, we examine whether combined treatment of
MF and Platelet lysate (PL) can inhibit promotion of cartilage repair and antifibrosis.

Methods: OA rat model established by the modified Hulth method. Rat PL injected into treated knee joints after MF surgery. The
expression levels of metabolic and fibrosis molecules (Col2, Mmp13, Coll, Col3, a-SMA, and Ctgf) of chondrocytes were examined
by immunohistochemistry. Cell immunofluorescence was used to assess bone marrow MSCs (BMSCs) proliferation. Transwell assays
evaluated BMSCs migration, and qPCR and Western blot analyzed the mechanisms of PL. Moreover, a retrospective analysis was
conducted to determine the clinical efficacy and safety of the combined treatment of MF and PL on OA patients.

Results: In vivo data showed that the combined treatment of MF and PL significantly alleviated joint pain, protected chondrocytes
and inhibited synovial fibrosis on OA rats, as was confirmed by upregulation of Collagen II and downregulation of Mmp13, Coll,
Col3, a-SMA, and Ctgf. Such anti-OA and antifibrosis effects of the combined treatment of MF and PL were superior to MF alone.
In vitro data showed that PL induced cellular chondrogenic differentiation and migration of BMSCs, suggesting that PL facilitated
stem cell homing to the cartilage injury sites and promoted cartilage repair and regeneration. Furthermore, the clinical data showed
significant improvements of pain reduction and cartilage repair in OA patients.

Conclusion: This study demonstrated the anti-OA and antifibrosis effects of the combination of MF and PL, providing a promising
synergistic therapeutic option for the treatment of OA.

Keywords: platelet lysate, microfracture, osteoarthritis, bone marrow mesenchymal stem cells, antifibrosis

Introduction

Osteoarthritis (OA) is the most prevalent joint degenerative disease worldwide and is primarily characterized by the
deterioration of hyaline cartilage, loss of intact subchondral bone, and synovial inflammation.' > Inflammation is a key
factor in the maintenance of OA and is positively correlated with pain of knee joints.*’” At the global, approximately
500 million individuals are currently affected by OA worldwide, 22% of adults over the age of 40 have knee OA.' The
knee joint is the most commonly affected joint, accounting for 80% of global OA cases.®® Current treatments for OA
include surgical interventions and pharmaceutical treatments. The oral administration of analgesia, non-steroidal anti-
inflammatory drugs (NSAIDs), and selective inhibitors of cyclooxygenase 2 (COX2) are the most common pharmaceu-
tical treatments, but they can only provide pain relief and symptom control, long-term NSAIDs use in patients may result

in severe adverse effects.'®'" Surgical interventions can be divided into early intervention and end-stage intervention.
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Graphical Abstract
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Early surgical interventions include microfracture (MF), autologous chondrocyte implantation (ACI), autologous matrix-
induced chondrogenesis (AMIC), and matrix-assisted autologous chondrocyte implantation (MACI).'> Compared with
other early surgical strategies, MF has the advantages of less damage, simple operation and quick recovery. Total knee
arthroplasty (TKA) is the ultimate treatment option for patients with advanced OA. However, postoperative complica-

tions such as infection and periprosthetic knee fractures may occur after surgery,'*'*

which carries a heavy social and
economic burden. Therefore, there is an urgent clinical need to develop new therapeutic strategies to treat OA.
Microfracture (MF) is an early surgical strategy for repairing osteochondral lesions and has received attention for its
better efficacy in OA.? The principle of MF treatment is to drill holes in the cartilage injury site, blood and bone marrow
naturally leak out of the bone cavity and fill the injury site after a blood clot is formed in the injury site. The bone marrow
mesenchymal stem cells (BMSCs) in the clot release growth factors and differentiate into fibrocartilage to replace the
articular cartilage and improve the injury.'>'® MF is considered as a first-line treatment for the early cartilage repair of
OA in addition to oral drugs because of its low cost, good short-term efficacy and easy operation.'” However, MF can
only repair cartilage damage of small and limited size.'®'? The best repair defect size is about 1~2.5 cm?. In the long
term, the cartilage tissue regenerated after MF is fibrocartilage. The most important biomarkers for fibrocartilage are
collagen type I (Coll), collagen type III (Col3) and Alpha-smooth muscle actin (a-SMA).>*?! In the contrary, the
biomarker for hyaline cartilage is collagen type IT (Col2), SRY-related high-mobility group box 9 (Sox9), and aggrecan.?
It is difficult to obtain hyaline cartilage repair with high weight-bearing capacity and resistance to mechanical wear in
microfracture surgery.” In addition, knee OA (kOA) patients are predominantly elderly, and they release a low number
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of BMSCs after MF surgery, resulting in a weak self-repair and regenerative capacity of BMSCs.* These disadvantages
have limited the MF application in the clinic.

Platelet lysate (PL) is obtained by freeze-thaw lysis of platelet granules rich in growth factors. The main components
of PL include platelet derived growth factor (PDGF), insulin-like growth factor (IGF), basic epidermal growth factor
(EGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF) and transforming growth factor-f3 (TGF-p).> PL
is recognized for its ability to promote tissue growth, repair and healing.?®*’ Previous studies have shown that PL can
synergistically treat OA with mesenchymal stem cells (MSCs) including BMSCs, the combined treatment of PL and
MSCs significantly reversed the OA pathological changes.”® Moreover, PL as an adjuvant for MSCs in treating OA,
which promotes proliferation, cell cycle transition and migration of MSCs. Considering that combined treatment of PL
and MSCs increase the expression of cartilage anabolic biomarkers Col2 and Sox9, we hypothesize that PL can inhibit
the formation of fibrocartilage after MF.

The purpose of this study was to evaluate the promotion of cartilage repair and antifibrosis of MF and combined
treatment of MF and PL on rat OA model through pain behavior test, cartilage histopathological and immunohistochemical
analyses. We evaluated the migration and proliferation effects of PL on BMSCs by transwell and cellular immunofluor-
escence analysis. In addition, a retrospective study was carried out to confirm the clinical efficacy of combined treatment of
MF and PL on OA patients. The novelty of this study lies in the combination of animal experiment and clinical data to
study the therapeutic of MF and combined treatment of MF and PL, the evaluation of regulatory roles of PL towards pain
and cartilage metabolism through an animal model of OA pain, demonstrating the promotion of cartilage repair and
antifibrosis of combined treatment of MF and PL in clinic. This combination treatment approach helps address the
limitations of current OA treatment strategies, potentially improving patient outcomes and reducing healthcare costs.

Methods

Reagents

Minimum essential medium-alpha modification (a-MEM) with Glutamax™-1 was purchased from Gibco (NY, United
States). Trypsin (0.25%) was purchased from Thermo Fisher Scientific (MA, United States). Fetal bovine serum (FBS)
was purchased from Gibco (NY, USA). Transwell chambers were purchased from Corning (NY, USA). TRIzol reagent
and Real-time PCR kit were purchased from TaKaRa Biotechnology Co., Ltd. (Dalian, China). 2 x SYBR Green qPCR
Master Mix (low ROX) kit was purchased from Bimake (TX, USA). The primary antibodies collagen type I (Coll,
NB600-408), collagen type III (Col3, NB600-594), Aggrecan (NB100-74350), Fibronectin (NBP1-91258) and vascular
endothelial growth factor (Vegf, NB100-664) were purchased from Novus Biologicals (CO, USA). Collagen type II
(Col2, ab34712) was purchased from Abcam (MA, USA). SRY-related high-mobility group box 9 (Sox9, A2479) and
connective tissue growth factors (Ctgf, A11067) were purchased from ABclonal (Wuhan, China). Alpha-smooth muscle
actin (a-SMA, 19245), Vimentin (5741S) and proliferating cell nuclear antigen (PCNA, 13110) were purchased from
Cell Signaling Technology (MA, USA). Matrix metallopeptidase 13 (Mmpl3, 18165-1-AP) was purchased from
Proteintech (IL, USA). Collagen type I (Coll, AF7001) was purchased from Affinity Biosciences (Jiangsu, China). -
Actin was purchased from Sigma-Aldrich (MO, USA). Mouse recombinant IGF-1 protein was purchased from Thermo
Fisher Scientific (MA, United States). Rat recombinant HGF protein and rat IL-1f protein were purchased from Sino
Biological (Beijing, China). Hematoxylin and eosin (H&E), Safranin O/Fast green (SO) and Toluidine blue (TB) staining
kits were purchased from Sigma-Aldrich (MO, USA). Masson staining kit was purchased from Yuanye Technology Co.,
Ltd. (Shanghai, China). Phosphate-buffered saline (PBS) was purchased from Sangon Biotech (Shanghai, China).

Rats

All animal experimental procedures were performed according to the guidelines for the Care and Use of Laboratory
Animals of the National Institutes of Health and were approved by the Medical Regulation and Ethics Committee of
Zhejiang Chinese Medical University (Approval No. 20231120-25). Eight-week-old male Sprague Dawley (SD) rats
weighing 280-300 g were purchased from Shanghai SLAC Laboratory Animal Co., Ltd, China. All rats were housed in
pathogen-free cages with a 12-hour light/dark cycle and free access to food and water. To evaluate the in vivo efficacy of

Drug Design, Development and Therapy 2025:19 heeps: 3829



Zhang et al

Sham
OA Penicillin Sham MF Saline MWTs Sacrifice
1 1 1 1 | | | |
Sham =—1=—1—1—1 | 1 1
Day0O 1 2 3 31 34 63 64
OA Penicillin Sham MF Saline MWTs Sacrifice
1. 1 1 1 | | | ]
Model =—T=T=T1"1 | | 1
Day0 1 2 3 31 34 63 64
OA Penicillin MF Saline MWTs Sacrifice
1. 1 11 | | | |
M+MF =—T—T"11 | ] 1
Day0 1 2 3 31 34 63 64
OA Penicillin MF PL MWTs Sacrifice
1. 1 L1 | | | |
+MF+
M+MF+PL =111 | 1 1
Day0 1 2 3 31 34 63 64

Figure | Timetable and flowchart of rat modeling and therapy.

MF and PL, 32 rats were randomly divided into 4 groups: 1) normal control group (Sham); 2) OA model group
(Model); 3) MF treated model group (MF); and,4) sequential MF and PL treated model group (MF+PL). 8 rats were in
each group. After one week of acclimatization, kOA was surgically induced by the modified Hulth method.?® Briefly,
a 1 cm longitudinal incision was made in the skin of the posterior medial aspect of the rat knee, the medial collateral
ligament and the anterior cruciate ligament were severed, and the medial meniscus was removed. Then the incision was
closed layer by layer after surgery. In the sham group, only the longitudinal incision was made in the skin of the medial
knee joint, which was closed layer by layer after surgery. An intramuscular injection of 20,000 units of penicillin was
given 2 hours after the surgery to prevent infection for 3 consecutive days. One month after OA modeling, rats in the MF
group underwent MF surgery,”® and an MF hole was manually created by a 0.5 mm round drill in the femoral trochlear
groove. While rats in the sham and model group only had the longitudinal incision in the skin of the medial knee joint,
followed by incision closure. At three days post Sham MF or MF treatment, rats in the MF+PL group were intra-
articularly injected with 50 uL of PL, while rats in the other three groups were intra-articularly injected with 50 puL of
saline. Only one intra-articular injection of PL or saline was performed for the entire experiment. After pain behavior
measurements, all rats were anesthetized and euthanized for the following experiments (Figure 1).

Pain Behavior Assessment

At 1 month after the PL treatment, the mechanical withdrawal thresholds (MWTs) were measured thrice in all rats by the
classical von Frey filament (Ugo Basile, Lombardy, Italy) pain evaluation method.>' After 30 min of adaptation, the von
Frey filaments were placed perpendicularly against the mid-plantar surface of the hind paws of each rat for at least three
times and held for 2 s. Starting from 4 grams, the number of grams of stimulation was gradually increased. The presence
of foot lifting or licking 3 times out of 5 stimulations was regarded as a positive response, and the number of grams
eliciting a positive response was recorded as the MWTs.

Histopathological and Immunohistochemical Analyses
After being sacrificed, the joints of each rat were fixed with 10% formalin for 48 h, followed by decalcification with 10%
EDTA solution for 8 weeks. After that, each sample was embedded in paraffin, cut into 4 um, and stained with
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Hematoxylin and eosin (H&E), Safranin O/Fast green (SO), Masson, and Toluidine blue (TB). The OA progression was
assessed according to the scoring system of Mankin and OARSI.>**? Synovitis score was used to quantify pathological
changes in the synovium.** The expression of Coll (1:100), Col2 (1:200), Col3 (1:100), a-SMA (1:200), Ctgf (1:50) and
Mmp13 (1:300) was detected by immunohistochemistry. Briefly, each slice underwent antigen retrieval (pH 6.0, Solarbio,
Beijing, China) and was incubated with different primary antibodies (Coll, Col2, Col3, a-SMA, Ctgf, and Mmp13). Then
incubated with corresponding secondary antibody and finally detection using 3.3'-diaminobenzidine (DAB). Coll, Col2,
Col3, a-SMA, Ctgf, and Mmp13 expression was quantified by Image-Pro Plus 6.0 software (Media Cybernetics, MD,
USA) under a light microscope (NIKON 80i, Tokyo, Japan). The data were expressed as the percentage of antigen-
positive area to total area in the selected 6 fields.

Preparation of Primary Bone Marrow Stem Cells

Rat bone marrow mesenchymal stem cells (BMSCs) were isolated from 2-week-old SD rats as previously described.*”
Briefly, the femur and tibia of rats were removed under sterile conditions and then washed three times with PBS solution.
The bone marrow cavity was then rinsed with a-MEM supplemented with 10% FBS. The rinsate was then filtered
through a 70 um cell strainer (Corning, NY). After centrifugation at 1000 rpm for 10 minutes, the cell pellets were
collected as BMSCs and cultured adherently in an incubator at 37°C, 5% CO,, using a-MEM supplemented with 10%
FBS, and 3 to 5 generations of BMSCs were used for subsequent experiments.

Rat PL Extraction

Rat platelet lysate (PL) was prepared by lysing platelet concentrates of rat plasma according to the acknowledged method
with modifications.>® Briefly, 10 mL of whole blood was collected from the heart of each rat in tubes containing sodium
citrate (3% v/v) anticoagulant. After standing at 4°C for 2 h, the supernatant was collected by centrifugation at 190 g for
5 min, with the non-erythrocyte volume collected subsequently. The platelet concentrate was lysed by repeating frozen
and thawed 3 times at —80°C and 37°C, followed by centrifugation at 2,000 % g for 10 min to remove remaining platelet
fragments. The obtained supernatant containing PL was divided into aliquots and stored at —80°C before use.

Cellular Experimentation

To investigate the effects of PL on BMSCs, BMSCs were divided into two groups: normal control (NC) group and PL
group. BMSCs in the NC group were cultured in a-MEM supplemented with 10% FBS, whereas the PL group in a-MEM
containing 10% PL.

In order to study the effect of growth factors in PL on chondrocytes fibrosis, chondrocytes were divided into NC
group, IL-1B group, HGF+IGF-1 group and PL group. The IL-1f group, HGF+IGF-1 group and PL group were modeled
by pre-treating IL-1p (10 ng/mL) for 24 h for fibrosis modeling. Subsequently, the HGF+IGF-1 group was treated with
physiological concentration HGF (505 pg/mL)®’ and physiological concentration IGF-1 (56.2 pg/mL)*® for 24 h, the PL
group was treated with 10% PL for 24 h.

Cell Immunofluorescence

BMSCs were seeded into coverslips within 24-well plates at a density of 5 x 10% cell/well. After 48 h, the culture medium
was discarded and the coverslips were washed three times with PBS. Cells were fixed with 4% paraformaldehyde
(Servicebio, Beijing, China) and washed three times with PBS. The fixed cells were permeabilized with 0.1% Triton
X-100 (Beyotime Biotechnology, Shanghai, China) for 30 minutes at room temperature. After washing three times with
PBS, cells were incubated in goat serum (ZSGQ-BIO, Beijing, China) for 1 h to block non-specific antibody binding,
then incubated overnight at 4°C with primary antibody PCNA (1:400), followed by incubating with secondary antibody
for 1 h at 4°C and DAPI staining in the absence of light. Three coverslips were carried out for each group, and PCNA
positive cells in three randomly selected fields were imaged under a fluorescent microscope (CarlZeiss, Gottingen,
Germany).
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Transwell Assay

BMSCs were seeded at a density of 5x10* cell/well in the upper chamber of inserts in 24-well transwell chambers with
8 um nitrocellulose pore filters. 600 pL a-MEM containing either 10% FBS (NC group) or 10% PL (PL group) were
added into the lower chamber. After 15 h, the cells that passed through the membranes of the upper chambers were fixed
with 4% paraformaldehyde and stained with 1% crystal violet dye solution (Beyotime Biotechnology, Shanghai, China).
Images of each group were captured using a light microscope in different areas in three independent repeated experi-
ments. The number of migrated BMSCs was calculated by manual counting on three random microscope fields.

Real-Time PCR (qPCR)

The qPCR method used in this study was the same as our previous study described.*® With f-Actin as the reference gene,
relative mRNA expression was determined by 2T method (Table 1).

Western Blot Analysis

Total protein of BMSCs and chondrocytes were extracted with RIPA lysis buffer (Beyotime Biotechnology, Shanghai,
China), quantified by BCA protein assay kit (Beyotime Biotechnology, Shanghai, China) and denatured. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and nitrocellulose membranes (Gottingen, Germany) were used
to separate and transfer the targeted proteins. After blocking with 5% nonfat milk in Tris-buffered saline tween, the
membranes were incubated with the following primary antibodies: B-Actin (1:40,000), Aggrecan (1:1000), Col2
(1:1500), Sox9 (1:1000), Fibronectin (1:1500), Vimentin (1:1000), Vegf (1:1000), Coll (1:1000), Col3 (1:1000), o-
SMA (1:1500). The membranes were then incubated with corresponding secondary antibody peroxidase-conjugated goat
antirabbit/mouse IgG (ZSGQ-BIO, Beijing, China). Finally, the protein was visualized using ECL kit (Biosharp, Beijing,
China) and analyzed using ImageQuant TL 7.0 analysis software (GE, United States).

Clinical Retrospective Study

This study complied with the Declaration of Helsinki. The Ethics Committee of Hangzhou Ninth People’s Hospital gave
its approval to this study (Ethical number: 2021-04). The data of 33 patients with OA who have been treated with 5 mL
patient autologous PL were collected. Immediately after arthroscopic microfracture surgery, each patient received only
one PL treatment through intra-articular injection. For evaluating the clinical outcomes, visual analog scale (VAS),
Lysholm score, HSS scores and magnetic resonance imaging (MRI) examinations were performed 1 week before
(baseline) and 3 months after the administration. The inclusive criteria include: (1) meets the diagnostic criteria for
kOA; (2) age > 40 years; (3) MRI confirmed localized full thickness cartilage defects in the knee joint; (4) scheduled for
arthroscopic examination; and (5) voluntarily agreed to participate in the study and provided signed informed consent.
The exclusive criteria include: (1) X-ray confirmed varus/valgus deformity of the knee joint exceeding 5°; (2) combined
varus/valgus deformity with flexion contracture; (3) joint instability caused by ligament injury, systemic arthropathy, or

Table | Primer Sequences of Targeted Genes

Gene Forward Primer Reverse Primer

[S-Actin 5-TACAACCTTCTTGCAGCTCCTC-3' | 5-GTCAGGATGCCTCTCTTGCT-3’
Aggrecan 5-GCAGACATTGATGAGTGCCTC-3’ 5'-CTCACACAGGTCCCCTCTGT-3'
Col2 5-CTCAAGTCGCTGAACAACCA-3' 5-GTCTCCGCTCTTCCACTCTG-3’
Sox9 5-CATCAAGACGGAGCAACTGA-3' 5-TGTAGTGCGGAAGGTTGAAG-3'
Fibronectin | 5'-ACACCATCTATGTCATCGCACT-3’ 5-GTTGGGGAAGCTCATCTGTCT-3’
Vimentin 5-ATGCGGCTGCGAGAAAAATTG-3’ 5-ACGTGCCAGAGAAGCATTGT-3'
Vegf 5-CAGAAAGCCCATGAAGTGGTGA-3' | 5-CACACAGGACGGCTTGAAGA-3'
Coll 5-TGACTGGAAGAGCGGAGAGTA-3' 5-AGTGGGGAACACACAGGTCT-3'
Col3 5-GCCTACATGGATCAGGCCAA-3’ 5-CACCAGTGTGTTTAGTGCAGC-3'
a-SMA 5-ACGACATGGAAAAGATCTGGCA-3' | 5-CGTTAGCAAGGTCGGATGCT-3’

https:
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tibial lesions; (4) patients lost to follow-up during the study; (5) coagulation disorders or immune system diseases; (6)
active infections, rheumatoid arthritis, or other systemic joint diseases; and (7) inability to tolerate surgery or anesthesia.
All patients gave their written informed consent to this study.

Statistical Analysis

SPSS23.0 software (SPSS, IL, USA) was used for data analysis. All data in the article were expressed as mean + standard
error of the mean (SEM). Data from clinical retrospective study analyzed with Student’s #-test after confirming
homogeneity of variances. One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used for
comparison among groups >3. Statistical differences were considered to be significant at p < 0.05.

Results
PL Attenuated Synovial Fibrosis in Osteoarthritic Rats

To investigate the in vivo effects of PL on synovial fibrosis, pathologic changes in the synovium were assessed on OA
rats. HE and Masson staining showed obvious hyperplasia, angiogenesis, and collagen fiber deposition in the synovium
after modeling, suggesting the presence of synovial inflammation and fibrosis in the model rats (Figure 2A and B). By
contrast, the MF treatment reduced the synovial thickness and the amount of collagen fibers within the synovium. The
additional treatment of PL not only ameliorated the hyperplastic and fibrotic phenotype of the synovium but also
suppressed angiogenesis in the synovium (Figure 2A and B). Thus, the administration of PL could attenuate synovial
fibrosis in OA rats.

PL Benefited Chondroprotection in Osteoarthritic Rats

To investigate the therapeutic effects of MF and PL on OA, a rat OA model was established by using the modified
Hulth method. Histopathological staining results showed cartilage degeneration with chondrocytes and glycosamino-
glycan loss, and the Mankin’s scores and OARSI scores were significantly increased (p <0.01 vs sham) after modeling
(Figure 3A, D and E). MF treatment (MF group) apparently improved the structural integrity of articular cartilage,
increased the number of chondrocytes and the content of glycosaminoglycan, with significantly reduced Mankin’s
scores and OASRI scores (p<0.01 vs model) (Figure 3A, D and E). The sequential MF and PL treatment out-
performed the single MF treatment in terms of chondrocytes and glycosaminoglycan production, with considerably
lower Mankin’s scores and OASRI scores (p <0.01 vs model) (Figure 3A, D and E). Immunohistochemical results
showed that Col2 and Mmpl3 were significantly altered in the model group (p < 0.01 vs sham) (Figure 3B). The
expressions of Col2 and Mmp13 were dramatically restored to normal levels after the combined treatment of MF and
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Figure 2 Combined treatment of MF with PL mitigated synovial fibrosis in OA rats. (A) Synovial tissues changes were observed after Hematoxylin and eosin (H&E)
staining with black arrows (synovial proliferation), synovial fibrosis and collagenous fibers were observed after Masson trichrome staining with red arrows (angiogenesis);
(B) Synovitis score was used to quantify pathological changes in the synovium. Scale bar: 50 ym. N=6. Values were expressed as mean * SEM. ***p <0.00| versus Sham
group, "p <0.01 versus Model group, *#p <0.001 versus Model group, $$p<0.0| versus M+MF group.
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Figure 3 Effects of MF and combined treatment of MF with PL on rat OA model. (A) Hematoxylin and eosin (H&E) staining, Safranin O/Fast green (SO) staining, and
Toluidine blue (TB) staining; (B) Representative immunohistochemical staining of Col2 and Mmp|3 on cartilage; (C) Measurement of MWTs of rats; (D) Mankin’s scores for
histopathological observation; (E) OARSI scores for histopathological observation; (F) Quantitative measurement of positive area percentage of Col2; (G) Quantitative
measurement of positive area percentage of Mmp|3. Scale bar: 50 um. N=6. Values were presented as mean  SEM. *p < 0.01 versus Sham group, *p < 0.05 versus Model
group, #p < 0.01 versus Model group.

PL (p < 0.01 vs model) (Figure 3F and G). The pain behavior evaluation showed rats in the model group had
abnormal allodynia with significantly decreased MWTs (p <0.01 vs sham) (Figure 3C). While after the administration
of MF and PL, MWTs were significantly increased (p <0.05 vs model) (Figure 3C). Taken together, the combined
treatment of MF and PL exhibited better chondroprotective effects than MF alone in OA rats.

PL Inhibited Pathological Fibrocartilage Formation in OA Progression

To evaluate whether PL had an inhibitory effect on fibrocartilage formation caused by microfracture, several fibrocar-
tilage markers were examined by immunohistochemical experiments. Immunohistochemical results showed that the
expression of Coll, Col3, a-SMA, and Ctgf were significantly elevated in the MF group (p < 0.01 vs sham). After
combined treatment of MF and PL, the expression of these markers was significantly restored to normal levels (p < 0.01
vs MF). Notably, despite the absence of MF treatment, the expression of Coll, Col3, and Ctgf was elevated in the model
group (p <0.05 vs sham) (Figure 4A-E). The above results revealed that MF did have a pro-fibrotic effect on rat
cartilage, and PL inhibited the formation of fibrocartilage after the microfracture procedure.

PL Promoted Migration and Proliferation of BMSCs

To evaluate the pro-migratory and proliferative effects of PL on BMSCs, we performed transwell and cellular immuno-
fluorescence assays. As shown in Figure SA and B, the number of cells migrating in the PL group was significantly higher
than that in the NC group (p < 0.05). Cellular immunofluorescence showed that PL promoted the expression of PCNA
compared to the control group, indicating that PL had a significant effect on BMSCs proliferation (Figure 5C and D). The
above results showed that PL could promote both migration and proliferation of BMSCs.

PL Regulated Chondrogenic Differentiation and Migration of BMSCs
To evaluate the chondrogenic differentiation and migration effects of PL on BMSCs, we performed qPCR and Western
blotting assays. The qPCR results showed that the mRNA expression of chondrogenic differentiation markers (4ggrecan,
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Figure 4 Effects of MF treatment and combined treatment of MF with PL on expressions of Coll, Col3, a-SMA and Ctgf on rat cartilage. (A) Representative immunohistochemical
staining of Coll, Col3, 0-SMA with red arrow and Ctgf on cartilage, red dotted rectangle indicates region of cartilage damage; (B) Quantitative measurement of positive area percentage
of Coll; (C) Quantitative measurement of positive area percentage of Col3; (D) Quantitative measurement of positive area percentage of 0-SMA; (E) Quantitative measurement of
positive area percentage of Ctgf. Scale bar: 50 um. N=6. Values were presented as mean + SEM. *p < 0.05 and *#p < 0.01 versus sham group. **p <0.01 versus MF group.

Col2, Sox9) and migration markers (Fibronectin, Vimentin, Vegf) was significantly increased in BMSCs after 48 h of PL
intervention (p <0.01) (Figure 6A). Consistent with the qPCR results, Western blotting showed that PL significantly increased
the expression of Aggrecan, Col2, Sox9, Fibronectin, Vimentin, and VEGF proteins in BMSCs (Figure 6B and C). Thus, the
administration of PL effectively increased the expression of genes related to chondrogenic differentiation and migration in rat
BMSCs.

PL Exerted Anti-Fibrotic Effects on Chondrocytes Mainly Through HGF and IGF-I

To investigate the antifibrotic potential of PL and its constituent growth factors (HGF and IGF-1), we performed qPCR and
Western blotting assays. The qPCR results revealed that mRNA expression of cartilage fibrosis markers (Col1, Col3, and a-SMA)
was significantly decreased in chondrocytes after 24 h treatment with HGF+IGF-1 or PL (p <0.01) (Figure 7A). Consistent with
these findings, Western blotting analysis demonstrated that both HGF+IGF-1 combination therapy and PL treatment markedly
reduced Coll, Col3, and a-SMA protein levels (Figure 7B and C). Notably, the HGF+IGF-1 combination achieved effects
comparable to PL treatment (Figure 7B and C). These results collectively indicate that HGF+IGF-1 recapitulates the antifibrotic
activity of PL, suggesting these two factors are the primary functional components mediating PL’s effects.

Combined Treatment of MF and PL Relieved Symptoms in OA Patients

To confirm the clinical anti-OA efficacy of combined treatment of MF and PL, we further conducted a clinical retrospective
study. Clinical data of recruited patients showed no significant difference in age between different genders among all 33 OA
patients (Table 2). OA patients were evaluated for Kellgren-Lawrence grade (Table 3). MRI results showed varying degrees
of improvement in articular cartilage after 3 months of combined treatment of MF and PL (Figure 8A). Compared with pre-
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Figure 5 Effects of PL on migration and proliferation of BMSCs. (A) Migration assay at 48 h after PL treatment; (B) The number of cells migrating in the two
groups; (C) Cell immunofluorescence of BMSCs with PL treatment at 48 h; (D) Quantification of cell ratio (PCNA-expressed cell number/total cell number). Scale
bar: 50 ym. N=6. Values were presented as mean = SEM. *p <0.05 versus NC group.

treatment baseline, the VAS scores were significantly decreased (p < 0.01) (Figure 8B). The Lysholm scores and HSS scores
were significantly increased after 3 months of treatment (p < 0.01) (Figure 8C and D), which indicated a significant
improvement post-combined treatment of MF and PL.

Discussion

MEF serves as the gold standard for the early treatment of OA in the clinic, but its efficacy remains controversial.** A recent
meta-analysis has demonstrated excellent short-term clinical outcomes after MF treatment (first 24 months), but the clinical
durability of MF underwent functional decline over time.*® Imaging studies showed that MF treatment resulted in complete
repair of cartilage damage in 18% to 95% of osteoarthritic patients, whereas 17% to 57% of the patients failed to have
satisfactory outcomes.*' Suboptimal MF efficiency is due to the presence of an inflammatory microenvironment in the joint
cavity and the decreased regenerative capacity of senescent stem cells.** > Besides, in damaged joint tissues, BMSCs tend
to differentiate into fibrochondrocytes, which leads to the formation of fibrocartilage repair at the injury site.*® The present
study evaluated the in vivo anti-OA effects of combined treatment of MF and PL on an OA rat model by the modified Hulth
method and clinical OA patients and explored the cellular and molecular mode of action of PL on BMSCs. In vivo data
showed that the combined treatment of MF and PL had multiple positive effects on OA by ameliorating joint pain,
protecting chondrocytes, and inhibiting synovial fibrosis (Figures 2—4). The anti-OA effect of the combined treatment of
MF and PL was superior to that of MF alone (p < 0.05), suggesting that the combined treatment of MF and PL had
a synergistic effect on the treatment of OA (Figure 3). Moreover, PL application also improved MF-induced cartilage
fibrosis (down-regulation of Coll, Col3, a-SMA and Ctgf) (Figure 4). In vitro data showed that PL could induce cellular
chondrogenic differentiation and migration of BMSCs, suggesting that PL facilitated stem cell homing to the cartilage
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Figure 6 Rat PL at a dilution of 1/10 produced significant chondrogenic differentiation and migration effects on rat BMSCs after 48 h of treatment. (A) qPCR analysis of
mRNA expressions of BMSCs with PL; (B) Expressions of target proteins in BMSCs treated with PL; (C) Expressions of target proteins in BMSCs treated with PL. Values
were presented as mean + SEM. *p <0.05 and **p <0.01 versus NC group.

injury sites and promoted cartilage repair and regeneration (Figures 5 and 6). Based on the previous reports, we focused on
HGF and IGF-1, evaluated their anti-fibrotic effects on chondrocytes, and compared them with PL. Results showed that the
combination of HGF and IGF-1 exerted effects close to PL, indicating these two growth factors play a major role in PL
(Figure 7). Consistently, the clinical retrospective study validated the anti-OA efficacy of the combined treatment of MF
and PL (Figure 8). The main innovation and characteristic points of this study are: (1) both experimental and clinical
determination of anti-OA efficacy and safety of the combined treatment of MF and PL; (2) the comparison of therapeutic
effects between MF alone and the combined treatment of MF and PL; and (3) the application of PL in reducing MF-induced
cartilage fibrosis and facilitating cartilage repair.

BMSCs are a subpopulation of non-hematopoietic cell-derived adult stem cells present in the bone marrow stroma
with high proliferation, chemotactic migration and self-renewal abilities, and multidirectional differentiation ability under
different induction conditions.** Our results showed that PL could promote proliferation, migration and chondrogenic
differentiation of BMSCs. Indeed, through interacting with tyrosine kinase receptors, human PL (hPL) has been found to
increase the expressions of signal transducer and activator of transcription 3 (STAT3) and myelocytomatosis (MYC),
both known as stimulators of cell proliferation.*” BMSCs cultured in expansion medium supplemented with hPL
exhibited a higher proliferation rate than in the medium supplemented with FBS.*® Neutralization experiments have
shown that inhibition of PDGF-BB and bFGF within PL reduced the proliferation rate of MSCs by approximately 20%
and 50%, respectively.*” Besides, PL could promote the expression of high mobility group box-1 (HMGB1), which can
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Figure 7 Rat PL and growth factors produced a significant antifibrosis effect on rat chondrocytes. (A) qPCR analysis of mMRNA expressions of chondrocytes with PL;
(B) Expressions of target proteins in chondrocytes treated with PL; (C) Expressions of target proteins in chondrocytes treated with PL. Values were presented as
mean + SEM. *p < 0.05 and **p < 0.01 versus NC group. #p <0.05, *p <0.01 and *p <0.001 versus IL-1B group. **p <0.01 versus HGF+IGF-1 group.

induce cell proliferation and migration.”® Another study showed that PL could be used as an alternative to FBS for

clinical-scale expansion of MSCs, and MSCs cultured in the presence of PL maintained their trilineage differentiation

potential and immunomodulatory properties.”'
PL contained various growth factors (eg, PDGF, TGF-§, IGF-1, EGF, HGF and FGF), which have been shown to play
important roles in cell proliferation, cell migration, chondrogenic differentiation of MSCs, tissue regeneration and repair,

Table 2 Clinical

Information of OA Patients

Received Combined Treatment of MF and PL

K-L Grade Age (Years)

BMI (kg/m?)

Male (n = 23) 53.13 £ 6.75
Female (n = 10) | 53.60 + 5.60
p-value 0.85

2576 + 2.8
25.76 + 1.99
0.99

Table 3 Kellgren-Lawrence
(K-L) Grade of OA Patients
Received Combined
Treatment of MF and PL

K-L Grade

| n=22
2 n=7
3 n=4
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versus baseline group.

including cartilage repair, wound healing, and anti-fibrotic therapy.?*~%% For instance, PDGF-BB was reported to promote
the recruitment and homing of MSCs and improve the adherent microenvironment, and therefore attenuated OA
progression.>>> TGF-B1 was shown to induce a SMAD3-dependent nuclear aggregation of B-catenin promoting the
proliferation of BMSCs, while TGF-B2 and TGF-B3 showed superior capacity in inducing chondrogenic differentiation of
BMSCs.>*>” Previous studies have reported that IGF1 could not only stimulate proliferation and chondrogenic differentiation
of MSCs, but also enhance the paracrine activity of MSCs, which contributed to cartilage regeneration and repair.”*>° Our
previous study showed that the proliferation rate of huc-MSCs treated with EGF was approaching to that PL, suggesting that
EGF was a major contributor to the pro-proliferative effect of PL.*® Several studies have shown that FGF-2 could promote
MSCs proliferation through the activation of PI3K-Akt, ERK1/2 and JNK signaling pathways.®*®' In addition, IGF-1 can

Drug Design, Development and Therapy 2025:19 heeps: 3839



Zhang et al

inhibit cardiac fibrosis by targeting 0-SMA, and HGF can inhibit peritoneal fibrosis and pulmonary fibrosis in mice.>** Our
study found that the combination of HGF and IGF-1 exerted effects similar to those of PL, indicating these two growth
factors were the main antifibrotic components in PL. Taken together, different combinations of recombinant growth factors
may be incorporated with MF to improve its clinical outcome and generate high-quality cartilage.

We for the first time show the anti-OA and antifibrosis effects via the combination of MF and PL. The combined treatment of
MF and PL significantly alleviated joint pain, protected chondrocytes and inhibited synovial fibrosis in OA rats, and PL induced
cellular chondrogenic differentiation and migration of BMSCs, suggesting that PL facilitated stem cell homing to the cartilage
injury sites and promoted cartilage repair and regeneration. The limitation of this study is that the anti-fibrosis mechanism of PL
was not studied, and we only detected the fibrosis phenotype. The clinical data showed significant improvements in pain
reduction and cartilage repair in OA patients. Our study provides new insights into the combined treatment of MF and PL for OA,
and the findings can guide the different combinations of recombinant growth factors with MF to improve their clinical efficacy
and produce high-quality cartilage.

Some limitations exist in this study. In this study, the efficacy of MF combined with PL therapy was assessed in this
study primarily by clinical parameters. Meniscal damage and joint effusion in MRI images were not designated as
primary endpoints. Building on these findings, future prospective investigations incorporating serial MRI assessments
will be planned to systematically evaluate structural modifications in meniscal integrity and synovial fluid parameters
after MF combined with PL treatment.

Conclusion

We for the first time show the anti-OA and antifibrosis effects via the combination of MF and PL. The combined treatment of MF
and PL significantly alleviated joint pain, protected chondrocytes and inhibited synovial fibrosis on OA rats, and PL induced
cellular chondrogenic differentiation and migration of BMSCs, suggesting that PL facilitated stem cell homing to the cartilage
injury sites and promoted cartilage repair and regeneration. The clinical data showed significant improvements of pain reduction
and cartilage repair in OA patients. The animal experiment, cell experiment and clinical retrospective study are closely linked,
forming a logical process from preclinical investigation to mechanism understanding and then clinical verification. Together, the
three parts provided a comprehensive and coherent narrative that highlights the central topic: the combined treatment of MF and
PL represents a promising strategy to enhance OA cartilage repair and anti-fibrosis, supported by strong evidence at the

molecular, preclinical, and clinical levels.
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