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A B S T R A C T   

The biological mechanism of action of platelet-rich plasma (PRP) in the treatment of temporo-
mandibular joint (TMJ) osteoarthritis remains unclear. This study explored the mechanisms un-
derlying interleukin (IL)-1β-induced inflammation and investigated the effect of PRP on TMJ 
condylar chondrocytes. Primary chondrocytes were isolated from the TMJ condyle of 4-week-old 
rats, and differentially expressed genes among three treatment groups (phosphate-buffered saline 
[control], IL-1β, and IL-1β + PRP) were identified using RNA-seq and characterized using Gene 
Ontology and Kyoto Encyclopedia of Genes and Genomes path-enrichment analyses. IL-1β caused 
inflammatory injury to chondrocytes by upregulating the TNF, NF-κB, and IL-17 signaling 
pathways and downregulating the MAPK and PI3K/Akt signaling pathways. PRP activated the 
MAPK and PI3K/Akt signaling pathways, exerting a protective effect on IL-1β-induced chon-
drocytes. PRP also activated the TNF and IL-17 signaling pathways, producing an inflammatory 
effect. Additionally, PRP increased the mRNA expression of the matrix catabolism-related genes 
Mmp3, Mmp9, and Mmp13; the proliferative markers Mki67 and PCNA; and the anti-apoptotic 
genes of the Bcl-2 family (Bcl2a1 and Bok), while reducing the expression of the pro-apoptotic 
genes Casp4 and Casp12. The findings suggest that the protective effect of PRP on IL-1β- 
induced chondrocyte injury is mainly achieved via MAPK-PI3K/Akt signaling, increasing cell 
proliferation and inhibiting cell apoptosis.   

1. Introduction 

The temporomandibular joint (TMJ) is a bilateral synovial joint that orchestrates one of the most intricate and complex movements 
of all human joints [1] and is closely involved in various important functions such as chewing, swallowing, speech, and facial 
expression. TMJ osteoarthritis (TMJ-OA) is characterized by degenerative changes in the condylar bone such as cortical erosion, 
subcortical cystic changes, osteophyte formation, and sclerosis [2]. According to radiological assessments, the prevalence of TMJ-OA 
in the general population ranges from 8% to 30% [3]. The main clinical manifestations include orofacial pain, crepitus, and limited 
joint movement [4]. The most common risk factors for TMJ-OA include sex, mechanical stress (dental malocclusion, parafunction, and 
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disc placement), and advanced age [5,6]. Multiple inflammatory cytokines may play important roles in the pathogenesis of TMJ-OA. 
The mRNA levels of interleukin (IL)-1β, IL-2, IL-12, IL-17, IL-18, TNF-α, TNF-β, and IFN-γ in the synovial fluid from the TMJ in patients 
with TMJ-OA were found to be significantly higher than those in healthy individuals [7]. The expression of IL-1β and TNF-α have been 
reported to be related to cartilage degradation and the inhibition of cartilage matrix synthesis in TMJ-OA [8]. The production and 
activation of matrix metalloproteinases (MMPs) by fibrochondrocytes have also been shown to be involved in inflammation-induced 
matrix degradation [9,10]. However, the pathogenesis of TMJ-OA remains unclear. 

Although physical therapy and/or treatment with paracetamol and non-steroidal anti-inflammatory drugs can temporarily alle-
viate inflammatory symptoms [11], they fail to prevent or slow down disease progression. This highlights the urgent need to identify 
effective therapeutic targets and methods. The joint cartilage is mainly composed of chondrocytes and extracellular matrix (ECM), 
with chondrocytes regulating ECM formation or degradation via synthetic or catabolic factors [12]. Condylar chondrocytes are 
important for maintaining the stability of normal TMJ cartilage, and inflammation-induced death of condylar chondrocytes and 
degradation of articular cartilage are closely related to the occurrence and development of TMJ-OA [13,14]. Therefore, protecting 
chondrocytes to enhance proliferation and inhibition of apoptosis appears to be a highly promising strategy for effective TMJ-OA 
treatment. 

Platelet-rich plasma (PRP) is an autologous blood product obtained through centrifugation. PRP, which is characterized by highly 
concentrated platelets, can exhibit platelet concentrations that are three to five times higher than those in human plasma [15,16]. As 
one of the current core technologies used in rehabilitation and regeneration therapy, the usefulness of PRP therapy has recently been 
confirmed through many laboratory and clinical studies that demonstrated its effectiveness in ameliorating the symptoms of OA and 
repairing cartilage defects [17,18]. Multiple clinical studies have found that the injection of PRP not only effectively alleviates pain 
and joint noise in patients with TMJ-OA, but also improves mandibular function and repairs the condylar bone, as verified by imaging 
[19–22]. A previous study reported that PRP affected cartilage thickness by inhibiting chondrocyte apoptosis in OA [23]. However, the 
biological mechanism of action of PRP in the treatment of TMJ-OA has not been clearly elucidated yet. Therefore, we conducted a 
transcriptome analysis to investigate the mechanism of chondrocyte inflammatory injury in TMJ-OA and characterize the mechanism 

Fig. 1. Chondrocyte purity assessment. (A) Inverted phase contrast microscopy imaging of chondrocytes (magnification, × 200). (B) Chon-
drocytes identified using Alcian Blue staining (magnification, × 200). (C) Chondrocytes identified using immunocytochemistry staining of type II 
collagen (magnification, × 200). (D) Chondrocytes identified using the immunofluorescence staining of type II collagen (magnification, × 200). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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by which PRP protects against inflammation-induced condylar chondrocyte injury. 

2. Results 

2.1. Identification of TMJ condylar chondrocytes 

Primary condylar chondrocytes were extracted and seeded in a culture flask. The cells began to adhere to the wall after 4 h and 
entered a rapid proliferation phase after 3–5 days. Subsequently, P2 cells were identified as chondrocytes using toluidine blue (TB) 
staining, collagen II immunohistochemistry, and immunofluorescence staining (Fig. 1). 

2.1.1. Effect of IL-1β on chondrocyte cell viability and of PRP on the viability of IL-1β-induced chondrocytes 
Elevated expression of IL-1β was found in the TMJ of patients with TMJ-OA [7]. IL-1 can induce inflammation by activating the 

NF-κB signaling pathway and the Wnt signaling pathway mediating chondrocyte apoptosis, and by upregulating MMP-mediated ECM 
degradation [24,25]. In previous studies, IL-1β has been shown to induce injury to condylar chondrocytes [26]; therefore, this study 
used IL-1β to induce inflammatory chondrocytes. 

Chondrocytes with an appropriate growth status were seeded into a 96-well plate at a density of 5 × 103 cells/well. After standard 
culture for 24 h, the cells were treated with IL-1β at different concentrations (0, 5, 10, and 20 ng/mL) for 6, 12, 24, 48, and 72 h. For 
each well, 10 μL of the Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China) solution was added, and the sample was incubated at 
37 ◦C for 1 h. Absorbance was measured at 450 nm using a spectrophotometer. The cell survival rates of the treated groups were then 
calculated. 

Next, chondrocytes with an appropriate growth status were seeded into a 96-well plate at a density of 5 × 103 cells/well. After 
normal cultivation for 24 h, the cultured cells were treated with phosphate-buffered saline (PBS), 10 ng/mL of IL-1β, 10 ng/mL of IL-1β 
+ 50 μg/mL PRP, or 10 ng/mL of IL-1β + 500 μg/mL PRP. Cell viability was measured using the CCK-8 method at 6, 12, 24, 48, and 72 
h. The group treated with PBS was used as control, and the cell survival rates of each group were determined. 

2.1.2. IL-1β-induced inflammatory state of condylar chondrocytes and signaling pathway prediction 
As shown in Figs. 2 and 10 ng/mL IL-1β caused a stable decrease in cell survival rate within 24 h. Three groups of chondrocytes 

treated with PBS, 10 ng/mL IL-1β, or 10 ng/mL IL-1β + 500 μg/mL for 24 h were used for subsequent RNA extraction and tran-
scriptome sequencing. 

Transcriptome sequencing and functional annotation analysis, total RNA extraction, RNA library construction, and transcriptome 

Fig. 2. Survival rate of chondrocytes treated with IL-1β and PRP determined using the Cell Counting Kit-8 method. (A) The survival rate of 
chondrocytes observed at 6, 12, 24, 48, and 72 h after treatment with IL-1β at concentrations of 5, 10, and 20 ng/mL. (B) The survival rates of 
chondrocytes observed at 6, 12, 24, 48, and 72 h after treatment with 10 ng/mL IL-1β, 10 ng/mL of IL-1β + 50 μg/mL PRP, and 10 ng/mL IL-1β +
500 μg/mL PRP. 

S. Liu et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e26739

4

sequencing were performed at Oebiotech (Shanghai, China). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analyses were performed to further understand the molecular basis of chondrocyte inflammation. The volcano plot on Fig. 3A 
shows differences in gene expression between inflammatory chondrocytes induced by IL-1β (n = 3) and normal chondrocytes, with 
log2 FoldChange and -log10q-value on the horizontal and vertical axes, respectively. A heat map was used for clustering, with red and 
blue indicating high- and low-expression genes, respectively (Fig. 3B). The radar map revealed 30 upregulated or downregulated genes 

Fig. 3. Chondrocyte transcriptomic analysis of IL-1β-induced inflammation. (A) Volcano plot showing differential gene expression between 
control (n = 3) and IL-1β-induced chondrocytes (n = 3). Red indicates significantly upregulated genes (98), blue indicates significantly down-
regulated genes (37), and gray indicates no significant change (log2FoldChange [FC] > 1, padj <0.05). The horizontal and vertical axes are log2FC 
and - log10q-value, respectively. (B) Heat map showing the hierarchical clustering of differential gene expression in normal and inflammatory 
chondrocytes. (C) Radar map showing the 30 upregulated/downregulated genes with the lowest p-values. First circle: upregulated (red) and 
downregulated genes (blue). Circle size varies according to the size of log2 FC value. Second circle: the outer circle data represent the average 
expression level of the experimental group, and the inner circle data represent average expression level of the control group. Third circle: average 
expression level of each gene in the experimental and control groups. (D) Gene ontology (GO) enrichment analysis of differential gene expression 
between normal and inflammatory chondrocytes. GO enrichment analysis was performed on each of the three GO categories (BP, MF, and CC). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with the lowest p-value (Fig. 3C). 
After identifying the differentially expressed genes (DEGs), GO enrichment analysis was performed to determine their respective 

functions. The GO enrichment analysis for the top 30 entries (screened GO entries corresponding to PopHits ≥5 in the three classi-
fications and ranked 10 entries in descending order according to the corresponding - log10p value of each entry) is shown in Fig. 3D. 
The KEGG database, which is the primary public pathway database [15], was used to conduct a pathway analysis of 
differentially-expressed protein-coding genes, and the hypergeometric distribution test method was used to calculate the significance 
of differential gene enrichment in each pathway entry. KEGG enrichment analysis was performed on the upregulated and down-
regulated genes, and the top 20 (selected pathway entries corresponding to PopHits ≥5, sorted based on the - log10p-value corre-
sponding to each entry in descending order) bubble plots for each are shown in Fig. 4A and B, respectively. 

2.1.3. PRP effects on IL-1β-induced inflammatory chondrocytes and signaling pathway prediction 
Differential gene expression analysis was performed for two groups of chondrocytes treated with 10 ng/mL IL-1β or 10 ng/mL IL-1β 

+ 500 μg/mL PRP. The volcano plot shows the differences in gene expression between IL-1β-induced inflammatory chondrocytes (n =
3) and IL-1β-induced inflammatory chondrocytes treated with PRP (n = 3) (Fig. 5A). Clustering analysis was performed using heat 
maps, with red and blue indicating high- and low-expressed genes, respectively (Fig. 5B). The radar map revealed 30 upregulated or 
downregulated genes with the lowest p-values (Fig. 5C). 

After identifying the DEGs, GO enrichment analysis was performed to determine their respective functions. GO enrichment analysis 
of the top 30 entries was performed (the GO entries corresponding to PopHits ≥5 in the three classifications were screened, and 10 
entries were ranked in descending order according to the corresponding log10p value of each entry); a bar chart is shown in Fig. 5D. 
KEGG enrichment analysis was performed on the upregulated and downregulated genes, and the top 20 (selected pathway entries 
corresponding to PopHits ≥5, sorted based on the - log10p value corresponding to each entry in descending order) bubble plots are 
shown in Fig. 6A and B. 

Additionally, among the DEGs induced by PRP in inflammatory chondrocytes, 67 genes overlapped with the DEGs in chondrocytes 
induced by IL-1β during the inflammatory process (Fig. 7A and B). Among these, 33 genes were regulated in the opposite direction, 
whereas 34 genes were either upregulated or downregulated in both cases. The overlapping genes were mainly involved in interaction 
with cytokines (Fig. 7C). 

2.1.4. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) validation 
The mRNA expression levels of the 10 TMJ-OA-related genes were verified using qRT-PCR (Table 1). Five of these genes were 

regulated in the opposite direction, whereas the regulation of the remaining five genes was in the same direction, as shown in Fig. 8. 
The qRT-PCR results were consistent with those of the transcriptomic sequencing. These 10 genes included those encoding nuclear 
receptor subfamily 4 group A member 1 (Nr4a1), polo-like kinase 3 (Plk3), ectonucleotide pyrophosphatase/phosphodiesterase 2 
(Enpp2), interleukin 17B (Il17b), secreted frizzled related protein 1 (Sfrp1), interleukin 6 (Il6), TNF alpha induced protein 2 (Tnfaip2), 
TNF alpha induced protein 3 (Tnfaip3), matrix metallopeptidase 3 (Mmp3), and matrix metallopeptidase 3 (Mmp9). 

Fig. 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of interleukin (IL)-1β-induced inflammation. (A) KEGG 
pathway analysis of upregulated differentially expressed genes (DEGs) in control and inflammatory chondrocytes. (B) KEGG pathway analysis of 
downregulated DEGs in control and inflammatory chondrocytes. 
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3. Discussion 

In this study, we explored the mechanisms underlying IL-1β-induced inflammation, and investigated the effect of PRP on TMJ 
condylar chondrocytes. The data collected suggest that IL-1β causes inflammation and apoptosis of TMJ condylar chondrocytes 
through the classical NF-κB and TNF signaling pathways. PRP mitigates IL-1β-induced damage to chondrocytes, mainly by acting on 
the cell cycle, promoting DNA replication, and upregulating the PI3K-AKT and MAPK signaling pathways to increase proliferation and 

Fig. 5. Transcriptome analysis of the platelet-rich plasma (PRP) effect on interleukin (IL)-1β-induced inflammatory chondrocyte function. 
(A) Volcano plot showing differential gene expression between IL-1β-induced chondrocytes (n = 3) and IL-1β-induced chondrocytes treated with 
PRP (n = 3). Red indicates significantly upregulated genes (1,277), blue indicates significantly downregulated genes (1,099), and gray indicates no 
significant difference (log2 FoldChange [FC] > 1, padj <0.05). The horizontal and vertical axes correspond to the log2FC and - log10q-value, 
respectively. (B) Heat map showing the hierarchical clustering of differential gene expression in the two groups of chondrocytes. (C) Radar map 
showing the 30 upregulated and downregulated genes with the lowest p-value. First circle: upregulated genes (red) and downregulated genes (blue) 
Circle size varies according to the size of log2 FC value. Second circle: the outer circle data represent the average expression level of the experi-
mental group and the average expression level of the control group, represented by the inner circle data. Third circle: the average expression level of 
each gene in the experimental and control groups. (D) Gene ontology (GO) enrichment analysis of differential gene expression between the two 
groups of chondrocytes. GO enrichment analysis was performed on each of the three GO categories (BP, MF, and CC). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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inhibit apoptosis. Furthermore, we found that PRP induces inflammation in chondrocytes. 
The results of this study indicate that IL-1β-induced chondrocyte inflammation is related to inflammatory function and pathway 

activation, including the inflammatory response as well as the TNF, NF-κB, IL-17, chemokine, and NOD-like receptor signaling 
pathways. Signaling cascades related to cell cycle regulation, proliferation, and inhibition of apoptosis (i.e., the FoxO, Apelin, MAPK, 
and PI3K/Akt signaling pathways) were downregulated. The expression of inflammation-related factors such as IL-17b, IL-6, Tnfaip2, 
Tnfaip3, and Enpp2, and that of matrix catabolism-related genes (i.e., Mmp3 and Mmp9) was increased. Simultaneously, the expression 
of the anti-apoptotic gene Plk3 and that of Nr4a1 and Sfrp1, which have anti-TMJ-OA effects, was decreased. The overexpression of a 
series of inflammation-related mRNA in chondrocytes, such as IL-17b, IL-6, IL-7, Tnfaip2, and Tnfaip3, partially overlapped with the 
results of a study targeting mRNA in the synovial fluid of patients with TMJ-OA [7]. A previous study using Western blotting found that 
Mmp3 and Mmp9 levels in the joint fluid of patients with TMJ-OA were significantly elevated compared to healthy individuals [27]. 
This is consistent with the present study, in which there is a strong correlation between mRNA overexpression of the degradation 
enzymes Mmp3 and Mmp9 and OA activity. Synovitis is closely related to TMJ-OA. From our results, it can be inferred that IL-1β 
released by synovial tissue stimulates the articular cartilage to synthesize inflammatory mediators such as IL-17, IL-6, MMP3, and 
MMP9. These inflammatory mediators are secreted into the synovial fluid and induce the synovial tissue to produce more inflam-
matory mediators, ultimately inducing a cascade amplification of inflammation that leads to TMJ-OA. In agreement with the results of 
this study, Pang et al. conducted transcriptome analysis on IL-1β-induced mouse knee joint chondrocytes, and reported the involve-
ment of the TNF, NOD-like receptor, NF-κB, and IL-17 signaling pathways [28]. It is worth noting that, unlike the condyles of most 
joints such as the knee and hip, which are mainly composed of hyaline cartilage [29], the TMJ condyle is a fibrocartilage tissue [30]. 
The mRNA expression pattern of fibrochondrocytes stimulated by IL-1β differs from that observed in hyaline chondrocytes, which 
distinguishes our findings from those of previous studies. 

Compared with the inflammatory chondrocytes induced by IL-1β alone, the addition of PRP upregulated the TNF and IL-17 
signaling pathways, related to inflammation. The expression of the inflammation-related factor Il17b was decreased; however, the 
expression of Il6, Tnfaip2, Tnfaip3, and Enpp2 was increased, as was that of matrix catabolism-related Mmp3 and Mmp9. In contrast 
with the findings from previous research on human chondrocytes [31] stating that PRP can reduce the IL-1β-induced inflammatory 
response of chondrocytes and increase matrix synthesis and metabolism, this study found that PRP promoted an inflammatory 
response and matrix decomposition in chondrocytes. This may be related to the fact that PRP itself contains pro-inflammatory factors 
such as IL-1β and IL-6 [32], and that the inflammatory environment induced by IL-1β can cause PRP to release IL-1β, IL-6, IL-8, and 
TNF-α [33]. The promoting effect on inflammation and the activation of the TNF and IL-17 signaling pathways, as well as the increase 
in catabolism (increased expression of the Mmp3, Mmp9, and Mmp13 genes), are highly likely to be related to this. It is worth exploring 
how to minimize or remove pro-inflammatory factors during PRP manufacture. Previous studies have shown that the presence and 
production of pro-inflammatory factors are positively correlated with white blood cell content [31,32]. 

However, after PRP treatment, the MAPK and PI3K-AKT signaling pathways related to cell cycle regulation, proliferation, and 
apoptosis inhibition were upregulated. Genes involved in DNA replication, cell cycle, and nucleotide exclusion repair processes were 
also significantly enriched. The proliferation-related gene Mki67 was overexpressed, and the expression of genes related to DNA 
replication and damage repair, such as Top2a, Ect2, Rrm2, and Anln, was increased in this study. The MAPK signaling pathway plays an 

Fig. 6. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially expressed genes (DEGs) in the two groups of 
treated chondrocytes. (A) KEGG pathway analysis of upregulated DEGs in IL-1β-induced inflammatory chondrocytes treated with PRP. (B) KEGG 
pathway analysis of downregulated DEGs in IL-1β-induced inflammatory chondrocytes treated with PRP. 
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important role in the regulation of proliferation in mammalian cells, in a manner inextricable from other signal transduction systems 
due to shared substrates and cross-cascade interactions [34]. In the MAPK family, the ERK1/2 signaling pathway is key in determining 
cell fate in response to external stimuli, mainly by promoting proliferation and regulating terminal cell differentiation [35]. The 
PI3K-AKT pathway is essential for cartilage homeostasis, and compared with normal cartilage, it is downregulated in human cartilage 
tissue with OA [36,37]. The PI3K-AKT signaling pathway is a vital regulator of cell survival and apoptosis [38], and reduced activity of 
this pathway was found in OA-like chondrocytes exposed to IL-1β or TNF-α, as reported in previous studies [39,40]. However, the role 
of PI3K/AKT in inflammatory responses is not yet fully understood. NF-κB is the main regulatory factor of OA-related inflammatory 

Fig. 7. Platelet-rich plasma (PRP)- vs. interleukin (IL)-1β-induced differential gene expression on inflammatory chondrocytes. (A) Up/ 
downregulation of two sets of differentially expressed genes (DEGs). (B) Overlap between the two sets of DEGs. (C) Gene ontology (GO) analysis of 
overlapping genes. 
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mediators, mainly influenced by IκB kinase-mediated IκBα degradation and activation of p65/RelA phosphorylation [41]. PKA/AKT 
can influence NF-κB activity by engaging IκB kinase [42]. Therefore, active PI3K and AKT participate in NF-κB p65 phosphorylation 
and nuclear translocation, thereby promoting the production of inflammatory mediators. In this study, PI3K/AKT was inhibited in 
IL-1β-induced inflammatory condylar chondrocytes, which contradicts previous research results stating that IL-1β promotes PI3K/AKT 
pathway expression in chondrocytes [43,44]. This may be explained by different chondrocyte sources between studies. Interestingly, 
the P53 signaling pathway, which induces cell cycle arrest, senescence, and apoptosis, was downregulated. Simultaneously, the 
expression of the anti-apoptotic genes Plk3, Bcl2a1, and Bok was increased, and that of Nr4a1 and Sfrp1 with anti-OA effects was also 
increased. Furthermore, it is possible to regulate the cell cycle, promote cell proliferation, and inhibit apoptosis through the MAPK and 

Table 1 
Primer sequences in qRT-PCR.  

Primer name Primer sequence (5′-3′) 

GAPDH F: GCCTTCTTGGGACTGATGTTGTTG 
R: GTCTGTTGTGGGTGGTATCCTCTG 

Il6 F: GTGGTGTCGCAGGAGGAGTTG 
R: CGTGTGATTGCTAGTGCCGTTG 

Tnfaip2 F: CACGGACTCCAGCAGACAGAAC 
R: CTTTCCCAGAGGCGGTGACAG 

Tnfaip3 F: GGACCCTGAGACCTTACCAATGTG 
R: AGATTTTCGCCAAAAGTGCCTGTC 

Mmp3 F: ACCGCCAACTATGACCAGGATAAG 
R: TGCTTGCCCAGGAAGACGAAG 

Mmp9 F: CCACCTCCAACCTTCTTCTCCTTC 
R: AAGCGGCTGGCACGGAATAG 

Nr4a1 F: GAGACCTACAGCACCGCCATATC 
R: CCAGGGACTTTCGGCTACAGAG 

Plk3 F: ATGGCAGAGGTGAAGCAGCAG 
R: CGAAGAGCGAGCAGAGGAAGAC 

Enpp2 F: TGCTCTTCCTTCTTGCCATCTCC 
R: TCCCTTGCCCCTTCCTTTTGC 

Il17b F: TCCGCCCTCCGTTAATCATCTTC 
R: CAGGACCGCAGTTTCTCAATGTTG  

Fig. 8. The effect of interleukin (IL)-1β and platelet-rich plasma (PRP) on the mRNA expression of osteoarthritis-related genes. (A) Nr4a1, 
(B) Plk3, (C) Enpp2, (D) IL-17b, (E) Sfrp1, (F) IL-6, (G) Tnfaip2, (H)Tnfaip3, (I) Mmp3, (J) Mmp9. Data are presented as mean ± S.D. (n = 3). *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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PI3K/AKT signaling pathways. Owing to the abundance of various cytokines induced by PRP, the actual mechanism may involve 
cytokine-cytokine receptor interactions. 

After activation, platelets in PRP undergo degranulation, releasing substantial amounts of biologically active growth factors (GFs) 
that promote tissue repair [45]. This includes platelet-derived growth factor, transforming growth factor-β 1, transforming growth 
factor-β 2, insulin-like growth factor 1, vascular endothelial growth factor, and epidermal growth factor [46]. Based on previous 
research, the binding of GFs to receptors in the membrane of surrounding cells involved in repair has been speculated to control the 
metabolic function of chondrocytes and subchondral bone, maintaining a steady state between protein polysaccharide synthesis and 
degradation, which is beneficial for the stability of chondrocytes [47]. Meanwhile, signals from the GFs are transmitted to the nucleus 
through a signaling pathway to stimulate cell proliferation and differentiation, leading to the formation of new cartilage [48]. For 
example, IGF-1 is a strong activator of AKT phosphorylation, which activates AKT to promote collagen II synthesis. Moreover, IGF-1 
influences IL-1β-induced NF-κB activation in human chondrocytes, exerting inhibitory effects on a process closely related to cartilage 
degradation [37]. Taking into consideration the cytokine-rich composition of PRP and the intricate web of interactions among various 
pathways, the precise mechanisms of its action warrant further exploration. 

Clinical studies have found that the injection of PRP directly into the inferior space of the TMJ in contact with the condylar cartilage 
not only effectively alleviate symptoms but can also help repair the condylar bone, as confirmed via cone beam computed tomography 
[19,49]. However, the specific mechanism underlying the effectiveness of the treatment has not yet been elucidated. This study 
suggests that elucidating the mechanism underlying the effect of PRP treatment on TMJ-OA is a promising research direction for future 
studies. PRP acts specifically on chondrocytes, and may exert therapeutic effects by regulating the cell cycle, promoting proliferation, 
or inhibiting apoptosis. 

This study has some limitations. The first is the complex composition of PRP. In addition to GFs, a large number of microRNAs 
carried by exosomes may be involved in post-transcriptional regulation [50]. Second, this study is limited to the transcriptome. In 
future research, we intend to study subsequent phases in the protein expression process such as post-transcriptional regulation and 
translation through microRNA sequencing and proteomics, to provide a more comprehensive understanding of the intricate mecha-
nisms involved in the effect of PRP. Furthermore, a potential avenue for future research involves optimizing the purification of PRP 
components, thereby enhancing its therapeutic efficacy against OA. 

4. Conclusions 

The protective effect of PRP on IL-1β-induced chondrocyte injury is primarily achieved by activation of the MAPK and PI3K/AKT 
signaling pathways, increasing cell proliferation and inhibiting cell apoptosis. Notably, PRP promotes inflammation and matrix 
catabolism. 

5. Materials and methods 

5.1. Extraction and identification of TMJ condylar chondrocytes 

Four-week-old female Sprague-Dawley rats were euthanized under anesthesia (5% pentobarbital sodium by intraperitoneal in-
jection at a dose of 5 mL/kg body weight). The condylar cartilage of the TMJ was dissected and collected under sterile conditions, and 
the tissue was treated with 2 mg/mL (0.1%) collagenase II at 37 ◦C for 4 h. The digested cartilage tissue was resuspended, filtered 
through an 80-mesh cell sieve, and seeded into a tissue culture bottle. Chondrocytes were grown in high-glucose Dulbecco’s Modified 
Eagle Medium containing 10% fetal bovine serum and 1% penicillin/streptomycin. The obtained chondrocytes were cultured at 37 ◦C 
in a constant temperature incubator with 5% CO2, and the culture medium was changed after 24 h. When the adherent cells covered 
80%–90% of the flask wall, they were digested and harvested using 0.25% trypsin EDTA (Beyotime, Shanghai, China) for subculture. 
This study used 3rd to 5th generation chondrocytes. Successful in vitro culture of condylar chondrocytes was confirmed using inverted 
phase contrast microscopy, TB staining, collagen II immunohistochemical staining, and fluorescent staining. 

5.1.1. Induction of chondrocyte inflammation in vitro 
The CCK-8 (Beyotime, Shanghai, China) method was used to evaluate the effect of different concentrations of IL-1β on the viability 

of chondrocytes. Chondrocytes were seeded in 96-well plates at a density of 5 × 103 cells/well. After cell adhesion, IL-1β (5, 10, and 20 
ng/mL) was used to treat cultured cells for 6, 12, 24, 48, and 72 h. The concentration and duration of action of IL-1β were based on the 
results of the CCK-8 experiment. 

5.1.2. Preparation and concentration standardization of PRP 
Whole blood samples were collected from 8-week-old healthy rats, and 2.5% sodium citrate anticoagulant was added at a ratio of 

1:10. After centrifuging at 160 g for 10 min, the platelet-containing plasma was carefully collected and transferred to a new centrifuge 
tube, followed by centrifugation at 250g for 15 min. The supernatant was discarded, and the platelet particles were resuspended in the 
residual plasma to obtain PRP. The BCA Protein Assay Kit (Beyotime, Shanghai, China) was used for protein concentration assessment 
and further standardization of the PRP. The protein concentrations used in the experiment were 50 and 500 μg/mL. 

5.1.3. Grouping, treatment, and RNA extraction from chondrocytes 
Chondrocytes were seeded into 96-well plates at a density of 5 × 103 cells/well. After normal cultivation for 24 h and cell adhesion, 
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PBS, 10 ng/mL IL-1β or 10 ng/mL IL-1β + 500 μg/mL PRP were added. Cell viability was measured using the CCK-8 method at 6, 12, 
24, 48, and 72 h. Chondrocytes with an appropriate growth status were seeded into a 6-well plate at a density of 2 × 104 cells/well. 
After the cells covered 80% of the well surface, PBS, 10 ng/mL IL-1β or 10 ng/mL IL-1β + 500 μg/mL PRP were added for 24 h. RNAiso 
Plus (TAKARA, Shiga, Japan) was used for subsequent RNA extractions. Each RNA sample was dissolved in 10 μL of DEPC H2O and 
stored at − 80 ◦C until further use. 

5.1.4. Transcriptome sequencing 
After the total RNA was extracted and digested with DNase, mRNA was enriched with magnetic beads containing oligo (dT). 

Interrupting reagents were used to break mRNA into short fragments. The interrupted mRNA was used as a template, and first-strand 
cDNA was synthesized using six random base primers. A two-strand reaction system was prepared to synthesize second-strand cDNA, 
which was purified using a PureLink® RNA Mini Kit (12183025, Invitrogen, Carlsbad, CA, USA). Purified double-stranded cDNA was 
subjected to end repair, poly A-tailed addition, and sequencing connections, followed by fragment size selection. Finally, PCR 
amplification was performed. After quality inspection with an Agilent 2100 Bioanalyzer, the constructed library was sequenced using 
an Illumina HiSeq 2500 sequencer (Illumina, USA) to generate 125 bp of double-ended data. 

5.1.5. Bioinformatics analysis 
Raw image data files obtained from high-throughput sequencing were transformed into raw sequencing sequences, known as 

RawData or RawReads, through base-calling analysis. The results were stored in the FASTQ (fq) file format, which contained infor-
mation of sequences (reads) and their corresponding quality information. A large amount of double-ended sequencing data was ob-
tained using the Illumina platform. 

Considering the impact of the data error rate on the results, the fastp [51] software was used to pre-process the original data, and 
the number of reads in the entire quality control process was statistically summarized. Hisat2 was used [52] to perform sequence 
alignment between CleanReads and the designated reference genome to obtain position information as well as sequence feature in-
formation unique to the sequencing samples. Known reference gene sequences and annotation files were used to assess the abundance 
of each protein-coding gene per sample through sequence similarity alignment. The htseq-count software [53] was used to obtain the 
number of reads aligned to the protein-coding genes in each sample. The expression levels of the protein-coding genes were calculated 
using the FPKM [54] method (i.e., fragments per kilobase per million reads). DESeq2 software [55] was used to standardize the 
number of counts for each sample gene (using BaseMean values to estimate expression levels) and calculate multiple differences. A 
negative binomial distribution test (NB) was used to evaluate the significance of identified differences, and finally, the differential 
protein-coding genes were screened according to the difference multiple and difference significance test results. After identifying the 
DEGs, functional GO and KEGG pathway analyses were performed. 

5.1.6. qRT-PCR assay 
Based on the sequencing results, 10 DEGs related to OA were selected for qRT-PCR validation. RNA production and purity were 

measured using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA synthesis was performed 
using the ReverTra Ace qPCR RT Master Mix with gDNA Remover (Code No. FSQ-301, TOYOBO, Osaka, Japan). THUNDERBIRD ® 
Next SYBR ® QPCR Mix (Code No. QPX-201T, TOYOBO) was used for the qRT-PCR quantification and analysis. The thermocycler 
protocol was as follows: 95 ◦C for 30 s, 40 cycles at 95 ◦C for 15 s, and 60 ◦C for 30 s (using LightCycler®480II [Idaho Technology Inc. 
and Roche Diagnostic Systems, Basel, Switzerland] to perform qRT-PCR and data acquisition). 
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