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Abstract
Background

The differentiation of condylar chondrocytes plays a pivotal role in the pathogenesis of
temporomandibular joint osteoarthritis (TMJOA). However, the characteristics of condylar chondrocyte
subsets and their functional roles in TMJOA remain poorly defined. This study aims to investigate the
heterogeneity and functional characteristics of condylar chondrocyte subsets in TMJOA.

Results

Micro-CT, histological and immunohistochemical staining confirmed successful establishment of the
TMJOA model in CFA-induced SD rats. scRNA-seq identified 13 major cell types in the condylar cartilage
and characterized three distinct chondrocyte subsets: homeostatic chondrocytes (HomCs), pre-
inflammatory chondrocytes (prelnfCs) and inflammatory chondrocytes (InfCs). Among them, InfCs
exhibited high expression of S100a9 and CAMP, which were markedly upregulated at the terminal stage
of InfC differentiation. Western blotting and qRT-PCR confirmed their elevated expression, while IHC and
IF demonstrated strong co-localization of these markers in InfCs, predominantly located in the pre-
hypertrophic and hypertrophic layers of the cartilage.

Conclusions

This study reveals the heterogeneity of chondrocytes in TMJOA and identifies three distinct subsets:
HomCs, prelnfCs and InfCs. S100a9+*CAMP* InfCs are primarily localized to the pre-hypertrophic and
hypertrophic layers of condylar cartilage, where they are involved in signaling pathways related to
cartilage matrix degradation. These findings enhance our understanding of the pathological
mechanisms underlying TMJOA and provide a theoretical basis for the identification of potential
therapeutic targets.

Background

Temporomandibular joint osteoarthritis (TMJOA) is a prevalent chronic degenerative joint disorder, with
its incidence progressively increasing in parallel with global population aging[1,2]. Epidemiological
studies have shown that the prevalence of TMJOA in the general population ranges from 8% to 16%, with
a higher proportion observed in females, and it is often associated with other degenerative
disorders[3,4]. The hallmark pathological features of TMJOA include degeneration of the articular
cartilage, remodeling of the subchondral bone and inflammation of the synovial membranel5,6].
Clinically, TMJOA is commonly manifested by facial pain, limited mandibular mobility, masticatory
dysfunction and joint noises. With the progression of TMJOA, some individuals may experience marked
limitations in mouth opening, along with impairments in speech and swallowing functions[7]. These
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impairments significantly affect daily functioning and social interactions, ultimately leading to a reduced
quality of life and increased healthcare burden. However, the complex pathophysiological mechanisms
underlying TMJOA have hindered the development of effective diagnostic tools and therapeutic
strategies. Therefore, in-depth investigation of inflammation-related pathological processes and the
contributions of specific cellular populations to the onset and progression of TMJOA are essential for
elucidating its underlying mechanisms and identifying potential therapeutic targets.

The mandibular condylar cartilage (MCC), a fibrocartilaginous structure with high elasticity, is essential
for absorbing mechanical loads, reducing joint friction and preserving temporomandibular joint
stability[8]. Anatomically, the MCC is organized into four distinct zones—superficial, proliferative,
prehypertrophic and hypertrophic—each representing a specific stage of chondrocyte differentiation[9—
11]. Under physiological conditions, chondrocytes within these zones exhibit unique morphological and
functional characteristics that collectively maintain cartilage homeostasis and biomechanical
integrity[12]. However, in inflammatory conditions such as TMJOA, chondrocyte phenotypes and
functions become markedly disrupted[13]. Although substantial progress has been made in elucidating
chondrocyte heterogeneity and functional dynamics in knee osteoarthritis, comprehensive studies of
chondrocyte subsets within the MCC and their roles in TMJOA pathogenesis remain poorly understood.

The emergence of single-cell RNA sequencing (scRNA-seq) has enabled high-resolution characterization
of gene expression profiles at the single-cell level. In osteoarthritis (OA) research, scRNA-seq offers
unprecedented opportunities to dissect chondrocyte heterogeneity, uncover their interactions with other
cell types and delineate the molecular pathways driving disease progression[14-16]. Several scRNA-seq
studies have identified previously unrecognized chondrocyte subsets in knee OA, extending beyond the
four conventionally defined types. These include effector chondrocytes (ECs), regulatory chondrocytes
(RegCs), homeostatic chondrocytes (HomCs), pre-inflammatory chondrocytes (prelnfCs) and
inflammatory chondrocytes (InfCs)[17-19]. These newly identified subsets contribute to cartilage
degeneration and heightened inflammation by activating the expression of inflammation-related genes
and modulating cellular metabolic processes. However, research specifically addressing TMJOA remains
limited. The cellular composition, disease-associated biomarkers and cellular heterogeneity underlying
TMJOA pathogenesis remain poorly understood and require further investigation.

To bridge this knowledge gap, we constructed a complete Freund’s adjuvant (CFA)-induced inflammatory
TMJOA model in Sprague-Dawley (SD) rats and performed single-cell RNA sequencing to systematically
map the cellular landscape of the mandibular condyle. We identified three transcriptionally and
functionally distinct chondrocyte subsets. Among them, a previously uncharacterized subset, S100a9+
(S100 calcium-binding protein a9) CAMP+ (cathelicidin antimicrobial peptide) inflammatory
chondrocytes appeared to be closely associated with TMJOA progression, potentially through
dysregulation of mitochondrial metabolic pathways. We further validated the spatial distribution of this
subset using immunohistochemistry and immunofluorescence (IF). Our study provides a comprehensive
single-cell transcriptomic profile of MCC in the context of TMJOA, offering novel insights into
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chondrocyte heterogeneity and regulatory mechanisms, and providing a foundation for the development
of potential therapeutic targets.

Materials and methods
Establishment of a TMJOA model

A total of 12 six-week-old male SD rats (180-220g; purchased from the Experimental Animal Center of
Kunming Medical University) were housed under controlled temperature conditions on a 12-hour
light/dark cycle, with ad libitum access to food and water. The rats were randomly assigned to either the
OA group or the negative control (NC) group (n = 6 per group). Anesthesia was administered via
intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight). To establish an inflammatory
TMJOA rat model, we performed intra-articular injection of inflammatory reagent CFA (1:1 oil:saline
emulsion; Sigma Aldrich, St. Louis, MO, USA) into the temporomandibular joints (TMJ) on Day 0 (primary
injection) and Day 3 (secondary injection) to induce inflammation. Rats in the NC group received intra-
articular injections of saline in the same volume. TMJ inflammation was assessed through physical
examination and histological analysis. All experimental procedures were approved by the Animal Ethics
Committee of Kunming Medical University (Approval No. KMMU20241904).

Tissue harvest

Ten days after CFA injection, the rats were euthanized by intraperitoneal injection of an overdose of
sodium pentobarbital and positioned on the surgical table. The hair anterior to the auricular region was
carefully removed. A scalpel was used to make an incision in the designated area, and the subcutaneous
tissue was carefully dissected to avoid damaging the TMJ and surrounding structures. Using
microsurgical instruments, the connection between the condyle and the joint capsule was carefully
dissected to expose the condylar surface. The bilateral TMJ were excised from the mandibular ramus by
transecting the condylar neck.

Micro-CT analysis

Collected TMJ tissues from each group were fixed in 4% paraformaldehyde solution for 24 h and flushed
overnight. Afterwards, TMJ specimens used for bone morphological analysis were scanned by micro-CT
(90 kV, 100 pA-s, 4.6 pm/pixel resolution) to assess changes in the subchondral bone. The acquired data
were reconstructed using Avatar software to obtain three-dimensional images for morphological
assessment. Subsequently, sagittal sections were generated for quantitative evaluation. The largest
sagittal section of the condyle was selected, and three cubic regions of interest (0.3 mm x 0.3 mm x 0.3
mm) were defined at the anterior, middle and posterior regions near the bone—-cartilage interface. The
following parameters were measured and analyzed: bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp).
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Histology for TMJOA and scoring

The harvested condylar tissues were fixed in 4% paraformaldehyde for 24 hours. The samples were
subsequently decalcified in EDTA solution for 7 days. Following dehydration and paraffin embedding,
serial sagittal sections of the condylar tissue were prepared at a thickness of 4 ym. Histological sagittal
sections of the TMJs were subjected to Hematoxylin and Eosin (HE) and Safranin O—Fast Green staining
to assess histological changes in the joints. Condylar cartilage destruction was evaluated using the
Osteoarthritis Research Society International (OARSI) scoring system and the modified Mankin scoring
system by three independent observers blinded to the experimental conditions. The OARSI scores
ranged in each case from 0 to 6 points, where 0 indicated no evidence of OA and higher scores indicated
a more severe OA phenotype, characterized by unclear borders between cartilage and subchondral bone,
uneven cartilage surfaces and decreased hypertrophic layer thickness[20]. The modified Mankin scoring
system evaluated four parameters: cartilage surface damage (0-2), loss of cellularity (0—2), reduction in
matrix staining (0-2), and disruption of tidemark integrity (0—2). Higher scores reflect increased severity
of TMJOA[21].

Immunohistochemistry

Sections for immunohistochemical analysis were first dewaxed in xylene and then rehydrated through a
graded ethanol series. Antigen retrieval was performed using 0.01 M citrate buffer at 95°C, followed by
cooling to room temperature. Sections were incubated with 3% hydrogen peroxide for 5 minutes to
inactivate endogenous peroxidase, followed by overnight incubation at 4°C with primary antibodies
against matrix metalloprotein13 (MMP13) (ab39012, Abcam, Cambridge, UK), interleukin-18 (IL-1PB)
(ab283818, Abcam, Cambridge, UK), Aggrecan (ab313636, Abcam, Cambridge, UK) and collagen type Il
(COL2) (ab34712, Abcam, Cambridge, UK). Sections were then rinsed with PBS, incubated with HRP-
conjugated secondary antibodies for 15 minutes and developed with DAB for 5 minutes.
Immunoreactivity was visualized using a Zeiss microscope (Carl Zeiss Microlmaging, Oberkochen,
Germany) and quantified with ImageJ software (NIH, Bethesda, MD, USA).

Immunofluorescence

Sections were dewaxed in xylene and rehydrated through a graded ethanol series. Antigen retrieval was
performed in 0.01 M sodium citrate buffer (pH 6.0) at 95°C for 30 minutes, followed by cooling to room
temperature and three washes with PBS. Subsequently, sections were incubated with 0.3% Triton X-100
(T8787, Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 15 minutes to enhance membrane
permeability, followed by washing with PBS. Non-specific binding was blocked with 5% bovine serum
albumin (BSA) for 1 hour at room temperature. After blocking, sections were incubated overnight at 4°C
with primary antibodies against S100a9 (ab242945, Abcam, Cambridge, UK) and CAMP (ab76238,
Abcam, Cambridge, UK). The following day, after washing with PBS, sections were incubated in the dark
at 37°C for 1 hour with Alexa Fluor 488-conjugated anti-rabbit secondary antibody (A-11008, Thermo
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Fisher Scientific, Waltham, MA, USA) (for S100a9) and Alexa Fluor 594-conjugated anti-rabbit secondary
antibody (A-11012, Thermo Fisher Scientific, Waltham, MA, USA) (for CAMP). Nuclei were counterstained
with DAPI (D9542, Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes, followed by washing with PBS.
Finally, an anti-fade mounting medium (Fluoromount-G®, 0100-01, SouthernBiotech, Birmingham, AL,
USA) was applied dropwise, and fluorescence imaging was performed using a fluorescence microscope
(Carl Zeiss, Oberkochen, Germany). The number of positively stained cells was quantified using ImageJ
(NIH, Bethesda, MD, USA) for subsequent analysis.

Single-cell RNA sequencing

This study utilized 10x Genomics scRNA-seq technology to perform transcriptomic analysis of condylar
chondrocytes in SD rats, aiming to decipher the cellular heterogeneity in TMJOA. Condylar cartilage
tissues were enzymatically digested using a dissociation solution containing 0.35% collagenase IV
(C5138, Sigma-Aldrich, St. Louis, MO, USA), 2.5 mg/mL papain (P4762, Sigma-Aldrich, St. Louis, MO,
USA) and 120 U/mL DNase | (10104159001, Roche, Basel, Switzerland) to prepare a single-cell
suspension, which was subsequently processed using the Chromium Single Cell 3' Reagent Kit v3.1 (10x
Genomics, Pleasanton, CA, USA) on the Chromium platform for single-cell capture. Through microfluidic
technology, single cells were encapsulated with gel beads containing unique barcodes (GEMs) using the
Chromium Single Cell 3' Reagent Kit v3.1 (10x Genomics, Pleasanton, CA, USA) to form individual
reaction units. Reverse transcription and library construction were performed according to the
manufacturer’s protocol. High-throughput sequencing was conducted on the NovaSeq 6000 platform
(Illumina, San Diego, CA, USA) to ensure single-cell resolution and data quality. The sequencing data
were aligned to the rat reference genome (Ensembl release 110) using Cell Ranger software (v7.2.0, 10x
Genomics, Pleasanton, CA, USA) and a gene expression matrix was generated for downstream analysis.

Quality control, dimension-reduction and clustering

All analyses were performed in R (v4.2.2, R Foundation for Statistical Computing, Vienna, Austria). The
Seurat package (v 5.0.1, developed by Satija Lab, New York Genome Center, USA) was utilized to perform
quality control (QC) and downstream analysis of the scRNA-seq data[22]. To ensure the reliability of the
data, initial filtering was conducted to remove cells expressing fewer than 200 genes and genes detected
in fewer than 3 cells. The QC was performed according to the following specific criteria: 1) deleting
genes that were expressed in less than 3 cells, 2) deleting cells with gene numbers lower than 200 or
higher than 6000, 3) deleting cells with the sum of gene expression numbers lower than 500 or higher
than 10,000, and 4) deleting cells with the proportion of mitochondrial genes greater than 10%. After
filtering out the cells and genes that did not meet the criteria, NormalizeData function was employed to
normalize the data (normalization.method = “LogNormalize” and scale.factor = 10000). Then the
FindVariableFeatures function was used to extract the top 2000 highly variable genes (HVGs), and the
result was shown by LabelPoints (the 10 HVGs with the largest variation were labeled). Furthermore,
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HVGs were subjected to principal components analysis (PCA). The appropriate principal components
(PCs) were selected using the JackStraw and Elbowplot functions.

Next, the resolution was set to 0.4, the cells were subjected to unsupervised cluster analysis using the rs
FindNeighboand FindClusters functions of the Seurat package (v 5.0.1). The results of clustering were
visualized using the uniform manifold approximation and projection (UMAP) algorithm.

Cell type recognition and cellular communication

Subsequently, the marker genes were applied to annotate cell types of the different clusters. The
annotation results were visualized in a UMAP plot. The proportions of different cell types in TMJOA
samples and control samples were further visualized. Key cells were obtained based on other literature.
Moreover, cell-type interactions were probed using CellChat package (v 1.6.1, developed by Jin Lab,
Harvard Medical School, Boston, MA, USA), followed by visualization of cell-cell ligand-receptor pair
interactions[23].

Functional enrichment analysis of key cell subsets

All samples in scRNA-seq data were enriched using the ReactomeGSA package (v1.16.1, developed by
the European Bioinformatics Institute, Hinxton, UK) to explore the functions and pathways in which key
cell subtypes were involved[24]. Afterward, differential analysis of each of the key cellular subtypes in the
control and TMJOA groups was performed using the FindMarkers function (|log2fold change (FC) |[>0.25,
adj. P<0.05, pt.1>0.1, pt.2>0.1), and the differential genes were subjected to Gene Ontology (GO),
which involved biological processes (BP), cellular components (CC), and molecular functions (MF), and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses (P < 0.05).

Cellular communication and pseudo-time analyses of key
cell subsets

First, the proportions of key cell subtypes were analyzed for differences using t-test (P < 0.05). Next, cell
communication was analyzed for key cell subtypes using the CellChat package (v1.6.1, developed by Jin
Lab, Harvard Medical School, Boston, MA, USA). Besides, each key cell subtype was re-descended and
clustered. Pseudo-time analysis was performed using the Monocle package (v2.26.0, developed by Cole
Trapnell Lab, University of Washington, Seattle, WA, USA).

Reverse transcription quantitative polymerase chain
reaction

Approximately 20 mg of condylar surface cartilage tissue was thoroughly ground in liquid nitrogen using
a mortar and pestle, and total RNA was extracted using Trizol reagent (R0016, Beyotime, Shanghai,
China) according to the manufacturer’s instructions. RNA yield was determined by measuring
absorbance at 260 nm, and purity was assessed by the A260/A280 ratio using a NanoPhotometer NP80
(Implen GmbH, Munich, Germany). One microgram of total RNA was reverse transcribed into cDNA using
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the RT First Strand cDNA Synthesis Kit (G3330, Servicebio, Wuhan, China). Real-time quantitative PCR
(gRT-PCR) was performed on an MX3005P Real-Time PCR System (Agilent Technologies, Santa Clara,
CA, USA) using SYBR Green qPCR Master Mix (RR420A, Takara, Shiga, Japan). GAPDH was used as the
internal reference gene, and relative gene expression levels were calculated using the 2*-AACT method.
The sequence-specific primers used for cDNA amplification are listed in Table 1.

Table 1
PCR primer sequences for target genes

GENE Primer sequence forward Primer sequence reverse

S100a9 TGGCTGCCAAAACAGGATCT  AATTCCGCCTTGTTCAGGGT
CAMP CAGGGGGTAGTGAAGCAGTG GCTGTATACCAGGCGCATCA
IL-1B GTGCTGTCTGACCCATGTGA  GATTCTTCCCCTTGAGGCCC
MMP13 TTCTGGTCTTCTGGCACACG  TGGCTTTTGCCAGTGTAGGT
ADAMTSS5 CCCAAATACGCAGGTGTCCT  ACACACGGAGTTGCTGTAGG
COL2AT CACCGCTAACGTCCAGATGA  GTTTCGTGCAGCCATCCTTC
GAPDH AGAGACAGCCGCATCTTCTT  TTCTCAGCCTTGACTGTGCC

Western Blot

Condylar cartilage samples were placed on ice, and total protein was extracted using RIPA lysis buffer
(P0013B, Beyotime, Shanghai, China). Tissue lysates were homogenized and centrifuged at 10,000 x g
for 10 minutes to collect the supernatant. Protein concentrations were determined using the Q3000
protein analyzer (Q3000, Semmerfeld, Shanghai, China). Western blot (WB) experiments were performed
according to the manufacturer’s instructions for the PAGE gel kit (P1200, Solebold, Beijing, China) and
PVDF membranes. Membranes were incubated with the primary antibody overnight at 4°C, followed by
incubation with the secondary antibody at room temperature for 1 hour. Protein band intensity was
quantified using Quantity One software (Bio-Rad, Hercules, CA, USA). Western blotting was performed
using primary antibodies against S100a9 (ab242945, Abcam, Cambridge, UK), CAMP (ab76238, Abcam,
Cambridge, UK), MMP13 (ab39012, Abcam, Cambridge, UK), IL-1B (ab283818, Abcam, Cambridge, UK), a
disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5) (ab231595, Abcam,
Cambridge, UK) and GAPDH (ab181602, Abcam, Cambridge, UK), along with an HRP-conjugated
secondary antibody (ab205718, Abcam, Cambridge, UK).

Statistical Analysis

The R language (v4.2.2, R Foundation for Statistical Computing, Vienna, Austria) was used to conduct
bioinformatics analyses. GraphPad Prism 10 (GraphPad Software, Inc., La Jolla, CA, USA) was used for
the statistical analysis. All experimental data are expressed as means + SD. Besides, the t-test was
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employed in this study to assess differences between groups, setting the significance threshold at P <
0.05.

Results
Establishment of the Inflammatory Model of TMJ

To establish an inflammatory TMJOA rat model, we performed intra-articular injection of inflammatory
reagent CFA into both sides of the TMJ to induce inflammation. Intense swelling and redness over the
TMJ region were observed 10 days after the first CFA injection, but not in the NC group. The linear head
width of the bilateral TMJs showed marked increases in the OA group (Fig. 1A). To examine whether CFA
could induce degenerative processes in the SD rat model, micro-CT imaging was used to analyze bone
architecture. There was a substantial morphological change in the subchondral bone in OA group
compared with the NC group (Fig. 1, B and C). CFA-treated TMJ exhibited a substantial reduction in
BV/TV, Tb.Th and Th.N (P < 0.05, Fig. 1, D, E and F), as well as a robust increase in Tb.Sp (P < 0.05, Fig.
1G).

To further examine the pathologies, we performed HE staining of the TMJ at 10 days after CFA intra-
articular injection. HE staining revealed several characteristic alterations in the condylar cartilage of the
OA group compared with the NC group (Fig. TH). The cartilage thickness was significantly reduced, and
the chondrocyte layer organization was disrupted. In some areas, the arrangement of chondrocytes was
disordered or even absent, manifesting as sparse chondrocytes and faint staining of the extracellular
matrix, indicating cartilage degeneration. In contrast, in certain pathological regions, chondrocytes were
clustered, suggesting chondrocyte proliferation or reactive changes. Additionally, the subchondral bone
exhibited uneven bone density, with some areas showing thinning of trabeculae and widening of gaps,
which may be associated with bone structural remodeling related to OA. Meanwhile, the OA group
exhibited higher OARSI scores compared to the NC group (P < 0.0001, Fig. 1J). Safranin O-Fast Green
staining revealed significant inflammatory changes in the condylar cartilage of the OA group compared
to the NC group (Fig. 11). Safranin O—Fast Green staining revealed pronounced inflammatory changes in
the condylar cartilage of the OA group compared to the NC group, including decreased cartilage matrix
content and increased proliferation of collagen fibers. Consistently, the modified Mankin scores were
significantly elevated in CFA-injected rats, whereas saline-injected control displayed markedly lower
scores (P < 0.001, Fig. 1K). In addition, immunohistochemical (IHC) revealed elevated expression of the
classical inflammatory markers MMP13 and IL-1B in the OA group, whereas the expression of Aggrecan
and COL2 was markedly reduced (P < 0.05, Fig. 1, L and M). Collectively, these results confirm that intra-
articular injection of CFA effectively induces TMJOA in this experimental model.

The single-cell landscape of SD Rat Condylar Tissues

To comprehensively characterize the cellular landscape of condylar tissue in the TMJ, we performed

scRNA-seq on a total of eight condylar samples, including five from the OA and three from the NC group

(Fig. 2A). After implementing quality control exclusion, 53,428 single cells were retained, with the gene
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count remaining unchanged at 20,471 (Fig. S1A and B). The top 2000 HVGs and 30 PCs were selected
for cell clustering (Fig. S1C, D, E and F). The UMAP clustering classified the cells into 24 cell clusters
(resolution = 0.4, Fig. 2B), which were annotated by marker genes into 13 cells types, namely B cells,
chondrocytes, neutrophils, fibroblasts, monocytes, macrophages, osteoblasts, erythrocytes, T cells, brain
microvascular endothelial cells (BMECs), basophils, pericytes and other cells (Fig. 2C). The bubble chart
showed the marker gene expression levels associated with each cell population (Fig. 2E). The
distribution of cell types differed between TMJOA and control groups (Fig. 2D). Subsequently, we
assessed the fold-change differences across cell populations between the OA and NC groups and
performed a comparative analysis of cell type proportions (Fig. 2F). Notably, monocytes, macrophages,
erythrocytes, and T cells were enriched in the OA group relative to the NC group (P < 0.05, Fig. 2G).

To investigate intercellular communication and infer the interactions between different cell types, we
conducted an intercellular communication analysis across 13 cell types, with the results presented in a
cell interaction network diagram (Fig. S2A, B, C and D). The analysis revealed that fibroblasts and
osteoblasts exhibited close communication in both groups. Additionally, erythrocyte communication was
observed in the OA group, a phenomenon absent in the NC group. Further analysis demonstrated that
intercellular communication was more prominent in the OA group compared to the NC group, with a
significant increase in both the strength and frequency of communication between chondrocytes and
fibroblasts as well as macrophages.

The cell-cell communication heatmap revealed that, in the NC group, intercellular interactions were
relatively sparse and limited to a few specific cell types. Notable signaling was primarily observed
between fibroblasts and immune cells such as macrophages and monocytes, while chondrocytes
exhibited minimal interaction with other populations. In contrast, the OA group showed a marked
increase in the overall number of intercellular interactions, with more extensive and tightly connected
signaling networks among diverse cell types. Interactions involving fibroblasts, macrophages,
monocytes and BMECs were particularly intensified. Furthermore, inflammatory cells, including
macrophages, monocytes and T cells, demonstrated enhanced communication with chondrocytes and
osteoblasts (Fig. 2H and I). These findings suggest that the OA microenvironment is characterized by
significantly elevated intercellular communication, especially involving immune-related cell populations.

Heterogeneity analysis of TMJ chondrocyte subsets

We subsequently focused on the chondrocyte population, which was further subdivided into three
distinct subtypes: Chondrocyte 1 (Bglap, LOC120102105, ENSRNOG00000063301 and
AABR07060872.1), Chondrocyte 2 (Col5a1, Aebp1, Col15a1 and Prelp) and Chondrocyte 3 (S100a9,
CAMP, Lcn2 and Ngp, Fig. 3A and B). A corresponding bar chart revealed that Chondrocyte 1 was more
prevalent in the NC group, whereas Chondrocyte 3 was enriched in the OA group (Fig. 3C). To explore the
specific biological functions of each subset, we next investigated the functional pathways of each
chondrocyte subset.
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GO enrichment analysis revealed that the differentially expressed genes (DEGs) associated with
Chondrocyte 1 were predominantly enriched for terms related to protein folding, cellular respiration,
ribosomes, mitochondrial protein complexes and ribosomal structural components (Fig. S3A). KEGG
pathway analysis showed significant enrichment in pathways including Parkinson’s disease, prion
disease, amyotrophic lateral sclerosis, oxidative phosphorylation, and Huntington’s disease-highlighting
a strong association with mitochondrial function (Fig. S3B).

GO enrichment analysis showed that the DEGs in Chondrocyte 2 were mainly associated with key
biological processes such as mRNA processing, RNA splicing, ribonucleoprotein complex biogenesis,
proteasome-mediated ubiquitin-dependent protein catabolic process, and the establishment of protein
localization to organelles-reflecting active involvement in gene regulation, protein synthesis, trafficking,
and degradation (Fig. S3C). KEGG pathway analysis revealed significant enrichment in pathways related
to neurodegenerative diseases, including Parkinson’s disease, Huntington’s disease, prion disease,
protein processing in the endoplasmic reticulum, and amyotrophic lateral sclerosis. These findings
suggest that Chondrocyte 2 may contribute to TMJOA pathogenesis through mechanisms involving
impaired proteostasis and cellular stress responses (Fig. S3D).

GO enrichment analysis revealed that the DEGs in Chondrocyte 3 were significantly associated with key
biological processes such as RNA splicing, mRNA processing, protein folding, proteasome complex
formation, mitochondrial protein complex assembly, and translational regulation (Fig. S3E). These
pathways are central to gene expression control, protein processing, and degradation. KEGG pathway
analysis highlighted enrichment in several neurodegeneration-related pathways, including Parkinson’s
disease, Huntington's disease, prion disease, Alzheimer’s disease, and amyotrophic lateral sclerosis.
These pathways are closely linked to impaired protein homeostasis and cellular stress responses (Fig.
S3F). Collectively, these findings suggest that Chondrocyte 3 may play a role in TMJOA by contributing to
protein quality control and cellular homeostasis.

Chondrocyte 3 displayed enhanced enrichment in distinct pathways in both the OA and NC groups,
notably including “glycerol transport from adipocytes to the liver via aquaporins,” “synthesis of hepoxilins
(HX) and trioxilins (TrX)"” and the “fatty acid cycling model” (Fig. 3D). GO and KEGG enrichment analyses
of DEGs across Chondrocyte subsets 1, 2 and 3 revealed significant overlap in pathways associated with
mitochondrial function, such as “mitochondrial protein-containing complex” (G0:0098798), as well as
neurodegeneration-related KEGG pathways including “Parkinson’s disease,” “Prion disease” and
“Huntington’s disease.” These findings suggest that mitochondrial dysfunction and dysregulated
neurodegenerative signaling may contribute to the pathogenesis of TMJOA, potentially affecting
chondrocyte metabolism and stress responses. The involvement of these pathways indicates a possible

mechanistic convergence between TMJOA and neurodegenerative disorders.

Dissecting the interactions among condylar chondrocyte subsets will help elucidate the mechanisms by
which chondrocytes contribute to the pathogenesis of TMJOA. Intercellular communication analysis was
performed among the three chondrocyte subsets. Compared to the NC group, the OA group showed a
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decrease in both the number and strength of interactions between Chondrocyte 3 and Chondrocyte 2,
while interactions between Chondrocyte 2 and Chondrocyte 1 were markedly increased (Fig. 3E and F).
In the NC group, communication was relatively sparse, predominantly occurring between Chondrocyte 2
and Chondrocyte 3, with Chondrocyte 1 exhibiting limited interactions. In contrast, the OA group
exhibited enhanced overall intercellular communication, particularly between Chondrocyte 2 and
Chondrocyte 3 and Chondrocyte 1 also became more actively involved (Fig. S2E, F, G and H).

Bubble plots illustrated the predicted ligand—receptor interactions among all identified cell subsets. In
the NC group, the predominant signaling event among chondrocyte subsets involved the interaction
between Pleiotrophin (Ptn) and its receptor Syndecan-4 (Sdc4), with Chondrocyte 3 acting as the sender
and Chondrocyte 2 as the receiver (Fig. S3G). A similar communication pattern was observed in the OA
group, where Ptn released by Chondrocyte 3 continued to signal through Sdc4 on Chondrocyte 2 (Fig.
S3H). Notably, an additional ligand—receptor pair emerged in the OA group: Chondrocyte 1 secreted
Secreted Phosphoprotein 1 (SPP1), which interacted with Integrin receptors ltgav and ltgb1 expressed
on Chondrocyte 2. This finding highlights an OA-specific enhancement of intercellular signaling between
chondrocyte subsets.

Next, to investigate the lineage trajectories of condylar chondrocyte subsets, we performed pseudotime
analysis to depict the dynamic changes in cellular composition during the progression from the healthy
state to TMJOA. In the pseudotime analysis of chondrocyte subsets, chondrocytes differentiated from
right to left along the trajectory (Fig. 3G), passing through five distinct differentiation states (Fig. S3H).
Chondrocyte 2 was positioned at the early phase of the trajectory, suggesting it may represent an initial
state of chondrocytes. Chondrocyte 1 occupied an intermediate position, indicating a transitional phase.
In contrast, Chondrocyte 3 was primarily located at the terminal end of the trajectory (Fig. 31), suggesting
it may represent a more mature or functionally specialized chondrocyte state, which aligns with the
observed increase in Chondrocyte 3 in the OA group.

Our analysis revealed that Chondrocyte 3 was positioned at the terminal end of the pseudotime
trajectory, with a significantly increased proportion in the TMJOA group. These cells expressed Ptn, a
factor associated with inflammation and tissue remodeling. Based on these findings, we classified
Chondrocyte 3 as InfCs. In contrast, Chondrocyte 2 was located at the early stage of the pseudotime
trajectory, suggesting that it represents an early inflammatory response phenotype. Under inflammatory
conditions, the communication strength of Chondrocyte 2 gradually declined, indicating a potential loss
of homeostatic regulatory function and a transition toward the Chondrocyte 3 phenotype. We therefore
designated this subset as prelnfCs. Conversely, Chondrocyte 1 was predominantly located at the
intermediate stage of the pseudotime trajectory, potentially representing homeostatic or healthy
chondrocytes. In the OA group, the proportion of Chondrocyte 1 was reduced, indicating that
inflammation disrupted the maintenance of chondrocyte homeostasis. Moreover, Chondrocyte 1 was
associated with SPP1, suggesting its involvement in chondrocyt-subchondral bone interactions and its
potential role in repair. Accordingly, we defined this subset as HomCs.
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Re-clustering and pseudotime analysis of HomCs, prelnfCs
and InfCs

To gain a more refined understanding of cellular heterogeneity and delineate distinct functional states,
we performed reclustering of the chondrocyte subsets. Based on the expression of key marker genes,
HomCs were further subdivided into three distinct subsets. HomCs-1 (red) and HomCs-2 (green)
occupied two major regions of the UMAP space, while HomCs-3 (blue) formed a small, separate cluster,
indicating a unique transcriptional identity (Fig. 4A). Bubble plot analysis highlighted marked differences
in gene expression among the subsets—for example, Cd74 and Lyz2 were enriched in HomCs-2, while
Comp and Cdkn1c were predominantly expressed in HomCs-1 (Fig. 4B). HomCs-3 exhibited a distinct
transcriptional profile, further supporting its classification as a functionally specialized subset.
Pseudotime analysis revealed that HomCs undergo a continuum of transitional states during
differentiation (Fig. S4A). The annotated branch points (nodes 1 and 2) likely represent critical stages or
transitional checkpoints along the differentiation trajectory. The HomC subsets progressed from right to
left along the pseudotime axis and were classified into five distinct differentiation states (Fig. S4B), with
HomCs-3 positioned at the terminal end of the trajectory (Fig. 4C), suggesting a more differentiated or
specialized phenotype.

Next, prelnfCs were further classified into four distinct subclusters based on key gene expression
profiles. Among them, prelnfCs-1 (red) and prelnfCs-2 (green) were primarily distributed in two major
regions of the UMAP space, whereas prelnfCs-3 (blue) and prelnfCs-4 (purple) were less abundant and
localized to two smaller regions (Fig. 4D). Bubble plot analysis demonstrated marked differences in gene
expression among these subsets (Fig. 4E). For instance, Col10a1 and Myl3 were highly expressed in
prelnfCs-1, while F13a1 and Defa5 were more prominent in prelnfCs-2. Tmem255b and Clip2 exhibited
specific expression patterns in prelnfCs-3, and Ramp1 and Enho showed distinct expression in prelnfCs-
4. These transcriptional differences highlight the functional and phenotypic heterogeneity within the
prelnfCs subsets. Pseudotime analysis demonstrated a continuous progression of cellular states within
the preInfCs subsets. Three key branching points (nodes 1, 2, and 3) likely represent critical transitions
during differentiation (Fig. S4C). The trajectory revealed seven distinct differentiation states, with
prelnfCs-1 and prelnfCs-2 predominantly located at the early stages, while prelnfCs-3 and prelnfCs-4
occupied terminal positions, suggesting a more advanced or specialized cell state (Fig. S4D).

Finally, to examine the expression changes of biomarkers during the transition of InfCs, we classified the
InfCs subsets based on the expression of S100a9 and CAMP. The re-clustered and dimensionally
reduced InfCs were categorized into two distinct subgroups: S100a9*CAMP* InfCs and S100a9-CAMP-
InfCs, with the majority falling into the S100a9+CAMP+ InfCs group (Fig. 4G). The bubble plot
demonstrates the gene expression profiles of the different InfCs subsets, revealing that S100a9 and
CAMP show notably higher average expression levels in the S100a9*CAMP* InfCs group (Fig. 4H).
Pseudotime analysis revealed that InfCs differentiated from right to left over time, undergoing a
continuous series of state transitions. The annotated key nodes (1, 2, 3, 4) likely represent critical
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differentiation stages or transition points (Fig. S4E). Nine distinct differentiation states were observed
within the InfCs (Fig. S4F). The S100a9+*CAMP* InfCs are located at the end of the pseudotime trajectory,
potentially representing chondrocytes in a highly inflammatory state, while the S100a9-CAMP- InfCs
appear at earlier differentiation stages or in cell populations with lower inflammatory levels (Fig. 41).

Characterisation of InfCs

We identified that gene expression in the InfCs subset was predominantly enriched in inflammation-
related processes, including fatty acid cycling and the biosynthesis of HX and TrX. The proportion of
InfCs was markedly increased in the OA group. Notably, S100a9+CAMP* InfCs represented the dominant
subset and were positioned at the terminal stage of the inflammatory trajectory. To validate the
expression of the InfC marker genes identified by scRNA-seq, we assessed S100a9 and CAMP
expression in condylar cartilage tissues. WB analysis showed significantly elevated protein levels of the
inflammatory markers ADAMTSS, IL-13, and MMP13 in the OA group compared to the NC group, along
with marked upregulation of S100a9 and CAMP (P < 0.01, Fig. 5A and B). These findings were further
supported by qRT-PCR, which revealed increased mRNA expression of ADAMTSS, IL-13, and MMP13 in
the OA group, whereas expression of the cartilage matrix gene COL2A1 was significantly reduced.
S100a9 and CAMP transcripts were also significantly upregulated, consistent with the protein-level
results (P < 0.05, Fig. 5C).

To validate the presence and spatial distribution of InfCs in cartilage tissue, we conducted IHC staining
for S100a9 and CAMP in condylar cartilage from OA and NC rats. A marked increase in the expression of
both markers was observed in chondrocytes from the OA group compared to the NC group (P < 0.001,
Fig. 5D and F). Notably, S100a9 and CAMP were primarily localized to the pre-hypertrophic and
hypertrophic layers of the cartilage, suggesting that InfCs were mainly distributed within these specific
zones of the cartilage structure.

Further IF co-staining assay demonstrated that S100a9 and CAMP were primarily localized in the pre-
hypertrophic and hypertrophic zones of condylar cartilage in the OA group, consistent with the spatial
distribution observed in the IHC analysis (Fig. 5E). A closer examination of these zones revealed
markedly increased fluorescence intensity and broader distribution of both markers in OA cartilage
compared to the NC group (P < 0.01, Fig. 5G). Notably, S100a9 and CAMP exhibited strong co-
expression, further supporting the presence of a distinct inflammatory chondrocyte population within
these cartilage layers.

Discussion

Chondrocyte heterogeneity is increasingly recognized as a key contributor to the onset and progression
of osteoarthritis[14,19]. However, the cellular composition and functional diversity of chondrocytes in
TMJOA remain poorly defined. In this study, we employed single-cell transcriptomic profiling to construct
a comprehensive cellular atlas of the condylar cartilage and identified three transcriptionally distinct
chondrocyte subsets: HomCs, prelnfCs and InfCs. Among these, the InfC subset, characterized by
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elevated expression of S100a9 and CAMP, was predominantly enriched in the OA group and localized to
the pre-hypertrophic and hypertrophic zones of the cartilage. This spatial distribution and transcriptional
profile suggest that InfCs are actively involved in inflammation-driven cartilage degradation. Our findings
highlight the functional specialization of chondrocyte subsets in TMJOA and uncover previously
unrecognized molecular features, which may contribute to understanding disease pathogenesis.

Our study identified 13 distinct cell types within the TMJ condyle of SD rats. In the OA group, the
proportions of immune cells including monocytes, macrophages, erythrocytes and T cells increased,
whereas the proportion of chondrocytes decreased. This shift may reflect immune cell involvement in
chondrocyte damage or apoptosis triggered by inflammatory conditions. Macrophages play a pivotal
role in the progression of OA by secreting pro-inflammatory cytokines such as IL-18 and tumor necrosis
factor-a (TNF-a), which disrupt chondrocyte metabolic homeostasis, leading to cartilage matrix
degradation and cellular damage. Similarly, Li et al. reported that during OA-associated inflammation,
classically activated macrophages (M1 macrophages) become activated and secrete high levels of pro-
inflammatory cytokines such as IL-18, IL-6 and TNF-a. These cytokines stimulate the expression of
MMPs, thereby accelerating cartilage degradation[25]. These studies suggest that immune cells,
particularly macrophages, contribute to OA progression by promoting chondrocyte damage and cartilage
degradation. Cell-cell communication analysis revealed markedly enhanced interactions among
fibroblasts, macrophages and chondrocytes under inflammatory conditions. Consistent with this, Xie et
al. reported that in knee OA, M1 macrophages enhance MMP secretion through interactions with
synovial fibroblasts and chondrocytes, thereby contributing to subchondral bone remodeling, sustaining
the inflammatory microenvironment and promoting disease progression[26]. Our findings support the
notion that chondrocytes interact with multiple cell types, thereby contributing to the progression of
TMJOA.

Accumulating evidence indicates that chondrocyte heterogeneity plays a critical role in the onset and
progression of OA[27]. Sebastian et al. identified nine chondrocyte subsets with distinct molecular
signatures in a murine model of traumatic OA[28]. Several of these subsets were enriched in
inflammatory and catabolic pathways, underscoring their regulatory roles in inflammation and
highlighting dynamic transcriptional changes during the early stages of OA. Ji et al. identified seven
distinct chondrocyte subsets in human knee osteoarthritic cartilage and proposed a potential transition
among proliferative, prehypertrophic and hypertrophic states, suggesting lineage plasticity under
inflammatory conditions[29]. Recently, Fan et al. identified nine previously characterized chondrocyte
subsets and two novel populations in human knee OA cartilage: prelnfCs and InfCs. Both populations
exhibited elevated inflammatory scores, and their upregulated genes were strongly associated with OA
progression[17].

TMJOA exhibits a distinct chondrocyte subset profile compared to knee OA, likely due to the joint’s
unique anatomical structure and biomechanical function. Zhu et al. employed single-cell RNA
sequencing to characterize the cellular and transcriptional landscapes of the condylar cartilage in 3- to 4-
month-old human embryos. Their findings revealed distinct cell subsets and gene expression profiles
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compared to those observed in the knee joint[30]. Additionally, Zhang et al. explored neurovascular
interactions within human condylar cartilage and highlighted the contribution of neurovascular invasion
to the progression of TMJOA[31]. In our study, we identified three distinct chondrocyte subsets in the
TMJOA condyle: HomCs, prelnfCs and InfCs, underscoring the cellular heterogeneity within the condylar
cartilage. HomCs exhibit features characteristic of healthy chondrocytes. PreIlnfCs progressively lose
their homeostatic regulatory capacity and transition toward an InfC-like inflammatory phenotype. InfCs,
in contrast, display a highly activated inflammatory state and secrete pro-inflammatory mediators.

Cartilage metabolism, including both anabolic and catabolic processes, is essential for maintaining
tissue homeostasis and enabling self-repair[32]. As OA progresses, cellular metabolism undergoes
profound alterations, including mitochondrial dysfunction and diminished oxidative phosphorylation
capacity. These metabolic impairments hinder extracellular matrix synthesis and attenuate anabolic
activity. Yang et al. reported that mitochondrial oxidative phosphorylation is suppressed in inflammatory
C28/12 chondrocytes, leading to enhanced fatty acid oxidation and increased reactive oxygen species
(ROS) production. This metabolic shift activates the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) signaling pathway, thereby inducing ADAMTS4 overexpression, a key
contributor to cartilage degradation in OA[33]. In this study, we found that InfCs exhibit active metabolic
processes involving the synthesis of HX and TrX, as well as fatty acid transport, all of which are closely
associated with mitochondrial metabolism. These findings suggest that this subset plays a critical role
in energy supply. Alterations in fatty acid metabolism and mitochondrial function may promote ROS
production and activate downstream inflammatory signaling pathways, thereby contributing to cartilage
matrix degradation and the progression of TMJOA.

Further analysis revealed that the InfC subset exhibited marked upregulation of S100a9 and CAMP, with
both genes predominantly localized to the pre-hypertrophic and hypertrophic zones of the condylar
cartilage in the TMJOA group. S100a9, a member of the S100 calcium-binding protein family, has been
widely implicated in osteoarthritis pathogenesis due to its pro-inflammatory and catabolic roles[34]. It
activates NF-kB and p38 mitogen-activated protein kinase (p38 MAPK) signaling pathways, thereby
promoting the production of inflammatory cytokines such as IL-18 and TNF-a and accelerating cartilage
degradation[35,36]. Elevated S100a9 expression has been reported in the synovial tissue, cartilage and
peripheral blood of OA patients, supporting its potential as an early diagnostic biomarker[37-39]. CAMP,
initially identified as an antimicrobial peptide, has recently been recognized for its dual functions in OA
pathophysiology[40]. It suppresses ROS and TNF-a expression through gene methylation, while
simultaneously promoting transforming growth factor-g (TGF-B) expression and contributing to
chondrocyte apoptosis and matrix remodeling[41]. However, the precise regulatory role of CAMP
remains incompletely understood and may vary depending on the inflammatory microenvironment.

Collectively, our findings suggest that S100a9+*CAMP+* InfCs represent a distinct inflammation-
associated chondrocyte subset that emerges under inflammatory stress in TMJOA. Their enrichment in
late-stage differentiation zones and strong pro-inflammatory transcriptional profile imply that they may
drive terminal chondrocyte differentiation and matrix mineralization, thereby facilitating cartilage
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degeneration. These cells may reflect a transitional state from homeostasis to degeneration and
represent a TMJOA-specific inflammatory response, providing new insights into disease progression and
potential therapeutic targets.

Conclusion

In conclusion, this study identifies three distinct chondrocyte subsets in TMJOA: HomCs, prelnfCs and
InfCs, highlighting the cellular heterogeneity of condylar chondrocytes in TMJOA. The InfC subset,
characterized by co-expression of S100a9 and CAMP, is localized to the prehypertrophic and
hypertrophic layers of the condylar cartilage and appears to play a key role in the progression of TMJOA.
We hypothesize that the S100a9+CAMP* InfCs subset plays a critical role in the transition of condylar
chondrocytes from a healthy to a pathological state under inflammatory conditions. This finding
provides a foundation for deeper insights into the pathogenesis of TMJOA and supports the
development of precision therapeutic strategies. This study provides novel insights into the
pathogenesis of TMJOA, but the specific functional roles of S100a9 and CAMP remain to be fully
elucidated. Future studies are needed to investigate the functional role of S100a9*CAMP* InfCs and their
regulatory mechanisms in the progression of TMJOA.
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TMJOA Temporomandibular joint osteoarthritis
MCC Mandibular condylar cartilage
ScRNA-seq  Single-cell RNA sequencing

HomCs Homeostatic chondrocytes

prelnfCs Pre-inflammatory chondrocytes

InfCs Inflammatory chondrocytes

CFA Complete Freund's adjuvant

SD Sprague-Dawley

S100a9 S100 calcium-binding protein a9

CAMP Cathelicidin antimicrobial peptide

OARSI Osteoarthritis Research Society International
MMP13 Matrix metalloprotein13

IL-1B Interleukin-13

COL2 Collagen Type I

UMAP Uniform manifold approximation and projection

ADAMTS5 A disintegrin and metalloproteinase with thrombospondin motifs 5

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

DEGs Differentially expressed genes

TNF-a Tumor necrosis factor-a
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Figure 1

TMJ OA-like defects in CFA intra-articular injection rats. (A) Representative photographs taken ten days
after rats received the first saline injection (NC group) or CFA injection (OA group), along with
corresponding differences in head widths. Marked swelling was observed in the TMJ region ten days
after CFA injection. (B) Micro-CT of live images of a sagittal view of the mandibular condyle. Scale bar: 1
mm. (C) Schematic illustration of the three selected regions (anterior, middle and posterior, labeled as A,
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M, and P in the image) on the sagittal section of the mandibular condyle. (D-G) Quantification analysis of
microarchitecture parameters of the subchondral bone. BV/TV, bone volume/total volume; Tb.Th,
Trabecular Thickness; Th.N, Trabecular Number; Tb.Sp, Trabecular Separation; 1/mm, 1 trabecular
number per mm region. (H) H&E staining of sagittal TMJ sections. Scale bar: 200 pm (upper), 100 pm
(lower). (1) Safranin O—Fast Green staining of sagittal TMJ sections. Scale bar: 100 ym. (J and K)
Quantification of Osteoarthritis Research Society International (OARSI) score and modified Mankin score
in TMJs. (L and M) Immunohistochemical results of S100a9, CAMP, IL-18, MMP13, ADAMTSS5 and
COL2A1 in the NC and OA groups of rats. Data are represented as mean+SEM calculated by Student’s t
test. n =2 3rats, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2

Single-cell landscape of rat condylar tissue. (A) Study flow diagram. (B) Initial unsupervised clustering
identified distinct cell clusters in rat condylar tissue, n = 53,428 cells. (C and D) Uniform manifold
approximation and projection (UMAP) plot representation of major cell types in rat condylar tissue. (E)
Bubble plots of the expression levels of marker genes in different cell types. (F and G) Relative
proportional change in total cell numbers between the OA group and the NC group for all clusters shown
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in (D). (H and I) Heatmap of the number of intercellular communications among different cell types in
the NC (H) and OA (l) groups.
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Figure 3

Heterogeneity analysis of chondrocytes. (A) UMAP plot showing the distribution of chondrocyte subsets
in rat condylar tissue. (B) Bubble plots of the expression levels of marker genes in different chondrocyte
subsets. (C) Relative proportional change in total cell numbers of all chondrocyte subsets between the
OA and NC groups. (D) Heatmap showing enriched pathways of different chondrocyte subsets in the NC
and OA groups. (E and F) Heatmap illustrating intercellular communication counts among different
chondrocyte subsets in the NC (E) and OA (F) groups. (G) Pseudotime trajectory colored in a gradient
from dark to light blue, indicating a progression from right to left. The annotated key nodes (1 and 2) may
represent critical differentiation stages or state transition points.(H) The pseudotime trajectory is shown
coloured by different cell states. (I) Pseudotime trajectory showing the positions of three chondrocyte
subsets during cellular progression.
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Figure 4

Re-clustering analysis of chondrocyte subsets. (A) The visualisation of the subset of HomCs using
UMAP projections, that is, HomCs-1 (red), HomCs-2 (green) and HomCs-3 (blue). (B) Bubble plot
illustrating the expression of marker genes in individual subsets of HomCs. (C) Pseudotime trajectory
showing the positions of three HomCs subsets during cellular progression. (D) The visualisation of the
subset of PreInfCs using UMAP projections, that is, PrelnfCs-1 (red), PrelnfCs-2 (green), PrelnfCs-3 (blue)
and PreInfCs-4 (purple). (E) Bubble plot illustrating the expression of marker genes in individual subsets
of PreInfCs. (F) Pseudotime trajectory showing the positions of four PrelnfCs subsets during cellular
progression. (G) The visualisation of the subset of InfCs using UMAP projections, that is, S100a9”"CAMP"
InfCs (red) and S100a9"CAMP”InfCs (blue). (H) Bubble plot illustrating the expression of marker genes in
individual subsets of InfCs. (I) Pseudotime trajectory showing the positions of two InfCs subsets during
cellular progression.

Page 28/30



A NC OA B
1.5 = Ne
S100a9 - — 3 ¥ = OA
=10 "_‘: bcaid 2 o
2| A = T h.
CAMP | -— & 3
" I I | i
H - .
L5 | — I 11 f
$100a9 CAMP L1 MMP13 ADAMTSS COL2A1
MMP13 | S — O

* = NC
ADAMTSSW e B = o
_ 2 o 2 o
COL2AT | M. S— -
1
GAPDH | M- S— ﬂ ﬂ ﬂ ﬂ ﬂ ﬂﬂ
CAIMP IL-IIB MM‘P13 ADA;IITS5 Col’2a1

Relative mRNA level

NC OA
D

S$100a9

100urh 100pm

CAMP

100um 100pm

Merge

Merge Merge

g 200
g = NC 010
3 = oA £ = NC
@ 150 = 08 = OA
% o
et 2 06
T 100 2
L %
‘é. g 04
@ 50 e
H £ 02
H K]
2 0.0
$100a9 CAMP $100a9 CAMP

Figure 5

Elevated expression and immunolocalization of disease-associated molecules in TMJ articular
cartilage. (A-C) Western blotting results and mRNA levels of S100a9, CAMP, IL-1B8, MMP13, ADAMTS5
and COL2A1 in the NC and OA groups of rats. (D and F) Immunohistochemical results of S100a9 and
CAMP in the NC and OA groups of rats. Scale bar: 100 pm. (E) Immunofluorescence staining of S100a9
and CAMP in condylar tissues from the NC and OA groups of rats. White scale bar: 100 pm; yellow scale
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bar: 50 um. (G) Positive cell rates in fluorescence staining of the NC and OA groups. Data are
represented as meant+SEM calculated by Student’s t test. n = 3 rats, *P < 0.05, **P < 0.01, ***P < 0.001,
****pP < 0.0001.
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