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Abstract 

Adaptive remodeling of retrodiscal tissue following anterior disc displacement 

(ADD) of the temporomandibular joint (TMJ) has been recognized for decades, yet the 

underlying cellular dynamics and molecular mechanisms remain unclear. Using a 

porcine ADD model, this study investigated the cellular and molecular basis driving 

retrodiscal tissue adaptation. Histological staining revealed adaptive remodeling of 

retrodiscal tissue after ADD induction, with dense connective tissue and cartilaginous 

masses replacing loose connective tissue. Furthermore, single-cell RNA sequencing 

(scRNA-seq) captured pronounced fibroblast expansion during tissue remodeling, 

notably the FB2 subcluster with high developmental potential, and the emergence of a 

mural cell subcluster MC4 associated with extracellular matrix (ECM) remodeling. 

CellChat analysis highlighted MC4-FB2 crosstalk via FGF2 and BMP5 signaling. The 

combination of pathway-aware multi-layered hierarchical network (P-NET) and Seurat 

with drug database screening identified five promising compounds. Among them, 

Zaprinast demonstrated the most robust effects by enhancing the remodeling capability 

of fibroblasts in vitro, and also alleviated TMJ deformation in vivo. Collectively, 

fibroblast activation is pivotal for early retrodiscal tissue adaptation following ADD, 

which is driven by MC4-derived FGF2/BMP5 signaling. Zaprinast treatment 

potentiates this remodeling process. These findings provide new insights into cellular 

basis of TMJ adaptation and identify potential therapeutic targets for ADD management. 
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Introduction 

Anterior disc displacement (ADD) of the temporomandibular joint is the most 

common subtype of temporomandibular disorders (TMD), characterized by the forward 

shifting of the disc from its normal position (1, 2). Studies have reported the association 

between ADD and the development of osteoarthrosis (OA) (3). Magnetic resonance 

imaging (MRI) findings in ADD patients revealed joint effusion and degenerative 

changes including bone erosion, grinding and osteophyte formation (4). However, 

clinical observations indicate that some ADD patients remain asymptomatic or only 

exhibit transient symptoms, with many remaining long-term temporomandibular joint 

(TMJ) stability (5). Variations in clinical outcomes suggest that individuals have 

differential adaptive capacities in response to traumatic intra-articular movements, 

which are closely related to the response of the retrodiscal tissue. 

The retrodiscal tissue is attached posterior to the articular disc. It is mainly composed 

of loose connective tissue, richly vascularized, and covered by synovial tissue (6). 

Compared to the disc, its load-bearing capacity is much weaker (7). Following ADD, 

part of the retrodiscal tissue is positioned above the condyle and subjected to abnormal 

stress. Under this condition, the retrodiscal tissue may undergo two distinct types of 

changes. One is destructive, characterized by degenerative changes involving the 

breakdown of collagen or elastic fibers, often accompanied by inflammation. The 

retrodiscal tissue eventually becomes thinner or even perforated, resulting in persistent 

pain and dysfunction (8). The other is adaptive, including conversion of the loose 

connective tissue to dense connective tissue or even forming a fibrocartilage-like 
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structure capable of bearing abnormal loads (9, 10). When tissue remodeling is 

sufficient, the retrodiscal tissue may acquire structural similarities to the disc, thereby 

expanding the range of area that can withstood stress during condyle motion. Thus, 

some researchers have proposed that enhancing adaptive remodeling of retrodiscal 

tissue by eliminating unfavorable factors, therapeutic effect can be achieved even if the 

disc displacement is not resolved. 

Adaptive remodeling of the retrodiscal tissue has been recognized for decades. In a 

rat ADD model, the retrodiscal tissue progressively transformed into dense fibrous 

tissue with marked reduction in adipose content 8 weeks after ADD induction (9). Gu 

et al. (10) observed chondrocyte differentiation in the retrodiscal tissue by detecting 

type II collagen mRNA expression in a rabbit ADD model at 1 week, while typical 

cartilage tissue was apparent by 2 weeks. Longitudinal study of patients with ADD 

without reduction (ADDwoR) over a period of 4-8 years revealed pseudo-disc like 

changes in the retrodiscal tissue in 45% of patients (11). Histological examinations have 

also documented the presence of dense fibrous tissue containing scattered chondrocytes 

and increased glycosaminoglycan (GAG) content in some ADD patients (12, 13). 

Nevertheless, the cellular and molecular mechanisms driving this remodeling process 

remain poorly understood. 

Compared with rodents, porcine TMJ more closely resembles human TMJ in 

bilateral occlusion, translational movement, disc structure, and biomechanical function 

(14, 15). These characteristics make pigs particularly suitable for TMD research. 

Moreover, suture-induced ADD animal modeling fails to replicate human disease 
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progression, as the traction forces generated are inconsistent and difficult to control. In 

contrast, elastic traction allows quantifiable force adjustment and provides sustained 

force to produce stable and reproducible results (16). In this study, we established a 

porcine unilateral ADD (UADD) model using surgical intervention with a titanium 

spring, and performed single-cell RNA sequencing (scRNA-seq) analysis of TMJ disc 

and retrodiscal tissue 5 weeks post-ADD induction. We aimed to resolve the cellular 

heterogeneity in disc and retrodiscal tissue, and capture critical transcriptional changes 

and cellular drivers promoting adaptive remodeling of retrodiscal tissue. 
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Results 1 

ScRNA-seq resolves cell heterogeneity in porcine discs and retrodiscal tissues 2 

To understand the composition and molecular profiles of cells in different regions 3 

and pathological states, we profiled cells from the sham operation and UADD models 4 

using scRNA-seq. TMJ samples with sham operation were collected as SHAM group. 5 

In the UADD model, TMJ samples from the ADD induction side (ADD group) and the 6 

contralateral side (CADD group) were collected, respectively. The overall workflow of 7 

the sample dissociation and single-cell RNA sequencing is shown in Figure 1A. An 8 

unsupervised clustering algorithm partitioned the cells into 7 separated clusters 9 

(Supplemental Figure 1C), which were classified into five principal cell types: the 10 

endothelial cells (ECs), the fibroblasts (FBs), the mural cells (MCs), the immune cells 11 

(ICs) and the cells in cell cycle (Cycle) (Figure 1, B and C). Markers used to annotate 12 

each cell cluster are presented in Figure 1E (17, 18). The top 5 differentially expressed 13 

genes in each cluster were shown in Figure 1F. 14 

The distribution and proportion of cell clusters according to their origin were also 15 

evaluated. Stacked bar plots showed the proportion of the main cell types in disc and 16 

retrodiscal tissue (Figure 1D). Among major cell types, FBs and ECs composited the 17 

vast majority of cells. Unlike rodents, whose TMJ discs are mostly composed of 18 

fibroblasts, porcine discs contain a substantial vascular component. This is consistent 19 

with recent studies that the TMJ disc of higher-order species is in fact vascularized and 20 

exhibits higher angiogenic gene expression compared with knee meniscus (14, 17). 21 

 22 
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Adaptive remodeling occurs in retrodiscal tissues after ADD induction 23 

To define histological changes after ADD induction, we applied hematoxylin-eosin 24 

(H&E) staining and alcian blue staining. The disc from SHAM group was characterized 25 

by anterior-posterior fiber alignment in the intermediate zone, with spindle-shaped 26 

fibroblasts and round-shaped chondrocyte-like cells distributed in the dense connective 27 

tissue. However, the retrodiscal tissue from the SHAM group exhibited relatively loose 28 

and irregular connective tissue, with interspersed adipose tissue (Figure 1G). 29 

Furthermore, alcian blue staining was observed in discs, with the intermediate zone 30 

showing the strongest intensity. In contrast, the retrodiscal tissue appeared almost no 31 

alcian blue staining (Figure 1H). Different GAG contents in disc and retrodiscal tissue 32 

closely correlate with the mechanical demands they are subjected to (19). After ADD 33 

induction, small fissures were found among collagen fibers, with slightly reduced GAG 34 

content in the disc from ADD and CADD groups. These indicated weaken mechanical 35 

property of TMJ disc in both ADD and contralateral sides. In retrodiscal tissue from the 36 

ADD and CADD groups, part of the loose connective tissue and adipose tissue were 37 

replaced by dense connective tissue and accompanied by fibroblast proliferation. 38 

Concurrently, we found cartilaginous masses emerged in the retrodiscal tissue by alcian 39 

blue staining (Figure 1, G and H). Importantly, the condyle underneath didn’t exhibit 40 

overt degenerative changes after ADD induction (Supplemental Figure 2). Overall, 41 

these results revealed adaptive remodeling of the retrodiscal tissue on both ADD and 42 

CADD sides, with fibrosis and chondrogenesis as the main manifestations. 43 

We further investigated transcriptional changes in the disc and retrodiscal tissue 44 
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following ADD induction and captured changes in cell proportion of main cell types. 45 

Compared with the SHAM group, discs from ADD and CADD groups showed minor 46 

changes in main cell proportions, whereas retrodiscal tissues revealed remarkable 47 

changes, typically characterized by an increase in fibroblasts (Figure 1D). These 48 

findings suggest that the retrodiscal tissue is highly adaptive and sensitive to 49 

mechanical stress. Fibroblast proliferation in the retrodiscal tissue likely facilitates load 50 

bearing during joint movement. 51 

 52 

Identification of responsive FB subtypes participating in adaptive remodeling of 53 

the retrodiscal tissue 54 

As fibroblasts are known to play central roles in extracellular matrix (ECM) 55 

homeostasis and remodeling (20), we further investigated their composition in detail. 56 

Unsupervised clustering divided fibroblasts into six subclusters (FB1-FB6) (Figure 2, 57 

A and B). The differentially expressed genes (DEGs) (Figure 2D) and Gene Ontology 58 

(GO) enrichment analysis (Figure 2E) of each FB subclusters were utilized to define 59 

their identities. FB1 represented the predominant fibroblast population in both disc and 60 

retrodiscal tissue, but its proportion in the disc decreased markedly after ADD. FB1 61 

preferentially expressed PTN, supporting fibroblast proliferation and function (21). 62 

FB2 was distinguished by signature genes related to cholesterol metabolism (APOE) 63 

and ECM integrity (EFEMP1) (22, 23). GO analysis further revealed that FB2 was 64 

enriched in functions related to cell differentiation, wound healing and response to 65 

fibroblast growth factor. In the SHAM group, FB2 proportions were similar in both disc 66 
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and retrodiscal tissue. In contrast, FB2 showed a substantial increase in the retrodiscal 67 

tissue of ADD and CADD groups, indicating it is highly responsive and may play an 68 

active role in tissue remodeling. FB3 expressed COMP and FMOD, genes involved in 69 

collagen biosynthesis, ECM assembly and cartilage composition (24, 25). FB4 70 

displayed high expression of PRSS35 and ENSSSCG00000029449 (proteoglycan 4, 71 

PRG4), suggesting a role in cellular homeostasis under stress environment and 72 

lubrication (26, 27). Genes such as CD74 and PECAM1 were expressed by FB5, 73 

indicating its function in regulating cell migration and angiogenesis. FB6 accounted for 74 

a minor fraction of fibroblasts and was associated with epithelial junctions and muscle 75 

development (Figure 2, D and E). 76 

To better understand the function of porcine TMJ fibroblasts, we compared their 77 

transcriptomic profiles with murine TMJ disc fibroblasts at different postnatal stages 78 

(17). Correlation analysis demonstrated that porcine FB1 and FB2 are most similar to 79 

murine FB1 (fibroblast associated with fibrillogenesis and fibrillary homeostasis), 80 

whereas porcine FB3 resembles murine FB6 (chondrogenesis related fibroblast). 81 

However, correlation coefficients were generally low (approximately 0.2), highlighting 82 

substantial interspecies heterogeneity (Supplemental Figure 3). 83 

TMJ tissues undergo continuous ECM remodeling processes to maintain 84 

microenvironment homeostasis. Given the central role of fibroblasts in ECM 85 

organization, we investigated ECM expression patterns across FB subtypes. The dot 86 

plot shows dynamic ECM gene expressions among FB clusters (Figure 2F). The main 87 

constitutive collagen genes COL1A1 and COL1A2 were highly expressed in FB3 and 88 
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moderately expressed in FB1. A small proportion of FB3 also expressed fibrocartilage-89 

associated genes ACAN, CHAD and COMP, suggesting FB3 as a key subcluster 90 

contributing to ECM composition. In contrast, the remaining FB subclusters primarily 91 

modulated ECM formation and assembly. FB2 expressed non-fibrillar collagen gene 92 

COL4A2, which functions in connective tissue anchoring and basal lamina formation 93 

(28). FB4 regulated collagen fibrillogenesis and ECM assembly by LUM and FN1 94 

expressions (29). Meanwhile, FB5 and FB6 were enriched for secreted factors including 95 

EGFL7, S100A4 and SFRP1, BMP7, supporting roles in angiogenesis and 96 

myotendinous junction development (30, 31). 97 

We further used pseudotime trajectory analysis to predict differentiation states of FB 98 

clusters. The FB2 has optimal development potential (Supplemental Figure 4), and 99 

serves as progenitor cells which differentiate towards two directions, ECM producing 100 

FBs (FB1, FB3) and modulatory FBs (FB4-6) (Figure 2, G-I). Studies have shown that 101 

EGF-like fibulin extracellular matrix protein 1 (EFEMP1) plays a role in maintaining 102 

the immature status of cells in the cartilage superficial zone, while apolipoprotein E 103 

(APOE) is identified as a marker of chondrocytes in the resting zone of growth plate 104 

(23, 32). These findings enlighten us again that FB2 is highly responsive during 105 

adaptive remodeling. Additionally, results from immunofluorescence staining are 106 

consistent with our bioinformatic analyses. APOE positive cells significantly increased 107 

and presented higher proliferative properties within the retrodiscal tissue from ADD 108 

and CADD groups compared with SHAM group (Figure 2, J and K, Supplemental 109 

Figure 5). 110 
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Additionally, we analyzed gene expression changes between the experimental 111 

(ADD+CADD) RT group and SHAM RT group. Compared with the SHAM group, 112 

fibroblasts from experimental group showed alteration in genes related to ECM 113 

organization and turnover (COL3A1, WISP2, COMP, FMOD and CST3) (33, 34). 114 

Concurrently, genes associated with fibroblast proliferation and apoptosis (BTG2 and 115 

IFI6) were also differentially expressed (Supplemental Figure 6A) (35, 36).  116 

Specifically, fibroblasts from CADD RT group were characterized by ECM 117 

remodeling related genes (COL3A1, COL11A1 and FMOD), indicating enhanced ECM 118 

synthesis and reorganization. Fibroblasts from ADD RT group exhibited a stress-119 

activated profile (CCL2, CCL19 and SOD2) (37), suggesting injury-induced 120 

inflammation and compensatory repair processes. In contrast, fibroblasts from SHAM 121 

RT group predominantly expressed genes involved in maintaining ECM homeostasis 122 

and progenitor cell recruitment (CXCL12, CST3 and COMP) (Supplemental Figure 6B) 123 

(34, 38). 124 

Collectively, these findings support a transcriptional shift toward an activated, 125 

ECM‑remodeling related fibroblast phenotype following ADD. 126 

 127 

A specific ECM-related mural cell subcluster emerges in retrodiscal tissue after 128 

ADD induction 129 

Mural cells are essential components of blood vessels, which attach to the surface of 130 

vascular endothelial cells and maintain vasculature stability (39). Some studies have 131 

also suggested their pivotal roles in fibrosis (40). Among four MC subclusters, MC1, 132 
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MC3 and MC4 displayed high expression of ACTA2, CNN1 and MYH11, indicating a 133 

smooth muscle cell (SMC) identity, while MC2 was identified as pericytes by its high 134 

expression of HIGD1B, RGS5 and NUDUFA4L2 (Supplemental Figure 7, A and B). We 135 

further defined MC1 as typical SMC due to its high expression of MYH11 and ACTA2. 136 

MC3 was named as immune-related SMC with its expression of CD74, while MC4 was 137 

considered as ECM-related SMC owing to its specific expression of DCN, COL1A1 138 

and COL1A2 and its biological association with ECM organization (Figure 3, D and E). 139 

Interestingly, MC4 was nearly absent in the retrodiscal tissue from SHAM group but 140 

increased in ADD and CADD groups (Figure 3C). Pseudotime trajectory analysis 141 

revealed that MC4 differentiated from pericyte (MC2), and pericyte could also 142 

differentiate into typical SMC (MC1) and immune-related SMC (MC3) (Supplemental 143 

Figure 7, C and D). The absence of MC4 in retrodiscal tissue from SHAM group, and 144 

presence of the MC4 in retrodiscal tissue from ADD and CADD groups were further 145 

confirmed using immunofluorescence staining (Figure 3F). 146 

We further evaluated subtle transcriptional changes in other cell clusters after the 147 

onset of ADD. Four EC subclusters were identified as vein ECs, capillary ECs, artery 148 

ECs and lymphatic ECs (Supplemental Figure 8A). The capillary ECs with high 149 

angiogenesis potential decreased in retrodiscal tissue of the ADD and CADD groups, 150 

suggesting inhibited angiogenesis during tissue remodeling (Supplemental Figure 8B) 151 

(41). With regard to immune cells, they were more abundant and diverse in the 152 

retrodiscal tissue than the disc, indicating that the retrodiscal tissue may be more 153 

immunologically active. The percentages of macrophages and neutrophils increased in 154 
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retrodiscal tissue after ADD (Supplemental Figure 8, C and D). 155 

 156 

Putative signaling network for the intercellular crosstalk regulating adaptive 157 

remodeling of the retrodiscal tissue 158 

To probe differences in cell-cell communication between SHAM RT and ADD RT 159 

groups, as well as between SHAM RT and CADD RT groups, we employed 160 

comparative CellChat. A total of 13 cell clusters, including ECs, ICs, Cycle and 161 

subclusters of FBs and MCs were combined for analysis. Network centrality analysis 162 

was performed by computing the outgoing and incoming interaction strengths of each 163 

cell subpopulation to assess their likelihood as signaling sources and targets, 164 

respectively. In SHAM RT group, interactions between fibroblast subclusters (mainly 165 

FB1 and FB3) and other cells were most intense. In contrast, the newly emerged MC4 166 

subcluster showed drastically increased interactions with other cells after ADD 167 

(Supplemental Figure 9B). We further compared the information flow, defined by the 168 

sum of communication probability among all pairs of cell groups in the inferred 169 

network (Supplemental Figure 9C). Pathways including MK, PERIOSTIN, FGF, BMP, 170 

TWEAK, SPP1, IL6 and MIF were exclusively active in both ADD RT and CADD RT 171 

groups, indicating enhanced cell proliferation, migration and differentiation (42-47). 172 

Other pathways such as GAS, PDGF and VISFATIN revealed decreased information 173 

flow after ADD induction, which are known to be associated with fibroblast inhibition, 174 

vascular development and inflammatory responses (48-50). 175 

Next, we investigated the candidate pathways underlying the changes in cellular 176 
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compositions and tissue features after ADD induction. The newly emerging MC4 177 

cluster exhibited extensive potential for both self- and reciprocal interactions in ADD 178 

RT and CADD RT groups, such as TGF-β, FGF and BMP pathways (Figure 4, A-D). 179 

We speculated that MC4 may be an important regulator of tissue remodeling. Active 180 

fibroblast-MC4 interactions were also found, particularly enriched in the FGF and BMP 181 

signaling (Figure 4, E and F). In ADD RT group, FGF signaling exhibited intensive 182 

exchanges between fibroblasts and mural cells, whereas the BMP signaling were mainly 183 

sent by MC4 and received by FB subclusters. In CADD RT group, MC4 presented as 184 

the only sender of FGF signaling, and all FB subclusters were considered as receivers. 185 

Notably, interaction between FB2 and MC4 via FGF signaling was particularly intense. 186 

BMP signaling was sent by MC1 and MC4, while received mainly by MC4, FB2 and 187 

FB3 (Figure 4, E and F). Specifically, the receptor-ligand signaling communication 188 

probabilities from MC4 to FBs showed that FGF2-FGFR1 and BMP5-189 

BMPRA1+BMPR2 are the major contributors in FGF signaling and BMP signaling, 190 

respectively (Supplemental Figure 10). Immunofluorescence staining demonstrated 191 

markedly increased expression of FGF2 and BMP5 in mural cells within the retrodiscal 192 

tissue of ADD and CADD groups (Supplemental Figure 11, Supplemental Figure 12), 193 

supporting the predicted signaling activity in vivo. 194 

In vitro functional experiments showed that TGF-β treatment markedly induced 195 

transformation of mural cells into MC4, as indicated by enhanced expressions of 196 

fibroblast (FN1, COL1A1 and DCN) and smooth muscle cell (ACTA2) markers (Figure 197 

4, G-J). Consistently, TGF-β induced transition of mural cells toward the MC4 198 
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phenotype resulted in elevated FGF2 and BMP5 levels (Figure 4J). In addition, 199 

conditioned medium from MC4 enhanced ECM deposition and chondrogenic marker 200 

expression in fibroblasts (Figure 4, K and L). Consistent with our in vitro findings, 201 

FGF2 and BMP5 treatment exhibited synergistic effects on enhancing ECM synthesis 202 

and chondrogenic differentiation of fibroblasts (Supplemental Figure 13). 203 

To reveal the underlying mechanism, we evaluated changes of classical pathways 204 

activated by FGF2 and BMP5, including the ERK1/2 and SMAD1/5/9 cascades. We 205 

observed the activation of ERK1/2 pathway as early as 6 hours after stimulation, 206 

followed by the activation of SMAD1/5/9 cascade about 24 hours after stimulation 207 

(Figure 4M). These results indicate that MC4 induces sequential activation of distinct 208 

pathways to orchestrate the phenotypic transition of fibroblasts. The early activation of 209 

ERK1/2 signaling likely drives fibroblast proliferation and ECM deposition, initiating 210 

retrodiscal tissue remodeling. As remodeling progresses, the SMAD1/5/9 signaling 211 

become progressively enhanced, promoting ECM reorganization and inducing 212 

fibrocartilage formation. 213 

 214 

Selection of candidate compounds enhancing remodeling capability of fibroblasts 215 

To identify drugs that enhance fibroblast remodeling, we focused on predicted drug 216 

responses associated with feature genes from fibroblast subsets. We combined top-217 

ranked genes from a pathway-aware multi-layered hierarchical network (P-NET) and 218 

Seurat with the medicine database (ConnectivityMap and DGIdb) to seek for candidate 219 

compounds. The screening workflow is shown in the schematic diagram (Supplemental 220 
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Figure 14). 221 

Molecular profiles of fibroblasts by comparing SHAM RT and ADD RT, SHAM RT 222 

and CADD RT groups were fed into P-NET, which maps genes onto a hierarchical 223 

network of weighted nodes (51). We visualized the top 10 most important nodes using 224 

Sanky diagrams to reveal the interaction between different features, genes, pathways 225 

and biological processes and to study the paths of impact from the input to the outcome 226 

(Supplemental Figure 15, A and B). Highly ranked genes in both ADD and CADD 227 

groups included CST3, FGL2 and B2M. CST3 encodes Cystain C, a cysteine proteases 228 

inhibitor that promotes matrix deposition and is overexpressed in cardiac, lung or liver 229 

fibrosis (34, 52). Fibrinogen-like protein 2 (FGL2) regulates the polarization of 230 

macrophages (53), and is enriched in ADD patients without OA compared to those with 231 

OA (54). B2M encodes β2-microglobulin, a serum protein with antibacterial activity 232 

(55). After ADD induction, processes relating to metabolism of proteins, gene 233 

expression, metabolism of RNA and cell cycle support adaptive remodeling as a 234 

condition with large systemic effects on metabolism, immune and cellular homeostasis. 235 

In fibroblasts from CADD RT, COL1A1, COL1A2 and COL3A1 ranked in the top 10 236 

and were associated with collagen formation and ECM organization, consistent with 237 

histological observations that CADD RT exhibited superior tissue remodeling 238 

compared to ADD RT. 239 

Five candidate compounds were identified after scoring with the gene expression 240 

feature data from the medicine database (Supplemental Table 2). According to their 241 

mechanism of action (MOA), potential targets and score ranking, 3 molecules 242 
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(Batimastat, Sunitinib and Zaprinast) were selected for in vitro testing. Batimastat is a 243 

broad-spectrum peptide inhibitor of matrix metalloproteinases (MMPs), which exerts 244 

therapeutic effects in heart failure and pulmonary fibrosis by MMPs inhibition (56, 57). 245 

Sunitinib is a tyrosine kinase inhibitor targeting vascular endothelial growth factor 246 

(VEGF) and platelet-derived growth factor receptor (PDGFR) receptors. It shows 247 

notably efficiency in advanced renal cell carcinoma and intolerant gastrointestinal 248 

stromal tumor treatment (58), but may induce side effects such as cardiac fibrosis (59). 249 

Zaprinast is a phosphodiesterase 5 (PDE5) inhibitor and G protein-coupled receptor 35 250 

(GPR35) agonist, targeting inflammation and pain reduction (60, 61). However, reports 251 

on its activity in the regulation of ECM remodeling are currently lacking. 252 

Cytotoxicity of the selected compounds was assessed using CCK-8 assays. 253 

Batimastat (1-100 nM) and Zaprinast (0.1-100 μM) possessed good biocompatibility to 254 

porcine fibroblasts, whereas sunitinib exhibited significant cytotoxicity even at 1 nM 255 

(Supplemental Figure 15, C-E). We further determined the optimal drug concentration 256 

by evaluating the of target gene expressions (Supplemental Figure 15, F-H). 10 nM 257 

Batimastat, 1 nM sunitinib and 1 μM Zaprinast were used in the following experiments. 258 

We next investigated the effect of these compounds on ECM synthesis and 259 

chondrogenesis in fibroblasts. QRT-PCR and western blot (WB) analyses revealed that 260 

Sunitinib and Zaprinast markedly increased ECM gene expression, whereas Batimastat 261 

had minimal effect (Figure 5, A and B). Under chondrogenic induction, fibroblasts 262 

treated with Zaprinast showed highest expression of chondrogenic differentiation 263 

markers compared with Batimastat and Sunitinib (Figure 5, C and D). As shown by 264 
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immunofluorescence staining, Zaprinast significantly increased the expression of 265 

COL1A1 and APOE in fibroblasts (Figure 5, E-H). Notably, elevated APOE expression 266 

indicates enhanced remodeling capacity in fibroblasts, a characteristic feature of the 267 

FB2 phenotype. Alcian Blue staining and immunofluorescence staining (SOX9, ACAN, 268 

COL2A1) of pellet culture under chondrogenic differentiation further confirmed its 269 

effects on chondrogenesis (Figure 5, I-M). Mechanistically, Zaprinast promoted 270 

fibrocartilage differentiation of fibroblasts through activating the ERK1/2 and 271 

SMAD1/5/9 pathways, the canonical downstream pathways of FGF2 and BMP5 272 

(Figure 5, N and O). In summary, Zaprinast appeared to have optimal effects in 273 

enhancing ECM synthesis and chondrogenic differentiation of fibroblasts. 274 

 275 

Zaprinast alleviates disc and retrodiscal tissue deformation and mitigates condyle 276 

damage in vivo 277 

We investigated whether Zaprinast could promote adaptive remodeling of the 278 

retrodiscal tissue and maintain condyle integrity following ADD in vivo. Zaprinast was 279 

administered intraperitoneally before and after ADD induction (Figure 6A). In the 280 

SHAM+Vehicle group, the disc remained thin and well-oriented. Five weeks after ADD 281 

induction, the ADD+Vehicle group exhibited alterations including thickening and 282 

anterior displacement of the disc, disorganized collagen architecture in the posterior 283 

band and retrodiscal tissue, and inflammatory cell infiltration. These pathological 284 

changes were partially alleviated by Zaprinast treatment, which exhibited improved 285 

orientation and organization of collagen fibers (Figure 6, C and D). During the 286 

observation period, no perforations or tears were observed in the disc or retrodiscal 287 
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tissue in any group. We did not observe fibrocartilage formation in the rat model, likely 288 

reflecting species-specific differences in masticatory patterns and TMJ anatomy. 289 

We further assessed changes in condylar cartilage and subchondral bone. H&E 290 

staining revealed hyperplasia of the superficial fibrous layer and irregularities of the 291 

cartilage in the ADD+Vehicle group compared with the SHAM+Vehicle group. 292 

Consistently, the safranin-O and fast green (SO/FG) staining demonstrated substantial 293 

loss of cartilage matrix in the ADD+Vehicle group. Micro-computed tomography 294 

(Micro-CT) analysis revealed condylar flattening (Figure 6B), reduced bone volume 295 

fraction (BV/TV), decreased trabecular number (Tb.N), and increased trabecular 296 

spacing (Tb.Sp) (Figure 6, E-H). Zaprinast treatment mitigated degenerative changes 297 

in cartilage morphology (Figure 6I), increased cartilage matrix content (Figure 6J) and 298 

partially restoring subchondral bone morphology (Figure 6, E-H). 299 

In summary, these findings indicate that Zaprinast partially restores the ordered 300 

structure of the disc and retrodiscal tissue, and concurrently attenuates cartilage matrix 301 

loss and subchondral bone resorption after ADD induction. 302 
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Discussion 303 

Clinical observations indicate that most TMD cases follow a mild and fluctuating 304 

course. In natural course of ADDwoR patients, their clinical symptoms tend to alleviate, 305 

with improvements in mandibular movement and masticatory efficiency (62), 306 

suggesting that TMJ has a remarkable adaptive capacity. Following ADD, mechanical 307 

load shifts from the articular disc to the mechanically inferior retrodiscal tissue. Finite 308 

element (FE) analysis has confirmed that perforations in retrodiscal region show higher 309 

maximum equivalent stress than perforations in other areas, explaining why perforation 310 

predominantly occurs at the retrodiscal tissue (63). Moreover, retrodiscal attachment 311 

dissection hastens ADD progression (64), whereas adaptive remodeling correlates with 312 

condylar cartilage recovery (9). These findings underscore the importance of retrodiscal 313 

tissue integrity and remodeling for TMJ stability. 314 

Our UADD porcine model revealed bilateral retrodiscal tissue adaptation, 315 

highlighting the need to monitor both affected and contralateral joints in clinic. ScRNA-316 

seq analysis revealed cellular heterogeneity between TMJ disc and retrodiscal tissue, 317 

identifying key cell subpopulations driving remodeling. Cell-cell communication 318 

analysis implicated FGF and BMP signaling as critical regulators. Using biologically-319 

informed deep learning, we identified Zaprinast as a potential therapeutic compound 320 

that promotes adaptive remodeling of retrodiscal tissue and prevented TMJ damage at 321 

the early stage of ADD. 322 

Despite remodeling of retrodiscal tissue after ADD has been recognized for decades, 323 

detailed cellular mechanisms remained unclear due to technical limitations. ScRNA-324 
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seq analysis provided a systematic view of cell diversity between TMJ disc and 325 

retrodiscal tissue, revealing dynamic changes after ADD. In pigs that underwent sham 326 

operation, the retrodiscal tissue exhibited a cell composition broadly similar to that of 327 

the disc but with distinct relative proportions, supporting its inherent potential for disc-328 

like transformation. Notably, a developmentally potent FB2 subpopulation increased 329 

after ADD. We identified several features of FB2 that may drive remodeling. FB2 330 

predominantly express resident progenitor cell marker genes APOE and EFEMP1 (23, 331 

32). Pseudotime trajectory analysis revealed that FB2 could differentiate into ECM 332 

producing FB (FB1, FB3) and modulatory FB (FB4-6). FB3, in particular, displayed 333 

fibrocartilaginous characteristics by predominant expression of COL1A1, COL1A2, 334 

ACAN and COMP. Histology evaluation confirmed GAG accumulation in retrodiscal 335 

tissue after ADD, supporting mechanical-induced adaptation (6). These findings 336 

suggest that FB2 is important for fibroblast expansion and ECM deposition during 337 

adaptive remodeling. 338 

Apart from the reparative role of FBs, the supporting role of minor cell populations 339 

is also noteworthy. ScRNA-seq analysis and lineage tracing studies verified that 340 

pericytes transiently express fibroblast markers and contribute to vascular maturation 341 

after myocardial infarction (40). Similarly, a new mural cell subtype (MC4) emerged 342 

after ADD, displaying ECM-related signatures and broad interactions with other cells. 343 

TGF-β predominantly participated in MC4 self-interaction, aligning with its profibrotic 344 

role in promoting fibroblast proliferation, ECM synthesis, and myofibroblast 345 

differentiation (65). In vitro, TGF-β induced MC4 phenotype in mural cells, and co-346 
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culture with fibroblasts further indicate MC4’s paracrine regulation in fibroblast 347 

activation. 348 

Abnormal loading can induce fibrocartilaginous metaplasia and ligament ossification 349 

via Hedgehog and BMP signaling (66, 67). We identified increased pathways in ADD 350 

RT and CADD RT groups including PERIOSTIN, FGF, BMP, TWEAK, SPP1 and IL6, 351 

which are closely related to fibrosis (43-46). Notably, FGF and BMP signaling were 352 

engaged in MC4 to FB interactions, promoting fibroblast expansion and chondrogenic 353 

differentiation. These findings are consistent with observations in fibrotic OA synovial 354 

tissues, where FGF and BMP drive ECM remodeling, contrasting with inflammatory 355 

phenotypes dominated by predominant inflammatory cytokine expressions and pain 356 

(68). MC4-derived signals modulate fibroblast behavior through coordinated activation 357 

of ERK1/2 and SMAD1/5/9 pathways. FGF2 is a well-established activator of ERK1/2, 358 

and ERK activation can indirectly potentiate BMP-SMAD1/5/9 signaling (69) and 359 

directly phosphorylate SMAD4 (70). BMP5 activates both canonical SMAD and non-360 

canonical MEK-ERK pathways in developmental and neural crest contexts (71). These 361 

observations suggest that MC4-derived FGF2 and BMP5 may act synergistically to 362 

amplify ERK1/2-SMAD1/5/9 signaling, thereby promoting fibroblast remodeling. 363 

By combining a causal-inspired (P-NET) approach with a correlation-based (Seurat) 364 

approach, we identified high-confidence candidate targets that support tissue adaptation 365 

during ADD, which are both statistically correlated and biologically interpretable. Five 366 

potential compounds were identified, with Zaprinast showing superior efficacy in 367 

enhancing fibroblast remodeling. Furthermore, Zaprinast partly restored TMJ 368 
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deformation in rat ADD model, providing in vivo support for the therapeutic potential 369 

of Zaprinast. Previous studies have reported the osteogenic potential of Zaprinast by 370 

promoting angiogenesis and BMP synthesis (72). Similarly, another PDE inhibitor 371 

Sildenafil potentiates BMP signaling in pulmonary arterial smooth muscle cells by 372 

enhancing BMP4-induced phosphorylation of SMAD1/5 and inhibitor of DNA binding 373 

protein 1 expression (73). Mechanistically, our study revealed that Zaprinast promoted 374 

fibrocartilage differentiation of fibroblasts via ERK1/2 and SMAD1/5/9 pathways, 375 

which are canonical downstream of FGF2 and BMP5. 376 

Given the limited availability of early-stage human ADD tissues, we employed a 377 

porcine model for its anatomical and physiological similarity to humans. Nevertheless, 378 

cross-species validation is essential, including validation of key cell subsets and 379 

pathways in human TMJ tissues and functional assessment in human-derived models. 380 

Pilot observational studies in humans could further determine whether the identified 381 

molecular signatures correlate with better clinical parameters. Long-term follow-ups in 382 

patients with non-reducing ADD and studies in animal ADD models indicate that 383 

retrodiscal tissue remodeling can serve as a beneficial process, leading to improved 384 

joint function (9-11). Nevertheless, dysregulated fibrosis may become maladaptive, 385 

contributing to joint stiffness and pain. Our findings suggest that MC4-mediated 386 

remodeling may initially support mechanical compensation, but future longitudinal 387 

studies are needed to determine whether it remains beneficial or transitions to 388 

pathological fibrosis. 389 

Additionally, technical limitations include potential cell type bias during tissue 390 
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dissociation, which may underrepresent vulnerable populations such as adipocytes. 391 

Reduced adipose content in retrodiscal tissue may result from inhibited adipogenesis 392 

(74), lineage reprogramming of adipocytes into myofibroblasts (75) or stress-driven 393 

adipocyte apoptosis (76). Future studies using single-nucleus RNA-seq combined with 394 

functional validation are needed to clarify the contributions of adipocytes. The potential 395 

role of neuronal paracrine signaling in retrodiscal tissue remodeling also warrants future 396 

investigation. 397 

In conclusion, our findings demonstrated that fibroblast activation is pivotal for early 398 

retrodiscal tissue adaptation following ADD, and is driven by the emerged ECM-399 

remodeling MC subcluster. We implicate FGF and BMP signaling as key regulators of 400 

enhanced fibrosis and chondrogenic differentiation of fibroblasts by sequential 401 

activation of ERK1/2 and SMAD1/5/9 cascades. While current treatments for ADD 402 

lack targeted approaches for TMJ adaptation, our data suggest Zaprinast may be used 403 

as a promising drug for conservative treatment of ADD. 404 

 405 
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Methods 406 

Sex as a biological variable 407 

Our study examined female animals considering that TMD onset is more common in 408 

young women, potentially due to differences in hormonal factors, pain sensitivity and 409 

health-seeking behavior (77). Therefore, we utilized 5-month-old female Bama 410 

miniature pigs and 10-week-old female Sprague-Dawley rats that were considered 411 

sexually mature. Although we selected female pigs and rats in this study, we anticipate 412 

the fundamental mechanisms are applicable to both sexes. 413 

 414 

Animals and groups 415 

Four female Bama miniature pigs aged 5 months old and eighteen female Sprague-416 

Dawley rats aged 10 weeks old were purchased from Zhejiang Chinese Medical 417 

University Laboratory Animal Research Center. Two pigs were randomly assigned to 418 

undergo sham operation on the left TMJ (SHAM group), while the right TMJ remained 419 

untreated. The other two pigs underwent ADD surgery on the left TMJ (ADD group), 420 

while the contralateral right TMJ was left untreated (CADD group). Rats were 421 

randomly divided into three groups: SHAM+Vehicle group (n=6), ADD+Vehicle group 422 

(n=6) and ADD+Zaprinast group (n=6). Zaprinast (MCE, USA) was dissolved in 423 

solvent (10% DMSO+40% PEG300+5% Tween-80+45% saline) and intraperitoneal 424 

injected 1 day before surgery and 1, 3, 5, 7, 10, 14, 21, 28 days after surgery (dosage: 425 

10mg/kg (78)). An equivalent volume of solvent was administrated in vehicle groups. 426 

 427 
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Generation of unilateral anterior disc displacement (UADD) model 428 

The surgical methods to generate UADD porcine model were modified according to 429 

previous study of rabbit models (16). Following intravenous anesthesia, the left 430 

preauricular region was shaved and disinfected. A 4 cm curved incision was made in 431 

line with the lateral canthus of the eye. After incising through subcutaneous tissue and 432 

periosteum, we reflected these layers to expose the zygomatic arch and TMJ capsule. 433 

The inferior joint space was carefully opened by dissecting the lateral capsule without 434 

damaging the TMJ disc or articular cartilage surface. The anterior and lateral 435 

attachments was partially released while preserving the posterior attachment. 436 

Subsequently, an orthodontic mini-implant was screwed into zygomatic arch 437 

approximately 2 cm from its posterior margin. The stainless steel was used to connect 438 

the mini-implant and a nickel-titanium spring. To avoid osseointegration, a titanium-439 

reinforced e-PTFE nonabsorbable membrane was placed between the zygomatic arch 440 

and nickel-titanium spring. After that, we penetrated the anterior attachment of articular 441 

disc with a 4-0 nylon suture and knotted it to posterior end of the nickel-titanium spring. 442 

By extending the spring from 4 mm to 14 mm, we applied 1 N of tension to displace 443 

the disc anteriorly, though immediate displacement wasn't observed. Finally, the wound 444 

was thoroughly irrigated with saline and closed in layers with a 3-0 monocryl sutures. 445 

Similarly, rats were anesthetized with pentobarbital sodium (50mg/kg i.p.), and the 446 

left preauricular region was shaved and sterilized. After local anesthesia with lidocaine 447 

hydrochloride (2%), the zygomatic arch and lateral TMJ capsule was carefully opened 448 

to expose the inferior joint space. A hole was carefully drilled at the front junction of 449 
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the zygomatic arch with a 0.8 mm round bur. Orthodontic elastic bands (1/8 3.5oz, 3M 450 

Unitek, USA) were used to draw the disc forward. One end of the elastic band was 451 

attached to a 5-0 nylon suture, which penetrated through the anterior band of the disc. 452 

Then the other end was then attached to the hole. By elongating the elastic band from 453 

3 mm to 10 mm, a tension force of 1 N was generated to stretch the disc anteriorly. The 454 

wound was thoroughly irrigated with saline and closed in layers with a 5-0 nylon 455 

sutures. 456 

Postoperatively, animals received intramuscular antibiotics for 3 days. No notable 457 

differences in diet or weight were observed between groups, and all animals survived 458 

the study period. Five weeks after surgery, pigs were euthanized via bloodletting under 459 

deep anesthesia. Rats were also sacrificed five weeks after surgery. Subsequent gross 460 

examination confirmed the anterior disc displacement of the disc in the ADD group 461 

specimens. 462 

 463 

Single-cell digestion and sequencing 464 

First, we dissected the disc and retrodiscal tissue from the condyle. Next, tissues at 465 

the size of 5×5×5 mm3 were cut from the intermediate region of the disc (disc sample) 466 

and retrodiscal tissue near the posterior band (retrodiscal tissue sample). Specimens 467 

were cut into small pieces (2-3 mm), then digested with 4 mg/ml Pronase (Roche, 468 

Switzerland) for 1 h, followed by digesting with 2 mg/ml Collagenase P (Roche, 469 

Switzerland) in fetal bovine serum (FBS)-free high glucose Dulbecco's modified eagle 470 

medium (DMEM) (Gibco, USA) for 2 h. After filtering with 70 μm and 40 μm filters, 471 



29 
 

the cell suspension was loaded into the 10X Chromium Single Cell Platform (10X 472 

Genomics). Generation of gel beads in emulsion (GEMs), barcoding, GEM-RT clean-473 

up, complementary DNA amplification and library preparation and quantification were 474 

all performed according to the manufacturer’s protocol (Single Cell 3′ library and Gel 475 

Bead Kit v.3). The final library pool was sequenced on the Illumina Hiseq sequencing 476 

systems. 477 

 478 

Quality control of single-cell RNA sequencing data 479 

This study included single-cell RNA sequencing (scRNA-seq) data from porcine-480 

derived samples ('SHAM D', 'ADD D', 'CADD D', 'SHAM RT', 'ADD RT' and 'CADD 481 

RT'), which were processed using the Seurat R package (v4.0.5). The raw gene 482 

expression matrices were obtained from Cell Ranger output directories and imported 483 

using the 'Read10X' function. For each sample, a Seurat object was created with the 484 

'CreateSeuratObject' function, and basic quality control metrics such as gene count 485 

distributions were initially assessed using basic R functions (e.g., 'summary', 'dim'). 486 

To further eliminate low-quality cells, we calculated the proportion of mitochondrial 487 

gene expression (e.g., ND1, ND2, COX1, CYTB) for each cell based on a curated 488 

mitochondrial gene list, and retained only cells with < 10% mitochondrial gene content 489 

('percent.mt'). Furthermore, outlier cells were identified and removed using the Median 490 

Absolute Deviation (MAD) method applied to the log10-transformed total UMI counts 491 

('nCount_RNA') and the number of detected genes ('nFeature_RNA'). Cells outside the 492 

median ± 3 × MAD range were excluded. At the gene level, following cell-level quality 493 
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control, we reconstructed the expression matrix by retaining only genes expressed in at 494 

least two cells ('min.cells = 2') to filter out low-abundance or biologically irrelevant 495 

noise genes. 496 

 497 

Preprocessing and integration of single-cell RNA sequencing data 498 

Each Seurat object was independently normalized using the 'NormalizeData' function. 499 

Highly variable genes were identified using the variance-stabilizing transformation 500 

(VST) method via 'FindVariableFeatures', with the top 2,000 most variable genes 501 

selected for downstream integration. To correct for batch effects and merge the datasets, 502 

we employed the canonical correlation analysis (CCA)-based integration pipeline in 503 

Seurat. Specifically, the 'FindIntegrationAnchors' function was used to identify anchor 504 

pairs across samples using the top 15 principal components (PCs), and the 505 

'IntegrateData' function was then applied to generate a batch-corrected, integrated 506 

Seurat object. 507 

 508 

Clustering, annotation and trajectory analysis of single-cell RNA sequencing data 509 

The integrated dataset was subjected to dimensionality reduction, clustering, and 510 

differential gene expression (DGE) analysis using Seurat (v4.0.3.1). Clusters were 511 

manually annotated based on known marker genes of cell types (supplemental Figure 512 

1D). Specific cell populations such as fibroblasts (FBs) and mural cells (MCs) were 513 

extracted for refined subclustering and re-annotation based on established literature. 514 

Functional enrichment analysis of marker gene lists was conducted using Metascape 515 
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for Gene Ontology (GO) term interpretation. Cell-cell communication analysis was 516 

performed using CellChat (v1.5.0), and trajectory inference was conducted using 517 

Monocle (v2.30.1) and CytoTRACE (v0.3.3). 518 

 519 

Histological evaluation 520 

Dissected specimens were fixed in 4% paraformaldehyde (PFA) (pH 7.4, Servicebio, 521 

China) at room temperature overnight, then embedded in paraffin after dehydration, 522 

and sectioned into 5 μm thick slices. Condyle samples were decalcified with 0.5 M 523 

EDTA (pH 7.2, Servicebio, China) for 3 months before embedding. Representative 524 

sections were stained with Hematoxylin-Eosin (H&E) (Fdbio science, China), Alcian 525 

Blue staining (Beyotime, China) and Safranin O and Fast Green staining (SO/FG) 526 

(Solarbio, China) according to the manufacturer’s instructions. The Safranin-O positive 527 

area was calculated with ImageJ software (version 1.54). Modified Mankin score was 528 

used for evaluation of osteoarthritis severity according to previous study (79). 529 

 530 

Identification of drug target 531 

To identify key factors driving fibroblast remodeling, we combined a causal-inspired 532 

approach (P-NET) with a correlation-based approach (Seurat). This enabled us to 533 

identify high-confidence candidate targets that are both statistically correlated and 534 

biologically interpretable. 535 

The P-NET algorithm integrates prior biological knowledge by embedding known 536 

gene to pathway relationships, enabling both prediction and interpretability of the deep 537 
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learning model (51). We used the gene expression profiles of fibroblasts from different 538 

groups as input features, and aggregated genes into corresponding pathway nodes 539 

according to Reactome annotations. These pathway nodes constituted a sparse 540 

feedforward intermediate layer. The model was trained using cross-validation and 541 

L1/L2 regularization to prevent overfitting and enhance generalizability. For model 542 

interpretability, we applied DeepLIFT (Deep Learning Important FeaTures) to compute 543 

feature importance scores, quantifying each gene’s contribution to the model’s 544 

predictions. Scores from different cross-validation folds were aggregated to generate a 545 

final gene-level ranking. Highly ranked genes were defined as P-NET selected features, 546 

representing upstream regulatory nodes that may have causal significance at the 547 

pathway level. 548 

In parallel, we employed Seurat to perform differential expression analysis (DEG) of 549 

fibroblasts between different groups. This approach emphasizes statistical significance 550 

of expression changes and reveals transcriptional features associated with fibroblast 551 

remodeling from a data-driven perspective. 552 

Next, the top 150 up- and down-regulated DEGs of fibroblasts between different 553 

groups were submitted to the Connectivity Map (CMap) for drug-response prediction, 554 

and complementary drug to gene interaction information was retrieved from DGIdb to 555 

construct a refined, data-driven drug database. By intersecting P-NET identified genes 556 

and Seurat-derived DEGs with target genes included in this database, we obtained a set 557 

of candidate target genes and corresponding small-molecule compounds potentially 558 

capable of modulating fibroblast function. 559 
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 560 

Isolation of primary porcine fibroblasts, mural cells and cell culture 561 

TMJ retrodiscal tissue were separated from 5-month-old female mini pigs under 562 

aseptic conditions and rinsed with phosphate buffered saline (PBS) (Servicebio, China) 563 

to remove blood and other impurities. Tissue sample was then cut into approximately 1 564 

mm3 sections and digested in 4mg/ml Pronase for 1 h, followed by digesting in 2mg/ml 565 

Collagenase P in FBS-free DMEM for 2 h at 37℃. An equivalent volume of medium 566 

containing 10% FBS (Gibco, USA) was added to terminate the reaction. Cells were 567 

pelleted by centrifugation at 1000 rpm for 5 min. After removing the supernatant, cell 568 

pellet was resuspended with DMEM containing 10% FBS and 1% 569 

penicillin/streptomycin (Cienry, China). 570 

Primary fibroblasts display robust adhesive properties and replicated relatively 571 

quickly. For enrichment of primary fibroblasts, we cultured cell suspension for 4 hours 572 

and adherent cells were collected and then passaged for several times to enrich 573 

fibroblasts (80). Additionally, unattached fractions of the cell suspension after the first 574 

4 hours culture were transferred into new dishes to selectively enrich for mural cells. 575 

Mural cells, especially pericytes, can proliferate in media with lower concentrations of 576 

glucose and fetal bovine serum (81, 82). Therefore, the growth of endothelial cells and 577 

fibroblasts could be effectively inhibited in this nutrient media. After stable adhesion 578 

of cells, the complete medium was replaced by porcine pericyte complete medium 579 

(Procell, China). 580 

Cells were cultured in a humidified incubator at 37°C and 5% CO2. The medium was 581 
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completely changed every 3–4 days. When the cultures reached 70-80% confluence, 582 

the cells were subcultured using 0.25% trypsin-EDTA (Cienry, China). Cells at passage 583 

3 were used in the following experiments. 584 

 585 

Chondrogenic induction 586 

Chondrogenic induction media was composed of DMEM supplemented with 10−7 587 

mol dexamethasone (Sigma, USA), 1 mM sodium pyruvate (Sigma, USA), 50 μg/ml 588 

L-ascorbic-2-phosphate (Sigma, USA), 40 μg/ml L-proline (Sigma, USA), 1% insulin, 589 

transferrin, selenium (ITS, Beyotime, China), and 10 ng/ml TGF-β3 (PeproTech, USA). 590 

Cells cultured in 6-well cell culture plate (Nest, China) underwent chondrogenic 591 

induction for 3 days and 7 days for qRT-PCR and WB analysis, respectively. For pellet 592 

culture, cells were first centrifuged for 5min at 300 g to form a pellet. After 3 weeks of 593 

chondrogenic induction, pellets were fixed in 4% paraformaldehyde and prepared for 594 

paraffin sections and were stained with Alcian Blue (Beyotime, China). 595 

 596 

Immunofluorescence staining 597 

Paraffin sections were deparaffinization and then performed antigen retrieval using 598 

0.1% trypsin-EDTA for 30 min at 37℃. Subsequently, sections were blocked with 599 

PBST (PBS+ 0.1% Tween 20) supplied with 10% goat serum for 1 h at 37℃, then 600 

incubated with primary antibodies (ACTA2, 1:200, 67735-1-Ig, Proteintech, China; 601 

DCN, 1:50, PSH12-99, HuaBio, China; Aggrecan, 1:100, A11691, Abclonal, China; 602 

Collagen type II, 1:100, 28459-1-AP, Proteintech, China; SOX9, 1:100, ab185966, 603 
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Abcam, UK; FGF2 1:100, BD-PT5549, Biodragon, China; BMP5 1:100, PK10384, 604 

Abmart, China; Ki67 1:100, 27309-1-AP, Proteintech, China; COL1A1 1:200, 605 

HA722517, HuaBio, China; APOE, 1:100, 66830-1-Ig, Proteintech, China) overnight 606 

at 4℃. Sections were incubated with the secondary antibodies for 1 h at 37℃ (goat 607 

anti-mouse Alexa Fluor 488, HA1125; goat anti-rabbit Alexa 594, HA1122; 1:500, 608 

HuaBio, China). Slices were mounted with Antifade Mounting Medium with DAPI 609 

(Solarbio, China) and detected by laser scanning confocal microscopy (Pannoramic 250 610 

FLASH, 3DHISTECH, Hungary). Three area were randomly selected to calculate 611 

percentages of Aggrecan+ area, Collagen type II+ area and SOX9+ cells using ImageJ 612 

software (version 1.54). 613 

Primary porcine fibroblasts were collected and resuspended in 35mm confocal dishes 614 

(Nest, China) and incubated for two days. Cells were fixed in 4% paraformaldehyde 615 

(PFA) in PBS (pH 7.4, Servicebio, China) for 15 min at room temperature. After 616 

washing with ice-cold PBS for three times, cells were then permeabilized with 0.1% 617 

Triton X-100 (Beyotime, China) for 10 min. After washing, cells were incubated with 618 

3% BSA in PBST (PBS+ 0.1% Tween 20) for 1 h at 37℃ to block unspecific binding 619 

of the antibodies. After decanting the solution, cells were further incubated with diluted 620 

primary antibody (APOE, 1:100, 66830-1-Ig, Proteintech, China; COL1A1, 1:100, 621 

HA722517, HuaBio, China; Smad4, 1:100, ET1604-12, HuaBio, China; ACTA2, 1:200, 622 

67735-1-Ig, Proteintech, China) in 3% BSA in PBST overnight at 4℃, then incubated 623 

with diluted secondary antibody (goat anti-mouse Alexa Fluor 488, HA1125; goat anti-624 

rabbit Alexa 594, HA1122; 1:500, HuaBio, China) in 3% BSA in PBST for 1 h at 37℃. 625 
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Cells were stained with DAPI (Solarbio, China) for 5 min at room temperature and 626 

washed with PBS for three times, then observed under microscope (LSM 980, Zeiss, 627 

Germany). 628 

 629 

RNA isolation and quantitative real time PCR (qRT-PCR) 630 

Total RNA of fibroblasts was purified with RNAeasy™ Animal RNA Isolation Kit 631 

with Spin Column (Beyotime, China). RNA quantity and purity were determined using 632 

Nanodrop OneC (Thermo scientific, USA). RNA samples (260/280 ≥ 1.8) were used to 633 

obtain cDNA with HiScript III RT SuperMix for qPCR (Vazyme, China). QRT-PCR 634 

was performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme, China). 635 

Primers for RT-qPCR were listed in Supplemental Table 1. Each sample was run in 636 

triplicate to ensure quantitative accuracy. The results were calculated using the 2−ΔΔCt 637 

method. Gene expression levels were normalized to the housekeeping gene 638 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 639 

 640 

Western blot 641 

Cells were collected and lysed in 1× protein loading buffer containing DTT, and 642 

boiled at 95℃ for 10 min. Proteins were resolved by SDS-PAGE and transferred to 643 

polyvinylidene difluoride membranes. After blocked in 5% skimmed milk in tris-644 

buffered saline with 0.1% Tween 20 (TBST) for 1 h at room temperature, membranes 645 

were cut and incubated with diluted primary antibodies overnight at 4℃. The primary 646 

antibodies included FN1 (1:1000, T59537, abmart, China), COL1A1 (1:1000, 647 
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HA722517, HuaBio, China), DCN (1:1000, HA723504, HuaBio, China), ACTA2 648 

(1:1000, 67735-1-Ig, Proteintech, China), FGF2 (1:1000, BD-PT5549, Biodragon, 649 

China), BMP5 (1:1000, PK10384, Abmart, China), Aggrecan (1:1000, A11691, 650 

Abclonal, China), Collagen type II (1:1000, 28459-1-AP, Proteintech, China), SOX9 651 

(1:1000, ab185966, Abcam, UK), Phospho-Smad1/5/9 (1:1000, HA722566, HuaBio, 652 

China), Smad1/5/9 (1:1000, ER64980, HuaBio, China), Phospho-ERK1/2 (1:1000, 653 

28733-1-ap, Proteintech, China), ERK1/2 (1:5000, 51068-1-ap, Proteintech, China) and 654 

GAPDH (1:10000, 60004-1-Ig, Proteintech, China). Then membranes were incubated 655 

with diluted HRP conjugated goat anti-rabbit or anti-mouse secondary antibodies 656 

(1:10000, HA1001, HA1006, HuaBio, China) for 1 h at room temperature. Finally, 657 

enhanced chemiluminescence detection reagents (Fdbio science, China) were used to 658 

scan membranes in the imaging system (Bio-Rad ChemiDoc MP, USA). 659 

 660 

Micro-computed tomography (micro-CT) scanning, reconstruction and 661 

microstructural analysis 662 

The TMJ specimens were scanned with a high-resolution micro-CT system 663 

(SkyScan1276, Bruker, Belgium). Scanning was performed at a source voltage of 60 664 

kV, a current of 200 µA, with a 0.5-mm aluminum filter and the voxel size was 13 µm. 665 

Images were acquired with 2 × 2 camera binning, exposure time 229 ms. Scanning was 666 

performed in step-and-shoot mode with flat-field correction and random movement 667 

disabled. The raw projection images were reconstructed using NRecon (version 2.2.0.6). 668 

A region of interest (ROI) was defined within the trabecular bone area, excluding the 669 
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cortical shell. The following standard bone morphometric parameters were calculated 670 

using CTAn software (Bruker) according to the guidelines (83): BV/TV (%): Bone 671 

volume fraction (bone volume/total volume), Tb.Th (µm): Trabecular thickness, Tb.Sp 672 

(µm): Trabecular spacing, Tb.N (1/mm): Trabecular number. All morphometric 673 

parameters were calculated using a 3D model-independent method based on distance 674 

transformation algorithms as implemented in CTAn. Three-dimensional visualization 675 

of the bone structure was performed using CTVol software (Bruker). 676 

 677 

Statistics 678 

All statistical analyses were performed with R (version 4.3) and PRISM (GraphPad 679 

Software, version 9.0). Data are presented as the means ± standard deviation (SD). 680 

Comparisons between two groups were performed using unpaired, 2-tailed Student’s t 681 

test. For multiple group comparisons, one-way ANOVA followed by Tukey’s honestly 682 

significant difference (HSD) post hoc test or Kruskal-Wallis test followed by Dunn’s 683 

multiple comparisons test. A P value less than 0.05 was considered statistically 684 

significant. 685 

 686 

Study approval 687 

The study protocols were reviewed and approved by the Animal Ethics Committee 688 

of Zhejiang Chinese Medical University, China (approval No.20230227-08). All 689 

procedures were conducted in strict accordance with the Guidelines for Animal Care 690 

and Use Standards. 691 
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Figure legends 919 

 920 

 921 

Figure 1. The cellular landscape and histological features of porcine TMJ discs and retrodiscal 922 

tissues from SHAM, ADD and CADD groups. (A) A schematic workflow illustrating the 923 

generation of the UADD pig model and subsequent dissection of pig TMJ discs and retrodiscal 924 

tissues for single-cell transcriptomic analysis. (B) Dimension reduction presentation of combined 925 

single-cell transcriptome data from TMJ discs and retrodiscal tissues of all groups. Each dot 926 

represents a single-cell and is labeled with corresponding cell categories and colored according to 927 
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its cell type identity. Five cell clusters are visualized by a uniform manifold approximation and 928 

projection (UMAP) plot: endothelial cells (ECs); fibroblasts (FBs); immune cells (ICs); mural cells 929 

(MCs); cells in cell cycle (Cycle). (C) Dimension reduction presentation of single-cell transcriptome 930 

data of TMJ discs and retrodiscal tissues from SHAM, ADD and CADD groups via UMAP, 931 

displayed separately by tissue origins and groups. (D) Bar graph shows the fraction of cell clusters 932 

by tissue origins and groups. (E) Expression patterns of selected markers projected on the UMAP 933 

plot. (F) Heatmap revealing the top 5 differentially expressed genes (DEGs) of each cell cluster. 934 

Representative hematoxylin-eosin (H&E) staining (G) and alcian blue staining (H) of the TMJ discs 935 

and retrodiscal tissues from SHAM, ADD and CADD groups. Scale bars: 100 μm. 936 
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 937 

Figure 2. Characterization of fibroblast subtypes participating in adaptive remodeling of the 938 

retrodiscal tissue. (A) Dimension reduction presentation of combined single-cell transcriptome 939 

data of fibroblast (FB) cluster from TMJ discs and retrodiscal tissues of all groups. Six subclusters 940 

of fibroblasts are identified and visualized by a t-distributed stochastic neighbor embedding (t-SNE) 941 

plot. (B) Dimension reduction presentation of single-cell transcriptome data of FB cluster in SHAM, 942 

ADD and CADD groups from TMJ discs and retrodiscal tissues via t-SNE, displayed separately by 943 

tissue origins and groups. (C) Bar graph shows the fraction of FB subclusters by tissue origins and 944 
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groups. (D) Violin plots show the expression of differentially expressed genes (DEGs) in different 945 

FB subclusters. Expression values are normalized. (E) Dot plot of Gene Ontology (GO) Biological 946 

Process enrichment analysis of DEGs in different FB subclusters. (F) Expression of extracellular 947 

matrix (ECM) markers in different FB clusters. Monocle analysis shows the trajectory order of FBs 948 

colored by pseudotime value (G) and cell type (H). (I) Density distribution of FB subclusters along 949 

pseudotime. (J) Representative images of TMJ discs and retrodiscal tissues subjected to 950 

immunofluorescence staining for APOE in different groups and quantification (K), three random 951 

fields were selected from each of the two pig samples for measurement. Statistical significance was 952 

determined by 1-way ANOVA. Data represent mean ± SD. *P < 0.05, ***P < 0.001. Green: APOE; 953 

Blue: DAPI; White arrowhead: Cells expressing APOE. Scale bars: 100 μm. 954 
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 955 

Figure 3. Identification of a specific ECM-related mural cell subcluster in the retrodiscal tissue 956 

after ADD induction. (A) Dimension reduction presentation of combined single-cell transcriptome 957 

data of mural cell (MC) cluster from TMJ disc and retrodiscal tissues of all groups. Four subclusters 958 

of mural cells are identified and visualized by a t-distributed stochastic neighbor embedding (t-SNE) 959 

plot. (B) Dimension reduction presentation of single-cell transcriptome data of MC cluster in SHAM, 960 

ADD and CADD groups from TMJ disc and retrodiscal tissues via t-SNE, displayed separately by 961 
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tissue origins and groups. (C) Bar graph shows the fraction of MC subtypes by tissue origins and 962 

groups. (D) Violin plots show the expression of differentially expressed genes (DEGs) in different 963 

MC subclusters. Expression values are normalized. (E) Dot plot of Gene Ontology (GO) Biological 964 

Process enrichment analysis of DEGs in different MC subclusters. (F) Representative images of 965 

TMJ discs and retrodiscal tissues subjected to immunofluorescence staining for ACTA2 and DCN 966 

in different groups, three random fields were selected from each of the two pig samples. Green: 967 

ACTA2; Red: DCN; Blue: DAPI; White arrowhead: Cells co-expressing of ACTA2 and DCN. Scale 968 

bars: 50 μm. 969 

 970 

 971 
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 972 

Figure 4. FGF and BMP signaling pathways are involved in adaptive remodeling of the 973 

retrodiscal tissue. Heatmap of outgoing signaling pathways in different cell clusters in SHAM and 974 

ADD RT groups (A), SHAM and CADD RT groups (C). Heatmap of incoming signaling pathways 975 

in different cell clusters in SHAM and ADD RT groups (B), SHAM and CADD RT groups(D). The 976 

inferred FGF signaling pathway (E) and BMP5 signaling pathway (F) networks in ADD and CADD 977 

RT groups. Edge width represents the communication probability between cell types. (G) 978 

Immunofluorescence staining for ACTA2 and COL1A1 in mural cells (MCs) and quantification (H, 979 

I) (n=6). Statistical significance was determined by Student’s t test. Data represent mean ± SD. 980 

*P < 0.05, ***P < 0.001. Green: ACTA2; Red: COL1A1; Blue: DAPI. Scale bars: 50 μm. (J) 981 
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Evaluation of fibroblast and smooth muscle cell marker levels in mural cells. (K) Evaluation of 982 

fibrogenic protein levels in fibroblasts treated with different MC supernatants. (L) Evaluation of 983 

chondrogenic protein levels in fibroblasts treated with different MC supernatants under 984 

chondrogenic induction. (M) Evaluation of SMAD1/5/9 and ERK1/2 cascade activation in 985 

fibroblasts treated with different MC supernatants. For representative western blot, 3 replicates were 986 

conducted. 987 
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 988 

Figure 5. Zaprinast exhibits most prominent pro-fibrotic and chondrogenic effects on 989 

fibroblasts by ERK1/2 and SMAD1/5/9 cascade activation. Evaluation of fibrogenic gene 990 

expressions (A) and protein levels (B) treated with Batimastat, Sunitinib and Zaprinast. Evaluation 991 

of chondrogenic gene expressions (C) and protein levels (D) treated with Batimastat, Sunitinib and 992 

Zaprinast under chondrogenic induction. (E) Gene expression of APOE treated with Batimastat, 993 

Sunitinib and Zaprinast. Fold changes were normalized with GAPDH (n=3-4). Statistical 994 

significance was determined by 1-way ANOVA. Data represent mean ± SD. *P < 0.05, **P< 0.01, 995 

***P < 0.001. For representative western blot, 3 replicates were conducted. (F) 996 

Immunofluorescence staining for APOE and COL1A1 in fibroblasts and quantification (G, H) (n=5). 997 
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Statistical significance was determined by Student’s t test. Data represent mean ± SD. *P < 0.05, 998 

**P< 0.01. Green: APOE; Red: COL1A1; Blue: DAPI. Scale bars: 50 μm. (I) Alcian blue staining, 999 

immunofluorescence staining of ACAN, COL2A1 and SOX9 of pellet and quantification (J-M) 1000 

(n=3). Statistical significance was determined by Student’s t test. Data represent mean ± SD. 1001 

*P < 0.05, **P< 0.01. Red: ACAN; Yellow: COL2A1; Green: SOX9; Blue: DAPI. Scale bars: 100 1002 

μm. (N) Evaluation of ERK1/2 and SMAD1/5/9 cascade activation in fibroblast treated with 1003 

Zaprinast. For representative western blot, 3 replicates were conducted. (O) Immunofluorescence 1004 

staining displays nuclear localization of SMAD4 in fibroblasts treated with Zaprinast (white 1005 

arrowhead). Red: SMAD4; Blue: DAPI. For representative immunofluorescence staining of 1006 

SMAD4, 3 replicates were conducted. Scale bars: 50 μm. 1007 
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 1008 

Figure 6. Zaprinast alleviates deformation of the disc and retrodiscal tissue and damage of 1009 

condyle in vivo. (A) Timeline of ADD induction and Zaprinast administration in a rat model. (B) 1010 

Representative 3D reconstruction images of condyle from SHAM+Vehicle, ADD+Vehicle and 1011 

ADD+Zaprinast groups. Scale bars: 1 mm. (C) Hematoxylin and eosin (H&E) staining showing 1012 

alteration in configuration of disc and retrodiscal tissue. Scale bars: 200 μm. (D) Safranin-O and 1013 

fast green (SO/FG) staining showing changes in proteoglycan content. Scale bars: 200 μm. (E-H) 1014 

Quantitative analysis of condyle profiles (n=6). (I) Mankin score evaluation (n=6). (J) Quantitative 1015 
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analysis of the proportion of Safranin-O positive areas (n=6). Statistical significance was determined 1016 

by 1-way ANOVA or Kruskal-Wallis test. Data represent mean ± SD. *P < 0.05, **P< 0.01, 1017 

***P < 0.001. 1018 


