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Background

Graves’ orbitopathy (GO) is an autoimmune orbital disorder characterized by chronic inflammation and aberrant extracellular matrix (ECM) remodeling, leading to progressive fibrosis. Recent studies implicate matrix metalloproteinase−14 (MMP14) in ECM degradation and tissue remodeling, yet its precise role in GO remains unclear.





Design and methods

Orbital adipose/connective tissues specimens were obtained from GO patients (stratified into type I and type II based on clinical classification) and non−GO controls. High−throughput RNA sequencing identified differentially expressed genes, focusing on MMP−related transcripts. MMP14 expression was quantified by immunohistochemistry and Western blotting, correlating its levels with fibrotic grade. Primary orbital fibroblasts (OFs) isolated from GO and control subjects were cultured and stimulated with TGF−β1. Quantitative real−time PCR and Western blot assays evaluated MMP14 and fibroblast activation markers (α−SMA, COL1A1, CTGF). Transcriptomic profiling of TGF−β1–treated OFs and a scratch wound assay further assessed the effect of the MMP14 inhibitor NSC−405020 on cellular motility.





Results

GO type II tissues demonstrated a significant upregulation of MMP14, which correlated positively with fibrosis severity. GO− derived OFs exhibited higher basal and TGF−β1–induced MMP14 and fibrotic marker expression compared to controls. Transcriptomic analysis revealed activation of ECM–receptor interaction, PI3K−Akt, and MAPK signaling pathways enriched for MMP−associated genes. Pharmacologic inhibition of MMP14 attenuated TGF−β1–induced fibrotic markers and reduced OFs migration.





Conclusion

These findings indicate that MMP14 is a central mediator in GO fibrotic remodeling, highlighting its potential as a therapeutic target to alleviate orbital fibrosis. Further mechanistic studies are needed to clarify MMP14’s role in GO progression.
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Highlights

	GO type II tissues exhibited a marked upregulation of MMP14, with expression levels positively correlating with fibrosis severity.

	MMP14 is a crucial mediator in the fibrotic remodeling process of GO, promoting ECM reorganization and fibroblast activation in response to TGF−β1.

	Targeting MMP14 may be a novel therapeutic strategy to alleviate orbital fibrosis in GO.







Introduction

Graves’ orbitopathy (GO) represents one of the most prevalent adult orbital disorders, affecting approximately 20% of patients with thyroid dysfunction (1). The condition manifests through various clinical sequelae including proptosis, diplopia, and ocular surface irritation, with severe cases progressing to corneal ulceration, compressive optic neuropathy, and potentially permanent visual impairment (2). As an autoimmune pathology, GO is characterized by chronic orbital inflammation and extensive tissue remodeling within the orbital compartment. Clinically, GO is stratified into type I (adipose-predominant) and type II (extraocular muscle-predominant) variants (3), representing distinct yet potentially overlapping pathophysiological processes with divergent prognostic implications. Type II patients typically experience more severe manifestations accompanied by significant orbital fibrosis. Disease progression is mediated by complex interactions between infiltrating immune cells and resident orbital fibroblasts (OFs) (4), with the thyroid-stimulating hormone receptor (TSHR) and insulin-like growth factor 1 receptor (IGF1R) established as principal autoantigenic targets (5). Teprotumumab, a monoclonal antibody directed against IGF-1R, has demonstrated remarkable therapeutic efficacy, representing a paradigm shift in GO management (6). OFs function as critical cellular mediators, secreting diverse proinflammatory and profibrotic factors including IL-1β, IL-2, IL-6, CXCL8, IL-10, COX2, CCL2, CCL5, TGF-β (7, 8), as well as IFN-γ and TNF-α (9). This inflammatory microenvironment orchestrates OF trans-differentiation into myofibroblasts, culminating in pathological extracellular matrix (ECM) deposition and progressive fibrosis—hallmark features underlying orbital tissue expansion, proptosis, and compressive optic neuropathy in advanced disease (10).

Matrix metalloproteinases (MMPs) constitute a diverse enzyme family responsible for selective degradation and remodeling of extracellular matrix (ECM) components (11). Among this proteolytic repertoire, MMP1, MMP2, MMP9, and notably MMP14 have been implicated as critical mediators of inflammatory processes, tissue reorganization, and repair mechanisms (12). Dysregulated MMP activity disrupts physiological ECM turnover dynamics, potentially accelerating tissue fibrosis and driving pathological progression in GO (13–15). MMP14 (membrane type 1-MMP), a transmembrane metalloproteinase, exerts multifaceted functions extending beyond matrix degradation to include modulation of cellular signaling cascades (16). This membrane-anchored protease orchestrates diverse physiological and pathological processes, including tissue invasion, neovascularization, and immunomodulatory responses (17). Consequently, elucidating MMP14’s precise contribution to GO pathophysiology may identify novel therapeutic targets for disease intervention.

The intricate interplay between inflammatory mediators, aberrant ECM accumulation, and MMP14-mediated tissue remodeling represents a fundamental axis in GO pathogenesis, highlighting these molecular pathways as compelling candidates for therapeutic targeting. We hypothesize that MMP14 functions as both a necessary and sufficient mediator of TGF-β1-driven extracellular matrix remodeling in orbital fibroblasts, thereby constituting a potentially viable therapeutic target for attenuating fibrotic progression in GO.





Subjects and methods




Samples and reagents

Orbital adipose and connective tissue specimens were harvested from 14 patients with confirmed GO undergoing therapeutic orbital decompression procedures. All patients exhibited biochemical euthyroidism at the time of surgical intervention. GO patients were stratified according to the 1991 Nunery classification system (3): Type I subjects predominantly manifested orbital adipose tissue expansion with mild to moderate extraocular muscle involvement, without restrictive myopathy or diplopia; Type II subjects demonstrated significant extraocular muscle enlargement with resulting restrictive myopathy and diplopia within the central 20° visual field. Control specimens were procured from seven non-GO patients undergoing enucleation for uveal melanoma (UM), with inclusion criteria stipulating absence of extraocular extension or metastatic disease. Comprehensive clinical and demographic characteristics of the study cohort are detailed in Table 1.


Table 1 | Clinical features of patient samples used in this study.
	Age
(Years)
	Gender
(M/F)
	Smoking
(Y/N)
	Duration of GO
(Years)
	Disease
	Previous GO treatment
	Proptosis
(R/L, mm)
	CAS
	GO severity assessment
	Surgery
performed



	GO patients


	54
	F
	N
	2
	GO type I
	None
	19/18
	0
	III
	Decompression


	52
	M
	Y
	1.5
	GO type II
	GCs
	21/20
	0
	VI
	Decompression


	62
	M
	Y
	2
	GO type II
	GCs
	20/19
	1
	VI
	Decompression


	55
	F
	N
	1
	GO type I
	None
	18/19
	2
	III
	Decompression


	48
	M
	N
	1.5
	GO type I
	GCs
	20/21
	0
	III
	Decompression


	50
	M
	Y
	2.5
	GO type II
	None
	21/20
	2
	IV
	Decompression


	40
	F
	N
	3
	GO type I
	None
	22/21
	0
	III
	Decompression


	47
	M
	Y
	1.75
	GO type II
	GCs
	22/20
	1
	VI
	Decompression


	53
	M
	Y
	1
	GO type II
	None
	19/20
	3
	VI
	Decompression


	63
	F
	N
	3
	GO type II
	None
	19/18
	1
	IV
	Decompression


	37
	F
	N
	2
	GO type I
	None
	21/21
	0
	III
	Decompression


	44
	F
	N
	2.5
	GO type I
	None
	22/21
	1
	III
	Decompression


	41
	M
	N
	1
	GO type I
	None
	22.5/21
	2
	III
	Decompression


	60
	M
	Y
	0.5
	GO type II
	GCs
	19/21
	2
	VI
	Decompression


	Non- GO control patients


	65
	M
	N
	–
	UM
	–
	–
	–
	–
	Enucleation


	50
	M
	Y
	–
	UM
	–
	–
	–
	–
	Enucleation


	57
	F
	N
	–
	UM
	–
	–
	–
	–
	Enucleation


	53
	F
	N
	–
	UM
	–
	–
	–
	–
	Enucleation


	42
	M
	N
	–
	UM
	–
	–
	–
	–
	Enucleation


	55
	M
	Y
	–
	UM
	–
	–
	–
	–
	Enucleation


	48
	M
	Y
	–
	UM
	–
	–
	–
	–
	Enucleation





M, male, F, female; Y, yes; N, no; GO, thyroid-associated ophthalmopathy; UM, uveal melanoma; R/L, right or left eyes; CAS, clinical ac-tivity score; GCs, glucocorticoids. NOSPECS classification (0 = no symptoms or signs; I = only signs, no symptoms; II = soft tissue involvement; III = proptosis; IV = EOM involvement; V = corneal involvement; VI = sight loss, due to optic nerve involvement).



Exclusion criteria encompassed administration of systemic or local glucocorticoid therapy within three months preceding tissue acquisition. Disease severity and inflammatory activity were assessed using the standardized NOSPECS classification system and seven-point clinical activity score (CAS) as established by the European Group on Graves’ Orbitopathy (EUGOGO) (18, 19). Written informed consent was obtained from all study participants. This investigation was conducted in accordance with the ethical principles outlined in the Declaration of Helsinki and received approval from the Institutional Review Board of the First Affiliated Hospital of Chongqing Medical University (approval number 2023-30, January 11, 2023).

Dulbecco’s Modified Eagle’s Medium (DMEM, #C11965500BT), fetal bovine serum (FBS, #10270-106-1), penicillin and streptomycin (#15140122), 0.25% trypsin/EDTA (#25200072), and phosphate-buffered saline (PBS, #C10010500BT) (all reagents from Gibco Laboratories, New York, NY, USA). Dimethyl sulfoxide (DMSO, #WL064, Meiluncell), TGF-β1 (R&D Systems, Minneapolis, MN, USA, #240-B-010), MMP-14 inhibitor (NSC-405020, #HY-15827, MCE);

TaKaRa MiniBEST Universal RNA Extraction Kit (#9767), PrimeScript RT Master Mix (#RR036B) and TB Green Premix Ex Taq II (#RR820B) (all from TaKaRa, Dalian, China); Radioimmunoprecipitation Assay (RIPA, #P0013B, Beyotime), Protein-free rapid blocking solution (#G2052, Servicebio), Enhanced BCA Protein Assay kit (#P0010, Beyotime), 5×protein loading buffer (Boster). Primary antibody: α-SMA (#19245S), COL1A1 (#39952S), CTGF (#86641S), GAPDH (#5174S) (all from Cell Signaling Technology, Boston, MA, USA); MMP14 (#AF0212), PI3K p85 alpha (#AF6241), Phospho-PI3K p85 alpha (Tyr607, #AF3241), pan-AKT1/2/3 (#AF6261), Phospho-AKT1/2/3 (Ser473, #AF0016), β-actin (#AF7018) (all from Affinity Biosciences); DyLight 488 Goat anti-Rabbit IgG (H + L) Secondary Antibody (#A23220, Abbkine), Goat anti-Rabbit IgG HRP Conjugated Secondary Antibody (#CW0103S, CWBIO). HRP-conjugated anti-rabbit secondary antibody (#DM-001, ProteinSimple, San Jose, CA, USA).





Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue specimens were sectioned at 3-μm thickness and subjected to a standardized immunohistochemical protocol. Deparaffinization was performed using xylene, followed by gradient rehydration through absolute ethanol series. Antigen retrieval was accomplished using EDTA buffer (pH 9.0) under optimized conditions. Following triple rinses with phosphate-buffered saline (PBS), endogenous peroxidase activity was quenched by incubating sections in 3% hydrogen peroxide solution for 25 minutes at ambient temperature under light protection. After subsequent PBS washing, nonspecific binding sites were blocked using 3% bovine serum albumin (BSA) applied dropwise onto sections with 30-minute incubation at room temperature. Primary anti-MMP14 antibody was applied to tissue sections with overnight incubation at 4°C in a humidified chamber. Following thorough PBS washing, sections were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (Servicebio, Wuhan, Hubei, China) for 50 minutes at room temperature. Immunoreactivity was visualized using diaminobenzidine (DAB) chromogen with precisely timed development (45 seconds), followed by hematoxylin counterstaining. Processed sections underwent dehydration through graded alcohols and were permanently mounted using neutral mounting medium. Quantitative immunohistochemical analysis was performed using ImageJ software (National Institutes of Health, Bethesda, MA, USA), with integrated optical density (IOD) normalized to measured area serving as the semiquantitative metric for MMP14 expression levels.





RNA sequencing

Total RNA was isolated from primary orbital fibroblast cultures utilizing the TaKaRa MiniBEST Universal RNA Extraction Kit following the manufacturer’s optimized protocol. RNA quality and integrity were assessed prior to downstream applications. Subsequently, high-quality RNA samples were processed for cDNA library construction using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina platform through a systematic workflow including mRNA isolation, fragmentation, and double-stranded cDNA synthesis according to the manufacturer’s specifications. Preliminary quality assessment and quantification of the resultant cDNA libraries were performed using Qubit 3.0 fluorometric quantitation, with a stringent quality control threshold requiring effective library concentrations exceeding 10 nM. Libraries meeting these rigorous quality parameters were sequenced on the Illumina NovaSeq 6000 platform employing paired-end 150 bp (PE150) sequencing chemistry to ensure comprehensive transcriptomic coverage and robust read depth for differential expression analysis.





Primary cultures of OFs

Orbital adipose/connective tissue specimens were meticulously dissected to remove fascial elements and vascular structures prior to processing. The resulting tissue was finely minced into approximately 1-mm³ fragments and established as explant cultures in 10-cm tissue culture dishes containing high-glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 20% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Following fibroblast outgrowth from tissue explants and attainment of 80-90% confluence, adherent cells were enzymatically dissociated using 0.25% trypsin-EDTA solution and subcultured. Established orbital fibroblast (OF) cultures were subsequently maintained in standard proliferation medium comprising DMEM supplemented with 10% FBS and 1% penicillin/streptomycin under standard culture conditions (37°C, 5% CO2, humidified atmosphere). All experimental procedures were performed using OFs between passages 3 and 7, with a minimum of three biological replicates per experimental condition to ensure reproducibility.





RNA extraction and real-time polymerase chain reaction

Total RNA was isolated from cultured OFs using the TaKaRa MiniBEST Universal RNA Extraction Kit according to the manufacturer’s standardized protocol. RNA concentration and purity were spectrophotometrically determined prior to reverse transcription. Complementary DNA (cDNA) synthesis was performed using the PrimeScript RT Master Mix under optimized reaction conditions. Quantitative real-time PCR was conducted on a Roche LightCycler 480 system (Roche Diagnostics, Basel, Switzerland) employing TB Green Premix Ex Taq II reagent with gene-specific primers. Oligonucleotide primer sequences utilized for target gene amplification are comprehensively detailed in Table 2. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression served as the endogenous reference control for normalization of target gene expression.


Table 2 | RT-qPCR primer sequences.
	Genes
	Sequences (5’-3’)



	MMP14
	F: GGGTTCCTGGCTCATGCCTA
R: GTGACCCTGACTTGCTTCCATAA


	GAPDH
	F: TTGCCATCAATGACCCCTT
R: CGCCCCACTTGATTTTGGA





F, forward; R, reverse.







Western blotting

Cell and tissue lysates were prepared using a protein extraction kit (KeyGEN, Nanjing, China; #KGP250, #KGP950), and protein concentrations were quantified using a BCA assay kit (Beyotime, Shanghai, China; #P0010). Due to equipment constraints, two distinct Western blotting methodologies were employed. A subset of samples was analyzed with an automated capillary electrophoresis system (Simple Western system with Compass software; ProteinSimple, San Jose, CA, USA; Version 5.0.0) using Wes Separation Capillary Cartridges (covering molecular weight ranges of 12–230 kDa and 66–440 kDa; #SM-W004 and #SM-W008, ProteinSimple). In parallel, other samples were prepared by boiling for 5–6 minutes after the addition of 5× protein loading buffer to achieve denaturation. These samples were then separated via SDS-PAGE (loading 30 μg of protein for cells and 60 μg for eyeball tissue) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, USA). The membranes were blocked at room temperature for 30 minutes using a protein-free rapid blocking solution, followed by overnight incubation at 4°C with the primary antibody. After washing with Tris-HCl-buffered saline containing Tween 20 (TBST), membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1–2 hours at room temperature. Protein bands were visualized using a gel imaging system (Thermo Fisher, USA) and quantified with ImageJ software (National Institutes of Health, Bethesda, MA, USA).





Wound healing assay

Confluent orbital fibroblast monolayers in 6-well plates were mechanically disrupted using sterile pipette tips to create uniform linear wounds. Initial wound dimensions were measured immediately post-disruption to establish baseline values. Culture medium was then replaced with fresh medium containing MMP-14 inhibitor NSC-405020 (100 μM) and TGF-β1 (10 ng/mL), followed by incubation for 24 and 48 hours. Wound closure progression was documented via phase-contrast microscopy (Leica Microsystems GmbH, 4× magnification) with quantitative analysis of wound width reduction.





Statistical analysis

All experiments were conducted with biological triplicates using samples from distinct individuals, with technical duplicates for each condition. Data are expressed as mean ± standard deviation. Statistical analyses were performed using GraphPad Prism v10 (GraphPad Software) employing one-way ANOVA with post-hoc tests. Statistical significance was defined as p<0.05.






Results




Transcriptomic profiling and enrichment analysis of orbital tissues in TAO

Comprehensive transcriptomic analysis was performed on orbital adipose/connective tissue specimens obtained from demographically matched normal control (NC) subjects and patients with distinct GO phenotypes (type I and type II). RNA sequencing identified 15,803 transcripts across all samples (Figure 1A). Principal component analysis revealed distinct transcriptional signatures among experimental groups, with the first two components (PC1 and PC2) accounting for 26.55% and 22% of total variance, respectively (Figure 1B). Differential expression analysis identified 229 significantly modulated transcripts between GO type I and NC specimens (106 upregulated, 123 downregulated; fold change ≥2.0, P<0.05) (Figure 1C). The GO type II versus NC comparison yielded 405 differentially expressed genes, comprising 279 upregulated transcripts—notably including matrix metalloproteinases MMP14, MMP9, and MMP2—and 126 downregulated transcripts (fold change ≥2.0, P<0.05) (Figure 1D). Based on these findings, subsequent analyses focused on GO type II versus NC comparisons. KEGG pathway enrichment analysis revealed significant involvement of 54 signaling cascades, predominantly including PI3K-Akt signaling, MAPK signaling, and ECM-receptor interaction pathways (Figure 1E). Complementary Gene Ontology analysis demonstrated significant enrichment in biological processes governing extracellular matrix remodeling, cell-matrix adhesion, collagen fibril organization, and cytoskeletal regulation (Figure 1F).
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Figure 1 | Comprehensive transcriptomic analysis of orbital tissues from GO and NC patients. (A) Hierarchical clustering heatmap depicting differentially expressed transcripts across GO and NC orbital tissue specimens (n=6 per group). Color intensity indicates magnitude of expression deviation from the mean. (B) Principal component analysis (PCA) plot illustrating transcriptional variance and sample clustering based on the first two principal components, demonstrating distinct molecular signatures among experimental groups. (C) Volcano plot representation of differentially expressed transcripts in GO type I versus NC comparison. Red and blue dots represent significantly upregulated and downregulated genes, respectively (fold change ≥2.0, P<0.05). (D) Volcano plot analysis of differentially expressed transcripts in GO type II versus NC comparison, highlighting substantial transcriptional reprogramming in this disease phenotype. (E) KEGG pathway enrichment analysis of differentially expressed genes in GO type II orbital tissues. Bubble size corresponds to gene count, while color intensity indicates statistical significance. (F) Gene Ontology (GO) biological process enrichment analysis of differentially expressed genes in GO type II, with bar length representing statistical significance (-log10 P-value).





GO orbital connective tissues exhibit elevated MMP14 levels correlated with fibrosis severity

Immunohistochemical evaluation of orbital adipose/connective tissue specimens demonstrated distinct MMP14 expression patterns across experimental cohorts. Normal control (NC) and GO type I tissues exhibited minimal MMP14 immunoreactivity, whereas GO type II specimens displayed pronounced MMP14 upregulation (P<0.0001; Figures 2A, B). Complementary Western blot analysis of protein extracts from orbital adipose tissues stratified by clinical severity (NC, GO grade IV, and GO grade VI) revealed progressive elevation of both α-smooth muscle actin (α-SMA) and MMP14 protein levels in GO specimens compared to controls. Notably, expression intensity of both markers demonstrated a significant positive correlation with histopathological fibrotic grade (Figures 2C, D), suggesting mechanistic involvement in disease progression.
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Figure 2 | MMP14 expression in orbital tissues correlates with fibrotic severity in GO (A) Representative immunohistochemical detection of MMP14 in orbital tissue sections from NC, GO type I, and GO type II patients. MMP14 immunoreactivity appears as yellowish-brown chromogenic signal. Scale bars: 100 μm. (B) Semi-quantitative analysis of MMP14 immunopositivity across experimental groups (NC: n=5; GO type I: n=7; GO type II: n=7). (C) Representative immunoblot analysis of MMP14 and α-SMA protein expression in orbital adipose/connective tissue specimens from normal controls and GO patients with varying fibrotic grades. (D) Densitometric quantification of protein expression normalized to GAPDH. Values represent mean ± SD from three independent experiments. Statistical significance was determined by one-way ANOVA with post-hoc analysis: ns, not significant; ####p<0.0001 compared to NC; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 between indicated groups.





TGF-β1 induces MMP14 upregulation in orbital fibroblasts from GO patients

Baseline transcriptional analysis revealed significantly elevated MMP14 expression in primary OFs derived from GO patients compared to those isolated from normal control subjects (Figure 3A). To establish optimal experimental parameters, CCK-8 viability assays were employed to determine appropriate TGF-β1 concentrations and exposure times, while qPCR was used to assess fibrotic marker expression changes. Based on these preliminary studies, concentrations of 5, 10, and 20 ng/mL TGF-β1 were selected for subsequent experiments (Supplementary Figures 1A, B). Differential responsiveness to TGF-β1 stimulation was observed between GO and control-derived OFs. GO fibroblasts exhibited a concentration-dependent upregulation of MMP14 at 10 and 20 ng/mL TGF-β1, whereas control fibroblasts showed no significant expression changes under identical conditions (Figure 3B). Furthermore, extended exposure (48 hours) to TGF-β1 induced significant transcriptional activation of multiple fibrotic markers, including COL1A1, CTGF, α-SMA, and MMP14, specifically in GO-derived orbital fibroblasts (Figures 3C, D). These findings collectively suggest that TGF-β1-mediated MMP14 induction contributes significantly to the pathological fibrotic response observed in GO orbital fibroblasts.

[image: Graphical representation of experimental data on MMP14 and other proteins. Panel A shows a bar chart comparing relative fold change of MMP14 between NC (red) and TAO (blue), with significant increase in TAO (p<0.001). Panel B presents a violin plot showing relative fold change of MMP14 by varying TGF-β1 concentrations, with notable increase in TAO as shown by TGF-β1 dose-response. Panel C displays Western blot results for COL1A1, α-SMA, CTGF, MMP14, and GAPDH at various TGF-β1 doses. Panel D includes bar charts of relative density for these proteins, indicating dose-dependent changes and significance levels.]
Figure 3 | TGF-β1 induces MMP14 upregulation in OFs from GO patients. (A) Comparative analysis of baseline MMP14 transcript levels in OFs isolated from Graves’ ophthalmopathy patients (GO, n=10) and normal controls (NC, n=7). ****p<0.0001 vs. control group. (B) Quantitative PCR analysis of MMP14 expression in OFs following TGF-β1 stimulation at varying concentrations. GO-derived cells (n=3) demonstrated concentration-dependent upregulation compared to normal control cells (n=5). (C) Representative immunoblots showing protein expression of fibrotic markers (COL1A1, α-SMA, CTGF) and MMP14 across experimental conditions following TGF-β1 treatment. (D) Densitometric quantification of protein expression normalized to GAPDH (n=3). Data presented as mean ± standard deviation. Statistical significance was determined by one-way ANOVA with post-hoc analysis: ns, not significant; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 between indicated groups.





Comprehensive transcriptomic profiling reveals MMP14 as a mediator in TGF-β1-induced fibrotic response

To elucidate the molecular mechanisms underlying TGF-β1-mediated fibrosis in Graves’ ophthalmopathy, orbital fibroblasts (OFs) isolated from three independent GO patients were exposed to 10 ng/mL TGF-β1 for 24 hours prior to transcriptome analysis by high-throughput RNA sequencing. This systematic approach identified 7,229 significantly differentially expressed genes (DEGs) compared to untreated controls. Cross-referencing these DEGs with the MMP gene database yielded 1,758 MMP-associated transcripts (Figure 4A). Principal component analysis demonstrated distinct transcriptional profiles between TGF-β1-treated and control samples, with the first two principal components (PC1 and PC2) accounting for 91.32% and 3.64% of the observed variance, respectively (Figure 4B). Differential expression analysis visualized through volcano plotting revealed 412 significantly upregulated and 1,346 downregulated genes (fold change ≥2.0, P<0.05; Figure 4C).


[image: (A) Heat map showing gene expression differences between control and TGF-β1 treated groups, with red indicating upregulation and blue downregulation. (B) PCA plot illustrating separation between control and TGF-β1 groups. (C) Volcano plot identifying significantly upregulated (red) and downregulated (blue) genes. (D) Network diagram of gene interactions highlighting key nodes. (E) Bubble chart showing enriched pathways based on gene ratio and significance. (F) Bar graph representing gene ontology terms and their significance. (G) Network clustering diagram with nodes color-coded by cluster and size indicating degree.]
Figure 4 | Transcriptomic analysis reveals MMP14-associated regulatory networks in TGF-β1-stimulated GO orbital fibroblasts. (A) Hierarchical clustering heatmap depicting differentially expressed transcripts after intersection with the MMP gene database in GO orbital fibroblasts (n=3) with or without TGF-β1 stimulation (10 ng/mL, 24h). Color intensity reflects standardized expression values (z-scores). (B) Principal component analysis of normalized RNA-sequencing data demonstrating distinct transcriptional profiles between treatment conditions. First two principal components (PC1: 91.32%, PC2: 3.64% of variance) reveal clear separation between TGF-β1-treated and control samples. (C) Volcano plot visualization of differential gene expression. Red and blue dots represent significantly upregulated (412) and downregulated (1,346) transcripts, respectively (fold change ≥2.0, P<0.05). (D) Protein-protein interaction network analysis illustrating functional connections between MMP14 and fibrosis-associated proteins. Node size reflects interaction degree; edge thickness indicates confidence score of protein associations. (E) KEGG pathway enrichment analysis presented as a bubble chart. Bubble size corresponds to gene count; color intensity represents significance level (-log10 P-value) of enriched pathways in TGF-β1-treated versus control conditions. (F) Gene Ontology enrichment analysis showing top significantly modulated biological processes following TGF-β1 treatment. Bar length indicates statistical significance (-log10 P-value). (G) Correlation network visualization integrating MMP14 with 255 genes from enriched signaling pathways. Edge color and thickness represent correlation strength and directionality.

Protein-protein interaction (PPI) network mapping illuminated extensive functional connections between MMP14 and numerous proteins implicated in fibrotic processes and signal transduction pathways (Figure 4D). KEGG pathway enrichment analysis identified 54 significantly modulated signaling networks, with particularly strong enrichment in extracellular matrix-receptor interaction, PI3K-Akt signaling, MAPK signaling cascade, and cell adhesion molecule pathways (Figure 4E). Complementary Gene Ontology analysis revealed significant enrichment in biological processes critical to fibrogenesis, including cell adhesion, extracellular matrix organization, and collagen trimer formation (Figure 4F). To further characterize MMP14’s role in these regulatory networks, we constructed a correlation network integrating MMP14 with 255 selected genes derived from the enriched pathways, providing insights into potential functional relationships governing fibrotic transformation in GO (Figure 4G).





MMP14 inhibition attenuates TGF-β1-induced fibrotic responses in GO orbital fibroblasts

To investigate the functional significance of MMP14 in fibrotic pathogenesis, orbital fibroblasts derived from GO patients were treated with the selective MMP14 inhibitor NCS-405020 in the presence of TGF-β1. Immunoblot analysis revealed that pharmacological inhibition of MMP14 substantially suppressed TGF-β1-induced expression of both MMP14 and the myofibroblast marker α-SMA (Figures 5A, B), indicating attenuation of the fibrotic phenotype. The impact on cellular functionality was further assessed using scratch wound migration assays. While TGF-β1 stimulation significantly enhanced orbital fibroblast motility and wound closure capacity, concurrent treatment with NCS-405020 markedly impaired this migratory response. Temporal quantification of wound gap measurements confirmed significant dose-dependent inhibition of cellular migration following MMP14 inhibition (Figures 5C, D). These findings collectively demonstrate that MMP14 activity is essential for TGF-β1-mediated fibroblast activation and migration, key processes in the pathological tissue remodeling characteristic of GO.

[image: Western blot analysis and graphs showing the effects of TGF-β1 and NSC-405020 on MMP14 and α-SMA expression, alongside cell migration assays. Panel A presents blot bands for MMP14, α-SMA, and β-actin under different treatment conditions. Panel B contains bar graphs showing relative density changes of MMP14 and α-SMA. Panel C provides cell migration images at 0, 24, and 48 hours for control, TGF-β1, and TGF-β1 with NSC-405020 treatments. Panel D displays a bar graph of cell migration percentage relative to initial width across conditions and time points.]
Figure 5 | Pharmacological Inhibition of MMP14 Suppresses TGF-β1-induced fibrotic response and migratory capacity in orbital fibroblasts. (A) Representative immunoblots demonstrating protein expression of α-SMA and MMP14 in orbital fibroblasts following treatment with TGF-β1 (10 ng/mL) and/or MMP14 inhibitor NCS-405020 (100 μM). β-actin served as loading control. (B) Densitometric quantification of protein expression normalized to β-actin across experimental conditions (n=3). Results demonstrate significant attenuation of TGF-β1-induced protein expression by MMP14 inhibition. (C) Representative phase-contrast micrographs of scratch wound healing assay showing orbital fibroblast migration at indicated time points following treatment with TGF-β1 (10 ng/mL) and/or MMP14 inhibitor (100 μM). Scale bar = 100 μm. (D) Quantitative analysis of wound closure rates across treatment conditions (n=3). Values represent percentage of initial wound area closed at specified time points. Data are presented as mean ± standard deviation from triplicate experiments. Statistical significance was determined by one-way ANOVA with post-hoc analysis: ns, not significant; #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 compared to control group; *p<0.05, ***p<0.001 between indicated experimental groups.






Discussion

Ongoing investigations into matrix metalloproteinases (MMPs) in GO pathophysiology (20), continue to advance our understanding toward the development of targeted therapeutic interventions that selectively modulate specific MMP activities to mitigate aberrant tissue remodeling and ameliorate clinical manifestations. In the current investigation, we employed comprehensive transcriptome profiling through high-throughput RNA sequencing of orbital connective tissue specimens obtained from GO type I patients, GO type II patients, and non-GO control subjects. This systematic approach facilitated the identification of disease-specific transcriptional signatures and elucidated the molecular architecture underlying GO progression.

Comparative transcriptomic analysis revealed a distinct molecular profile in GO type II tissues, characterized by significant upregulation of 279 transcripts—notably including MMP14—compared to both GO type I specimens and control tissues. Subsequent functional bioinformatics interrogation through KEGG pathway and Gene Ontology enrichment analyses demonstrated significant activation of biological processes governing extracellular matrix homeostasis, particularly ECM–receptor interactions, matrix organizational dynamics, and collagen assembly pathways. These molecular signatures align with and extend recent literature highlighting extracellular matrix dysregulation as a central mechanistic determinant in GO pathogenesis and disease progression (15, 21).

MMP14 emerges as a critical mediator of extracellular matrix remodeling and fibrosis through its multifunctional capacity. This transmembrane metalloproteinase not only directly degrades structural ECM components (22), but also functions as an activator of other MMPs (23), a modulator of cellular signaling networks (24), a regulator of cell phenotype and behavior (25), and a modifier of ECM protein bioactivity. These diverse functions operate under precise spatiotemporal control in a context-dependent manner across tissues and pathological states (26). Elucidating MMP14’s comprehensive role in matrix dynamics and fibrogenesis is fundamental to developing innovative therapeutic strategies targeting fibrotic disorders. Recent advances have expanded MMP14’s functional repertoire beyond matrix degradation to include immunomodulatory functions, particularly in facilitating M0 macrophage infiltration into affected tissues (27). Furthermore, MMP14 serves as a sophisticated regulator of cytokine bioavailability within the extracellular milieu. Karsdal and colleagues demonstrated that MMP14 specifically cleaves the latency-associated peptide (LAP) of TGF-β1, liberating biologically active TGF-β1 from sequestration within ECM reservoirs (28). Our investigations reveal that MMP14 expression in GO-derived orbital fibroblasts increases proportionally with fibrotic severity, suggesting a cell-specific role in disease progression. This pattern may represent an adaptive compensatory mechanism by which orbital fibroblasts attempt to counterbalance excessive matrix accumulation. Paradoxically, this putative homeostatic response may ultimately destabilize the delicate equilibrium of ECM turnover, thereby accelerating pathological fibrosis. Within orbital fibroblasts, locally activated TGF-β1 initiates canonical SMAD2/3 phosphorylation cascades, as confirmed by our phosphoproteomic analyses. This signaling pathway establishes a self-amplifying regulatory circuit wherein TGF-β1 stimulation enhances MMP14 expression through SMAD-responsive elements within the MMP14 promoter region (29). This reciprocal regulatory mechanism acquires particular pathophysiological significance in thyroid-associated ophthalmopathy (TAO), where orbital fibroblasts reside within a TGF-β1-enriched microenvironment. The concomitant elevation of both MMP14 protein and phosphorylated SMAD2/3 in type II TAO tissues provides compelling evidence supporting this mechanistic relationship.

Our in vitro experimental findings further demonstrate that orbital fibroblasts derived from GO patients exhibit constitutively elevated MMP14 expression compared to control subjects, suggesting these cells exist in a “primed” or “pre-activated” state with heightened susceptibility to fibrotic stimuli—a phenotypic alteration likely induced by chronic exposure to the inflammatory microenvironment characteristic of GO (30). Moreover, exogenous TGF-β1 stimulation substantially augmented MMP14 expression in GO-derived orbital fibroblasts while simultaneously upregulating established fibrotic markers including COL1A1, CTGF, and α-SMA. These data collectively indicate that TGF-β1 orchestrates GO fibrotic progression through coordinated regulation of multiple fibrosis-associated genes (31).

Comprehensive transcriptomic profiling of TGF-β1-stimulated GO orbital fibroblasts further illuminated the molecular networks governing fibrotic transformation. Cross-reference analysis with the MMP gene database identified 1,758 MMP-associated transcripts significantly modulated by TGF-β1 treatment, underscoring the extensive influence of this cytokine on MMP regulatory networks. Pathway enrichment analyses revealed significant perturbation of several signaling cascades—notably ECM–receptor interaction, PI3K–Akt, and MAPK pathways—while Gene Ontology analyses demonstrated enrichment in biological processes governing cell adhesion, extracellular matrix organization, and collagen assembly. This systems-level transcriptional reprogramming reinforces MMP14’s position as a central regulatory node in TGF-β1-mediated fibrogenesis in GO.

MMP14 further influences intercellular communication and cell-matrix interactions by modulating the functional activity of diverse membrane-anchored and extracellular proteins (32). Illustrating this regulatory complexity, in human extravillous trophoblasts, leptin promotes cell invasion by upregulating MMP14 expression—a process effectively neutralized by PI3K/Akt pathway inhibition (33). Similarly, in SiHa cervical cancer cells, MMP14 induction is abrogated by pharmacological inhibition of MAPK/ERK signaling using PD98059 or U0126 (34). In mammary epithelial cells, MMP14 directly interacts with integrin β1 to regulate MAPK signaling, thereby facilitating tumor cell invasiveness (35). These diverse examples illuminate the intricate functional interrelationships connecting MMP14, ECM receptors, PI3K–Akt signaling, and MAPK cascades, highlighting the need for comprehensive mechanistic investigations of MMP14 biology in GO pathogenesis.

The application of NCS-405020, a selective MMP14 inhibitor, provided compelling functional evidence substantiating MMP14’s mechanistic role in GO-associated fibrotic pathology. Pharmacological antagonism of MMP14 activity not only attenuated TGF-β1-induced upregulation of α-SMA—a canonical myofibroblast marker—but also significantly impeded orbital fibroblast migration in wound healing assays. This simultaneous suppression of fibrotic marker expression and cellular motility upon MMP14 blockade strongly indicates that selective targeting of this metalloproteinase represents a promising therapeutic strategy to mitigate orbital tissue fibrosis in GO. Corroborating our findings, previous investigations across diverse fibrotic disorders have demonstrated MMP14’s functional significance in pathological matrix remodeling. In systemic sclerosis, siRNA-mediated silencing of MMP14 expression in dermal fibroblasts substantially diminished TGF-β1-induced transcription of fibrotic genes (36). In cardiac fibroblasts, TGF-β1 stimulation upregulates furin expression, which subsequently activates MMP14; notably, pharmacological inhibition of furin significantly reduces MT1-MMP/MMP-2 activation and impairs fibroblast migration (37). Furthermore, in human keratinocytes, targeted depletion of MMP14 through RNA interference markedly attenuates TGF-β1-stimulated cellular migration—an effect mechanistically linked to suppression of JNK signaling pathway activation (38). Collectively, these cross-disciplinary observations reinforce MMP14’s central role in TGF-β1-mediated fibrotic processes and cellular phenotypic transformation.

Despite these significant insights, several methodological limitations warrant acknowledgment. First, our experimental paradigm focused exclusively on isolated orbital fibroblasts, thereby precluding comprehensive analysis of potential interactions with immunologically active cellular populations and the influence of the complex orbital microenvironment that characterizes in vivo pathogenesis. Second, the precise molecular mechanisms and signaling networks through which MMP14 orchestrates orbital fibroblast activation and fibrotic transformation require further detailed elucidation. Third, the absence of validated experimental animal models that faithfully recapitulate the orbital manifestations of GO substantially constrains evaluation of MMP14-targeted interventions in an intact physiological system.

Translational implementation of MMP14 inhibition in GO presents additional challenges related to ocular drug delivery. Achieving therapeutic concentrations within the anatomically restricted orbital connective tissues would likely necessitate localized administration approaches—such as periocular or sub-Tenon injection of advanced controlled-release formulations (including biodegradable hydrogels or nanoparticulate delivery systems)—to maximize target-site bioavailability while minimizing systemic exposure. However, the orbit’s extensive vascular and lymphatic drainage networks introduce potential concerns regarding unintended redistribution to adjacent ocular structures, necessitating meticulous dose optimization and comprehensive preclinical toxicological assessment to safeguard retinal integrity, trabecular outflow facility, and extraocular muscle functionality.





Conclusion

Our comprehensive investigations demonstrate that elevated MMP14 expression is integrally associated with pathological extracellular matrix remodeling and progressive fibrosis in GO. The pronounced reduction in fibrotic marker expression and impaired fibroblast motility following selective MMP14 inhibition highlights this metalloproteinase’s therapeutic potential as an intervention target in GO. While additional mechanistic investigations are essential to fully elucidate MMP14’s regulatory roles, the current work establishes a fundamental framework for developing targeted therapeutic strategies to counteract fibrotic progression in GO. Future research endeavors should focus on (1): dissecting the intricate molecular networks governing MMP14 expression and activation in orbital fibroblasts (2); developing advanced delivery technologies specifically tailored to the unique anatomical and physiological characteristics of the orbital microenvironment; and (3) establishing well-defined therapeutic parameters for MMP14 inhibition that maximize anti-fibrotic efficacy while preserving essential physiological matrix remodeling functions in orbital tissues.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The studies involving humans were approved by the Institutional Review Board of the First Affiliated Hospital of Chongqing Medical University (Approval No. 2023-30). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

XW: Writing – original draft, Formal analysis, Investigation, Data curation, Writing – review & editing, Funding acquisition. JL: Investigation, Methodology, Writing – original draft, Conceptualization. YH: Investigation, Conceptualization, Methodology, Writing – original draft. QS: Software, Resources, Writing – review & editing. YL: Validation, Methodology, Writing – review & editing. WS: Writing – review & editing, Methodology, Validation. PW: Supervision, Conceptualization, Funding acquisition, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. Supported by the National Natural Science Foundation of China (No. 82401311), Natural Science Foundation of Chongqing, China (No. CSTB2024NSCQ-MSX1234, No. CSTB2023NSCQ-MSX0245) and Postdoctoral research fund of the First Affiliated Hospital of Chongqing Medical University.




Acknowledgments

We would like to express our appreciation to the doctors and nurses in our department for their help.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be constructed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2025.1623842/full#supplementary-material




References

	 Bartalena L, Piantanida E, Gallo D, Lai A, Tanda ML. Epidemiology, natural history, risk factors, and prevention of graves’ Orbitopathy. Front Endocrinol (Lausanne). (2020) 11:615993. doi: 10.3389/fendo.2020.615993, PMID: 33329408


	 Taylor PN, Zhang L, Lee RWJ, Muller I, Ezra DG, Dayan CM, et al. New insights into the pathogenesis and nonsurgical management of Graves orbitopathy. Nat Rev Endocrinol. (2020) 16:104–16. doi: 10.1038/s41574-019-0305-4, PMID: 31889140


	 Linquist RA, Symons RC, O’Bryhim B, Whittaker TJ, Sokol JA. Cytokine profiles in clinical subtypes of ophthalmic Graves’ disease. Orbit. (2014) 33:363–8. doi: 10.3109/01676830.2014.937877, PMID: 25058606


	 Bahn RS, Heufelder AE. Retroocular fibroblasts: important effector cells in Graves’ ophthalmopathy. Thyroid. (1992) 2:89–94. doi: 10.1089/thy.1992.2.89, PMID: 1525575


	 Krieger CC, Neumann S, Gershengorn MC. TSH/IGF1 receptor crosstalk: Mechanism and clinical implications. Pharmacol Ther. (2020) 209:107502. doi: 10.1016/j.pharmthera.2020.107502, PMID: 32061922


	 Smith TJ, Jamjl J. Insulin-like growth factor-I receptor and thyroid-associated ophthalmopathy. Endocr Rev. (2019) 40:236–67. doi: 10.1210/er.2018-00066, PMID: 30215690


	 van Steensel L, Paridaens D, Schrijver B, Dingjan GM, van Daele PL, van Hagen PM, et al. Imatinib mesylate and AMN107 inhibit PDGF-signaling in orbital fibroblasts: a potential treatment for Graves’ ophthalmopathy. Invest Ophthalmol Visual Sci. (2009) 50:3091–8. doi: 10.1167/iovs.08-2443, PMID: 19234339


	 Tsai CC, Wu SB, Kao SC, Kau HC, Lee FL, Wei YH. The protective effect of antioxidants on orbital fibroblasts from patients with Graves’ ophthalmopathy in response to oxidative stress. Mol Vision. (2013) 19:927–34., PMID: 23687429


	 Pawlowski P, Reszec J, Eckstein A, Johnson K, Grzybowski A, Chyczewski L, et al. Markers of inflammation and fibrosis in the orbital fat/connective tissue of patients with Graves’ orbitopathy: clinical implications. Mediators Inflamm. (2014) 2014:412158. doi: 10.1155/2014/412158, PMID: 25309050


	 Lee ACH, Kahaly GJ. Pathophysiology of thyroid-associated orbitopathy. Best Pract Res Clin Endocrinol Metab. (2023) 37:101620. doi: 10.1016/j.beem.2022.101620, PMID: 35181241


	 Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases: regulators of the tumor microenvironment. Cell. (2010) 141:52–67. doi: 10.1016/j.cell.2010.03.015, PMID: 20371345


	 Cabral-Pacheco GA, Garza-Veloz I, Castruita-De la Rosa C, Ramirez-Acuna JM, Perez-Romero BA, Guerrero-Rodriguez JF, et al. The roles of matrix metalloproteinases and their inhibitors in human diseases. Int J Mol Sci. (2020) 21(24):9739. doi: 10.3390/ijms21249739, PMID: 33419373


	 Riguetto CM, Barbosa EB, Atihe CC, Reis F, Alves M, Zantut-Wittmann DE. Interaction of MMP-9 in the active phase of Graves’ disease with and without ophthalmopathy. Am J Physiol Endocrinol Metab. (2024) 327:E577–E84. doi: 10.1152/ajpendo.00166.2024, PMID: 39259164


	 Ko J, Chae MK, Lee JH, Lee EJ, Yoon JS. Sphingosine-1-phosphate mediates fibrosis in orbital fibroblasts in graves’ Orbitopathy. Invest Ophthalmol Vis Sci. (2017) 58:2544–53. doi: 10.1167/iovs.16-20684, PMID: 28492873


	 Roztocil E, Hammond CL, Gonzalez MO, Feldon SE, Woeller CF. The aryl hydrocarbon receptor pathway controls matrix metalloproteinase-1 and collagen levels in human orbital fibroblasts. Sci Rep. (2020) 10:8477. doi: 10.1038/s41598-020-65414-1, PMID: 32439897


	 Holmbeck K, Bianco P, Yamada S, Birkedal-Hansen H. MT1-MMP: a tethered collagenase. J Cell Physiol. (2004) 200:11–9. doi: 10.1002/jcp.20065, PMID: 15137053


	 Genis L, Galvez BG, Gonzalo P, Arroyo AG. MT1-MMP: universal or particular player in angiogenesis? Cancer Metastasis Rev. (2006) 25:77–86. doi: 10.1007/s10555-006-7891-z, PMID: 16680574


	 Bartalena L, Baldeschi L, Boboridis K, Eckstein A, Kahaly GJ, Marcocci C, et al. The 2016 european thyroid association/european group on graves’ Orbitopathy guidelines for the management of graves’ Orbitopathy. Eur Thyroid J. (2016) 5:9–26. doi: 10.1159/000443828, PMID: 27099835


	 Bartalena L, Kahaly GJ, Baldeschi L, Dayan CM, Eckstein A, Marcocci C, et al. The 2021 European Group on Graves’ orbitopathy (EUGOGO) clinical practice guidelines for the medical management of Graves’ orbitopathy. Eur J Endocrinol. (2021) 185:G43–67. doi: 10.1530/EJE-21-0479, PMID: 34297684


	 Kapelko-Slowik K, Slowik M, Szalinski M, Dybko J, Wolowiec D, Prajs I, et al. Elevated serum concentrations of metalloproteinases (MMP-2, MMP-9) and their inhibitors (TIMP-1, TIMP-2) in patients with Graves’ orbitopathy. Adv Clin Exp Med. (2018) 27:99–103. doi: 10.17219/acem/68991, PMID: 29521049


	 Wu L, Zhang S, Li X, Yao J, Ling L, Huang X, et al. Integrative transcriptomics and proteomic analysis of extraocular muscles from patients with thyroid-associated ophthalmopathy. Exp Eye Res. (2020) 193:107962. doi: 10.1016/j.exer.2020.107962, PMID: 32057773


	 Zhang X, Battiston KG, Labow RS, Simmons CA, Santerre JP. Generating favorable growth factor and protease release profiles to enable extracellular matrix accumulation within an in vitro tissue engineering environment. Acta Biomater. (2017) 54:81–94. doi: 10.1016/j.actbio.2017.02.041, PMID: 28242454


	 Haage A, Nam DH, Ge X, Schneider IC. Matrix metalloproteinase-14 is a mechanically regulated activator of secreted MMPs and invasion. Biochem Biophys Res Commun. (2014) 450:213–8. doi: 10.1016/j.bbrc.2014.05.086, PMID: 24878529


	 Wu J, Li X, Liu Y, Chen G, Li R, Jiang H, et al. MMP14 from BM-MSCs facilitates progression and Ara-C resistance in acute myeloid leukemia via the JAK/STAT pathway. Exp Hematol Oncol. (2025) 14:43. doi: 10.1186/s40164-025-00635-6, PMID: 40121502


	 Wu J, Guo Y, Zuo ZF, Zhu ZW, Han L. MMP14 is a diagnostic gene of intrahepatic cholangiocarcinoma associated with immune cell infiltration. World J Gastroenterol. (2023) 29:2961–78. doi: 10.3748/wjg.v29.i19.2961, PMID: 37274806


	 Alonso-Herranz L, Sahun-Espanol A, Paredes A, Gonzalo P, Gkontra P, Nunez V, et al. Macrophages promote endothelial-to-mesenchymal transition via MT1-MMP/TGFbeta1 after myocardial infarction. Elife. (2020) 9:e57920. doi: 10.7554/eLife.57920, PMID: 33063665


	 Yin C, Zhang J, Shen M, Gu Z, Li Y, Xue W, et al. Matrix metallopeptidase 14: A candidate prognostic biomarker for diffuse large B-cell lymphoma. Front Oncol. (2020) 10:1520. doi: 10.3389/fonc.2020.01520, PMID: 32974187


	 Karsdal MA, Larsen L, Engsig MT, Lou H, Ferreras M, Lochter A, et al. Matrix metalloproteinase-dependent activation of latent transforming growth factor-beta controls the conversion of osteoblasts into osteocytes by blocking osteoblast apoptosis. J Biol Chem. (2002) 277:44061–7. doi: 10.1074/jbc.M207205200, PMID: 12226090


	 Ottaviano AJ, Sun L, Ananthanarayanan V, Munshi HG. Extracellular matrix-mediated membrane-type 1 matrix metalloproteinase expression in pancreatic ductal cells is regulated by transforming growth factor-beta1. Cancer Res. (2006) 66:7032–40. doi: 10.1158/0008-5472.CAN-05-4421, PMID: 16849548


	 Fang S, Huang Y, Wang N, Zhang S, Zhong S, Li Y, et al. Insights into local orbital immunity: evidence for the involvement of the th17 cell pathway in thyroid-associated ophthalmopathy. J Clin Endocrinol Metab. (2019) 104:1697–711. doi: 10.1210/jc.2018-01626, PMID: 30517642


	 Szostek-Mioduchowska AZ, Lukasik K, Skarzynski DJ, Okuda K. Effect of transforming growth factor -beta1 on alpha-smooth muscle actin and collagen expression in equine endometrial fibroblasts. Theriogenology. (2019) 124:9–17. doi: 10.1016/j.theriogenology.2018.10.005, PMID: 30321755


	 Niland S, Riscanevo AX, Eble JA. Matrix metalloproteinases shape the tumor microenvironment in cancer progression. Int J Mol Sci. (2021) 23(1):146. doi: 10.3390/ijms23010146, PMID: 35008569


	 Wang H, Cheng H, Shao Q, Dong Z, Xie Q, Zhao L, et al. Leptin-promoted human extravillous trophoblast invasion is MMP14 dependent and requires the cross talk between Notch1 and PI3K/Akt signaling. Biol Reprod. (2014) 90:78. doi: 10.1095/biolreprod.113.114876, PMID: 24571988


	 Zhang Z, Song T, Jin Y, Pan J, Zhang L, Wang L, et al. Epidermal growth factor receptor regulates MT1-MMP and MMP-2 synthesis in SiHa cells via both PI3-K/AKT and MAPK/ERK pathways. Int J Gynecol Cancer. (2009) 19:998–1003. doi: 10.1111/IGC.0b013e3181a83749, PMID: 19820359


	 Mori H, Lo AT, Inman JL, Alcaraz J, Ghajar CM, Mott JD, et al. Transmembrane/cytoplasmic, rather than catalytic, domains of Mmp14 signal to MAPK activation and mammary branching morphogenesis via binding to integrin beta1. Development. (2013) 140:343–52. doi: 10.1242/dev.084236, PMID: 23250208


	 Muraoka S, Brodie WD, Mattichak MN, Gurrea-Rubio M, Ikari Y, Foster C, et al. Targeting CD13/aminopeptidase N as a novel therapeutic approach for scleroderma fibrosis. Arthritis Rheumatol. (2025) 77:80–91. doi: 10.1002/art.42973, PMID: 39175116


	 Stawowy P, Margeta C, Kallisch H, Seidah NG, Chretien M, Fleck E, et al. Regulation of matrix metalloproteinase MT1-MMP/MMP-2 in cardiac fibroblasts by TGF-beta1 involves furin-convertase. Cardiovasc Res. (2004) 63:87–97. doi: 10.1016/j.cardiores.2004.03.010, PMID: 15194465


	 Seomun Y, Kim JT, Joo CK. MMP-14 mediated MMP-9 expression is involved in TGF-beta1-induced keratinocyte migration. J Cell Biochem. (2008) 104:934–41. doi: 10.1002/jcb.21675, PMID: 18307173







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Wang, Lu, He, Shu, Lin, Su and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/cover.jpg
& frontiers | Frontiers in Endocrinology

MMP14 as a central mediator of TGF-
B1-induced extracellular matrix remodeling
in graves’ orbitopathy





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-16-1623842-g004.jpg
C ® Down regulated (1346) Not sig (2790) @ Up regulated (412)
—— (@
° o s
[

o %
.. o
®
1
14
be ° o o
[ X
. ®
.
® 0. ° [ ] ]
o0y ©
(]
e . 2
P | .
FONNEEE
' ‘. o900
‘ } [ ]
o0 ]
o® o
% o o
L 4 ®
.s 2% ®

log,(Fold Change)
TGF-B1_vs_control

ECM- receptor interaction - ®
Protein digestion and absorption 4 ®
PI3K- Akt signaling pathway 1 @
Cytokine- cytokine receptor interaction { ‘
AGE- RAGE signaling pathway 4 ]
MAPK signaling pathway 4 .
Calcium signaling pathway 4 [ ]
Focal adhesion{ @
CAMP signaling pathway | [ ]
Cell adhesion molecules (CAMs) - e
Inflammatory mediator regulation of TRP channels q L]
Human papillomavirus infection -‘
Glutamatergic synapse 4 ®
TNF signaling pathway 4 ®

TGF- beta signaling pathway 4 @

20 25 30

Gene Ratio
LPAR2 HDACI1

GPIBA

IL13RA2 TNFRSE25
CASP1 —
GDF5 G
BT ANGPT2
NGF
TNFSF9 SP1. HFE,_ GREMI
EDA2 CONDI
70
MAPK13 PAK2
ERR ITGB6
DFl MAPK12
T
FGF2 PRKAA2  XCRI

- logp(pvalue)

125
10.0
7.5
5.0

JAKI1

Group
2 Group
control

1 TGF-B1

0 =
-

=1 0.5 o
e |
f |

-2 ;} (] “‘ .

PCA2: 3.64 %
o
o

o
o
°

TGF-p1
[®] control

0.5 0.0 0.5

PCA1:91.32 %

F

dg

plasma membrane part
proteinaceous extracellular matrix
extracellular matrix

cell projection

extracellular matrix component
neuron part

endoplasmic reticulum lumen
synapse

membrane region

collagen trimer

K0

regulation of multicellular organismal process
regulation of cell communication

biological adhesion

cell adhesion

movement of cell or subcellular component
cellular developmental process

regulation of cell differentiation

extracellular structure organization
extracellular matrix organization

regulation of phosphorylation

E]

calcium ion binding

molecular function regulator
extracellular matrix structural constituent
sulfur compound binding
glycosaminoglycan binding

actin binding

protein complex binding

cytoskeletal protein binding

collagen binding

extracellular matrix binding

0 250 500 750 1000

Counts

BMP6 o 10

abs(correlation)

0.92
0.94
0.96
0.98
1.00

TNFRSF11B

- logyo(pvalue)

50
40
30
20
10





OEBPS/Images/fendo-16-1623842-g002.jpg
A NC Type Type Il B
Isotype
B 25
S ; Ty = i
i 7 A LAt e 20
- ‘ 2 15 ns
[ € . D
' 10
L Sl 3 =
' g ’ S s !
MMP14 Y o =
= { ‘\ 4
hoiy | o & NC Typel Typell
C D
a-SMA 42kDa
kokokok
3 | sk dkkokok 23
MMP14 62kDa @
.z %
5, 22
< =
% s
o d>) 1
GAPDH 37kDa 21 g
. g
NC1 NC2 TAO1 TAO2 TAO3 TAO4 0 0

NC grade IV grade VI NC grade IV grade VI NC grade IV grade VI





OEBPS/Images/fendo-16-1623842-g005.jpg
MMP14

62kDa

42kDa

B-actin

TGF-B1 -

NSC-405020 -

Oh

24h

48h

control

100 5.

K

TGF-B1

TGF- 3 1+NCS-405020

o

Relative MMP14 density

w

N

-

0

TGF-1
NSC-405020

Percentage with respect to

the initial width (%)

-
o
o

a
o

Oh

- - N
o 3, o

Relative a-SMA density
o
[3,]

0.0
TGF-B1

NSC-405020

24h

Ak

HiH

48h

1 control
Bl TGF-B1

B TGF-p1+
NSC-405020






OEBPS/Images/fendo-16-1623842-g003.jpg
MMP14
D KKk
g 70
8 60
s 50
2 40
21
5
i gu
2
0
NC  TAO
TGF-B1

(ng/mL)

TGF-1 (ng/mL) ¢ 5

N
(=}
o

100

Relative fold change

D

- -
o (3]

Relative COL1A1 density
[3,]

0
TGF-B1 (ngimL) 0 5

AFokk
Adokk
k%

-
(3]

-
o

Relative CTGF density
[3,]

0
TGFP1 (ngimL) ¢ 5

10 20 0 5

MMP14

Adkdkk

= NC
B TAO

Relative a-SMA density

10 20 TGF-B1 (ng/imL) ¢ 5 10 20
3
2
[}
c
s
< 2
o
s
s
S 1
®
<
['4
0
10 20 TGF-1 (ng/mL) ¢ 5 10 20






OEBPS/Images/fendo-16-1623842-g001.jpg
0.4

(=)
o~
AN
N @] NC
. ry
N 0.0 1®| Type |
< @) Type I
o
. (4]
PCA1: 26.55 %
C TAO Type | vs NC D TAO Type Il vs NC
EnhancedVolcano EnhancedVolcano
NotSig (' Log2FC Pvalue () Pvalue and Log2FC () NotSig ( Log2FC Pvalue () Pvalue and Log2FC
| |
i o E
o|
6 SE 1 - .4 ".
| o i .
I I
1 1
I * { °
| " o o
8 : . . g 4
3T 4 : 1 T 4 r i
> 1 oo ° %5 > q .
o | L Q S g °
o P 1 ‘e o il
2 €12 g e
— > _II I
| 2 5
0 0
-4 -2 0 2 4
Log, fold change Log, fold change
total = 15803 variables total = 15803 variables
PI3K- Akt signaling pathway 4 @® extracellular matrix organization
extracellular structure organization o]
Cytokine- cytokine receptor interaction 4 . collagen catabolic process g
skeletal system development o
H ill irus infection 4 _ o ossification o
HINENRRROMEVITLS IiRCHOn ® logyo(pvalue) connective tissue development ]
s | 8 multi- multicellular organism process 5]
Focal adhesion o female pregnancy g
T regulation of system process ®
MAPK signaling pathway + ([ 9 regulation of cell growth
ECM:- receptor interaction 4 @ 4 ) extracellular matrix - logqo(pvalue)
proteinaceous extracellular matrix ©
cAMP signaling pathway 4 2 collagen trimer =
9 P Y ® complex of collagen trimers [5) 30
cGMP- PKG signaling pathway 4 [ ] external side of psliadsem; mgmggzg Q
count ; : = 20
TNF idiialiig BathiEie P endoplasmic reticulum lumen 2
signaling patmway e 5 cation channel complex 2
. sarcolemma =4 10
Cell adhesion molecules (CAMs) 4 @ ® 10 platelet alpha granule
15 A 3o
AGE- RAGE signaling pathway ® o glycosaminoglycan binding
@® 20 heparin binding =
Dilated cardiomyopathy (DCM) 4 ® @ Siilfur cor:'\n;ggzg g:zg:ng o
=
: : : 30 cell adhesion molecule binding 5)
Cortisol synthesis and secretion - [ ] ‘ metallopeptidase activity o
) . extracellular matrix structural constituent =
IL- 17 signaling pathway 4 ) growth factor binding 2
. ) metal ion transmembrane transporter activity B}
Tyrosine metabolism- ® fibronectin binding

0.025 0.050 0075  0.100
Gene Ratio Counts





