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A B S T R A C T

Introduction and aims: Oral lichen planus (OLP) is a chronic inflammatory disease of

unknown etiology. Recent studies have implicated microbial dysbiosis in its pathogenesis.

Our previous research revealed an increased abundance of Fusobacterium nucleatum (F.nucle-

atum) in OLP tissues, suggesting its potential involvement.

Methods: We utilized single-cell RNA sequencing, spatial transcriptomics, and immunohis-

tochemistry to analyse Claudin-4 expression and its spatial distribution in OLP lesions. In vitro,

HaCaT keratinocytes exposed to outer membrane vesicles (OMVs) derived from F.nucleatum

(F.n-OMVs) were evaluated for epithelial barrier function via transepithelial electrical resistance

(TEER) and fluorescein isothiocyanate-dextran (FD4) permeability assays. Claudin-4 expression

and JNK/c-JUN pathway activation were evaluated by qPCR, Western blotting, and RNA

sequencing. The JNK inhibitor SP600125 was used to explore pathway involvement.

Results: Claudin-4 expression was significantly decreased and exhibited disrupted spatial

organization in OLP lesions. F.n-OMVs compromised HaCaT epithelial barrier function,

downregulated Claudin-4 expression, and altered its localization. Western blotting demon-

strated activation of the JNK/c-JUN signaling pathway. Inhibition of JNK with SP600125

restored Claudin-4 expression and barrier function.

Conclusion: Our study demonstrates that F.n-OMVs induce epithelial barrier dysfunction in

OLP by activating the JNK/c-JUN pathway to downregulate Claudin-4, highlighting a novel

microbial mechanism contributing to OLP pathogenesis.

Clinical Relevance: These findings identify F.n-OMVs as microbial drivers of epithelial barrier

disruption in OLP, suggesting that targeting OMVs or the JNK/c-JUN/Claudin-4 axis may

offer new diagnostic and therapeutic strategies for OLP management.

� 2026 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Oral lichen planus (OLP) is a chronic inflammatory disease of

the oral mucosa characterized by T cell-mediated immune

responses, and its pathogenesis remains incompletely under-

stood.1 Traditional perspectives have primarily focused on

endogenous factors such as host immune dysregulation,

genetic susceptibility, and psychological stress.2 However,

with the advancement of microbial ecology, accumulating

evidence suggests that local dysbiosis of the oral mucosal

microbiota may play a pivotal pathogenic role in the initiation

and progression of OLP.3

In recent years, multiple high-throughput sequencing

studies have suggested that the composition of the oral

microbiota is significantly altered in patients with OLP.4-6 Our

previous metagenomic sequencing further revealed a marked

enrichment of Fusobacterium nucleatum (F.nucleatum) in the

saliva and lesional tissues of OLP patients compared to

healthy controls, with a significantly higher relative abun-

dance, suggesting a potential pathogenic role of this bacte-

rium in the onset and progression of OLP.7

Fusobacteria are Gram-negative anaerobic bacilli that

inhabit distinct ecological niches within the human body,

including the oral cavity, gastrointestinal tract, and other

mucosal surfaces.8 Outer membrane vesicles (OMVs) are

nanoscale, spherical bilayered structures released from the

outer membrane of Gram-negative bacteria. They are

enriched with a variety of immunogenic components—
including lipopolysaccharide (LPS), flagellin, and peptidogly-

can—that can potently activate the host immune system, pri-

marily through engagement with Toll-like receptors (TLRs).9

Recent studies have demonstrated that OMVs released by

F.nucleatum (F.n-OMVs) play an important role in the initiation

and progression of various diseases, including colorectal can-

cer, ulcerative colitis, and rheumatoid arthritis.10-12 In oral

diseases, especially chronic inflammatory diseases and

tumour-related diseases, such as periodontitis and oral squa-

mous cell carcinoma, F.n-OMVs also show significant patho-

genic potential.13-14 However, most existing studies have

predominantly focused on immune activation and inflamma-

tory outcomes, while the direct effects of F.n-OMVs on oral

epithelial barrier integrity and tight junction regulation

remains largely unexplored.

The oral mucosal epithelial barrier plays a pivotal role in

defending against microbial invasion and toxic insults, and its

structural and functional integrity is essential for maintaining

mucosal homeostasis.15 Previous studies have confirmed the

presence of abundant bacteria within both the epithelial and

lamina propria layers of OLP tissues, and certain oral microbial

species have been shown to disrupt the physical epithelial bar-

rier and internalize into epithelial cells.16 Our in-depth analy-

sis of single-cell transcriptomic data from OLP tissues revealed

a significant downregulation of the tight junction protein Clau-

din-4 in lesional epithelial cells.17 Notably, this observation

provides epithelial cell specific and spatially resolved tran-

scriptional evidence at single-cell resolution, extending previ-

ous bulk-level findings. Consistently, other researchers have

also reported decreased expression levels of Claudin-1, Clau-

din-4, and E-cadherin in OLP tissues.18 Nevertheless, these

studies were largely descriptive and did not address the
upstream microbial drivers or intracellular signalling mecha-

nisms underlying tight junction dysregulation. As a member

of the claudin family, Claudin-4 plays a crucial role in main-

taining epithelial barrier function, and its aberrant expression

or mislocalization may compromise epithelial integrity, sug-

gesting its potential involvement in the pathogenesis of OLP.19

Despite accumulating evidence linking epithelial barrier

impairment to tight junction downregulation in OLP, the spe-

cific microbial factors responsible for this process and the host

signalling pathways involved remain unclear. In particular,

whether F.n-OMVs directly interfere with tight junction archi-

tecture through defined intracellular signalling cascades has

not been elucidated.

Therefore, this study aimed to investigate whether F.n-

OMVs contribute to oral epithelial barrier disruption by regulat-

ing Claudin-4 expression. By integrating single-cell and spatial

transcriptomic analyses with in vitro epithelial cell models, we

demonstrate that F.n-OMVs induce Claudin-4 downregulation

and barrier dysfunction through activation of the JNK/c-JUN

signalling pathway. These findings identify a previously unrec-

ognized mechanistic link between microbial-derived OMVs

and epithelial tight junction regulation in OLP, providing new

insights into disease pathogenesis and potential therapeutic

targets for preserving epithelial barrier integrity.
Materials andmethods

Single-cell RNA sequencing data analysis

Single-cell RNA sequencing (scRNA-seq) data of oralmucosal tis-

sues from patients with oral lichen planus and healthy controls

were obtained from the public database (https://www.ncbi.nlm.

nih.gov/geo/) under accession number GSE211630. Raw gene

expression matrices were processed and analysed using the

Seurat package (v5.2.1) in R (version 4.4.1). Low-quality cells

were filtered out based on the following criteria: fewer than 300

detected genes, fewer than 1,000 total unique molecular identi-

fiers (UMIs), or mitochondrial gene expression exceeding 20% of

total counts. Highly variable genes were identified using the

FindVariableFeatures function (top 2,000 genes). Batch correc-

tion and integration of multiple samples were performed using

the Harmony algorithm to eliminate batch effects. The inte-

grated data were scaled using the ScaleData function to normal-

ize expression levels and remove unwanted variation.

Dimensionality reduction was performed via principal compo-

nent analysis (PCA) using RunPCA, followed by clustering with

the FindNeighbors and FindClusters functions based on cell−cell
similarity. Nonlinear dimensionality reduction was conducted

using Uniform Manifold Approximation and Projection (UMAP)

for visualization.

Sample collecting

Human oral mucosal biopsy samples were obtained from

patients clinically and histologically diagnosed with oral

lichen planus (OLP) at the Ninth People’s Hospital, Shanghai

Jiao Tong University School of Medicine. Written informed

consent was obtained from all participants prior to enrol-

ment. This study was approved by the Ethics Committee of

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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the Ninth People’s Hospital, Shanghai Jiao Tong University

School of Medicine (SH9H-2020-T76-2).
Spatial transcriptomics (ST)
ST process
Freshly collected OLP lesion tissue s were dissected into

appropriately sized tissue blocks, embedded in OCT Medium

(SAKURA, cat.no. 4583), and snap-frozen on dry ice. The

embedded tissue samples were stored at -80 °C. Subse-

quently, the embedded samples were sent to OE Biotech Co.,

Ltd. for spatial transcriptomic library preparation, sequenc-

ing, and data analysis. Briefly, frozen sections of 10 mm thick-

ness were prepared using a Leica CM1950 Microtome Cryostat

(Leica Microsystems) at -20°C. Tissue sections were subjected

to methanol fixation, HE staining, imaging and destaining fol-

lowing the 10x Genomics recommended experimental proce-

dure (CG000614). According to the 10x Genomics

experimental flow (CG000495), probe hybridization, probe

release and transferred to the 10x Genomics Visium CytAssist

slide, and the library construction was performed using the

Visium CytAssist Spatial Gene Expression for FFPE kit (PN-

1000520 for Human, 6.5mm). The libraries were were

sequenced on the BGI DNBSEQ-T7 sequencing platformusing

PE100 mode.
ST analysis
Raw sequencing data were processed using the 10x Genomics

Space Ranger pipeline (v2.0.1). The spatial gene expression

matrices were further analysed using the Seurat (v4.1.0) in R.

Spots with low transcript counts or high mitochondrial gene

content were filtered out, and normalization and dimension-

ality reduction (PCA, UMAP) were performed. Spatial cluster-

ing, cell-type deconvolution, and spatial feature plotting were

used to identify transcriptional heterogeneity and regional

gene expression patterns within the tissue sections.
Histology and immunohistochemistry (IHC)

All tissue samples from OLP patients and healthy controls

were fixed in 10% buffered formalin and embedded in paraf-

fin. Immunohistochemistry was performed using standard

protocols. The Claudin-4 antibody used for immunohisto-

chemical staining was diluted at 1:100. Images were captured

using an Olympus microscope under identical acquisition

settings. Quantitative analysis of Claudin-4 expression was

performed using ImageJ software by calculating the percent-

age of positively stained area relative to the total epithelial

area.
Cell lines

The human immortalized keratinocyte cell line HaCaT was

kindly provided by Professor Guoyao Tang (Xinhua Hospital,

Shanghai Jiao Tong University School of Medicine). Cells were

maintained in DMEM (Gibco) supplemented with 10% fetal

bovine serum (FBS) and 1% penicillin-streptomycin, and incu-

bated at 37°C in a humidified atmosphere containing 5% CO₂.
Bacterial culture and OMVs isolation

F.nucleatum(ATCC� 25586TM) was cultured anaerobically at 37°
C in an atmosphere containing 99% nitrogen until the optical

density at 600 nm reached 1.5, as previously described.12 The

isolation of OMVs was performed as follows.20 Briefly, bacte-

rial cultures were centrifuged at 3000 rpm for 5 minutes, and

the supernatants were collected and passed through a

0.22 mm filter to eliminate residual bacterial fragments and

impurities. A 300 kDa molecular weight cut-off dialysis mem-

brane (Spectrum Labs, USA) was used for vesicle isolation.

Electrophoretic buffer was prepared with deionized water

containing glycine (7.2 g/L) and Tris base (1.5 g/L), both

obtained from Sangon Biotech. A 5 mL aliquot of the filtered

supernatant was sealed inside the dialysis membrane using

Parafilm. The sealed bag was placed into a western blot trans-

fer cassette, and electrophoresis was performed at a constant

current of 300 mA to isolate OMVs. After 30 minutes, the

buffer was replaced and the polarity was reversed. OMVs

were harvested after 2 hours of continuous electrophoretic

separation. The particle size and morphology of the OMVs

were characterized and analysed by using nanoparticle track-

ing analysis (NTA) and transmission electron microscopy

(TEM).
Treatment of HaCaT cells with F.n-OMVs

To determine appropriate experimental conditions, HaCaT

cells were initially treated with increasing concentrations of

F.n-OMVs (0, 1, 2, 5, and 10 mg/mL) for different durations (6,

12, 18, and 24h). Transepithelial electrical resistance (TEER)

was measured to evaluate time- and dose-dependent effects

on epithelial barrier integrity. The most pronounced barrier

disruption was observed at 24 h.

Based on this time point, HaCaT cells were subsequently

treated with the same range of F.n-OMVs concentrations for

24 h. Epithelial permeability was assessed using FITC-dextran

assays, and Claudin-4 expression was analysed by RT-qPCR

and Western blotting. Treatment with 10 mg/mL F.n-OMVs for

24 h induced the most significant barrier dysfunction and

Claudin-4 downregulation.

Accordingly, 10mg/mL F.n-OMVs for 24 h was selected for

all subsequent experiments, including immunofluorescence

staining, RNA sequencing, and mechanistic studies involving

JNK pathway inhibition.
Evaluation of paracellular permeability using FITC-dextran

HaCaT cells were seeded into the upper compartments of

Transwell inserts placed in 6-well plates and cultured until a

continuous monolayer was established. A solution of fluores-

cein isothiocyanate-conjugated dextran (4kDa, 1 mg/mL;

Sigma) prepared in PBS was gently added to the apical side.

After incubation at 37°C for 2 hours, medium was collected

from the basolateral chamber. The fluorescence intensity

(excitation at 485 nm and emission at 525 nm) was quantified

using a microplate reader (Thermo, USA) to determine the

extent of FITC-dextran translocation, which reflects epithelial

barrier integrity.
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Assessment of transepithelial electrical resistance (TEER)

HaCaT cells were seeded onto Transwell inserts and cultured

until a confluent monolayer was formed. Cells were treated

with increasing concentrations of F.n-OMVs for the indicated

durations. TEER was measured using the Millicell-ERS system

(Millipore, USA) under constant temperature conditions.

Blank controls consisted of two Transwell inserts containing

only culture medium without cells. Resistance was recorded

at three different positions per insert and repeated three

times per position, with themean value used for final calcula-

tion. TEER values (V¢cm2) were obtained by subtracting the

resistance of the blank insert from the measured value and

multiplying by the surface area of the insert membrane, as

per the formula: TEER = (Measured resistance � Blank

resistance) £Membrane area.

RNA extraction and quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted from HaCaT cells treated with F.n-

OMVs for 24 hours using TRIzol reagent according to theman-

ufacturer’s instructions, including phase separation with

chloroform, RNA precipitation with isopropanol, and ethanol

washing. For pathway inhibition experiments, cells were pre-

treated with the JNK inhibitor SP600125 (10 mM) for 1 hour

prior to OMV stimulation (10 mg/mL for 24 hours). Reverse

transcription was performed using a reverse transcriptase kit

(Takara, Japan). The subsequent quantitative real-time PCR

amplification was performed with SYBR Green Premix ExTaq

(Takara, Japan) using the Step-One plus System. The cycling

conditions were as follows: initial denaturation at 95°C for 30

seconds, followed by 40 cycles of denaturation at 95°C for 5

seconds and annealing/extension at 60°C for 30 seconds. Rel-

ative mRNA expression levels were calculated using the

2⁻DDCT method, with GAPDH as the internal control.

The gene-specific primer sequences are listed in Table 1.

Western blot

Cells were lysed using RIPA buffer, and the supernatant was

collected. Protein concentration was determined using the

BCA assay. Equal amounts of protein (20 mg) were separated by

12.5% SDS-PAGE and transferred onto PVDF membranes. The

membranes were blocked with a serum-free rapid blocking

solution at room temperature for 1 hour, followed by overnight

incubation at 4°C with the following primary antibodies

diluted 1:1000 in blocking buffer: anti-Claudin-4 (ab53156,

Abcam), anti-GAPDH (clone D16H11, CST), anti-JNK (ab208035,

Abcam), anti-c-JUN (ab31419, Abcam), anti-phospho-JNK

(Thr183/Tyr185, clone81E11, CST), and anti-phospho-c-JUN

(Ser73, ab31419,Abcam). After washing with TBST, membranes
Table 1 – Primer sequences used for RT-qPCR experiments.

Forward primer (5’-3’)

GAPDH GAAGGTGAAGGTCGGAGTC

CLDN4 TGGGGCTACAGGTAATGGG
were incubated for 1h at room temperature with horseradish

peroxidase (HRP)-conjugated secondary antibodies, including

goat anti-rabbit IgG-HRP and goat anti-mouse IgG-HRP (both

1:5000; Yamay Biotechnology). Protein bands were visualized

using an enhanced chemiluminescence (ECL) detection

reagent and imaged using a Tanon chemiluminescence imag-

ing system (Tanon Science & Technology Co., Ltd., Shanghai).

Immunocytochemistry

HaCaT cells (1 £ 10⁵ cells/well) were seeded onto glass cover-

slips in 24-well plates. After adherence, cells were treated

with OMVs derived from F.nucleatum at a concentration of

10ug/mL for 24 hours. Following treatment, cells were

washed with pre-chilled PBS and fixed with 4% paraformalde-

hyde for 15 minutes. After fixation, cells were blocked with

blocking solution containing Triton X-100 for 1 hour at room

temperature. The blocking solution was removed, and the

cells were incubated overnight at 4°C with a primary antibody

against Claudin-4 (1:200 dilution). The next day, cells were

incubated with Alexa Fluor 488-conjugated secondary anti-

body (1:500 dilution), counterstained with DAPI-containing

mounting medium, and observed under an inverted fluores-

cence microscope.

RNA-sequencing (RNA-seq)

Total RNA for RNA-sequencing was extracted from control

and F.n-OMVs-treated HaCaT cells (10 mg/mL for 24 hours)

using TRIzol reagent. High-throughput RNA sequencing was

performed on the Illumina NovaSeq 6000 platform, following

standard protocols. Raw sequencing data quality was

assessed using FastQC. Differential gene expression analysis

between F.n-OMVs-treated and control groups was conducted

using the DESeq2 package in R. Genes with an absolute log2

fold change (|log2FC|) ≥ 1 and an adjusted P-value ≤ 0.05 were

considered significantly differentially expressed genes

(DEGs). To explore the biological functions of DEGs, Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway enrich-

ment analysis was performed using the “ClusterProfiler” R

package. The raw and processed RNA-seq data generated in

this study have been deposited in the Gene Expression Omni-

bus (GEO) under accession number GSE320506.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism ver-

sion 8.0. Data are presented as mean values with correspond-

ing standard deviations (mean § SD). Comparisons between

two groups were assessed using the unpaired Student’s t-

test, while differences among more than two groups were
Reverse primer (5’-3’)

GAAGATGGTGATGGGATTTC

GGTCTGCGAGGTGACAATGTT
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evaluated through one-way ANOVA followed by Tukey’s mul-

tiple comparisons test. All experiments were independently

repeated at least three times. A P-value of less than 0.05 was

considered to indicate a statistically significant difference.
Results

Claudin-4 is significantly downregulated in OLP tissues

We analysed single-cell transcriptomic data from human

buccal mucosal tissue and found that Claudin-4 was primar-

ily localized in the epithelial cell subpopulation, with a

decreased expression trend observed in the buccal mucosa of

patients with OLP (Figure 1A-D) . Immunohistochemical anal-

ysis further confirmed that Claudin-4 expression was signifi-

cantly reduced in OLP tissues compared to healthy controls

(Figure 1E, F). These findings suggest that Claudin-4 may play

a critical role in the pathogenesis of oral lichen planus.

Spatial transcriptomic analysis reveals epithelial barrier
dysfunction associated with Claudin-4 downregulation in oral
lichen planus

To investigate the spatial distribution of Claudin-4 expression in

OLP, we performed spatial transcriptomic profiling on buccal

mucosa tissues from healthy controls (n = 8) and OLP patients

(n = 7). In healthy samples, Claudin-4 expression was consis-

tently high and localized predominantly within the epithelial

regions, forming continuous expression zones (Figure 2A).

In contrast, OLP samples showed markedly decreased

Claudin-4 expression. Most OLP tissues displayed patchy or

near-complete loss of Claudin-4 signal in areas corresponding

to epithelial disruption (Figure 2B). These spatially resolved

differences indicate that the downregulation of Claudin-4 is

regionally confined and correlates with epithelial structural

disorganization in OLP tissues.

Characterization of F.n-OMVs

TEM revealed that F.n-OMVs were structurally intact and

exhibited a characteristic cup-shaped morphology (Figure 3A).

NTA showed that the particle size of these OMVs was primar-

ily distributed around 100 nm, consistent with the TEM obser-

vations (Figure 3B). These purified OMVs were subsequently

used in downstream experimental assays.

F.n-OMVs disrupt epithelial barrier function in HaCaT cells
and downregulate Claudin-4 expression

To evaluate the impact of F.n-OMVs on epithelial barrier func-

tion, HaCaT cells were treated with increasing concentrations

of OMVs (0, 1, 2, 5, and 10 mg/mL) for various durations (6, 12,

18, and 24 hours), followed by measurement of TEER. The

results revealed a time- and dose-dependent reduction in

TEER values, suggesting progressive epithelial barrier

impairment, with the most substantial decrease observed at

24 hours (Figure 3C). Furthermore, treatment of HaCaT cells

with different concentrations of OMVs for 24 hours resulted

in significantly increased FITC-dextran permeability
(Figure 3D), providing additional evidence of compromised

epithelial barrier integrity.

At the molecular level, qPCR and Western blot analyses

revealed a marked downregulation of Claudin-4 mRNA and

protein expression following OMV treatment in a dose-

dependent manner (Figure 3E, 3F). Based on these results,

treatment with 10 mg/mL OMVs for 24 hours was selected as

the optimal condition for subsequent mechanistic studies.

Additionally, immunofluorescence staining further con-

firmed these findings. In the F.n-OMVs treated group, Clau-

din-4 fluorescence intensity was markedly reduced and

displayed a discontinuousmembrane distribution, suggesting

altered expression and localization. (Figure 3G).

Taken together, these results indicate that F.n-OMVs can

significantly impair the structural and functional integrity of

the epithelial barrier in HaCaT cells by downregulating the

tight junction protein Claudin-4.

Multi-omics reveals the key role of the MAPK signalling
pathway in barrier disruption mediated by F.n-OMVs

To further investigate the underlying mechanism by which F.

n-OMVs impair keratinocyte barrier function, we performed

transcriptomic analysis on HaCaT cells treated with F.n-

OMVs for 24 hours. Differentially expressed genes (DEGs)

were identified and subjected to bioinformatic analysis

(Figure 4A). KEGG pathway enrichment analysis revealed that

several signalling pathways closely associated with epithelial

barrier homeostasis were significantly affected. Among

them, the MAPK signalling pathway was the most signifi-

cantly enriched (Figure 4B), suggesting that it may play a key

role in OMVs-induced barrier disruption and downregulation

of Claudin-4 expression.

Further examination of the RNA-seq data showed that

multiple key regulatory components of the MAPK pathway—
including MAP3K21, MAP3K9, JUN, and FOS—were markedly

upregulated, while tight junction-related genes such as Clau-

din-7, Claudin-4, and Claudin-1 were significantly downregu-

lated (Figure 4C). These results imply that activation of the

MAPK pathway may mediate the repression of tight junction

genes. To validate this trend, we analysed single-cell RNA

sequencing data, which revealed that JUN expression was

elevated across multiple epithelial cell subsets(Figure 4D,E).

Additionally, spatial transcriptomic analysis also demon-

strated significant enrichment of the MAPK signalling path-

way in the F.n-OMVs-treated group, further supporting the

involvement of this pathway in OMVs-induced barrier

impairment(Figure 4G,F).

Collectively, our integrated multi-omics analysis suggests

that F.n-OMVs may disrupt epithelial barrier function by acti-

vating the MAPK signalling pathway, which in turn downre-

gulates the expression of tight junction proteins.

The JNK/c-JUN pathway plays a critical role in F.n-OMVs
induced downregulation of Claudin-4

To further investigate the role of the JNK/c-JUN signalling

pathway in the F.n-OMVs induced disruption of epithelial bar-

rier function, we treated HaCaT cells with the specific JNK

inhibitor SP600125. Cells were divided into four groups:



Fig. 1 –Single-cell transcriptomic and immunohistochemical analysis of Claudin-4 expression in oral mucosal tissues.

(A) UMAP plot showing cell clustering from scRNA -seq data of oral mucosal samples. Each cluster represents a distinct cell

population. (B) Dot plot showing the expression of selected marker genes across different cell clusters. (C) Feature plot visual-

izing the spatial expression pattern of Claudin-4 on the UMAP projection. (D) Violin plot showing the differential expression

of Claudin-4 specifically in epithelial cells between healthy controls (HC) and oral lichen planus (OLP) patients. (E) Represen-

tative immunohistochemistry (IHC) staining of Claudin-4 in oral epithelial tissues from HC and OLP patients. Images are

shown at 100 £ and 200 £magnification. (F) Quantitative analysis of Claudin-4 IHC staining, expressed as the percentage of

Claudin-4 positive expression area within the epithelial region. *p < 0.05.
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Fig. 2 –Spatial expression patterns of CLDN4 in oral mucosal tissues from healthy controls and OLP patients. (A) Representa-

tive spatial transcriptomics maps showing CLDN4 expression in oral mucosal tissues from healthy controls (HC_12367 and

HC_458). (B) Representative spatial transcriptomics maps showing CLDN4 expression in tissues from OLP patients (OLP_2346

and OLP_157).Each dot represents a spatially resolved transcriptomic spot, colored by normalized expression levels of CLDN4

(color scale: blue = low, red = high).
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Control, OMVs (10 mg/mL for 24 h), SP600125 alone (10 mMpre-

treatment for 1 h), and OMVs combined with SP600125. qPCR

analysis revealed that treatment with F.n-OMVs significantly

reduced Claudin-4 mRNA expression, whereas pretreatment

with SP600125 markedly reversed this downregulation, sug-

gesting that activation of the JNK pathway contributes to the

transcriptional repression of Claudin-4 (Figure 5A). Consis-

tently, Western blot analysis demonstrated that Claudin-4

protein levels were significantly reduced after OMVs stimula-

tion but were restored to near-baseline levels following

SP600125 pretreatment (Figure 5B).

To confirm the inhibition of the signalling pathway, we

assessed the phosphorylation levels of JNK and its downstream

transcription factor c-JUN. OMVs stimulation led to a pro-

nounced increase in p-JNK and p-c-JUN expression, indicating

robust pathway activation. In contrast, SP600125 treatment sig-

nificantly decreased the phosphorylation levels of both JNK and

c-JUN, confirming effective inhibition of the pathway (Figure 5B).

Collectively, these findings suggest that F.n-OMVs downre-

gulate CLDN4 expression through activation of the JNK/c-JUN

signalling pathway, contributing to epithelial barrier disrup-

tion (Figure 6). Notably, pharmacological inhibition of this

pathway by SP600125 effectively restored Claudin-4 expres-

sion, underscoring the central regulatory role of JNK/c-JUN in

OMVs-mediated barrier impairment.
Discussion

In this study, we demonstrated that F.n-OMVs significantly

impair oral epithelial barrier integrity by downregulating the
expression of the tight junction protein Claudin-4 via activa-

tion of the JNK/c-JUN signalling pathway. Using an integrated

approach combining in vitro experiments with spatial and

single-cell transcriptomics, we revealed that Claudin-4 is

markedly decreased in the epithelial compartments of OLP

lesions, while JNK pathway components such as JUN are sig-

nificantly upregulated. Functional assays showed that F.n-

OMVs reduce transepithelial electrical resistance and

increase epithelial permeability, consistent with tight junc-

tion disruption. Notably, pharmacological inhibition of JNK

signalling restored Claudin-4 expression and partially res-

cued epithelial barrier function. Together, these findings

extend previous descriptive observations by providing direct

mechanistic evidence linking microbial-derived OMVs to epi-

thelial barrier dysfunction through a defined intracellular sig-

nalling pathway. Our findings uncover a novel mechanism by

which F.n- OMVs contribute to epithelial barrier dysfunction

in OLP, providing mechanistic insight into howmicrobial dys-

biosis may drive mucosal inflammation and disease progres-

sion.

Previous studies have repeatedly reported significant epi-

thelial barrier dysfunction in patients with OLP, which is

closely associated with the downregulation of multiple tight

junction proteins. It has been found that the expression levels

of Claudin-1, Claudin-4, Occludin, and Zonula Occludens-1

(ZO-1) are significantly reduced in OLP tissues, suggesting

that these key tight junction proteins play an important role

in maintaining the integrity of the oral mucosal barrier.21

Additionally, another study reported that the expression lev-

els of Claudin-1, Claudin-4, and E-cadherin are significantly

reduced in the epithelium of OLP patients,18 further



Fig. 3 – F.n-OMVs impair epithelial barrier integrity in HaCaT cells by downregulating Claudin-4 expression. (A) TEM image

showing the typical cup-shapedmorphology of purified F.n-OMVs. (B) NTA showing the particle size distribution of F.n-

OMVs cantered around »100 nm. (C) TEER values of HaCaTmonolayers treated with increasing concentrations of F.n-OMVs

(0, 1, 2, 5, and 10 mg/mL) at 6, 12, 18, and 24 hours. A significant time- and dose-dependent decrease was observed. (D) FITC-

dextran permeability assay showing increased paracellular permeability after 24-hour OMV treatment, consistent with bar-

rier disruption. (E, F) RT-qPCR andWestern blot analyses of Claudin-4 expression showing dose-dependent downregulation

at bothmRNA and protein levels following F.n-OMVs treatment for 24 hours. (G) Immunofluorescence staining of Claudin-4

in HaCaT cells treated with F.n-OMVs (10ug/mL for 24 hours), showing reduced fluorescence intensity and disrupted mem-

brane localization. Scale bar = 200 mm. *P < .05, **P < .01, ***P < .001.
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supporting the critical role of epithelial junction disruption in

the pathogenesis of OLP. However, these studies were largely

based on bulk tissue analyses or immunohistochemical

observations and did not resolve cell type specific expression

patterns or investigate the upstream microbial or signalling

mechanisms responsible for tight junction dysregulation. In

contrast, the present study is the first to integrate spatial

transcriptomics and single-cell sequencing technologies to

precisely delineate the epithelial-specific and spatially

resolved expression pattern of Claudin-4 in OLP lesions. Clau-

din-4 is a critical transmembrane tight junction protein that

regulates paracellular permeability and ion selectivity,

thereby playing a vital role in the maintenance and modula-

tion of epithelial barrier function.19 Loss of Claudin-4 expres-

sion can lead to increased mucosal permeability and

facilitate the translocation of microbes and inflammatory

mediators, ultimately exacerbating local tissue inflammation.

Previous studies have demonstrated that in DSS-induced coli-

tis mouse models, claudin-4 expression is significantly down-

regulated, accompanied by disrupted colonic architecture

and impaired barrier function.22,23 Similarly, in Caco-2

human colonic epithelial cells, TNF-a stimulation markedly
reduces claudin-4 expression and decreases transepithelial

electrical resistance (TEER), further supporting its essential

role in epithelial barrier integrity.22,23 Moreover, intratracheal

administration of lipopolysaccharide (LPS) has been reported

to induce distal intestinal inflammation associated with

decreased Claudin-4 expression, epithelial barrier alteration,

and goblet cell expansion, indicating that Claudin-4 downre-

gulation can occur as a systemic epithelial response to

inflammatory stimuli beyond the primary site of exposure.24

These findings suggest that Claudin-4 downregulation is

closely associated with epithelial barrier disruption in various

chronic inflammatory diseases. Therefore, our findings sug-

gest that the downregulation of Claudin-4 and the associated

epithelial barrier dysfunction in OLP may reflect an underly-

ing disturbance in mucosal barrier homeostasis, offering new

mechanistic insights and directions for future research into

the pathogenesis of OLP.

In addition to the observed downregulation of Claudin-4

expression in OLP tissues, we further investigated the potential

role of pathogenic microorganisms in this process. Previous

studies have shown that F.nucleatum , a conditionally patho-

genic anaerobe, is significantly enriched in various mucosal-



Fig. 4 –Multi-omics analyses identify the MAPK signalling pathway as a keymediator of F.n-OMVs-induced epithelial barrier

disruption. (A) Volcano plot showing differentially expressed genes (DEGs) in HaCaT cells treated with F.n-OMVs (10 mg/mL,

24 hours) compared to untreated controls. (B) KEGG pathway enrichment analysis of DEGs. (C) Heatmap of representative

DEGs showing upregulation of MAPK pathway genes (e.g., MAP3K21, MAP3K9, JUN, FOS) and downregulation of tight junc-

tion genes (CLDN1, CLDN4, CLDN7). (D, E) Single-cell RNA sequencing analysis revealed a significant upregulation of JUN

expression in epithelial cell clusters. (F, G) Spatial transcriptomic analysis further confirmed significant activation of the

MAPK signalling pathway in OLP tissues.
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associated diseases, including inflammatory bowel disease

(IBD), colorectal cancer, and oral squamous cell

carcinoma.10,25,26 Consistently, our previous research also iden-

tified a notable accumulation of F.nucleatum on the mucosal
surface of OLP lesions,7 suggesting that F.nucleatum may play

an important role in the pathogenesis of OLP. Outer membrane

vesicles (OMVs), nanoscale vesicles secreted by Gram-negative

bacteria, are increasingly recognized as key mediators of host



Fig. 5 –The JNK/c-JUN signalling pathwaymediates F.n-OMVs-induced downregulation of Claudin-4 and disruption of epithelial

barrier function in HaCaT cells. (A) qPCR results showed that F.n-OMVs significantly decreased Claudin-4mRNA expression,

whichwasmarkedly reversed by SP600125 pretreatment, indicating the involvement of the JNK pathway in Claudin-4 tran-

scriptional repression. (B)Western blot analysis demonstrated that OMVs treatment significantly reduced Claudin-4 protein

levels, while SP600125 pretreatment restored protein expression close to baseline. OMVs stimulation significantly increased

the phosphorylation levels of JNK and its downstream transcription factor c-JUN, whereas SP600125markedly inhibited their

phosphorylation, confirming effective blockade of the signalling pathway. *P < .05, **P< .01, ***P < .001.

Fig. 6 – Schematic model illustrating epithelial barrier disruption induced by F.n-OMVs via the JNK/c-JUN/Claudin-4 axis. In

the healthy oral epithelium, Claudin-4 is stably expressed, maintaining intact tight junctions and low paracellular perme-

ability under basal JNK/c-JUN signaling activity. Upon exposure to Fusobacterium nucleatum-derived outer membrane vesicles

(F.n-OMVs), JNK signaling is activated, leading to phosphorylation of c-JUN and suppression of Claudin-4 transcription.

Reduced Claudin-4 expression disrupts tight junction organization, increases epithelial permeability, andmay promote

inflammatory responses in the underlying tissue microenvironment.

10 shao e t a l .
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−microbe interactions. They not only contribute to interbacte-

rial communication but also act as carriers of virulence factors,

enabling bacteria to influence host cellular processes without

direct contact.27 Emerging evidence has demonstrated that

OMVs derived from Desulfovibrio fairfieldensis and adherent-

invasive Escherichia colican impair intestinal barrier function by

inhibiting the expression of tight junction proteins in human

colonic epithelial cells.28,29 Similarly, OMVs from E. coli BL21 sig-

nificantly reduced E-cadherin expression in Caco-2 and HT-29

cells, compromising epithelial integrity and increasing perme-

ability.30 In this study, we provide the first evidence that F.n-

OMVs directly target human oral keratinocytes, leading to a

marked downregulation of Claudin-4 expression and disrup-

tion of epithelial barrier function. These findings not only align

with previous reports on barrier dysfunction induced by patho-

gen-derived OMVs in other mucosal systems but also highlight

a potentially pivotal role for F.nucleatum in OLP-associated bar-

rier impairment. Furthermore, they emphasize the pathogenic

potential of specific microbiome components within the oral

ecosystem, offering novel insights into the contribution of

microbial dysbiosis to OLP pathogenesis and providing a valu-

able entry point for future research into microbiota-mediated

epithelial regulation.

Beyond their effects on epithelial cells, microbial components

can reshape the inflammatorymicroenvironment throughmeta-

bolic and mitochondrial reprogramming of immune cells. Zhan

et al. showed that macrophage senescence in periodontitis is

associated with enhanced glycolysis and increased CSF-1R

expression, and that glycolytic inhibition attenuates inflamma-

tion.31 Similarly, Liu et al. reported that lipoteichoic acid induces

mitochondrial dysfunction in macrophages, characterized by

disrupted dynamics, increased ROS production, and activation of

NF-kB and Caspase-1; restoration of mitochondrial homeostasis

mitigated the inflammatory response.32

Although the present study focuses on epithelial barrier

disruption mediated by F.n- OMVs, these findings suggest

that once barrier integrity is compromised, microbial prod-

ucts may access the lamina propria and further amplify

mucosal inflammation through metabolic and mitochondrial

regulation of resident immune cells.

We further elucidated the molecular mechanisms underly-

ing epithelial barrier disruption induced by F.n-OMVs. JNK is the

main kinase responsible for phosphorylating c-Jun, which acts

as its key downstream target.33 Previous studies have demon-

strated that, following traumatic brain injury, endothelial S1pr2

expression is upregulated, leading to enhanced activation of the

JNK/c-JUN pathway. This in turn promotes MMP-9 transcrip-

tion, resulting in downregulation of the tight junction proteins

ZO-1 and Occludin, and increased blood−brain barrier (BBB)

permeability.34 Similarly, WNT5B has been shown to compro-

mise BBB integrity via activation of the JNK/c-JUN pathway,

thereby reducing both mRNA and protein expression levels of

ZO-1 in vitro and in vivo.35 In addition, resveratrol, a natural

compound with JNK-inhibitory activity, was reported to prevent

the endocytosis and degradation of Claudin-4 and ZO-1, thereby

attenuating deoxynivalenol (DON)-induced decreases in TEER

and increases in FITC-dextran permeability.36 Collectively,

these findings suggest that the JNK/c-JUN pathway may repre-

sent a common regulatory mechanism for maintaining epithe-

lial and endothelial barrier integrity. In the present study, we
found that F.n-OMVs markedly activated the JNK/c-JUN signal-

ling pathway and significantly downregulated Claudin-4

expression. Immunoblot analysis revealed elevated levels of

phosphorylated JNK (p-JNK) and phosphorylated c-JUN (p−c-
JUN), indicating activation of the pathway. Functional inhibition

of JNK restored Claudin-4 expression and rescued epithelial bar-

rier function in HaCaT cells, further supporting the notion that

JNK/c-JUN pathway activation plays a critical role in mediating

Claudin-4 suppression and epithelial barrier disruption.

Despite the novel findings and comprehensive multi-omics

approach, several limitations should be acknowledged. First,

although we demonstrated that F.n-OMVs impair epithelial bar-

rier function through activation of the JNK/c-JUN signalling

pathway in vitro, the current study lacks in vivo validation.

Future studies using animal models or clinical samples from

OLP patients would help to confirm the physiological relevance

of these findings. Second, OMVs are known to contain a complex

mixture of proteins, lipids, and nucleic acids; however, we did

not characterize the specific components responsible for JNK/c-

JUN pathway activation. Identifying the key virulence factors

within OMVs would provide deeper mechanistic insights. Third,

while our results show that inhibition of the JNK pathway

reverses Claudin-4 downregulation, other signalling pathways

may also contribute to the observed epithelial barrier disruption

and warrant further investigation. Lastly, the use of a single ker-

atinocyte cell line (HaCaT) may limit the generalizability of our

findings, therefore, validation in primary oral epithelial cells or

organotypicmodels would strengthen the conclusions.

In summary, our study not only expands the current under-

standing of epithelial barrier disruption in OLP, but also eluci-

dates the molecular mechanism by which pathogen-derived

OMVs mediate changes in key tight junction proteins via the

JNK/c-JUN signalling pathway. These findings provide a critical

theoretical basis and valuable direction for future investiga-

tions into microbiota-mediated barrier regulation and its role

in chronic inflammatory diseases of the oral mucosa.
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