
MMP12 disrupts epithelial barrier 
integrity in oral lichen planus by 
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Oral lichen planus (OLP) is a chronic inflammatory disorder featured with T lymphocytes infiltration 
and epithelial basement membrane breakdown. Although matrix metalloproteinase-12 (MMP12) is 
reported to be involved in the pathogenesis of oral diseases such as oral squamous cell carcinoma 
and periodontitis, the roles of MMP12 in the context of OLP remain poorly understood. Here, we 
demonstrate that MMP12 in macrophages derived from mucosal diseased tissues compromises 
the epithelial barrier integrity in OLP. The increased MMP12 facilitates fibronectin degradation in 
keratinocytes, leading to oral epithelial barrier disruption. Overexpression of fibronectin in oral 
keratinocytes prevents epithelial barrier from MMP12-induced damage. In addition, pharmacological 
inhibition of MMP12 reverses keratinocyte barrier disruption in a cell model. Altogether, our study 
reveals that MMP12 mediates oral epithelial barrier integrity in the setting of OLP.
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Oral lichen planus (OLP), a common autoimmune disorder, is characterized by numerous T lymphocytes 
infiltration1,2. The global prevalence of OLP is approximately 1% and the etiology of this disease remains 
unknown3. The classical feature of OLP is reticular white lesions symmetrically and bilaterally distributed on 
the oral mucosa, especially the sides of tongue and buccal mucosa2. OLP is identified as a recurrent disease with 
periods of exacerbations and quiescence which are closely associated with anxiety, trauma, mental stress or 
exposure to irritants4,5. Particularly, erosive lesions exist in oral mucosa with increasing disease severity2. Erosive 
tissues present severe symptoms such as pain and sensitivity to strong flavors, owing to the loss of mucosal 
barrier2. As the activity of disease becomes worse, ulcerative lesions occur in oral mucosa due to the complete 
loss of epithelium2. The histopathological characteristics of OLP are a dense inflammatory T cell-infiltrated 
band in the subepithelial area, invasion of lymphocytes into epithelium and basal keratinocytes degeneration6. 
Moreover, epithelial basement membrane dysfunction including breaks, duplications and branches are common 
in the lesions of OLP7,8.

The combination of dysregulated immune reactions and overproduction of tissue remodeling enzymes such 
as matrix metalloproteinases (MMPs) is critical for the onset of inflammatory diseases9. MMPs are released by 
activated tissue mononuclear myeloid cells to impact tissue integrity, leading to irreversible tissue recession10. The 
MMP12 or macrophage metalloelastase, which is primarily secreted by macrophages, functions to cleave elastin 
and epithelial integrity component fibronectin (FN)11,12. MMP12 substrates can be fragmented by the full-length 
and cropped catalytic domain to act as chemoattractants13. What is more, MMP12 regulates the release of cell 
membrane-bound cytokines and chemokines to facilitate macrophage migration in inflammatory tissues14,15. 
The upregulation of MMP12 is closely related to cardiovascular disease, respiratory disease and rheumatoid 
arthritis16–19. In addition, the increased levels of MMP12 are also correlated with oral diseases including 
periodontitis, temporomandibular joint dysfunction (TMD) and oral squamous cell carcinoma (OSCC)20. To 
date, how MMP12 affects OLP development as well as the oral epithelium remains to be elucidated.

In this study, we reported that MMP12 in macrophages disrupts epithelial barrier integrity in oral lichen planus 
by degrading keratinocyte-produced fibronectin. Suppression of MMP12 in macrophages or overexpression of 
fibronectin in keratinocytes could restore the damaged epithelial barrier.
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Materials and methods
Human samples
 Human oral tissues, blood and saliva samples were collected from healthy individuals and OLP patients at the 
Stomatological Hospital of Shanxi Medical University. OLP was diagnosed according to the modified World 
Health Organization diagnostic criteria21. The clinical criteria include the presence of symmetrical or bilateral 
lesions and the presence of a network of gray-white lines. The bulbous, atrophic, erosive or plaque lesions are 
only accepted as a subtype in the presence of reticular-type lesions elsewhere. Histopathologic criteria include 
the occurrence of a band-like zone of cellular infiltration, signs of basal cells’ liquefaction degeneration and the 
absence of epithelial dysplasia. The inclusion and exclusion criteria were based on previous investigations22. 
The NEOLP symptom was featured with asymptomatic fine lacelike network of white lines, whereas the 
EOLP symptom was featured with painful white lines with erosive or ulcerative tissues. Control oral buccal 
specimens without inflammation were from healthy volunteers who underwent the third molar extractions 
at the Stomatological Hospital of Shanxi Medical University. Briefly, after local anesthesia, oral tissues were 
cut and bones were removed prior to tooth removal. The residues of healthy oral buccal mucosal tissues were 
collected. Sugi® swab was used for saliva collection from each individual according to a protocol23. Briefly, swab 
was softly pressed onto the surface of the location of interest for 3  min. The pressed swab was then pulled 
out and centrifuged for 15 min at 1500 g. After centrifugation, 25 µl saliva sample was collected for analysis. 
10 ml human blood sample of each participant was collected by venipuncture from the median cubital vein 
in the arm. The collected peripheral blood samples were stored in tubes for further studies. The protocol for 
this human study was approved by the Ethical Committee of Shanxi Medical University (#2016LL046). The 
written informed consent was provided by each participant. All experiments were performed in accordance 
with relevant guidelines and regulations. All these samples were collected during 2022 and 2023. Consecutive 
sampling method was used for the enrollment of OLP patients. More details for participants in this study were 
listed in Table 1. The inclusion and exclusion criteria of human samples were provided in Supplementary Table 1.

Cell culture
 HOKs (ScienCell, #2610) were grown in oral keratinocyte medium containing 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin (P/S) under 37  °C and 5% CO2 condition. HEK293T cells (ATCC, #CRL-
3216) and Raw264.7 mouse macrophages (ATCC, #TIB-71) were both cultured in DMEM with 10% FBS and 
1% P/S. HOKs were challenged by recombinant MMP12 for 12 h with distinct doses as indicated. In separate 
experiments, 20 nM MMP408 (MMP12 inhibitor-1)24, 100 nM RXP470.1 (MMP12 inhibitor-2)25 or 1 µM PF-
00356231 hydrochloride (MMP12 inhibitor-3)26 were supplemented into cell culture media for 12 h. Primary 
human T cells and macrophages were cultured in RPMI 1640 with 10% FBS and 1% P/S. For co-culture systems, 
all of the cells were cultured with Transwell inserts (0.4 μm pore size; Corning, #3470).

Monocyte-derived macrophages (MDMs) culture
Human monocytes were isolated and differentiated into macrophages as described27. Ficoll-Paque density 
gradient cell separation was used to purify human blood mononuclear cells prior to monocytes enrichment 
using Pan Monocyte Isolation Kit (Miltenyi Biotech, # 130-096-537). Monocytes were placed in RPMI 1640 
medium including 1% non-essential amino acids, 1% sodium pyruvate, 20 ng/ml human recombinant M-CSF 
(PeproTech, #300 − 25) and 2 mM glutamine for 7 days to differentiate into macrophages.

Oral epithelial cells, macrophages, and T cells isolation
The fresh buccal tissues were harvested and treated with 0.25% dispase II for 12  h. Oral mucosal epithelial 
layer was separated by muscle forceps as described28. Both the epithelial layer and the lamina propria tissue 
were digested into single cells using a Papain Dissociation System (Worthington, #LK003150) in terms of the 
manufacturer’s protocol. Oral mucosal T cells were enriched using the T Cell Isolation Kit (Miltenyi Biotec, # 
130-096-535). Cell sorting of oral mucosal macrophages was performed as reported. In brief, the single cell 
suspension was incubated with anti-CD16/32 antibody (eBioscience), followed by dead cell detection and cell 
surface marker staining. Antibodies for human macrophages isolation include anti-CD45-Brilliant Violet 510 
(clone 2D1, Biolegend), anti-CD14-PE (clone M5E2, Biolegend), anti-CD11B-Brilliant Violet 711 (clone M1/70, 
Biolegend) and anti-HLA-DR-Alexa Fluor 700 (clone L243, Biolegend). Cell sorting was performed using the 
Bigfoot system (Thermo Fisher Scientific).

Lentiviral or plasmid generation
 Lentivirus overexpressing human MMP12 or FN1 was constructed by cloning the coding region of human 
MMP12 [NM_002426.6] or FN1 [NM_212482.4] cDNA into pLV[Exp]-Neo-EF1A lentiviral vector from 
VectorBuilder. Lentiviral vector harboring cDNAs as well as packaging plasmids were mixed and co-transfected 
into HEK293T for 48  h. Lentivirus in cell culture medium was harvested and applied to infect cells in the 
presence of 4 µg/ml polybrene. Primers were listed in Supplementary Table 2.

RT-qPCR
 Cells or tissues total RNAs were extracted by TRIzol Reagent (Invitrogen). The first strand cDNA synthesis 
was performed using the PrimeScript RT Reagent Kit (TaKaRa, #RR037B) according to the manufacturer’s 
standard protocol. The qPCR was conducted using the SYBR Premix Ex Kit (TaKaRa, #RR420A) in terms of 
manufacturer’s instruction. GAPDH was served as internal control. The primers regarding qPCR were listed in 
Supplementary Table 2.
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Western blot
 Western blot was performed as described before28. In brief, cells or tissues were lysed using laemmli buffer 
supplemented with protease inhibitor cocktail. The isolated proteins were separated by SDS–PAGE gels and 
transferred onto polyvinylidene fluoride (PVDF) membranes, which were then blocked by 5% non-fat milk 
buffer and incubated by the first and secondary antibodies. The chemiluminescence of ECL Substrate (Thermo 
Fisher) was used to detect signals. Bands were visualized by an imaging system (Bio-Rad). The details of 
antibodies were listed in Supplementary Table 3.

Subcellular fractionation
Subcellular fractionation was performed as described29. Briefly, cells or tissues were harvested and dissolved 
in subcellular fraction buffer (1.5 mM MgCl2, 20 mM HEPES, 250 mM sucrose, 10 mM KCl, 1 mM DTT, 
1 mM EDTA and 1 mM EGTA), followed by homogenization with a syringe needle (25-gauge). After 5-min 
centrifugation at 1000 g, the pellet was saved for the nuclear fraction. The supernatant was then centrifuged at 
6000 g for 5 min to separate the mitochondrial fraction. The post-mitochondrial supernatant was centrifuged 
at 20,000 g to precipitate the membrane fraction, and then the 20,000 g supernatant was saved for the cytosol 
fraction. All fractions were subjected to western blot assays for protein detection.

Permeability assessment
5000 oral keratinocytes were plated in Transwell inserts (0.4 μm pore size) for 7 days to form the monolayers. 
Transepithelial electrical resistance (TER) was evaluated by a Millicell-ERS voltohmmeter (Millipore). In another 

Demographic and clinical characteristics

No. Age (year) Sex Site Subtype

1 65 Male Buccal NEOLP

2 48 Male Buccal NEOLP

3 63 Male Buccal NEOLP

4 38 Male Buccal NEOLP

5 71 Female Buccal NEOLP

6 42 Female Buccal NEOLP

7 49 Female Buccal NEOLP

8 32 Female Buccal NEOLP

9 29 Female Buccal NEOLP

10 41 Female Buccal NEOLP

1 52 Male Buccal EOLP

2 46 Male Buccal EOLP

3 38 Male Buccal EOLP

4 34 Male Buccal EOLP

5 47 Female Buccal EOLP

6 40 Female Buccal EOLP

7 68 Female Buccal EOLP

8 73 Female Buccal EOLP

9 62 Female Buccal EOLP

10 53 Female Buccal EOLP

1 38 Male Buccal mucosa Health

2 46 Male Buccal mucosa Health

3 42 Male Buccal mucosa Health

4 50 Male Buccal mucosa Health

5 49 Female Buccal mucosa Health

6 28 Female Buccal mucosa Health

7 40 Female Buccal mucosa Health

8 54 Female Buccal mucosa Health

9 51 Female Buccal mucosa Health

10 34 Female Buccal mucosa Health

Analysis of clinical variables

 Factors NEOLP EOLP Health

 Age (year) 47.8 ± 14.3 51.3 ± 13.0 43.2 ± 8.3

 Male 4 (40%) 4 (40%) 4 (40%)

 Female 6 (60%) 6 (60%) 6 (60%)

Table 1. Clinical characteristics and analysis of human donors in this study.
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assay, paracellular permeability of monolayer was detected using FITC-conjugated dextran (10 mg/mL; Sigma-
Aldrich, #46944) as described previously30. 200  µl of 4000 Da FITC-Dextran was placed into the Transwell 
inserts for 4-hour incubation, and then 100 µl aliquots of media were collected from the basal chamber. FITC-
dextran concentration in the medium was measured under the 490  nm/520 nm (Ex/Em) condition using a 
microplate reader.

NF-κB activity
NF-κB activity was determined using the commercial NF-κB luciferase reporter kit (BPS Biosci-ence, #60614) 
following manufacturer’s instruction. Macrophages or keratinocytes were co-transfected with pRL-TK renilla 
luciferase reporter and NF-κB luciferase reporter. Luciferase activities were monitored using a Dual Luciferase 
System (Berthold Technologies).Cell viability and proliferation assays. Cell viability was measured using the 
CellTiter-Glo 2.0 kit (Promega, #G9241) according to the manufacturers’ instructions. Cell proliferation was 
determined by counting cell number directly on different days. Elisa. MMP12 and fibronectin concentrations 
were determined using the commercial Human MMP-12 ELISA Kit (Abcam, #ab213811) and Human 
Fibronectin ELISA Kit (Invitrogen, #BMS2028) according to the manufacturer’s protocols, respectively. The OD 
values were measured using a microplate reader under 450 nm.

MMP12 activity
 MMP12 activity was measured using a commercial kit (Enzo Life Sciences, #BML-AK403-0001) according to 
the manufacturer’s protocol. Briefly, 20 µl of MMP12 or inhibitor was added into each reaction buffer, followed by 
30-min incubation at 37 oC and the addition of 10 µl BML-P277-9090 substrate. MMP12 was used as a positive 
control. Fluorescence was monitored using a microplate system under 545 nm/576 nm (Ex/Em) condition.

MMP12 or FN1 knockout. The knockout of human MMP12 or FN1 gene was performed using the CRISPR/
Cas9 technology. sgRNA sequences targeting the MMP12 gene (5’- A T G A T G C A C G C A C C T C G A T G-3’) or FN1 
gene (5’- G A C C T A C C T A G G C A A T G C G T-3’) were subcloned into lentiCRISPRv2 vector (Addgene, #52961). 
LentiCRISPRv2 vector harboring sgRNAs as well as packaging plasmids were mixed and co-transfected into 
HEK293T for 48 h. Lentivirus in cell culture medium was harvested and applied to infect cells in the presence 
of 4 µg/ml polybrene.Statistical analysis. Data were shown as means ± standard deviation. GraphPad Prism v8 
was used for all statistical analyses. The data we analyzed were normally distributed and had similar variance. 
The unpaired two-tailed Student’s t test was served for two group’s comparisons. One-way or two-way ANOVA 
with a Student-Newman-Keuls post hoc test was applied for multiple comparisons, as appropriate. Bonferroni 
correction was performed for the corrections of multiple comparisons. P < 0.05 were considered to be statistically 
significant.

Results
MMP12 levels are increased in the samples from OLP patients
 To determine the MMP12 levels in the macrophages of OLP, we collected oral mucosae from healthy people 
and OLP patients, followed by human macrophages enrichment. As shown, MMP12 levels in macrophages were 
increased in both the non-erosive OLP (NEOLP) and erosive OLP (EOLP) groups compared to healthy controls, 
with levels in EOLP being slightly higher than those of NEOLP (Fig. 1a-b). Moreover, our immunohistochemistry 
data also showed that MMP12 expression was highly increased in the OLP tissues (Supplementary Fig. 1a). Next, 
we collected serum and saliva samples from healthy donors and OLP individuals for detection. Importantly, 
MMP12 levels were highly increased in the saliva and serum samples from OLP, especially those from EOLP 
(Fig. 1c-d).

Increase of MMP12 compromises epithelial barrier integrity in OLP
We overexpressed MMP12 in monocyte-derived macrophages (MDMs) followed by co-culture with human oral 
keratinocytes (HOKs) as manifested (Fig. 2a-b). The forced expression of MMP12 increased oral keratinocyte 
monolayer permeability in the cell co-culture system (Fig. 2c). Consistently, the supplement of recombinant 
MMP12, which barely influenced HOKs viability and inflammatory responses (Supplementary Fig.  1b-c), 
enhanced oral keratinocyte monolayer permeability in a dose-dependent way (Fig.  2d). In agreement with 
these results, the monolayer permeability formed by OLP-derived primary keratinocytes was promoted in 
relative to controls (Fig. 3a). Next, we isolated primary macrophages from healthy or OLP oral mucosa and 
co-cultured them with HOKs in transwell plates. In the co-culture model, primary macrophages from either 
NEOLP or EOLP compromised HOKs monolayer barrier compared to those from healthy donors, especially 
primary macrophages from EOLP (Fig.  3b). W further isolated primary T cells or oral keratinocytes from 
OLP participants and healthy volunteers to activate MDMs in a co-culture model, the activated macrophages 
were then co-cultured with HOKs (Supplementary Fig. 2a). As shown, either primary T cells or keratinocytes 
from OLP could upregulate MMP12 expression and NF-kB activity in MDMs, and the activated macrophages 
increased HOKs monolayer permeability (Supplementary Fig.  2b-e). In the following assays, we deleted the 
MMP12 gene in MDMs (Supplementary Fig. 3a), which were then co-cultured with primary T cells from OLP 
patients or healthy donors for activation. The T cell-activated macrophages were further co-cultured with 
HOKs in transwell plates (Fig. 3c). As shown, activated macrophages failed to disrupt HOKs monolayer barrier 
integrity in the absence of MMP12 (Fig. 3d). Additionally, primary T cells enriched from OLP could increase 
MMP12 levels in murine macrophages as well (Supplementary Fig. 3b), but failed to damage HOKs monolayer 
integrity in a T cell-HOK co-culture model (Supplementary Fig. 3c).
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MMP12 disrupts keratinocyte epithelial barrier via degrading fibronectin
MMP12 is identified to cleave elastin and epithelial integrity component fibronectin11,12. After western blot 
analysis, we found that fibronectin was expressed in HOKs while elastin was absence (Supplementary Fig. 4a). 
Therefore, we speculated that fibronectin is the key factor regulated by MMP12 in oral keratinocytes. In HOKs, 
the mRNA levels of FN1 (encoding fibronectin) were not affected while fibronectin concentrations in the cell 
culture media were decreased by MMP12 treatment in a dose-dependent fashion (Supplementary Fig. 4b and 
Fig.  4a). Moreover, recombinant MMP12 decreased fibronectin expression in the cell membrane of HOKs 
rather than cytosol or nuclear fraction (Fig. 4b). The knockout of fibronectin, which showed slight effects on 
oral keratinocyte viability, proliferation and inflammatory reaction (Supplementary Fig.  4d-f), significantly 
weakened the integrity of HOK monolayer barrier (Fig. 4c). Overexpression of fibronectin in HOKs rescued 
the MMP12-induced disruption of keratinocyte barrier (Supplementary Fig. 4g and Fig. 4d). In agreement with 
these data regarding HOKs, the levels of fibronectin, which showed negative correlations with MMP12 levels in 
diseased tissues (Supplementary Fig. 4h-i), were also decreased in oral mucosae and epithelia of OLP (Fig. 4e-
g). To further confirm this finding, we treated HOKs with the culture media of primary macrophages derived 

Fig. 1. MMP12 expression in the human samples. (a) Real-time PCR analyses of MMP12 mRNA levels in oral 
mucosal macrophages from human donors, n = 10. (b) Western blot determinations of MMP12 protein levels 
in oral mucosal macrophages from human donors (left) and quantitative analyses (right), n = 5. (c-d) Saliva 
(c) or Serum (d) MMP12 concentrations of healthy or OLP donors measured by Elisa, n = 10. *** P < 0.001 vs. 
corresponding control group. NEOLP, non-erosive oral lichen planus; EOLP, erosive oral lichen planus. Data 
were expressed as means ± standard deviation. One-way ANOVA was used for statistical analysis.
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Fig. 2. Roles of MMP12 overexpression in oral keratinocytes. (a) Schematic showing co-culture of MDMs and 
HOKs. MDMs were transduced with or without MMP12-lentivirus for 48 h prior to 12-hour co-culture with 
keratinocytes. (b) Western blot showing MMP12 levels in MDMs with or without MMP12 overexpression. 
(c) Monolayer permeability detections of HOKs co-cultured with control- or MMP12-lentivirus transduced-
MDMs. Permeability was evaluated by detecting TER (left) or FITC-dextran concentrations (right), n = 5. 
(d) TER (left) or FITC-dextran concentrations (right) of HOKs with recombinant MMP12 treatment at 
different doses as indicated, n = 5. ** P < 0.01, *** P < 0.001 vs. corresponding control group. Ctrl, control; OE, 
overexpression. Data were expressed as means ± standard deviation. Student’s t test (c) and One-way ANOVA 
(d) were used for statistical analysis.
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from health of OLP tissues (Fig. 4h). Elisa data showed that media from OLP-derived primary macrophages 
suppressed fibronectin levels in HOKs while the depletion of MMP12 by anti-MMP12 antibodies in the media 
inhibited fibronectin’s downregulation in keratinocytes (Fig. 4i-l).

Pharmacological inhibition of MMP12 protects keratinocyte barrier integrity from disruption
 To answer whether the inhibition of MMP12 could protect keratinocyte barrier or not, we added MMP12 
inhibitors in the macrophage-keratinocyte co-culture system (Fig.  5a). As shown, neither macrophage-
produced MMP12 levels nor keratinocyte NF-kB activity were affected by the addition of MMP12 inhibitors 
(Supplementary Fig. 5a-b). Keratinocyte viability and proliferation were not influenced by MMP12 inhibitors 
either (Supplementary Fig.  5c-d). However, MMP12 protease activity was suppressed largely after inhibitor 
treatments (Fig. 5b). Meanwhile, MMP12 inhibitors reversed the breakdown of keratinocyte barrier integrity 
and inhibited fibronectin decreases in keratinocytes induced by OLP-derived primary macrophages (Fig. 5b-f).

Discussion
Although OLP is identified to be a T cell-mediated disease, other immune cells are also involved in the 
pathogenesis of this disorder2. Activated immune cells are reported to disrupt the epithelial basement membrane 
to facilitate OLP progression. Mast cells in the lamina propria of OLP produce tryptase and chymase to activate 
MMPs by proteolytic cleavage31. The increased proteolytic activity accelerates T cells migration and cleaves 
collagens to cause basement membrane destruction, which allows CD8 + T cells access to the oral keratinocytes2. 
Here, in the OLP tissues, we confirmed the increases of MMP-12 levels by western blot and the location of 
MMP-12 by immunohistochemistry. Furthermore, our investigation indicated that activated macrophages 
secrete MMP12 to destroy oral epithelial barrier, indicating that macrophages may act in concert with mast 

Fig. 3. Roles of MMP12 deficiency in oral keratinocytes. (a) TER (left) or FITC-dextran concentrations 
(right) of primary oral mucosal keratinocytes from human donors, n = 5. (b) TER (left) or FITC-dextran 
concentrations (right) of HOKs co-cultured with primary oral mucosal macrophages from human donors, 
n = 5. (c-d) Healthy MDMs were transduced with or without sgMMP12-lentivirus for 48 h prior to 12-hour 
co-culture with primary oral mucosal T cells from control or EOLP participants for activation. The activated 
macrophages were then co-cultured with HOKs for another 12 h. Schematic exhibiting the macrophage-
keratinocyte co-culture system (c); TER (left) or FITC-dextran concentrations (right) of HOKs co-cultured 
with activated macrophages (d), n = 5. ** P < 0.01, *** P < 0.001 vs. corresponding control group; ###P < 0.001 
vs. T cell-OLP sgCtrl group. NEOLP, non-erosive oral lichen planus; EOLP, erosive oral lichen planus; M, 
macrophage; K, keratinocyte; H, health. Data were expressed as means ± standard deviation. One-way ANOVA 
was used for statistical analysis.

 

Scientific Reports |        (2024) 14:27511 7| https://doi.org/10.1038/s41598-024-78930-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


cells to compromise oral epithelial barrier integrity and facilitate OLP development. In addition, other studies 
have claimed that keratinocyte barrier dysfunction is a common feature of OLP epithelium6. Although bacteria 
and infiltration of intra-epithelium T cells are reported to be abundant throughout the epithelium in OLP2,32, 
the exact underpinning of epithelial barrier destruction is not fully explained. Our current study provided 
compelling evidence to verify that MMP12, at least in part, is the cause of epithelial barrier dysfunction in the 
context of OLP. Since the data from both human samples and cell co-culture system are consistent, we think that 
our human results here are not affected by the unmatched ages between OLP and health groups.

Although MMP12 is closely associated with various oral diseases such as temporomandibular joint dysfunction 
(TMD), periodontitis and oral squamous cell carcinoma (OSCC)20, the exact pathophysiological functions of 
MMP12 remain incompletely understood. Therefore, it is essential to explore the roles of MMP12 at cellular 
and molecular levels since MMP12 could be a potential therapeutic target for the treatment of inflammatory 
oral diseases. Here we reported that MMP12 is involved in the development of OLP. In addition, we explained 
that MMP12 compromises epithelial barrier integrity by degrading fibronectin. Fibronectin is revealed to fine-
tune human keratinocyte adherence33. Our data showed that fibronectin is dominantly expressed in the cell 
membrane of oral keratinocyte, which implies its critical roles in cell-cell interactions. We further confirmed 
that fibronectin is decreased in the oral mucosae and epithelia of OLP. Therefore, oral keratinocyte-produced 
fibronectin has a critical role in preventing OLP development.
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In conclusion, this investigation unveils an unrecognized role of MMP12 in affecting epithelial barrier of 
OLP. Despite the lack of well-established animal models resembling OLP may limit the strengths of this study, 
we provided solid data to confirm that either inhibition of MMP12 activity or suppression of MMP12 expression 
can strengthen the integrity of oral epithelial barrier under inflammatory conditions in multiple cell co-culture 
systems. Targeting MMP12 is a potential therapeutic approach for OLP treatment. The limitations of this study 

Fig. 4. MMP12 degrades keratinocyte-produced fibronectin. (a) Elisa showing fibronectin concentrations 
in the culture media of HOKs treated with different doses of recombinant MMP12 for 12 h. (b) Western 
blot examinations of fibronectin expression in the membrane, cytosol or nuclear fraction of HOKs treated 
with different doses of recombinant MMP12 for 12 h. (c) TER (left) and FITC-dextran concentrations 
(right) in HOKs with or without FN1 knockout. (d) TER (left) and FITC-dextran concentrations (right) 
in FN1-overexpressed HOKs with or without recombinant MMP12 treatment for 12 h. (e-f) Elisa showing 
fibronectin concentrations in the oral mucosae (left) or epithelia (right) derived from control or EOLP donors. 
(g) Western blot tests of fibronectin expression in the membrane, cytosol or nuclear fraction of primary 
keratinocytes from control or EOLP donors. (h-i) Primary oral mucosal macrophages were enriched from 
healthy or EOLP donors, followed by 12-hour culture. The supernatants of macrophages were then added 
into HOKs media at a 50% final volumetric concentration for another 12 h. Schematic illustration of HOKs 
with media from macrophages (h); Elisa assessments of fibronectin concentrations in the supernatants of 
HOKs (i). (j-k) Primary oral mucosal macrophages were enriched from healthy or EOLP donors, followed by 
12-hour culture. The supernatants of macrophage (1 ml) were treated with 20 µg MMP12 antibodies coupled 
to Pierce Protein A/G Magnetic Beads (ThermoFisher Scientific) for immunodepleting of MMP12, followed 
by mixture with HOKs media (v/v, 50%/50%) for another 12 h. Schematic illustration of HOKs with media 
from macrophages (j); western blot showing MMP12 levels in the macrophage media with or without MMP12 
antibodies treatment (k); Elisa assessments of fibronectin concentrations in the supernatants of HOKs (l). 
*** P < 0.001 vs. corresponding control group; ###P < 0.001 vs. MMP or IgG group. NEOLP, non-erosive oral 
lichen planus; EOLP, erosive oral lichen planus; H, health; Ctrl, control; FN, fibronectin. Data were expressed 
as means ± standard deviation. All experiments were carried out 5 times. One-way ANOVA (a, d, e, f, l) and 
Student’s t test (c, i) were used for statistical analysis.

◂

Fig. 5. MMP12 inhibitor prevents keratinocyte barrier from destruction. HOKs were co-cultured with 
primary health- or EOLP-derived oral mucosal macrophages with or without MMP12 inhibitor treatment for 
12 h. Three MMP12 inhibitors, MMP408 (inhibitor-1), RXP470.1 (inhibitor-2), PF-00356231 hydrochloride 
(MMP12 inhibitor-3) were used. (a) Schematic graphic of HOKs and macrophages co-culture. (b) MMP12 
activity of primary EOLP-derived oral mucosal macrophages with or without MMP12 inhibitor treatment. 
Recombinant MMP12 was used for a positive control. (c-f) TER (c) or FITC-dextran concentrations (d) of 
HOK monolayers, fibronectin concentrations in the supernatants of HOKs (e) and fibronectin expression in 
the cell membrane fraction of HOKs (f) were tested. *** P < 0.001 vs. corresponding control group; ###P < 0.001 
vs. OLP-Ctrl group. Ctrl, control; FN, fibronectin; H, health. Data were expressed as means ± standard 
deviation. All experiments were carried out 5 times. One-way ANOVA was used for statistical analysis.
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include the lack of long-term (> 48 h) co-culture experiments, the small human sample size which might result 
in potential biases and heterogeneity between study groups and the lack of well-established animal models 
mimicking OLP. To this end, more investigators concerning large human sample size, long-term co-culture 
system and in vivo studies are required to guarantee that targeting MMP12 is qualified for OLP management.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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