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Abstract: Periodontal disease is a common disorder affecting a wide range of people and has a high prevalence globally. Periodontitis
comprises a series of inflammatory conditions affecting periodontal support tissue, which could ultimately lead to tooth loss and reduce
life quality and add to the financial burden of society. Matrix metalloproteinase-12 (MMP-12) is an elastase that is produced mostly by
macrophages and could degrade a wide spectrum of extracellular matrix (ECM) and also contribute to several systematic pathological
conditions. Recently, researchers have reported higher expression of MMP-12 in chronic periodontitis patients. However, there are few
reports on the role of MMP-12 in periodontitis pathogenicity, and the interaction between MMP-12, periodontal pathogens, and
periodontal tissues remains unclear. In this review, we introduce the potentially unique role of MMP-12 in the context of periodontal
inflammation earlier, summarize the possible effects of MMP-12 on the pathological process of periodontitis and the interaction of host
response under the challenge of various inflammatory factors, and provide possible diagnostic and therapeutic strategies targeting
MMP-12 for the management of periodontitis. Future research and policies should focus on and implement effective chairside testing
methods to reduce the prevalence of periodontal diseases.
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Introduction
Periodontitis, one of the most common infectious diseases in humans, is characterized by inflammation of the periodontal
tissue and subsequent destruction of the teeth-supporting apparatus, including the periodontal ligament and alveolar bone,
ultimately leading to tooth loss.'** Periodontitis is a multifactorial oral disease that involves complex interactions among
at least three microbial pathogens, a red complex including Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola’, destructive host immune responses, and environmental factors such as smoking.? Specific gram-
negative anaerobic pathogens initiate inflammation in the periodontal tissue. Simultaneously, a range of pro-inflammatory
cytokines such as tumor necrosis factor (TNF)-a, interleukin (IL)-1B, and prostaglandin E2 (PGE2) are produced by
macrophages and other inflammatory cells after stimulation with lipopolysaccharide (LPS) and other virulence factors
from these bacteria.> Subsequently, the secretion of matrix metalloproteinases (MMPs) leads to collagen fiber degrada-
tion and alveolar bone destruction, which ultimately results in clinical attachment loss, sites with deep probing depths,
mobility, bleeding upon probing, and tooth mobility.>

The MMPs are categorized based on their subcellular distribution and specificity for components of the ECM into
membrane-type matrix metalloproteases (MT-MMPs), collagenases, gelatinases, stromelysins, matrilysins, and other
types of MMPs.* Belonging to other type of MMPs, MMP-12 is a member of the family of zinc-dependent enzymes and
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is capable of degrading a wide spectrum of extracellular matrix (ECM) components, such as collagen 1V, fibronectin, and
laminin.>® MMP-12 is a 54-kDa pre-proenzyme with a final active form of 22-kDa.”*® Similar to other different classes of
MMPs, MMP-12 contains three common domains: pro-peptides, catalytic, and a hemopexin-like C-terminal domain that
links to the catalytic domain through a flexible hinge region.” Secreted by macrophages and trophoblasts, MMP-12

1012 and  wound

contributes to several inflammatory diseases and has a potential function in tissue remodeling
healing.'>'* Thus, MMP-12 is involved in several pathological conditions of various diseases, such as viral infection,’
respiratory diseases, including chronic obstructive pulmonary disease (COPD) and emphysema,'” cardiovascular

141617 inflammatory bowel disease'® and cancers.!® Increased pulmonary MMP-12 levels and MMP-12 gene

diseases,
expression have been related to disease severity in asthma and COPD. Targeting MMP-12 showed potential in animal
models of pulmonary diseases.® In addition, MMP-12 is involved in tissue remodeling in inflammatory respiratory
diseases such as chronic obstructive pulmonary diseases, including emphysema. Recent studies using MMP-12 inhibitors
have demonstrated a reduction in both the inflammatory process and airspace enlargement in lung tissue.” MMPs are
enzymes involved in periodontium destruction.”” According to most studies, MMP-8 concentrations was 3.6 times higher
in patients with periodontitis than healthy subjects and the levels of this enzyme positively correlated with the clinical
parameters of periodontitis severity such as plaque index and CAL (clinical attachment level).?! Interestingly, periodontal
treatments in combination with anti-inflammatory drugs could decrease the MMP-8 levels in gingival pockets of
patients.”> MMP-8 has high potential not only for diagnosing periodontitis, but also for determining its severity and
assessing the effectiveness of treatment.”

Similar to previous studies of MMP-8, elevated levels of MMP-12-mediated degradation of ECM proteins are found
in the saliva and gingival tissue of patients with chronic periodontitis (CP).*> 2> Moreover, high levels of MMPs in
gingival crevicular fluid, including MMP-12, were previously reported in African-American children with localized
aggressive periodontitis, but scaling and root planing (SRP) and systemic antibiotic treatment reduced the levels of
MMPs.2® MMP-12 enzyme has the ability to activate other MMPs such as pro-MMP-2 and pro-MMP-3, which in turn
could activate pro-MMP-1 and pro-MMP-9 and indirectly regulating the development of periodontitis.”” The above-
mentioned facts from the literature indicate that MMP-12, in addition to other MMPs, may play a role in chronic
periodontitis pathogenicity.

MMP-12 has been well-researched in certain systemic diseases. Recently, researchers have focused on the role of
MMP-12 in oral diseases, and several bioinformatics studies have suggested that MMP-12 can be used as a therapeutic
target and prognostic biomarker for certain oral diseases, such as periodontitis and squamous cell carcinoma.?® The up-
regulated MMP-12 by orthodontic force was demonstrated in periodontal ligament and could induced angiogenesis via
decomposing the Col-IV in the endothelial basement membrane of vascular.”’ MMP-12, induced by CSF2 and modulated
by CD200/ CD200R pathway, was produced by monocyte-derived cells and could destroy the gingival epithelial integrity
with reduced basal cell proliferation.’® However, the exact role of MMP-12 in the development and progression of
periodontitis remains unclear. Based on these facts, this review aimed to discuss the possible relationship between MMP-
12 and its function in the oral epithelial barrier, interaction with immune cells, and regulation of osteoimmunology
attempting to elucidate the role of MMP-12 in the development and progression of periodontitis.

Role of MMP-12 in Oral Microbiome-Induced Inflammation in Epithelial
Barrier Function

Oral microbial dysbiosis activates inflalmmation and destroys gingival epithelium
Periodontal disease occurs when the balance between the microbial biofilm and the host immune response is disrupted.’’
Periodontal pathogens can be found both in subjects with periodontitis and in healthy individuals; however, the structure
of microbiota changes from healthy to diseased individuals with periodontitis have a higher diversity of microbial
communities and a variety of taxa associated with health depletion in periodontitis.>*>> The imbalance between oral
microorganisms and host immunity activates inflammation. The persistent chronic inflammatory response leads to the
overwhelming of the oral epithelial barrier, which eventually results in alveolar bone resorption by osteoclasts, ligament
fiber degradation by matrix metalloproteinases, and granulation tissue formation.>!
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Crucial Role of MMP-12 in Regulating Epithelium Integrity

Several studies demonstrated that MMP-12 plays a key role in intestinal inflammation by mediating the degradation of
basement membrane laminin, macrophage transmigration, and loss of the intestinal tight junction barrier. Nighot et al
showed that both colonic permeability and MMP-12 expression were increased in the colonic mucosa of experimental
colitis mice, but the severity of experimental colitis was alleviated and epithelial permeability was attenuated in MMP-12""
mice.>* Chen et al found that MMP-12 was activated by Early Growth Response Protein 1 (Egrl) and plays a role in the
inflammation process of IBD.?> Another study showed that small intestinal epithelial tight junction impairment is found in
high-fat diet mice, which is reversed by MMP-12 knockdown.® Additionally, MMP-12 in keratinocytes was considered as
a downstream effector of Agrin’s mechanoperception and could coordinate the wound healing tissue
microenvironment.'*® These studies suggest that MMP-12 plays an important role in the regulation of intestinal epithelial
integrity and wound healing. Moreover, the downregulation of MMP-12 improves gut health by altering the gut microbiota
composition and reduces the expression levels of pro-inflammatory cytokines, including IL-1p and TNF-0.°

Interaction of MMP-12 with Pathogenic Infection

The onset of periodontitis is initiated by dental plaque, and the dysregulation of oral flora leads to the destruction of the
gingival epithelial barrier. Previous studies have shown that higher levels of MMPs can be found in patients with chronic and
aggressive periodontitis.”® Research on infectious diseases demonstrated that MMP-12 plays a role in complex processes
during pathogenic infections. An in vitro study showed that the concentration of MMP-12 was higher in the supernatants of
Mycoplasma bovis-infected marrow-derived macrophages than in uninfected cells.’” Vitamin D-deficient (VDD) mice
challenged by airway infection with non-typeable Haemophilus influenzae exhibit enhanced bacterial clearance.’®~* Lower
levels of pro-inflammatory cytokines (IL-6 and TNF-a) were detected in the bronchoalveolar lavage fluid (BALF).
Upregulated MMP-12 as well as a higher ratio of MMP-12/TIMP1 in VDD mice may account for the higher susceptibility
to lung remodeling.38 Upregulated MMP-3, MMP-8, MMP-12, TNF-a, IFN-y, IL-1q, IL-1p, and IL-6 mRNA expression was
detected in the brains of Trypanosoma brucei-infected mice, which can be reduced by minocycline treatment at 30 days.*’
Furthermore, Nelson et al found that the MMP-12 mRNA expression in whole lungs and alveolar macrophages was induced
by murine Preumocystis, which is CD4" T cell-dependent.*’ MMP-12"" mice exhibit impaired bacterial clearance and
increased mortality when challenged with both Gram-negative and Gram-positive bacteria in the peritoneum and lung where
macrophages are enriched, suggesting an antimicrobial role of MMP-12.** In conclusion, microbial infection affects the
MMP-12 expression. On the other hand, macrophage-derived MMP-12 exerts an antibacterial effect, which is manifested as
MMP-12 stored in macrophages enters phagolysosomes containing pathogens and adheres to the bacterial cell wall, damaging
the cell membrane and causing cell death** (Figure 1).

MMP-12 and Macrophage in Oral Epithelial Integrity

Based on these facts, we hypothesized that macrophages act as the first line of defense against the invasion of periodontal
pathogens through phagocytosis and the antibacterial effect of endogenous MMP-12. However, when the pathogenic
factors are too virulent or the host is in hypo-immunity, the overactivated immune response damages oral epithelium
integrity, where secreted MMP-12 may act as a key catalyst for periodontal epithelial barrier destruction. In other words,
macrophages may play different roles in different stages of inflammation, with protective roles in the early stage and
destructive roles in the late stage, resulting in different outcomes. Periodontitis is a multifactorial disease that correlates
with dysbiosis and an imbalance in immune defense. However, little is known about the specific role of MMP-12 in
interacting with oral microbiota and oral epithelial integrity. Table 1 summarizes studies involving the role of MMP-12 in
oral microbiome-induced inflammation in epithelial barrier function.

Interaction of MMP-12 and Immune Cells in Periodontal Inflammation

The pathogenesis of periodontitis involves a complex immune/inflammatory cascade initiated by oral bacterial biofilms
formed on the tooth surface.**** Periodontal immunity includes the overlapping parts of innate and adaptive cellular and
humoral responses. However, the dysregulation of innate and adaptive immune systems may be attributed to the etiology
of periodontal disease.*> Neutrophils, macrophages, dendritic cells (DCs), and other types of innate immune cells are
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Figure | Role of MMP-12 in oral microbiome-induced inflammation in epithelial barrier function. (a) Healthy periodontal tissue with well-arranged epithelial cells
maintaining the integrity of epithelial barriers. (b) Periodontitis patients are characterized by a higher diversity of microbial communities where MMP-12 may involve in
this transition process. When challenged with oral bacteria, macrophages are activated and secrete MMP-12. MMP-12 has the potential effect of degrading extracellular
matrix, impairing epithelial tight junction, increasing epithelial permeability and macrophage infiltration and promote the secretion of pro-inflammatory cytokines, which
involves in the destruction of periodontal tissue. Created with BioRender.com.

recruited to the affected sites and together with innate immune molecules that act as the first line of defense against

pathogenic microorganism challenges in periodontitis.***®

MMP-12 and Macrophages

Monocytes and macrophages are the major cellular components of innate immunity that can infiltrate the injured site
within a short time.*” Macrophages polarize into different subtypes according to environmental changes: classically
activated M1 macrophages and alternatively activated M2 macrophages. M1 macrophages are activated under the
stimulation of IFN-y, TNF-a, or LPS and secrete proinflammatory factors that modulate the pro-inflammatory response.
In contrast, M2 macrophages are polarized under the stimulation of IL-4 and IL-13, and secrete anti-inflammatory factors
that modulate anti-inflammatory responses.***** Periodontitis is a chronic infectious disease in which M1 and M2
macrophages are involved in the destructive and reparative stages.*” The M1/M2 ratio is correlated with periodontal
inflammation and reflects periodontal health.”®

MMP-12 was considered as the mediator of macrophage functioning. A previous study confirmed that IL-6 from tumor
cells stimulates macrophages to upregulate MMP-12 in vitro.”'*>> MMP-12""" mice showed a higher level of macrophages
in the corneas compared with wild-type mice after chemical corneal injury but can be reversed by bone marrow
transplantation, confirming that MMP-12 inhibits macrophage recruitment. Subsequent studies demonstrated this inhibitory
effect, which is mediated by CCL2.**"-> In the studies of Yan et al, similar to the reduction of migrating cells, levels of
MMP-12 decreased in RAW264.7 macrophages after trimethylamine N-oxide (TMAO) treatment, but the addition of
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Table 1 Role of MMP-12 in Oral Microbiome-Induced Inflammation in Epithelial Barrier Function
Study Model Treatment Effects Ref.
MMP-127"" mice 7 days of oral administration of | Reduces the severity of DSS colitis, overall preservation of colonic [34]
3% (Experimental DSS colitis) tight junction barrier and reduces epithelial macrophage infiltration
MMP-12 knockdown mice High-fat diet Alleviates high-fat diet-induced metabolic disorders and improves [6]
(through MMP-12-siRNA- intestinal homeostasis alters the gut microbiological composition and
CPA NPs) reduces the expression levels of pro-inflammatory cytokines IL-1
and TNF-a
MI-MDMs and M2-MDMs Mycoplasma bovis infection Increases MMP-12 expression [37]
VDD mice Infection with Nontypeable Enhances bacteria clearance, [38,39]
Haemophilus influenzae decreases in IL-6 and TNF-a levels, and
increases MMP-12 expression
C57BL/6 mice with Minocycline i.p. Reduces the infection-induced elevation of MMP-12 (at 30 days), [40]
Trypanosoma brucei infection mRNA TNF-q, IFN-y, IL-1q, IL-1B, and IL-6 mRNA levels in the brain
Mice Pneumocystis murina inoculation | Induces MMP-12 expression in whole lungs and alveolar macrophages | [41]
MMP-127" mice Staphylococcus aureus or Impairs bacterial clearance and increases mortality [42]
Escherichia coli intraperitoneal
(i.p). injection

Abbreviations: DSS, dextran sodium sulfate; NP, nanoparticle; CPA NPs, polyethylene glycol (PEG); MDMs, monocyte-derived macrophages; VDD, vitamin D deficient; i.p.,
intraperitoneal injection.

recombinant mouse MMP-12 rescued the reduced cell migration.®* Moreover, MMP-12 deficiency could change the
immune cell composition and reduce the plasma monocyte chemoattractant protein-1, thereby ameliorated the systemic
inflammation.>> However, a case report of two cases of breast carcinoma with osteoclastic giant cells in different tumor
histological backgrounds showed strong expression of VEGF and MMP-12, two factors promoting macrophage migration
and angiogenesis, in both tumor and non-tumor tissues.’® Similarly, high level of MMP-12 may lead to the increased
macrophage infiltration through the generation of elastin peptide, which could induce monocyte chemotaxis.>’-®

In addition, MMP-12 could regulate macrophage phenotype. Vitro studies indicated a higher level of MMP-12
expression in M2 macrophages than that of M1 or bone marrow-derived macrophages, which is consistent with an
in vivo model that M2-like macrophages isolated from fat-fed mice expressed higher levels of MMP-12.°° MMP-12
knockout causes increased M2 macrophage infiltration in intestinal tumors and with the same trend of M2-related
biomarker mRNA and serum cytokines IL-4 and IL-13 levels that induced M2 macrophage production.®® MMP-12
deficiency alters macrophage recruitment and polarization. Yi et al found that MMP-12 regulates macrophage phenotype
by driving M2 differentiation and promotes macrophage-to-myofibroblast transition, which may involve in the develop-
ment of subretinal fibrosis.®’ Exogenous IL-10 increased MMP-12 expression in wild-type M1 macrophages but reduced
MMP-12 expression in wild-type M2 macrophages.®® Taken together, these data indicate the possible effects of MMP-12
on orchestrating macrophage infiltration. However, whether MMP-12 or other MMPs and other inflammatory factors
alter the M1/M2 ratio and regulate the immune microenvironment remains unclear.

Based on the above studies, we speculate that MMP-12 may inhibit or promote the recruitment of macrophages to the
specific situation. We hypothesized that in periodontitis, the release of MMP-12 may enhance macrophage recruitment,
which forms a vicious inflammatory cycle. The release of proinflammatory cytokines results in periodontal ligament
degradation and osteoclast differentiation, which lead to bone destruction in periodontitis. In addition, the presence of
MMP-12 inhibits the polarization of macrophages towards M2-type cells and the increased M1/M2 ratio in gingiva may
lead to the progression of periodontitis. Although, studies on the relationship among MMP-12, macrophages, and period-
ontitis are limited. Holmstrom et al demonstrated that gingival mucosa tissue from periodontitis patients has increased
levels of MMP-12 which undermined gingival tissue integrity and reduced basal cell proliferation.” This study also showed
that monocyte-derived cells in the oral mucosa model respond to inflammatory stimuli by producing MMP-12 and

promoting tissue inflammation.”®
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MMP-12 and Neutrophils

Traditionally, neutrophils have been acknowledged as the first immune cells that are recruited to inflamed tissues and have
mainly been considered in the context of acute inflammation.®® Once recruited into tissues, neutrophils engage in complex
bidirectional interactions with macrophages, mesenchymal stem cells, dendritic cells, natural killer cells, B cells, and
T cells.®* Neutrophils deploy at least three effector mechanisms: phagocytosis, degranulation, and formation of neutrophil
extracellular traps. Phagocytosis is the physical uptake of a microbe by forming a phagosome in which neutrophils can
focus on antimicrobial activity.®> Moreover, neutrophils contribute to the activation, orientation, and expression of adaptive
immune responses.®* Given their role as a component of innate and adaptive response, it is not surprising that neutrophils
act as a player in the pathogenesis of numerous disorders including infection, autoimmunity, and chronic inflammatory
conditions, such as periodontitis, neurodegenerative diseases, atherosclerosis,®® and cancer.®*

After injury to both the epithelial and stromal layers of the cornea, neutrophil infiltration was decreased in MMP-12""
mice, which could be explained by the reduced expression of the chemokine CXCL1.7"® These studies demonstrated the
positive role of MMP-12 in recruiting neutrophils and played an important role in corneal epithelial repair. Interestingly,
recent studies have found that neutrophil depletion alters the alveolar macrophage phenotype, which may reveal the
interactions between innate immune cells. The level of MMP-12 mRNA was further increased in alveolar macrophages
isolated from neutrophil-depleted mice after cigarette smoking exposure compared with the control group. However,
downregulation of MMP-12 mRNA was observed after the neutralization of IL-10.®” MMP-12 and neutrophils may interact
in the process of inducing inflammation. A study concerning the development of pulmonary fibrosis demonstrated that the
mRNA of MMP-12 was found overexpressed in neutrophil-depleted treatment mice.®® However, another study showed that
MMP-12"" mice displayed markedly reduced neutrophilic inflammation in both BALF and airways with decreased
production of inflammatory cytokines and mucus.'!

Neutrophils are the most abundant leukocytes in periodontal pockets, the gingival crevices, and inflamed periodontal
tissues. They play an essential role in preventing microbial invasion, maintaining the symbiosis of the bacterial community
in healthy periodontal tissues and exerting an antibacterial effect in periodontitis.®” Neutrophils play a dual role in the
pathological process of periodontitis. On one hand, neutrophils are recruited to the bacterial invasive sites to engulf bacteria
and form intracellular vacuoles to activate intracellular antimicrobial responses, which depends on reactive oxygen species
(ROS) and antimicrobial agents. The antimicrobial mechanism of neutrophils also includes oxidative burst response,
degranulation, and net formation. Since MMPs are one of the antimicrobial peptides contained in the granules, we speculate
that MMP-12 may play an antibacterial role in this stage. On the other hand, research showed that excessive neutrophil
extracellular trap formation can exist when the formation of periodontal pockets interferes with the clearance of pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), which results in tissue
damage, ECM degradation, bone resorption, and the progression of periodontitis.***’

Innate immunity is the first step in the immune response to pathobionts, but when the inflammation is overactive, innate
immune cells fail to remove the pathogenic bacteria, and destruction of the periodontium occurs, adaptive immunity is then

activated, which leads to further destruction of the periodontium.*'

MMP-12 and T Cells

Previous studies have established the contribution of immune-inflammatory response regulated by the activity of a subset
of CD4" T helper cells including Th1, Th2, Th17, and regulatory T cells (Treg).*® Several studies have summarized the
role of these cells and the cytokines produced in the pathogenesis of periodontitis. Thl cell-produced proinflammatory
cytokines are usually associated with periodontal tissue damage. Whereas Th2 cell-produced cytokines are often related
to tissue repair and homeostasis maintaining while some argued their role in disease progression. However, the inhibitory
effect on osteoclast differentiation of both Thl cells and Th2 cells via the production of IFN-y and IL-4, respectively,
made it difficult to ascribe the periodontal bone loss in osteoimmulogical spectrum.' The imbalance between proin-
flammatory cytokines secreted by Thl cells and the anti-inflammatory cytokines secreted by Th2 cells also causes the
occurrence of the disease.** Nevertheless, the role of Th17 cells in periodontitis is controversial. On one hand, Th17 cells
induce the epithelial cells to secrete anti-microbial peptides, which can defend against extracellular pathogens and
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promote neutrophil recruitment and local inflammation.'"** On the other hand, Th17 cells can act on osteoblasts and
upregulate the expression of receptor activator of the nuclear factor kappa B ligand (RANKL), which results in the
maturation and differentiation of osteoclasts and ultimately, bone resorption.****® Tregs can be transdifferentiated from
Th17 cells in some situations." Tregs can produce immunosuppressive cytokines and contact-dependent modulation,
which play a crucial role in maintaining homeostasis and self-tolerance, in other words, that is having an inhibitory effect
on the pathogenesis of periodontitis.****® More recently, the function of natural killer T (NKT) cells and regulatory
B cells in the involvement in periodontitis have been explored and are being investigated.*®*"°

So far, the available data on the relation between MMP-12 and T cells in the pathological process in human diseases
is still limited. A recent clinical study has demonstrated a decrease in mRNA level of T cell, Th2, and Th17 markers
including MMP-12 after Ustekinumab treatment compared with the placebo-control group.”' But the interaction of
MMP-12 and Th1/Th2 cells has not been clarified. However, an earlier study indicated the protective role of MMP-12 in
experimental autoimmune encephalomyelitis (EAE), which is a result of an alteration of the Th1/Th2 ratio.”> MMP-12
plays a crucial role in various diseases including cancer development and progression. Immunohistochemistry (IHC)
staining was performed in human hepatocellular carcinoma (HCC) tissue and the result indicated a significantly positive
correlation between MMP-12 expression and FOXP3" T cell infiltration, which was speculated that MMP-12 may serve
important roles in affecting prognosis by influencing the immune system in HCC patients.”> MMP-12 is one of the most
highly expressed differentially expressed genes in Tregs during acute lung injury (ALI) resolution compared with other
conditions. Mock. et al showed that mice repleted with Tregs lacking MMP-12 expression have more lung neutrophil
infiltration during LPS-induced ALI resolution, which indicated the role of Treg-expressed MMP-12 in Treg-promoted
resolution of the inflammatory process.”* The MMP-12 production was significantly different between single-cell
cultures and co-cultures. The elevated MMP response in DCs is observed in a virulence factor of the periodontal
pathogen P. gingivalis Hemagglutinin B-treated Transwell co-culture system containing DCs, gingival epithelial kerati-
nocytes, and CD4" T-cells, which indicate the interaction of MMP-12 and periodontal pathogens.*

Periodontitis is a bacterial inflammatory response that destroys the periodontal barrier, degrades periodontal tissue,
and causes loss of attachment, and resorption of alveolar bone. As mentioned above, the interaction between MMP-12
and a variety of T cells remains ill-defined. Therefore, understanding the mechanism of MMP-12 and various T cells in
periodontitis is critical to the control and treatment of periodontitis in the future.

The periodontal inflammatory response is a complex process involving the communication of the host immune
response and microbe. A network of cytokines and chemokines produced by activated immune cells also plays a part in
cell migration, survival, and immune cell function. Given the influence of MMP-12 on immune cells in systematic
disease and the altered expression in genomic levels in an experiment or clinical trials, it is conceivable that the
interaction between MMP-12 and immune cells may have a role in the pathogenesis of periodontal inflammatory
diseases (Figure 2). Table 2 summarizes research relating to the interaction of MMP-12 and immune cells.

Relationship of MMP-12 and Osteoimmunology

The concept of osteoimmunology was introduced by Arron and Choi in 2000, a few years after the discovery of the
RANKL-RANK-osteoprotegerin (OPG) system "°. After that, osteoimmunology was widely investigated. The dual effect
of T cells in regulating osteoclastogenesis through RANKL and secretion of IFN-y 7® and early research on the role of
human monocytes-derived IL-1 in bone resorption was established .

MMP-12 and Osteoclasts

MMP-12 was found to be expressed in chondrocytes during fetal development and malignant transformation. Kaspiris et al
reported that MMP-12 is mainly expressed at the matrix of fibrocartilage tissue in moderate osteoarthritis (OA) patients and
a concurrent expression of MMP-12 was noted in the matrix adjacent to the osteoblast-like cells, the bone lining cells, and the
osteoclasts in the moderate and severe stages of OA. Although statistics did not show a correlation between MMP-12 and the
bone resorption rate, it was associated with the osteoclast mainly in the OA end stages "*. MMP-12 mRNA was expressed in
multinucleated cells induced from NCD14" monocytes, whereas not in those from CD14" monocytes. While with the
stimulation of LIGHT, a recently identified type 2 transmembrane glycoprotein of the TNF ligand superfamily (TNFSF14),
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Figure 2 Interaction of MMP-12 and immune cells in periodontal inflammation. Due to the stimulation of periodontal pathogens, MMP-12 is released and plays a role in
promoting macrophage migration but reducing recruitment (through CCL2). MMP-12 also regulates macrophage phenotype differentiation. In regard to neutrophils, MMP-12
may play a role in antibacterial process and extracellular trap formation. MMP-12 also relates to T cells functioning and the alteration of ThI/Th2 ratio. Created with

BioRender.com.

or the combination of LIGHT and RANKL, the MMP-12 mRNA expression level of NCD14" monocytes was significantly
upregulated " In terms of the correlation of MMP-12 and osteoclasts, a previous study that investigated the involvement of

MMP-12 in bone resorption showed osteoclasts expressed MMP-12 in some specific situations. Recombinant MMP-12

Table 2 Interaction of MMP-12 and Immune Cells

Study Model Treatment Effects Ref.
RAW264.7 IL-6 Increases MMP-12 expression [52]
MMP-127" mice Chemical corneal injury Increases macrophage accumulation [51]
Bone marrow transplantation from Decreases macrophage recruitment
MMP-127" donor mice
RAW264.7 macrophages TMAO Reduces MMP-12 expression and macrophage migration | [54]
Adding rMMP-12
Osteoclastic giant cells from - Increases MMP-12 expression (immunohistochemical [56]
breast carcinoma donors analysis)
MMP-127" mice High-fat diet Increases M2 macrophages accumulation [59]
ApcMin/+ mice developed MMP-127" Increases M2 macrophage accumulation [60]
intestinal tumors
BMDMs from normal mice MMP-12 Increases the mRNA expression of Collal, Acta2, and | [61]
Fnl
MMP408 (MMP-12 selective inhibitor) | Reduces the percentage of aSMA+ Collagen-1+ cells
BMDMs from WT mice Exogenous IL-10 Increases MMP-12 expression in WT MI cells and [62]
reduces MMP-12 expression in WT M2 cells
MMP-127" mice Corneal injury Decreases neutrophils accumulation [51, 66]
CS exposure to BALB/c mice Neutrophil depleting Increases MMP-12 mRNA [67]
IL-la neutralizing Downregulates MMP-12 mRNA
(Continued)
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Table 2 (Continued).

Study Model Treatment Effects Ref.
Pulmonary fibrosis model of Neutrophil depleting Overexpression of MMP-12 mRNA [68]
BALB/c mice

CS exposure to MMP-127" mice | Elastin Reduces neutrophilic inflammation and decreases [

production of inflammatory cytokines

Moderate-to-severe AD patients Ustekinumab Decreases mRNA expressions of T-cell, Th2, and Th17 | [71]
markers (including MMP-12) at 4weeks

Induced EAE model of 129/SvEv MMP-127" Higer ratio of Th1/Th2 [72]

mice

HCC patients IHC staining of human HCC tissue Positive correlation of MMP-12 and FOXP3 expression | [73]
sections

Treg-depleted (Foxp3°™) mice Adoptive transfer experiments of Foxp3P™ mice repleted with MMP-127" Tregs at the [74]
either Foxp3EGFP (MMP-12""*) or time of injury had greater numbers of neutrophils
MMP-127"" Tregs

Three-cell transwell co-culture Hemagglutinin B MMP-12 responses were enhanced (not significant) in [20]

system of DCs, GE keratinocytes, the three-cell transwell co-culture relative to the single-

and T cells cell cultures

Abbreviations: TMAO, trimethylamine N-oxide; rMMP-12, recombinant mouse MMP-12 protein; BMDMs, bone marrow-derived macrophages (BMDMs); WT, wild-type;
CS, cigarette smoking; AD, atopic dermatitis; HCC, human hepatocellular carcinoma; IHC, immunohistochemistry; DCs, dendritic cells; GE, gingival epithelial.

cleaves the functional domains of osteopontin and bone sialoprotein, both of which are bone matrix proteins that strongly
influence osteoclast activities. The study also demonstrated other proteolytic products of MMP-12, such as TNF-o, may

possibly relevant to osteoclastogenesis and osteoclast survival *.

MMP-12 and Th17/Treg in Alveolar Osteoimmunology

Osteoclasts are the main mediators of skeletal diseases that relate to bone resorption. The regulation of osteoclast
formation and bone resorption is achieved by the secretion of RANKL by two subsets of T cells, helper T cells, and
regulatory T cells ®'. Alveolar bone resorption involves the antagonistic relationship between the activity of Th17 cells
through the RANKL/RANK/OPG pathway in direct and indirect ways, altering the ratio of bone remodeling and
RANKL/OPG expression and changing the secretion level of IL-17 as well as the production of inflammatory factors
TNF-0, IL-1, and IL-6 which function in immunosuppression. On the other hand, Treg lymphocytes suppress the
expression of RANKL and M-CSF, resulting in osteoclast formation and bone mass restoration ®'. Recent studies have
demonstrated that gingivitis and periodontitis have some correlation with an imbalance between Th17 cells and Tregs .
Glycosphingolipids, one of the important components contained in the outer membrane of major oral pathogenetic
bacteria Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, Tannerella forsythia, and Treponema
denticola activates NKT cells followed by systemic inflammation, periodontal RANKL production, osteoclastogenesis,
and resulting in finally bone resorption "°.

A present study has shown a gradual increase of the Th17 subset followed by a significant reduction of the Treg/Th17 ratio in
advanced stages of carotid artery stenosis (CAS), which is likely related to atherosclerosis progression but not to plaque
instability, whereas higher levels of MMP-12 was seen in both asymptomatic and symptomatic CAS groups which are related to
carotid plaque progression **. However, this study did not show the correlation between MMP-12 and Treg/Th17 ratio. IL-17 is
a cytokine produced by Th17 cells and an inflammatory marker in several diseases, such as atopic dermatitis **, asthma, and
gangrenous appendicitis *> But so far, the relation of expression of MMP-12 and Th17/Treg as well as the association with
periodontal diseases is still unilluminated. The potential role of MMP-12 in regulating osteoimmunology was summarized in
Figure 3.
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Figure 3 Relationship of MMP-12 and osteoimmunology. MMP-12 may be involved in regulating osteoclasts formation, affecting RANKL/RANK/OPG pathway through Tregs
and Thl7, and alveolar bone resorption. Created with BioRender.com.
Abbreviation: OPG, osteoprotegerin.

MMP-12 and Periodontitis: The Possible Treatment Strategies
To improve treatment outcomes, various adjuncts to non-surgical periodontal treatments have been suggested, including the
local delivery of drugs, systemic antibiotics, and host modulation agents. Periostat (doxycycline hyclate) is prescribed as an
adjunct to scaling and root planing in order to promote attachment level gain and reduce pocket depth in patients with adult
periodontitis *. Clinical studies demonstrate that Periostat results in statistically significant improvements in both attachment
level and pocket depth reduction for patients with moderate to severe periodontitis *’. It is the only approved adjunctive
therapy designed specifically to inhibit the tissue-destroying enzymes responsible for the breakdown of the periodontium.
However, the potential clinical benefits must be carefully weighed against risks, such as antibiotic resistance, adverse
reactions, and drug interactions >'-5¢-%%,

Previous research showed a lower level of colonic mucosa permeability, less infiltration of immune cells, and reduced
expression of pro-inflammatory cytokines in MMP-12 knockout mice ®>*. These results hint that inhibition of MMP-12
activities may reduce the permeability of oral mucosal epithelium, infiltration of immune cells, and the expression of pro-
inflammatory cytokines to alleviate gingival inflammation in periodontitis. Moreover, MMP-12 level upregulates in
several systemic infectious diseases > *!
demonstrated to be the most probable therapeutic target of MBZM-N-IBT for its treatment of arthritis

Pharmacological inhibition of MMP-12 exerts protective effects and improves the survival rate in angiotensin [I-induced

and was considered as the therapeutic target of various diseases. MMP-12 was
89

abdominal aortic aneurysms mice °°. The activity of MMP-12 was reduced by the treatment of bestatin in the spleen and
lung tissues of rats in a model of LPS-induced sepsis °'. Similarly, macrophage-derived lung MMP-12 inflammation was
alleviated by Paconiflorin in murine silicosis models °. In terms of oral diseases, research showed that P. gingivalis
supernatant triggers MMP-1, MMP-2, MMP-3, and MMP-14 expression in human gingival fibroblasts °*. Whether
P gingivalis can activate MMP-12 expression in periodontal tissue is still unknown. Macrophages play a critical role in
the initiation, maintenance, and resolution of inflammation while neutrophils are also major effectors of acute inflamma-
tion, as well as contributors to chronic inflammatory conditions and adaptive immune responses °*°°. Decreasing

infiltration and recruitment of macrophages and neutrophils may inhibit the inflammatory response to some extent.
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MMP-12 inhibitors, such as MMP408, and RXP470.1 have been developed and are being tested in various preclinical
and clinical trials in terms of respiratory diseases %1t is meaningful to create and develop prospective MMP-12-
selective inhibitors as efficient drug candidates due to the significance of MMP-12 in periodontitis °’. With those facts,
we assume that theses inhibitors could be the potential strategy for treating periodontal diseases. We could assume that
MMP-12 inhibition related drugs, compounds or mouthwashes may be the possible strategy of alleviating periodontal
inflammation.

However, the role of MMP-12 in periodontitis development and progression is still not fully understood. At present,
the relationship between MMP-12 and periodontitis is unclear. The possibility of the treatment of periodontitis targeting
MMP-12 depends on the outcome of future research.

Conclusion

The story of the MMP-12 in the progression of periodontitis is far from complete. MMP-12, a member of the MMP
family, is capable of degrading a wide spectrum of ECM components and could regulate inflammatory states by affecting
the function of epithelial cells, and immune cells. The current review summarized the potential connection of MMP-12
with related molecular pathways in the different pathological processes of periodontitis, which uncovers the key role of
MMP-12 in the development of periodontitis and provides the theory basis for making MMP-12 a potential diagnostic
and therapeutic target in the management of periodontal disease.

More studies are needed to illuminate the specific role of MMP-12 in interaction with periodontal pathogens, and
immune cells as well as the mechanism of regulating osteoimmunology of alveolar bone loss in the different stages of
periodontal inflammatory microenvironment. How MMP-12 interacts with other MMPs in the progression of period-
ontitis should also be further elucidated. After that, further exploration of MMP-12 related diagnostic techniques may
allow scholars to discover effective chair-side tests or mouth-rinse screening tests for monitoring periodontal inflamma-
tion. The meaningful long-term goal is to explore the possibility and efficiency of selective MMP-12 inhibitors, MMP-12
related natural products, novel chemical drugs, and synthetic materials in the role of inhibiting periodontal inflammation
and reducing periodontal tissue destruction. Therefore, it is certain that the more medical research is done to examine
MMP-12 and periodontitis, the better the prospects will be for patients’ periodontal health.
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