REVIEWS

Adv Clin Exp Med 2016, 25, 2, 383-390
DOI: 10.17219/acem/30428

© Copyright by Wroclaw Medical University
ISSN 1899-5276

MATEUSZ MACIEJCZYKY A D F AGNIESZKA PIETRZYKOWSKAD A-D: F
ANNA ZALEWSKAZ A BEF Margorzata Knag> A B F IRENA DANISZEWSKA® A B

The Significance of Matrix Metalloproteinases
in Oral Diseases

! Students’ Scientific Group “Stomatological Biochemistry”, Department of Conservative Dentistry,
Medical University of Bialystok, Poland

2 Department of Conservative Dentistry, Medical University of Bialystok, Poland

3 Institute of Health Care, Higher Vocational School, Suwalki, Poland

4 Specialist Dental Practice, Bialystok, Poland

A - research concept and design; B — collection and/or assembly of data; C - data analysis and interpretation;
D - writing the article; E - critical revision of the article; F - final approval of article

Abstract

Matrix metalloproteinases (MMPs) belong to a family of structurally related zinc-dependent proteolytic enzymes
that are known to play a key role in the catabolic turnover of extracellular matrix (ECM) components. Research
studies to date have indicated that MMPs regulate the activity of several non-ECM bioactive substrates, includ-
ing growth factors, cytokines, chemokines and cell receptors, which determine the tissue microenvironment.
Disruption of the balance between the concentration of active matalloproteinases and their inhibitors (TIMPs)
may lead to pathological changes associated with uncontrolled ECM turnover, tissue remodeling, inflammatory
response, cell growth and migration. This brief review presents some information on MMPs’ role in inflamma-
tory, metabolic and cancer abnormalities related to the salivary glands, as well as MMP-related aspects that lead
to the formation of human dentinal caries lesions. In oral diseases, the most relevant biological fluid commonly
used for diagnosing periodontal diseases is saliva. In diseased patients with significantly higher levels of MMPs
in their saliva than healthy people, most extracellular matrix components undergo digestion to lower molecular
weight forms. Conventional treatment successfully reduces the levels of MMPs inhibits the progressive breakdown
of gingival and periodontal ligament collagens. Beside inflammatory abnormalities like Sjogren’s syndrome (SS),
a large group of disorders is comprised of cancers, most of them involving the parotid gland (Adv Clin Exp Med
2016, 25, 2, 383-390).

Key words: dental caries, matrix metalloproteinases, tissue inhibitors of metalloproteinases, salivary glands, oral
diseases.

The Role of MMPs

MMPs are significant in the physiological process-
es of embryo development, wound healing and dif-

Matrix metalloproteinases (MMPs) belong
to a family of structurally related zinc-dependent
proteolytic enzymes that are known known to play
a key role in the catabolic turnover of extracellu-
lar matrix (ECM) components. Research studies to
date have indicated that MMPs regulate the activi-
ty of several non-ECM bioactive substrates, includ-
ing growth factors, cytokines, chemokines and cell
receptors, which determine the tissue microenvi-
ronment. These activities are implicated in a num-
ber of essential physiopathological processes [1-4].

ferentiation related to tissue remodeling. Howev-
er, the overexpression of several MMPs is involved
in tumor invasion, metastasis, disregulated an-
giogenesis, inflammation and even cell destruc-
tion [1, 5-9].

MMP Subfamilies

The first metalloproteinase was discovered in
1962 during a study of the ECM degradation re-
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sponsible for tadpole tail resorption [10-12]. Since
then, the MMP family has grown to include at least
23 members in humans and 24 in mice. Some of
them are not yet fully understood [10, 13]. Matrix
metalloproteinases are considered members of the
multigene metzincin family, which also includes
transmembrane and secreted proteins called a dis-
integrin and metalloproteinases (ADAMs), a dis-
integrin and metalloproteinase with thrombos-
pondin mofits (ADAMTSs), bone morphogenic
protein 1/tolloid-like metalloproteinase (BMPI/
/TLLs) and meprins [14, 15]. The MMP family is
divided into two groups based on their cellular lo-
calization (secreted or membrane-bound) or into
six groups classified according to individual char-
acteristics that are determined by the structure
and substrate specificity: collagenases, gelatinases,
stromelysins, matrilysins, membrane-type MMPs
(MT-MMPs) and others. Collagenases primarily
cleave interstitial collagen I, II, and III. Their cata-
lytic domains are also needed for cleaving non-col-
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lagen and non-ECM elements. Gelatinases degrade
gelatins, fibronectin and lamins. The third group
of MMPs, stromelysins, have a similar structure to
collagenases, but they do not cleave interstitial col-
lagen. Matrilysins possess no hemopexin domain.
MT-MMPs include four transmembrane members
(MT1-, MT2-, MT3-, and MT5-MMP) and two
glycosylphosphatidylinositol-annchored members
(MT4-MMP and MT6-MMP). MT-MMPs are im-
portant enzymes involved in pericellular prote-
olysis and subsequent cell locomotion [3, 11, 13,
16, 17]. The properties of MMPs continue to make
them an essential research topic in dermatology
and periodontology (Table 1).

The Structure of MMPs

Different types of MMPs have a great deal
in common (Fig. 1). They are characterized by
a prodomain, catalytic domain, hemopexin do-
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Fig. 1. Modular domain organization of different types of MMPs
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Table 1. Members of the MMP family and their classification

Group MMPs Other names | Substrates Possible method of analysis
Collagenases | MMP-1 | collagenase-1 | collagen: I, IL, ITI, VII, VIII, X, aggre- | zymography assay, immunoassay
can, gelatin, MMP-2, -9
MMP-8 | collagenase-2 | collagen: I, II, III, V, VII, VIIL X, immunoassay, fluorimetric assay,
aggrecan, elastin, fibronectin, gelatin, | activity-based profiling assay
laminin
MMP-13 | collagenase-3 | collagen: I, II, III, IV, aggrecan, gela- | fluorimetric assay, activity-based pro-
tin filing assay, zymography assay, fluo-
rimetric assay, phage-displayed assay,
multiple-enzyme/multiple-reagent
assay, activity-based profiling assay
Gelatinases | MMP-2 | gelatinase-A | collagen: I, IL, IIL, IV, V, VIL, X, XI, bioassay, zymography assay, immu-
aggrecan, elastin, fibronectin, gelatin, | noassay, fluorimetric assay, radio-
laminin, proteo-glycan, MMP-9, -13 | isotopic assay, multiple-enzyme/
multiple-reagent assay
MMP-9 | gelatinase-B | collagen: IV, V, VII, X, XIV, aggrecan, | bioassay, zymography assay, fluori-
elastin, fibronectin, gelatin metric assay, radioisotopic assay
Stromelysins | MMP-3 | stromelysin-1 | collagen: IT, III, IV, IX, X, XI, aggre- zymography assay, immunoassay,
can, elastin, fibronectin, gelatin, lam- | fluorimetric assay, phage-displayed
inin, proteoglycan, MMP-7, -8, -13 assay
MMP-10 | stromelysin-2 | collagen: III, IV, V, aggrecan, elastin, | zymography assay, phage-displayed
fibronectin, gelatin, laminin, MMP-1, -8 | assay, activity-based profiling assay
Matrilysins MMP-7 | matrilysin-1 | collagen: IV, X, aggrecan, elastin, zymography assay, immunoassay,
fibronectin, gelatin, laminin, proteo- | fluorimetric assay, phage-displayed
glycan, MMP-1, -2, -9 assay, activity-based profiling assay
MMP-26 | Matrilysin-2, | collagen: IV, gelatin, fibronectin, phage-displayed assay
endometase | gelatin
Membrane- | MMP-14 | MT1-MMP | collagen: I, I1, III, aggrecan, elastin, phage-displayed assay
type MMPs fibronectin, gelatin, laminin, MMP-2,
-13
MMP-15 | MT2-MMP collagen: I, fibronectin, gelatin, lam-
inin, MMP-2
MMP-16 | MT3-MMP collagen: I, MMP-2
MMP-24 | MT5-MMP fibrin, gelatin
Other MMPs | MMP-11 | stromelysin-3 | does not cleave collagen, aggrecan, activity-based profiling assay, immu-
fibronectin, laminin noassay
MMP-12 | metalloelas- collagen: IV, elastin, fibronectin, gela-
tase tin, laminin
MMP-19 | RASI-1 collagen: IV, fibronectin, aggrecan,
COMP, laminin, gelatin
MMP-20 | enamelysin collagen: V, aggrecan, amelogenin,
COMP
MMP-21 | - al-anti-trypsin
MMP-23 | CA-MMP unknown
MMP-25 | MT6-MMP, | collagen: IV, gelatin, fibronectin, lam-
leukolysin inin, fibrin
MMP-28 | epilysin unknown
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main and, at the end, a transmembrane domain,
glycosylphosphatidylinositol anchor or cytoplas-
mic tail [5, 18, 19].

The prodomain with the highly conserved se-
quence PRCXXPD is present in all MMPs. It in-
cludes cysteine residue binding the catalytic zinc
ion in a catalytic domain, which allows the pro-
-MMP to be kept in latent form. MMP activa-
tion can occur both on the extracellular and in-
tracellular level: When the N-terminal inhibito-
ry prodomain is eliminated, the catalytic position
of the emerging enzyme becomes released and ex-
posed. The subsequent domain is the catalytic one,
which has the ability to degrade proteins because
it contains the well-conserved zinc-binding mo-
tif HEXXHXXGXXH. In gelatinases, the catalytic
domain contains fibronectin type II, which modu-
lates protein interactions that are essential in sub-
strate recognition. A proline-rich hinge region
makes a connection between the catalytic domain
and the following hemopexin domain. The hemo-
pexin domain enables additional protein-protein
interactions with substrates and with naturally oc-
curring inhibitors. After the hemopexin domain,
a transmembrane domain, glycosylphosphati-
dylinositol anchor or cytoplasmatic tail may be lo-
calized [1, 11, 12, 14, 18, 21-22].

The Regulation of MMPs

It is well known that enzymes are produced
and secreted in an inert, latent form and are then
activated in an intercellular or extracellular envi-
ronment [23]. Most MMPs are synthesized and
secreted as inactive proenzymes or zymogens
(pro-MMP) that may be secreted or bound to the
membrane, which results in their processing an ac-
tivation, and their substrates may be partially de-
graded. The regulation of MMP expression must
be strictly controlled in the tissues [23-25]. This
takes place on a few levels:

— on the level of altering gene expression in
patients with a genetic predispositions [26];

— on the level of transcription by cytokines
(IL-1, TNF), hormones (parathormone, PTH) and
bacteria products (LPS);

— on the level of enzyme sequestration to in-
tracellular bubbles;

— on the level proenzyme activation (metal
ions, oxidative stress, detergents, other proteolytic
enzymem, plasmin);

— on the level of substrate specificity;

— through the pH of the environment;

— through tissue inhibitors of metalloprotein-
ases (TIMPs) and serine protease inhibitors (ser-
pins) [27].

The localization, activation and activity of
MMPs are controlled by their interactions with
other metalloproteinases, proteoglycan core pro-
teins and/or their glycosaminoglycan chains [28].
The expression of MMPs is also influenced by nu-
merous factors, e.g. the transformation of cells,
hormones (depending on the cell type), some cy-
tokines (such as IL-1 or IL-6), or growth factors
(such as epidermal growth factor [EGF] or trans-
forming growth factor-beta [TGF-pB]) [29].

The precise control of the proteolytic activi-
ties of MMPs occurs via activation of their precur-
sors as well as inhibition of endogenous inhibitor
proteins, a-macroglobulin (a plasma protein which
operates as a general proteinase inhibitor) and tis-
sue inhibitors of metalloproteinases (TIMPs) [24].

As Brew and Nagase [30] wrote: “The human
genome contains four paralogous genes encod-
ing TIMPs 1 to 4”. All four proteins in the TIMP
family (TIMPs 1 through 4) are characterized by
a largely similar structure [31]. It is worth notic-
ing that TIMPs were initially characterized as in-
hibitors of MMPs, but later research has shown
that they have a wider range of activities; it is
now known now that they also inhibit some of
the disintegrin-metalloproteinases, ADAMs and
ADAMTSs [30, 31]. TIMPs bind and inhibit MMP
activity at molar stechiometric proportion of 1 : 1.
This is accomplished through a special structure
comprised of 184 to 194 aminoacids that create an
N-domain responsible for the inhibition of MMP
catalytic activity, and a C-subdomain that medi-
ates interactions with the hemopexin domain of
pro-MMPs [32, 33]. TIMPs do not form covalent
bonds with MMPs, nor are they cleaved by these
enzymes, but they form tight complexes inhibiting
the proteolytic activity of MMPs [33].

A disruption of the balance between the con-
centration of active metalloproteinases and their
inhibitors may lead to pathological changes asso-
ciated with uncontrolled ECM turnover, tissue re-
modeling, inflammatory response, cell growth and
migration [3, 9, 30]. Additionally, the impact of
TIMPs is fundamental to the homeostasis of the
ECM, because of TIMPs’ ability to control the in-
teraction of cells via adhesion and signaling mol-
ecules such as growth factors. The significance of
TIMPs as signaling molecules in their own right is
only just beginning to be reported [9, 33].

Methods

Many studies have focused on the role of MMPs
in biological processes and their involvement
in diseases; as a consequence, several assay sys-
tems have been developed, including 1) bioassay,
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2) zymography assay, 3) immunoassay, 4) fluori-
metric assay, 5) radioisotopic assay, 6) phage-dis-
played assay, 7) multiple-enzyme/multiple-reagent
assay and 8) activity-based profiling assay.

Examining MMP activity is significant in the
diagnosis and therapy of diseases associated with
MMPs - i.e., illnesses of the salivary glands and
skin [34].

Salivary Glands

Saliva contains a wide range of substances used
in the clinical diagnosis of patients with oral and
systemic diseases. Many medical researchers de-
vote a great deal of time to finding a universal di-
agnostic tool that is easily collected and stored, and
that can reveal hidden fatal threats before the dis-
ease becomes complicated. That is why saliva is
gaining popularity as a source of data. It is regard-
ed as a valuable biomarker providing information
about oral and systemic human health [35, 36].

Saliva is commonly used for the diagnosis of
periodontal diseases. The serum and salivary mol-
ecules contain immunoglobulins, enzymes, bacte-
ria or bacterial products, volatile compounds and
phenotypic markers [35]. The prevalent matrix
metalloproteinases (MMP-2, -8, -9 and -13) are
produced by polymorphonuclear leukocytes or os-
teoclasts, and interfere in local bone metabolism
as well as being involved in the destruction of con-
nective tissues. Periodontitis patients have signifi-
cantly higher levels of these enzymes than healthy
people. Most extracellular matrix components un-
dergo digestion to lower molecular weight forms.
Conventional periodontal treatment successfully
reduces the MMP levels and inhibits the progres-
sive breakdown of gingival and periodontal liga-
ment collagens [35, 37, 38].

Diabetes mellitus (DM), a metabolic disorder,
can cause dysfunction of polymorphonuclear leu-
kocytes, changes in vascularity, collagen alterna-
tions, synthesis of glycosaminoglycan and disreg-
ulation of cytokine production. Equally important
is the generation of advanced glycation end prod-
ucts (AGEs) and the production of MMP-8 and -9.
All these elements combine to lead to periodontal
tissue destruction [39].

The secretion of saliva is associated with pres-
ence of the major and minor salivary glands. Hu-
mans (and mice) have three pairs of glands: the
parotid glands (which are the largest), the sublin-
gual glands and the submandibular macroscop-
ic glands [40]. Sometimes a systemic autoimmune
disease called Sjogren’s syndrome (SS) attacks and
damages the exocrine glands, which causes a loss
of salivary and lachrymal secretion [41]. The eti-

ology remains unknown, but immunological hy-
peractivity of anti-Ro and anti-La autoantibodies
plays a primary role in the pathogenesis of this ill-
ness. Additionally, in the inflammatory process,
aggregations of lymphocytes are initially peri-
ductal, but then become panlobular [41, 42]. Im-
munoglobulin G (IgG) stimulates the production
of IL-1b, PGE2, MMP-3 and MMP-9. MMP-3
(stromelysin-1) is able to degrade proteoglycans,
some types of collagen, laminin, fibronectin, gel-
atin and elastin. It also activates other members
of the MMP family, such as MMP-1 and MMP-9,
increasing the destructive effect on ECM compo-
nents [41-43]. The implication of metalloprotein-
ases, including MMP-2 and -9, has been proved
in the nonobese diabetic (NOD) mouse model
of Sjogren’s syndrome that is frequently used as
a spontaneous animal model of this disorder [44].

Cancers comprise another large group of dis-
orders related to the salivary glands. Approximate-
ly 70-80% of them appear in the parotid glands.
Among salivary gland neoplasms, 31 types of ma-
lignant salivary gland tumors have been distin-
guished, including synchronous neoplasms and
metachronous neoplasms [45], salivary adenoid
and cystic carcinomas, as well as benign neoplasms
like salivary duct tumors [32].

MMPs in Caries

To provide a better understanding of the role
of MMP activity in the oral environment, it is im-
portant to mention the formation of human den-
tinal caries lesions. Sorsa et al. demonstrated the
contribution of both pro- and active forms of
MMP-8, -2 and -9 [47]. After the demineraliza-
tion of dentin by bacterial acids, enzymes con-
tained in plaque and saliva and produced by odon-
toblasts break down the dentine matrix, consisting
of collagen type I and small amounts of collagen
type V. Non-collagenous proteins, including den-
tine matrix protein I, osteopontin and dentine sia-
loprotein, have also been suggested as activators of
MMP pro-forms taking part in dentin matrix deg-
radation [47, 48].

The Future of Research into
MMPs and Their Inhibitors

The story of the MMP family in oral disor-
ders is far from complete. Knowing basic MMP
functions in the pathology of diseases, research-
ers are focusing on the post-translational regu-
lation of MMP activity in order to identify the
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Table 2. Matrix metalloproteinases and tumor progression

MMPs accelerate
tumor progression | the result of several mechanisms that are a response to inactivating tumor suppressor genes or acti-
on the levels of:

1. Genomic instability and cellular proliferation. Alternations of the structure of genetic material are

vating oncogenes. Proteolytic MMPs are able to release the bioactive molecules important in further
biochemical processes. Thus, they can mediate in the activation of anti-apoptotic and growth factors

or breakdown of cell-cell and cell-ECM constraints [32].

2. Angiogenesis. The pathological process of new blood vessel formation is closely regulated by

a complex of factors similar to that occurring in physiologic angiogenesis [46]. MMPs may regulate
the bioaccessibility of vascular endothelial growth factor (VEGF) and the division of matrix-bound
VEGF. Furthermore, they can change the balance between growth signals and growth-inhibiting
signals by activating the receptor of epidermal growth factor (EGF) and modulating the transforming
growth factor-P (TGF-P) pathway. Many MMPs regulate the induction of apoptosis that is associated
with cleavage of Fas ligand, control inflammatory response, participate in the creation of metastatic
niches and influence the invasive processes [9].

tumors [8, 9, 25].

3. Invasion and metastasis. The overexpression of metalloproteinases can occur both on the invasive
front and in the early stages of tumor progression. However, occurrence in the former case is much
more typical. In tumor cell invasion the most important mechanism is the breakdown of connective
tissue barriers. Tumors need MMPs to interact with the basement membrane and the extracellular
matrix. Cancer spreads by invasion of healthy tissue in three steps: attachment to the matrix, local
dissolution of the matrix by tumor cell-associated proteinases, and migration. Some metallopro-
teinases are produced by tumor cells but many of them are secreted in response to growth factors,
cytokines and chemokines. Carcinogenesis culminates in metastasis, leading to local expansion and
then successful colonization to distant organs, which is an often-fatal characteristic of malignant

macromolecular interactions of enzymes with spe-
cific compartments in the extracellular or intracel-
lular environments, or with the cell surface. These
interactions might accumulate the enzymes close to
or on target substrates, which can result in activa-
tion of inactive pro-enzymes and cause abnormali-
ties related to the salivary glands and the formation
of human dentinal caries lesions. Enzyme activity
should be regulated by the inhibition or preven-
tion of the processing of a specific substrate. This
information may provide clues about the synthesis
of specific new MMP-inhibition targets for novel
drugs to treat oral diseases, hopefully with fewer
side effects than inhibitors currently available [28].
Further development of diagnostic techniques may
allow researchers to discover advanced chair-side
tests or mouth-rinse screening tests for monitoring
periodontitis and peri-implantitis [47]. Using sali-
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