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Review Article

INTRODUCTION

Matrix metalloproteinases (MMPs) were described 
initially in 1962, by Jerome Gross and Charles Lapiere, 
while observing enzymatic activity (collagen triple helix 
degradation) during tadpole tail metamorphosis (by placing 
a tadpole tail in a collagen matrix plate). They showed 
that the anuran tadpole had strong collagenolytic activity 
in the skin, gut and gills, tissues that underwent the most 
radical remodeling during metamorphosis.[1] Later, it was 

purified from human skin (1968),[2] and was recognized 
to be synthesized as a zymogen.[3] The first evidence of  
collagenolytic activity in dentin was reported in the early 
1980s both in carious and intact dentin.[4]

The term MMP was coined by Okada et al. in 1987.[5]

MMPs are endogenous Zn2+‑ and Ca2+‑dependent 
enzymes, known to play a key role in the catabolic 

Matrix metalloproteinases (MMPs) are a group of over 25 secreted and membrane-bound enzymes responsible 
for pericellular substrate degeneration. In response to injury, they play key roles in morphogenesis, wound 
healing, tissue repair and remodeling. They have been isolated from dentin, odontoblasts, pulp and periapical 
tissue. They play a major role in the formation of dentin matrix and secondary and tertiary dentin. These 
are also responsible for releasing dentinal growth factors. MMP family proteins elicit a dual role in the 
pathogenesis of inflammation, stimulating protective innate and/or adaptive immune functions, as well as 
tissue destruction. The main organic component of tooth structure is collagen, and MMPs that degrade 
collagen and the extracellular matrix have been implicated in the progression of dental caries, dental 
erosion as well as degradation of the hybrid layer. MMPs have also been shown to be active in pulpitis, 
and studies have shown that they can be used as diagnostic markers of pulpal and periapical inflammation. 
This review describes the role of MMPs in dental caries, dental erosion, bond stability as well as in pulpal 
and periapical inflammation.
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turnover of  extracellular matrix (ECM) components.[6] 
They belong to a larger family of  proteases known 
as the metzincin superfamily with a functional 
hallmark of  binding to zinc at the catalytic site and 
having a conserved “Met‑turn” motif. [7,8] MMPs 
are produced by a wide variety of  cell types which 
include epithelial cells, fibroblasts, endothelial cells, 
inflammatory cells and even cementoblast‑like cells.[9] 
According to the research studies conducted till date, 
MMPs also regulate the activity of  several non‑ECM 
bioactive substrates including growth factors, cytokines, 
chemokines and cell receptors, which determine the 
tissue microenvironment.[6]

Synonym‑matrixins.

STRUCTURE OF MATRIX METALLOPROTEINASE

The MMPs have a common domain structure consisting of:
• Pro‑peptide/prodomain,
• Catalytic domain
• Hemopexin‑like C‑terminal domain, which is linked 

to the catalytic domain by a flexible hinge region
• At the end, a transmembrane domain, glycosyl 

phosphatidylinositol anchor or cytoplasmic tail.

The hemopexin domain contributes to substrate 
recognition, enzyme activation and protease localization[10] 
[Figure 1].

ACTIVATION OF MATRIX 
METALLOPROTEINASES

MMPs are synthesized and secreted as inactive zymogens. 
Activation of  MMPs requires the pro‑peptide domain to 
be removed from the structure via a step‑wise mechanism. 
The prodomain contains a conserved cysteine residue that 
interacts with the zinc ion in the active site and prevents 
binding and cleavage of  the substrate, keeping the enzyme 
in an inactive form (cysteine switch).[11] The prodomain 
of  these MMP enzymes is folded over to block the active 
catalyst site, so Zn or Ca ions cannot bind to activate 
MMPs.[12] This prodomain part of  the molecule can be 
cleaved off  the pro‑MMP by specific ECM proteins, also 
released from the dentin or present in saliva, to form 

an active MMP that can bind Zn and Ca ions from the 
extracellular environment.[13]

MMPs can be activated by:
• Proteinases
• In vitro by chemical agents, such as thiol‑modifying 

agents, oxidized glutathione, chaotropic agents and 
reactive oxygen species

• Low pH
• Heat treatment.

These agents and procedures probably work through 
disruption of  the cysteine–zinc binding[14] [Figure 2].

CLASSIFICATION

On the basis of  substrate specificity, sequence similarity 
and domain organization, vertebrate MMPs can be divided 
into six groups (Visse and Nagase, 2003) [Figure 3].

MATRIX METALLOPROTEINASES IN DENTAL 
CARIES

Dentin is a collagen‑based mineralized tissue consisting 
of  inorganic apatite crystallites embedded in an ECM. 
The main component of  the ECM is Type I collagen, 
which represents 90% of  organic material and 10% of  
noncollagenous proteins.[15]

In dental caries, microbial acids induce demineralization, 
and microbial proteolytic enzymes were thought to 
cause degradation of  the dentinal organic matrix. The 
proteases developed by the cariogenic bacteria, which 
were thought to be responsible for the degradation of  
the organic dentinal matrix, are highly sensitive to pH 
and are not capable of  resisting acidic pH (4.3) during the 
demineralization phase, thus having limited contribution 
to the process.[16,17] The potential role of  the host‑derived 
proteases and particularly MMPs in the degradation of  
the dentin matrix is now clear. The lactic acid released by 
bacteria in a carious lesion can be involved in the activation 

Figure 1: Schematic representation of the domain structures of matrix 
metalloproteinase (Cem Kuscu et al., 2020)

Figure 2: (a) A conserved cysteine residue (C) in the pro‑domain 
coordinates with the Zn2+ ion at the functional site of the catalytic 
domain. (b) The pro‑domain is removed by cleavage in the pro‑domain 
and between the pro‑domain and the catalytic domain (modified from 
Page‑McCaw et al., 2007)

ba
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of  pro‑MMPs that break down the collagen matrix during 
the caries cycle.[18]

Low pH contributes to prodomain cleavage and thus 
promotes the functional activity of  MMPs.[19,20] Although 
active MMPs are stable in acid pH, they work best at neutral 
pH. Dentinal buffering mechanisms or salivary buffer systems 
allow neutralization of  acids in the carious lesion, allowing the 
pH‑activated MMPs to cleave matrix components.[19,21] Also, 
phosphorylated proteins that get released by microbial acids 
from the collagen matrix interact with TIMP‑inhibited MMPs 
within the carious lesion and reactivate them, which ultimately 
enhance the degradation process.[22] The possible sources of  
MMPs and the studies conducted is shown in Table 1.

Increased presence of  MMPs along the dentin–enamel 
junction may lead to the widening of  caries as it progresses 
through the degradation of  the collagen matrix along this 
junction.[23] MMP activity in both active and chronic carious 
lesions has been shown to decrease with age.[24]

Cysteine cathepsin present in dentin has the ability to 
activate latent MMPs,[25] which further increases with the 
extent of  carious lesion. Cathepsin B and K have been 
shown to be more concentrated in caries‑affected dentin 
relative to intact dentin.[26,27]

MATRIX METALLOPROTEINASES IN DENTAL 
EROSION

Dentin erosion is a complex process initially characterized 
by mineral dissolution, which in turn exposes the organic 
matrix to breakdown by bacteria and host‑derived enzymes 
such as MMPs.[28]

The mechanism of  erosion process is not fully understood 
in exposed dentin surfaces. When dentin is exposed to 
acids, the minerals from the peritubular/intertubular 
dentin junction are initially extracted. Next, the peritubular 
dentin is degraded and the dentinal tubuli becomes wider. 
Finally, a superficial layer of  demineralized collagenous 
matrix (DOM) can be detected which is followed by a 
partially demineralized zone until the sound inner dentin 
is reached.[29] This DOM is resistant to mechanic removal 
by brushing forces up to 4 Newtons, and it is plausible 
that this outermost layer of  collagenous matrix could 
shield the remaining dentin from mechanical forces, 
such as abrasion from the toothbrush.[30,31] It could also 
restrict ionic diffusion in and out of  the demineralized 
surface,[32,33] which also occurs in root caries.[34] It has 
also been speculated that this organic layer may present 
buffering capacity. During an erosive challenge from the 
outer surface, it may adsorb H+, therefore protecting the 
inner dentin from pH decrease.[33,35] The rate of  loss in 
dentin reduces with time, if  the DOM is not removed.

However, the extent to which this protective effect is 
relevant in clinical reality is unknown because the DOM 
can be degraded by proteases.[36] Considering that erosive 
demineralization occurs in the absence of  bacteria, it is 
plausible that host‑derived enzymes are responsible for 
the degradation of  the DOM, in contrast to caries lesions, 
where the impact of  bacteria‑derived enzymes might be 
higher. The proteolytic host‑derived enzymes originate 
from either saliva or dentin.[19,25] The mechanism by 
which MMPs are activated by low pH is relevant for the 
comprehension of  dentin erosion. Purified and human 
salivary MMPs (‑2, ‑8 and ‑9) are activated in low pH (4.5).

Application of  MMP inhibitors could reduce dentin 
loss during the subsequent erosive challenges, due to 
the preservation of  the DOM.[28] Rinsing with green 
tea (10 mL, 1 min) after the erosive challenges significantly 

Figure 3: Matrix metalloproteinases, extracellular matrix substrates 
and analysis (Maciejczyk et al.)
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reduced dentin loss by ~30% as compared with water 
rinses.[37] The use of  gel as a vehicle to deliver MMP 
inhibitors to dentin has shown to prevent wear, completely 
giving protection against dentin erosion.[38] The gels are 
applied for 1 min only. MMP inhibitors, such as 0.012% or 
2% chlorhexidine, green tea polyphenols, 10 µM or 400 µM 
EGCG –30% epigallocatechin‑gallate and 1 mM FeSO4 in 
solutions or gels, reduce the dentin erosive wear.[37‑41]

MATRIX METALLOPROTEINASES IN PULPAL 
INFLAMMATION

MMPs elicit a dual role in the pathogenesis of  
inflammation, stimulating protective innate and/or 
adaptive immune functions, as well as tissue destruction.[42] 
Inflammatory pulp destruction as seen in reversible and 
irreversible pulpitis is partially controlled by MMPs and 
MMP tissue inhibitors (TIMPs).[16] In caries‑affected 
teeth, it appears to be promising to assess molecules 
associated with the innate immune system, i.e., the 
polymorphonuclear neutrophil (PMN) response to 
the invading microorganisms.[43] This is because PMN 
infiltration and associated soft‑tissue breakdown are the key 
factors in histologically discerning reversible and irreversible 
pulpitis.[44,45] PMNs that serve as the first cellular barrier to 
bacterial invasion, in addition to destroying bacteria, destroy 
the surrounding tissues by secreting MMPs, particularly 
MMP‑8.[16] Induced by bacterial products or toxins, PMN 
cells can release pro‑inflammatory cytokines,[46] which 
autocratically stimulates PMNs to release MMPs. PMNs 
migrate and recruit cells that are capable of  penetrating 
dentinal tubules, as well.[47]

MMP‑9, obtained by cleaving MMP‑14, is produced by PMN 
cells during inflammation. It allows inflammatory mediators 
to migrate through tissues, spreading inflammation through 
ECM that it has degraded. MMP‑9 has been shown to be 
present in quantifiable quantities in the dentinal fluid of  
teeth with permanent pulpitis, whereas it is absent in the 
dentinal fluid of  healthy teeth.[48]

MMP‑3 has been implicated in various physiological and 
pathological process.[49‑51] It has a unique role in pulpitis 
that is not shared by other MMPs. MMP‑3 degrade 

proteoglycans directly and indirectly stimulates other 
MMPs, such as MMP‑1, ‑7 and ‑9. The concentration 
of  MMP‑3 in acute pulpitis was found to be significantly 
higher than that in normal pulp tissue.[52] MMP‑3 developed 
in pulpitis, stimulates degradation of  surrounding collagen, 
leading to changes in the structure of  ECM, inflammation, 
promoting angiogenesis[53] and accelerating pulp wound 
healing through reparative dentin formation.[54] MMP‑3 
was also found to mediate the healing of  dental pulp as 
an anti‑inflammatory and regenerative factor.

MMP‑13 has the widest selection of  substrates among 
interstitial collagenase and can cleave different components 
of  basement membrane. MMP‑13 cleaves Type II collagen 
more efficiently than Types I and III and among interstitial 
collagenases, it is most effective in cleaving gelatin. The 
level of  expression of  MMP‑13 was found to be extremely 
high in pulp tissue relative to all other MMPs, leading to 
the conclusion that together with MMP‑1, MMP‑13 is the 
primary collagenase in pulp tissue.[55,56]

MMP‑1,  MMP‑2 and MMP‑3 levels  expressed 
predominantly by monocytes/macrophages and fibroblasts, 
are significantly higher in inflamed pulp compared to 
healthy pulp tissue.[57] Interleukin (IL)‑1 and TNF release 
will induce MMP‑1, MMP‑2 and the tissue inhibitor 
of  metallo‑protienases‑1 (TIMP‑1) in pulp cells.[58,59] 
Bacteroides increase the development of  MMP‑2, and their 
extracts cause pulp cells to excrete MMP‑1 and MMP‑22, 
as well as TIMP‑1.[60]

Immunohistochemical staining showed MMP‑8 protein in 
the odontoblasts, indicating that MMP‑8 may participate in 
dentin matrix organization during dentin formation. In both 
pulpal and periapical lesions, MMP‑8 staining was identified 
using immunohistochemistry in polymorphonuclear 
leukocytes (PMNs), macrophages and plasma cells.[61]

MATRIX METALLOPROTEINASES IN PERIAPICAL 
INFLAMMATION

In apical periodontitis, collagen degradation due to bacterial 
infection within the root canal system involves the activity 
of  MMPs. MMPs are involved in a defensive reaction 

Table 1: Matrix metalloproteinases ‑ source, conducted studies (developed by author)
Source MMP's/cathepsin Conducted studies

Saliva MMP‑9, MMP‑8
Cathepsin B

(Tjäderhane et al., 1998a); (Shimada et al., 2009); 
(Hedenbjörk‑Lager et al., 2015); (van Strijp et al., 2003)

MMPS in pulp, 
odontoblasts and predentin

MMP‑2, MMP‑3, MMP‑8, MMP‑9, MMP‑13 
and MMP‑20

(Sulkala et al. 2004, 2007, Tjaderhane et al., 1998; 
Mazzoni et al., 2007; Boukpessi et al., 2008; Lorento et al., 
2014; Toledano et al., 2010; Charadram et al., 2012)

Dentinal fluid Cathepsin K and cathepsin B, MMP‑2, MMP‑9 (Vidal et al., 2014; Vasudev ballal et al.,2017)

MMPS: Matrix metalloproteinases
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against pathogens in the dental pulp.[7] MMP‑1, MMP‑8 
and MMP‑13 of  collagenase subfamily are capable of  
initiating degradation of  native fibrillar collagen Types I, 
II, III, V and IX.[62]

MMP‑1 (interstitial collagenase), which is most effective 
in cleaving collagen Type III, is synthesized and secreted 
by fibroblasts, macrophages and other cells, such as 
osteoblasts and odontoclasts.[63] MMP‑1 was found to be 
one of  the key enzymes in the initiation of  bone resorption 
of  periapical lesion.[64,65] It is the most common collagenase 
associated with normal tissue remodeling. MMP‑2, MMP‑3, 
MMP‑8, MMP‑9 and MMP‑13 are the other MMPs that 
have been found in periapical lesions.[45,66‑69]

MMP‑13 is expressed in many pathological conditions 
associated with severe ECM degradation. Plasma cells 
which enter the inflammatory tissue after PMNs, secrete 
immunoglobulins and also express MMP‑8 and MMP‑13. 
MMP‑8 is effective in inducing degradation of  Type I 
collagen, and is also found in root canal exudate and 
all odontogenic cysts. MMP‑8 accumulates around the 
pulp abscess, suggesting that it also contributes to the 
abscess formation. MMP‑8 levels in periapical exudate are 
significantly reduced during root canal treatments, making it 
a valuable tool as a biological marker to track inflammatory 
activity and root canal performance.[61]

After calcium hydroxide dressing during root canal treatment 
(RCT), high levels of  MMP‑8 found in pulp abscess and 
root canal exudates drop. In teeth that were subjected to 
RCT using calcium hydroxide as root canal dressing, a 
lower inflammatory index and an increased percentage of  
fibroblasts were noted. In addition, the levels of  MMP‑2, 
MMP‑8 and MMP‑9 were found to be lower than those 
in teeth with nontreatment apical periodontitis or in teeth 
treated with single‑visit RCT. These facts point to a reduced 
synthesis of  MMP in an environment rich in calcium.[16]

Macrophages, the major inflammatory cells in chronic apical 
periodontitis (CAP), are involved in PMN and lymphocyte 
activation. They are considered to be the major source of  
IL‑1 and tumor necrosis factor‑11, also expressing MMP‑8 
and MMP‑13.[16] MMP‑1, ‑2 and ‑3 immunoreactivity 
has been detected in plasma cells, lymphocytes and 
macrophages present in the periapical lesions.[49] These 
MMPs work both in intracellular (phagocytic process) and 
extracellular (tissue destruction) processes.

Osteoclast tends to remove bone at the periphery of  
CAP,[70] which is partially due to MMPs, especially MMP‑9, 
secreted by the former.[71,72] MMPs secreted by cells other 

than osteoclast in CAP may, therefore, be responsible for 
ECM degradation and waste products that occur after 
osteoclast bone dissolution during CAP formation. In 
addition to the other bone destructive mechanism, MMPs 
exert a destructive role in CAP as well.

In addition to its antimicrobial properties, chlorhexidine, 
which is used as an adjunctive medication in the root canal 
treatment, exerts properties that directly inhibit MMPs and 
their oxidative activation.[73‑75]

MATRIX METALLOPROTEINASES ON BOND 
STABILITY

Acid‑etchants used in dentin bonding and weak 
acids released by cariogenic bacteria can uncover and 
activate matrix‑bound MMPs, which are incorporated in the 
peripheral layer of  dentin.[76,77] These endogenous enzymes 
also remain entrapped within the hybrid layer during the 
resin infiltration process, and the acidic bonding agents 
themselves (irrespective of  whether they are etch‑and‑rinse 
or self‑etch) can activate these endogenous proteases.

Because resin impregnation is frequently incomplete, 
denuded collagen matrices associated with free water 
(which serves as a collagen cleavage reagent for these 
endogenous hydrolase enzymes) can be enzymatically 
disrupted, presenting the recognizable and available 
cleavage sites, making it more vulnerable to MMPs and 
cathepsins finally contributing to the degradation of  the 
HL (hybrid layer).

Enzymatic degradation of  the collagen matrix by 
host‑derived enzymes plays a significant role in the 
destruction of  the bonded interface.[78,79] Evidence of  
collagenolytic and gelatinolytic activities in partially 
demineralized dentin treated with either etch‑and rinse 
or self‑etch adhesives initially supported the potential 
involvement of  these proteases in the disruption of  
incompletely resin‑infiltrated collagen fibrils within 
HLs.[80,81] These results were more recently confirmed 
with specific assays of  MMP‑2 and MMP‑9 in dentin 
matrices treated with both etch‑and‑rinse and self‑etch 
adhesives.[82,83] In addition, a self‑etch adhesive has 
been shown to increase MMP‑2 synthesis in human 
odontoblasts,[84] possibly increasing MMP‑2 penetration 
into the HL via dentinal fluid.

During the application of  acidic monomers,
1. The acidic resin monomers present in either 

etch‑and‑rinse or self‑etch adhesives may, in fact, 
activate latent forms of  MMPs (pro‑MMPs) via the 
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cysteine‑switch mechanism that exposes the catalytic 
domains of  these enzymes that were blocked by 
pro‑peptides[83]

2. Not only MMPs but also cysteine cathepsins are 
activated and might be involved in the degradation of  
HL over time[85,86]

3. Also activate MMPs by inhibiting tissue inhibitor of  
metalloproteinases‑1 (TIMP‑1; Ishiguro et al., 1994) 
in TIMP‑MMP complexes, thereby producing active 
MMPs.[19,20]

MMP‑8 is the major MMP‑collagenase in dentin which 
is capable of  cleaving Type I collagen into 3/4‑ and 
1/4‑length collagen fragments.[86] Type I collagen is 
an important component in the hybrid layer, thus its 
breakdown causes the failure of  the resin–dentin bond.

Chlorhexidine,[87,88] tetracycline, galardin,[89] benzalkonium 
chloride,[90] and quaternary ammonium methacrylates[91] are 
just some of  the tested MMP inhibitors showing positive 
effects on bond strength stability.

Application of  chlorhexidine (0.2%–2%) preserves both 
the durability and bond strength of  dental adhesives.[87,88] 
The inhibitory effect may last for 9–12 months. CHX, 
which effectively reduces the activity of  MMP‑2, ‑9 
and ‑8[89] and cysteine cathepsins,[92] even at concentrations 
as low as 0.2%, demonstrated bond strength preservation 
and reduced interfacial degradation.[89]

MATRIX METALLOPROTEINASES IN VITAL PULP 
THERAPY

During caries demineralization, latent MMPs gets activated 
because of  the acidic pH and digest dentin matrix 
components (DMCs). MMPs can further induce the activity 
of  bacterial enzymes, which may result in the activation 
of  latent hydrolytic enzymes. Subsequently, the combined 

effects of  activated bacterial enzymes and MMPs, 
resulting in partial cleavage of  molecules within the dentin 
matrix, could influence the signaling aspects of  tertiary 
dentinogenesis. Protein analysis by SDS‑PAGE showed 
that DMCs were digested with MMPs‑1, ‑2, ‑3, ‑8, ‑9, ‑13 
and ‑20. Micro‑CT analysis of  hard tissue formation 
indicated that DMCs digested with MMP‑20 induced highly 
condensed tertiary dentin beneath the applied pulp‑capping 
materials. Hence, it can be suggested that host‑derived 
MMP is also involved in the wound‑healing process of  the 
dentin–pulp complex.

MATRIX METALLOPROTEINASE INHIBITORS

MMP inhibitors can be classified into endogenous and 
exogenous inhibitors [Table 2].

FUTURE PERSPECTIVE OF MATRIX 
METALLOPROTEINASES

In recent years, much attention has been given to 
MMP‑dependent breakdown pathway of  ECM. MMP 
inhibitors that prevent collagen degradation during dentinal 
caries, should be recommended for use in the natural 
healing of  carious dentin matrix to induce remineralization. 
It would be beneficial to apply MMP inhibitors during the 
dentin bonding process, which have the ability not only 
to inhibit the breakdown of  dentin collagen in the hybrid 
layers, but also to improve the stability of  dentin bonding, 
and to prevent secondary caries. New bonding systems 
should provide long‑lasting MMP‑inhibitory capabilities to 
maintain the integrity of  the hybrid layer and to improve 
dentin bonding durability of  adhesive restorations.

MMPs are currently considered as significant biomarkers 
for research under various specialized areas of  dentistry. 
MMP‑9 produced by PMN cells during inflammation helps 
to discern between reversible and irreversible pulpitis. 

Table 2: Classification of matrix metalloproteinases inhibitors (developed by author)
Endogenous/natural Exogenous/synthetic Exogenous natural
TIMP‑1, ‑2, ‑3, ‑4 Bisphosphonates

Bisbiguanides‑CHX
Tetracycline‑minocycline, doxycycline
CMT‑1, ‑3, ‑8
Hydroxamates‑Marimastat, Batimastat 
(BB94), Glaradin (GM6001), CT116
Quarternary ammonium compounds
Chelating agents like EDTA
FeSO4, ZnCl2, ZnO
Oleic acid
Carbodimide

PA
Grape seed extract, coco seed exract‑PA
Flavanoids
Bilberry, cranberry, apple, black tea and green tea contain these flavonoids
flavonoids from Passiflora foetida
Green teat extract‑EGCG
Morus nigra (black mulberry) and Morus alba (white mulberry)
Mulberry leaf extract
Barbadensis Miller (Aloe vera)
Curcumin from Curcuma longa
Avacado
Soyabean
Chitosan

PA: Proanthocyanides, EGCG: Epigallocatechin‑gallate, EDTA: Ethylene diamine tetraacetic acid, CHX: Chlorhexidine, CMT: Chemically modified 
tetracyclines
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Measuring MMP‑8 levels in periapical exudate can be used 
as a biological marker to track inflammatory activity and 
root canal treatment performance. Various assays such as 
gelatin zymography assay, specific ELISA, immunoassay, 
fluorometric assay, radioisotopic assay, and phage displayed 
assay can be used to detect MMPs in carious dentin, 
dentinal fluid, root canal exudates, etc.
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