REVIEW ARTICLE

Oral Diseases (2004) 10, 311-318
© 2004 Blackwell Munksgaard Al rights reserved

http://www.blackwellmunksgaard.com

Matrix metalloproteinases (MMPs) in oral diseases
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Matrix metalloproteinases (MMPs) are a group of
enzymes that in concert are responsible for the degradation
of most extracellular matrix proteins during organogen-
esis, growth and normal tissue turnover. The expression
and activity of MMPs in adult tissues is normally quite
low, but increases significantly in various pathological
conditions that may lead into unwanted tissue destruc-
tion, such as inflammatory diseases, tumour growth and
metastasis. MMPs have a marked role also in tissue
destructive oral diseases. The role of collagenases, espe-
cially MMP-8, in periodontitis and peri-implantitis is the
best-known example of the unwanted tissue destruction
related to increased presence and activity of MMPs at the
site of disease, but evidence has been brought forward to
indicate that MMPs may be involved also in other oral
diseases, such as dental caries and oral cancer. This brief
review describes some of the history, the current status
and the future aspects of the work mainly of our research
groups looking at the presence and activity of various
MMPs in different oral diseases, as well as some of the
MMP-related aspects that may facilitate the development
of new means of diagnosis and treatment of oral diseases.
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Introduction

Since the microbial nature of many oral diseases has
been recognized long ago, for decades research has
aimed to fight the microbes behind the diseases. More
recently it has been realized that the host-related factors
may be the keys to the fundamental understanding of
the disease processes in many oral diseases. One of these
host factors is a family of enzymes called matrix
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metalloproteinases (MMPs). Our research groups have
for years been working to evaluate the presence, activity,
function and regulation of MMPs in healthy and
diseased oral tissues. In collaboration with other groups
around the world, the work has resulted into the
development of pharmacological agents for MMP
inhibition in the treatment of oral diseases, as well as
utilizing MMP measurements as diagnostic tools.

MMPs are a family of structurally related but genetic-
ally distinct enzymes that degrade extracellular matrix
(ECM) and basement membrane (BM) components. This
group of 23 human enzymes is classified into collagenases,
gelatinases, stromelysins, membrane-type MMPs and
other MMPs, mainly based on the substrate specificity
and molecular structure. MMPs are involved in physio-
logical processes such as tissue development, remodelling
and wound healing (Uitto et al,2003), and play important
roles in the regulation of cellular communication,
molecular shedding and immune functions by processing
bioactive molecules including cell surface receptors,
cytokines, hormones, defensins, adhesion molecules and
growth factors. MMP activity is controlled by changes in
the delicate balance between the expression and synthesis
of MMPs and their major endogenous inhibitors, tissue
inhibitors of matrix metalloproteinases (TIMPs). The
catalytic competence of MMPs is controlled through
the activation of proenzymes, and the inhibition of the
activation or activity by TIMPs (Uitto et al, 2003).

As the roles of MMPs in tissue degenerative diseases
have became evident, attempts to control their activities
by pharmacological means have gained much attention.
Although the exact roles of individual MMPs in various
diseases are not fully understood, it is clear that MMPs
are often up-regulated in groups forming activation
cascades both in the inflammatory and malignant
diseases (Uitto et al, 2003).

MMP activation and inhibition

MMPs are mostly produced in latent, non-active form,
and activation through a so-called cysteine switch is
required for the enzyme function. In most cases,
activation involves removal of the prodomain, resulting
into lower molecular weight active forms (reviewed by
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Nagase, 1997), although the most recent studies indicate
that in vivo, the proforms of at least certain MMPs may
also be active while in full-size or in complex with
certain proteins (Bannikov et a/, 2002; Fedarko et al,
2004). Non-proteolytic activation of MMP proforms
can be accomplished in vitro, e.g. by SH-reactive agents,
such as mercurial compounds, detergents, gold(I)-com-
bounds, or oxidation. Proteolytic activation can be
attained by several proteolytic enzymes, including serine
proteinases together with other MMPs. Most of the
activation data has been gained from in vitro experi-
ments, and the activation processes in vivo are not well
characterized. Most likely MMP activation in vivo
involves tissue and plasma proteinases and bacterial
proteinases together with oxidative stress (Nagase, 1997;
see also review by Van den Steen et al, 2002). Secreted
MMPs are usually activated extracellularly or at the cell
surface, the best-known example of cell surface activa-
tion being the activation of MMP-2 in a MMP-2/TIMP-
2/MTI-MMP complex. Several MMPs may also be
activated intracellularly by furin or related proprotein
convertases (Pei and Weiss, 1995; Nagase, 1997).

MMP activation and activity can be controlled by
inhibition in several ways: proteolytic degradation and
inactivation, non-specific endogenous inhibitors such as
o2-macroglobulin, and especially by specific tissue
inhibitors of MMPs, TIMPs (reviewed by Brew et al,
2000). Currently, four TIMPs (TIMP 1-4) are known to
be expressed in vertebrates. TIMPs inhibit MMPs by
forming 1:1 stoichiometric enzyme-inhibitor complexes.
TIMP-1, -2 and -4 are secreted, while TIMP-3 is
sequestred to the ECM. The substrate specificity of
TIMPs varies (Brew et al, 2000).

Synthetic inhibition of MMPs offer an interesting
possibility to control MMP-related diseases in which
extensive tissue destruction is involved (reviewed by
Overall and Lopez-Otin, 2002). One approach in MMP
inhibition is aimed at chelation of the enzyme’s active site,
Zn>" ion (reviewed by Hidalgo and Eckhardt, 2001;
Coussens and Fingleton, 2002). The first MMP inhibitors
to enter clinical trials in tumour treatment, batimastat and
marimastat, base their MMP inhibitory effect on
chelation (Coussens and Fingleton, 2002). Tetracyclines
and their non-antimicrobial analoques, chemically modi-
fied tetracyclines (CMTs), inhibit MMPs through several
mechanisms. In addition to Zn>" chelation, they can
down-regulate MMP mRNA expression, interfere with
the protein processing during activation, and render the
MMPs more susceptible for degradation (reviewed by
Golub et al, 1998).

The clinical studies, conducted so far mostly in cancer
patients, and the results, have not been very convincing.
However, if the key MMPs in different diseases can be
reliably determined, development of effective, target-
specific MMP inhibitors may facilitate effective treat-
ment with minimal side effects (Hidalgo and Eckhardt,
2001). One promising product is so-called CTT-peptide,
a synthetic decapeptide, that specifically and selectively
inhibits gelatinases. It has given promising results in
animal models, targeting the vascular tumor tissue and
efficiently reducing the growth of several carcinoma
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types in nude mice (Koivunen et al, 1999; Medina et al,
2001).

MMPs in the pathogenesis of periodontitis
and peri-implantitis

It was only 4 years after Gross and Lapiere (1962)
discovered the tadpole collagenase (MMP-1) when the
human gingival collagenase was identified by Fullmer
et al., (1966). Now, more than 35 years later, significant
evidence exists to show that collagenases, along with
other MMPs, play an important role in the periodontal
destruction. Tissue extracts and cultured tissue explants
of inflamed human gingiva were shown to contain more
collagenase activity than extracts and explants from
healthy human gingiva. Collagenase activity in gingival
crevicular fluid (GCF) also increased and correlated
with the severity of periodontal disease. Experimental
gingivitis and periodontitis also increased collagenase
activity in diseased gingiva and GCF (reviewed by Uitto
et al, 2003).

Since putative periodontopathogenic bacteria are
always present in periodontitis, it was logical to assume
that collagenases in periodontal disease would originate
from microbial sources (Sorsa et al, 1987). However,
gingival tissue extracts, GCF and other samples produce
the type I collagen cleavage pattern characteristic of
mammalian, not bacterial collagenases (Sorsa et al,
1988). Briefly, mammalian collagenases (MMP-1, -8
and -13) and other collagenolytic MMPs cleave native
collagen at a single locus, resulting in formation of two
distinct fragments (Uitto et al, 2003). Instead, the
bacterial collagenolytic proteases attack native collagen
at multiple sites, producing many short peptide frag-
ments (Sorsa et al, 1987). Sorsa et al (1988) demonstra-
ted that the major collagenase in periodontitis was
human collagenase-2, MMP-8, accompanied by MMP-9
(Sorsa et al, 1995). These findings have been confirmed
and extended by the studies utilizing a wide range of
RNA- and protein analysing techniques specific for
MMPs and TIMPs (Tervahartiala et al, 2000; Kiili et al,
2002). Previously it was thought that the expression and
release of MMP-8 was limited to neutrophils (Uitto
et al, 2003), but at present it is clear that many non-
PMN:-lineage cell types present in the normal and
diseased human periodontium (gingival sulcular epithe-
lial cells, fibroblasts and endothelial cells, monocyte/
macrophages and plasma cells) can be induced to
express distinct MMPs including MMP-8 (Hanemaaijer
et al, 1997; Tervahartiala et al, 2000; Wahlgren et al,
2001; Kiili et al, 2002; Prikk et al, 2002).

It also early became evident that TIMPs are not
sufficient to down-regulate the pathologically elevated
MMPs (Ingman et al, 1996). Therefore, the possibility
of selective MMP inhibition by synthetic inhibitors as a
method to avoid or limit the periodontal tissue destruc-
tion was advanced. In series of collaborative studies
with Professor Lorne M. Golub’s group we have
demonstrated that MMP-8, -9, -13 and -14, all consid-
ered as (at least potentially) important in periodontitis,
are far more sensitive to inhibition by doxycycline and



chemically modified non-antimicrobial tetracycline
(CMT)-derivatives than MMP-1 and -2 (Golub et al,
1998). Further work demonstrated that the inhibition
can be obtained by therapeutically attainable serum
concentrations of these drugs (Golub ez al, 1998). While
MMP inhibition is a promising approach in periodontal
disease treatment, further work including other approa-
ches need to be evaluated (reviewed by Reddy et al,
2003).

The classical periodontal diagnosis determines previ-
ous periodontal tissue destruction. Evaluation of disease
activity before significant destruction, and measurement
of successful treatment or disease arrest, would allow the
treatment to be directed to the right patient, possibly
even the site of high disease activity, at the right moment
(reviewed by Eley and Cox, 1998). Thus, there is a need
for a chair-side test for diagnosis and monitoring of
periodontal diseases. MMP-8 is a potential candidate
for such a test (Sorsa et al, 1988, 1999; Kiili et al, 2002).
With that goal in mind, we have developed monoclonal
antibodies for MMP-8 to be utilized in a chair-side dip-
stick test for MMP-8 that allowed the development of a
novel sensitive, specific, rapid and practical immunolo-
gical chair-side dip-stick test for MMP-8 in GCF and
peri-implant sulcular fluid (PISF) (Kiveld-Rajamiki
et al, 2003a,b; Méntyld et al, 2003). The test, bearing
resemblance to pregnancy home test kits (Figure 1), can
be performed by a dentist without specific equipment,
and measures the GCF MMP-8 level in 5 min (Méntyld
et al, 2003). Tt differentiates healthy and gingivitis sites
from periodontitis sites (Méntyld ef a/, 2003), and
reduction of GCF MMP-8 levels can be observed after
successful periodontal treatment (Méantyld et al, 2003).
GCF MMP-8 level testing is a very useful tool to
monitor the beneficial effects of adjunctive sub-anti-
microbial doxycycline-medication for periodontitis
patients (Emingil er al, 2004a,b). This rapid point-
of-care test developed for periodontitis is obviously a
useful tool also for monitoring of peri-implantitis (Sorsa
et al, 1999; Kiveld-Rajamiki et al, 2003a,b).

MMPs in caries, pulp and periapical
pathogenesis

Demineralization in caries lesions is caused by microbial
acids, and lesion progression in dentin is accompanied
with degradation of dentin organic matrix to the point
beyond remineralization. Traditionally, microbial
enzymes have been held responsible for this matrix
degradation, although research has questioned this
concept (Tjaderhane et al, 1998b, 2001). The idea of
the possible role of MMPs in dentin matrix degradation
lead us to search for the evidence in the mid-1990s.
Indeed, we were able to demonstrate the presence of
both pro- and active forms of MMP-8, -2 and -9 in
human dentinal caries lesions (Tjdderhane et al, 1998b).
Since the active forms are short-lived, the presence of
active MMPs indicates activation in site, suggesting
their active role in the dentin matrix degradation. This
was supported by the finding that the pH changes taking
place in caries lesion are extremely powerful activators
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for MMPs. These findings formed a base to the theory
of a sequencial demineralization-MMP activation and
dentin matrix degradation taking place in the dentin
lesion (Tjidderhane et a/, 1998b). The importance of
MMPs in lesion progression was further supported by
in vivo study in which the MMP inhibition significantly
down-regulated the dentinal caries lesion progression
(Sulkala et al, 2001) (Figure 2).

There are two possible sources for the MMPs in caries
lesions. Salivary and GCF MMPs are reserved in plaque
(Sorsa et al, 1995), which is also the potential site for
acid activation. MMPs are also produced by odonto-
blasts (Tjdderhane et al, 1998a; Palosaari et al, 2000,

(a) Sample Latex particles coated with anti-MMP-8
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Immobilized
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(b) Migration of the sample
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A
(c) Positive result  Control line
(d) Negative result

Figure 1 Principle of the immunochromathographic MMP-8 dip-stick
chair-side test in gingival crevicular fluid (GCF), peri-implant sulcular
fluid (PISF) and other oral fluids (i.e. mouth-rinse samples, saliva,
etc.). The MMP-8 test stick is based on the immunochromatography
principle that uses two monoclonal antibodies specific for different
epitopes of MMP-8. One is immobilized onto a nitrocellulose
membrane to form a catching zone and the other onto blue latex
particles. When the sample collected from the gingival crevice with a
strip is diluted into the test kit buffer, the tip of an MMP-§ test stick is
then immersed in the buffer for about 10 s. Fluid is absorbed into the
stick, and MMP-8 in buffer migrates along the test stick and binds to
the blue latex-labelled MMP-8 antibody on the stick (phase a). The
complexes then migrate with the sample fluid across the nitrocellulose
membrane over the catching zone containing the other MMP-8
antibody (phase b). A sufficient MMP-8 concentration in the sample
results in a blue line within 5 min in this zone when MMP-8 carrying
latex is bound to it (phase c). The stick also contains latex-labelled
mouse immunoglobulin, that after migration attaches to the anti-
mouse immunoglobulin zone, demonstrationg two blue lines to
indicate successful performance of the test (phase c). When the
MMP-8 concentration in the sample is below the detection level, only
one (control) blue line appears, indicating a successfully performed test
with negative result (phase d). The immunoassay can be adapted for
any MMPs, TIMPs, PMN elastase, PMN lipocalin etc. alone and/or in
any combinations with tissue degradation products.
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2002, 2003; Sulkala et al, 2002) and they are present in
mineralized human dentin (Martin-De Las Heras et al,
2000; Sulkala et al, 2002; M. Sulkala et al/, unpublished
data). Interestingly, dentin matrix protein-1, osteopontin
and bone sialoprotein, all members of SIBLING protein
family and present in dentin, have been suggested to have
a role in eliciting the functional activity in MMP
proforms (Fedarko et al/, 2004). Indeed, the studies
identifying MMPs in mineralized dentin have shown
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enzyme activity immediately after extraction (Martin-De
Las Heras et al, 2000; Sulkala et a/, 2002; Hashimoto
et al, 2004; M. Sulkala et a/, unpublished data). Whether
this is due to the complex formation with proteins
inducing functional activity of proMMPs (Fedarko et al,
2004) or other reasons remains to be studied.

Although the physiological role of odontoblast-
derived MMPs mostly remains to be studied (Tjdderh-
ane et al, 2001), they may be involved in dentinal caries
pathogenesis (Tjdderhane et al, 1998b; Martin-De Las
Heras et al, 2000; Sulkala et al, 2001, 2002). Recently,
an increasing number of in vitro and in vivo studies have
demonstrated a hydrolytic loss of collagen fibers in and
under the adhesive layers of composite restorations (e.g.
Sano et al, 1999; Hashimoto et al/, 2002, 2003a,b), and
MMPs present in dentin have been indicated to be
responsible for the degradation (Carrilho et al, 2004;
Hashimoto et al, 2004; Pashley et al, 2004). The future
work will show if MMP inhibition can be used to
prevent the loss of adhesion, as suggested (Hashimoto
et al, 2004; Pashley et al, 2004).

Like in other inflamed tissues, MMPs are present in
inflamed dental pulp tissue (Wahlgren et al/, 2002) and
periapical lesions (Wahlgren et al, 2001, 2002). The level
of MMP-8 in periapical exudates decreases during
successful root canal treatment, while in cases with
persistent inflammation the levels remain high, indica-
ting that MMP-8 dip-stick analysis from periapical
exudate could be used to monitor inflammatory activity
and the success of treatment in teeth with periapical
lesions (Wahlgren et al, 2002).

Figure 2 The activation and role of MMPs in dentinal caries lesions
(reproduced from Tjidderhane ez a/ (1998b), with permission). (a)
Enzymography of saliva before, during and after acid activation,
describing the activation of salivary gelatinases, mainly MMP-9. There
are no apparent differences between filtered saliva without any
handling (F) and immediately after incubation in pH 4.5 for 37°C
followed by neutralization (a: acid activation resembling the pH
changes in caries lesion). With increasing incubation time at 37°C after
neutralization, a shift of 92 kDa latent proMMP-9 into 82 kDa active
form can be observed with no changes in the control saliva (c¢). At the
same time, the decrease in 135 and >200 kDa complexed forms of
gelatinolytic MMPs (CF) and 42 kDa truncated form (TF) can be
seen. (b) Relative gelatinolytic activity of saliva after APMA (a)- or
acid activation saliva at various pHs (from 2.3 to 7.0) followed by
neutralization, as observed in the functional activity assay with '*I-
labeled gelatine as a substrate. The gelatinolytic activity after APMA
(often considered as a super-activator of MMPs) is used as a reference
(100%). The bars (average + s.d.; n = 5) demonstrate the extreme
MMP activation efficiency of pH changes observed in caries lesions
(decrease of pH into 4.0-5.0, followed by neutralization). S: non-
activated saliva. (¢) The schematic presentation of the alternating
sequences of demineralization and degradation of the organic matrix
in dentin caries lesion, demonstrating the pH changes (modified
Stephan curve) and corresponding changes in the caries lesion (box).
Immediately after sugar ingestion (SI), the pH decreases below the
level in which demineralization occurs (pH 5.5, dashed line). During
this demineralization period (DM), dentin matrix is exposed (first
figure in the box), and latent salivary and/or dentin-bound MMPs are
converted into active forms. Due to the buffering capacity of saliva, the
pH slowly returns into neutral. With increasing pH, the MMP activity
increases (since MMPs are neutral proteases, with the ultimate activity
in pH close to neutral), degrading the dentin organic matrix exposed
during demineralization (CB: collagen breakdown). The sequence is
repeated after each ingestion of carbohydrates
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It took 18 years before the second member of the MMP
family was discovered. This metalloproteinase, specific-
ally degrading BM type IV collagen but also other
ECM components, was later named as gelatinase A or
MMP-2. MMP-2 was purified and partially character-
ized from the melanoma tissue in early 1980s in Dr Karl
Tryggvason’s laboratory (Salo et al, 1982, 1983). Since
MMP-2 was secreted by numerous cultured malignant
cell lines, we originally speculated that it is the key
enzyme in cancer growth and metastasis (Salo et al,
1982). However, already in mid-1980s MMP-2 was
identified also in cultured non-neoplastic fibroblasts, but
still the activity was induced by the tumor promoter
phorbol ester, PMA (Salo et al, 1985). Using immu-
nohistochemistry and in situ hybridization MMP-2 was,
however, shown to be secreted not by the carcinoma
cells but by the surrounding stromal fibroblasts (Sutinen
et al, 1998). The expression is similar to that found in
healing mucosal wounds (Salo et al, 1994). The protein
is located in carcinoma cell membranes linked to MT1-
MMP and TIMP-2 complex. This complex is required
for the full local, pericellular MMP-2 activity in cancer
tissue (Thomas et al, 1999). Unlike MMP-2, MMP-9
(gelatinase-B) is mainly synthesized by carcinoma and
inflammatory cells of the carcinoma tissue (Thomas
et al, 1999). Numerous studies have now shown the
induced expression of other MMPs in head and neck
carcinomas produced both by tumor and surrounding
mesenchymal cells (Sutinen et a/, 1998; Véddninen et al,
2001; Moilanen et al, 2002) (Figure 3). Although several
MMPs are up-regulated in oral tumors (reviewed by
Thomas et al, 1999), oral carcinoma patients with
elevated MMP-2 and -9 activity have shorter disease-
free survival after treatment than patients with low
gelatinase tumor activities (Yorioka et al, 2002). Future
work will be needed to determine the key MMPs in
different oral cancers, as is the situation also with other
tissues (reviewed by Curran and Murray, 1999).

A tumor associated trypsin-2 (TAT-2) and its specific
inhibitor (TATT) were originally discovered in professor
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Figure 3 Schematic drawing of MMPs that can be produced in oral
squamous cell carcinoma (SCC) tissues. MMPs are secreted either by
SCC cells themselves, surrounding mesenchymal tumor fibroblasts,
different inflammatory cells, or endothelial cells
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Ulf-Hakan Stenman’s laboratory (Stenman et al, 1982;
Koivunen ez al, 1991). They are co-expressed in many
tumors, including oral carcinomas (T. Sorsa, L. Tja-
derhane, T. Salo, unpublished observation) and in-
creased TATI serum concentration exists in several
cancers (Stenman, 2002). TAT-2 is a highly potent
activator of proteases associated with cancer invasion,
like gelatinases, collagenases and stromelysin-1 (MMP-3)
(Sorsa et al, 1997; Moilanen et al, 2003). Thus, TAT-2
can be regarded as the initial activator serine proteinase
of proMMP-activation cascade (Sorsa et al, 1997;
Moilanen et al, 2003). Interestingly, TAT-2 itself is able
to fragment native type I collagen (Moilanen et al,
2003). We have demonstrated that TAT-2 transfected
tongue carcinoma cells secrete activated MMP-9, indi-
cating in vivo capacity of MMP-9 activation by TAT-2.
This TAT-2-dependent MMP-9 activation also corre-
lates with the induced invasive potential of tongue
carcinoma cells (Nyberg et al, 2002). This demonstrates
clearly an important concert action not only of various
MMPs, but also other (serine) proteinases and their
cascades in the carcinoma growth processes.

Endostatin is an antiangiogenic 20 kDa fragment
derived proteolytically from hemidesmosomal type
XVIII collagen (O’Reilly et al, 1997). We recently found
that endostatin also inhibits in vivo invasive capacity of
tongue carcinoma cells, based at least partially on its
capacity to inhibit the activation of MMP-2, -9 and -13
(Nyberg et al, 2003). This reveals that endostatin is
acting at least in two levels in oral cancer growth, by
inhibiting endothelial cell growth and by reducing cancer
cell capacity to modulate surrounding matrix by active
MMPs. However, endostatin cannot inhibit MMP-8
(Nyberg et al, 2003). Interestingly, MMP-8 seems to
have an anti-tumor activity in breast carcinomas
(Agarwal et al., 2003) and skin tumors (Balbin et al,
2003). The role of MMP-8, present in trace amounts also
in oral SCC tissues and carcinoma cell lines (Moilanen
et al, 2002), is unknown.

It is evident that gelatinase activity correlates with the
invasive capacity of the oral cancer, and the antitumor
effect of gelatinase-specific MMP inhibitor CTT-peptide
on tongue carcinoma was recently demonstrated using
CAM-assay (Nyberg et al, 2002). However, the spec-
trum of MMPs and other enzymes orchestrating tongue
carcinoma growth is most likely larger and more
complex than anticipated and therefore the usefulness
of MMPISs, like CTT-peptide in combination with other
cytostatic or cytotoxic cancer drugs, should further be
studied in preclinical trials. The possible usefulness of
specifically selected MMPIs, including tetracycline
derivatives (Cianfrocca et al, 2002) or bisphosponates
(Heikkild er al, 2002) would be worthy of investigation
also as chemopreventive agents in patients at high risk
of developing oral cancer.

The future of MMPs and oral diseases

The story of MMP family members in oral diseases is far
from complete — it seems that it has only just begun. For
example, several molecular forms of MMP-8 isoenzymes

315

Oral Diseases



MMPs in oral diseases
T Sorsa et al

316

and their multiple active forms in periodontits plaque,
GCF and PISF have been identified (Sorsa et al, 1995;
Kiili et al, 2002; Kiveld-Rajaméki et al, 2003a,b).
Future studies should examine the synthesis, role and
inhibition of how these different MMP-8 isoenzymes
function in vivo. The possibility to use the local MMP
inhibition to prevent dentinal caries progression or loss
of adhesive restorations remains to be studied. The role
of MMPs in oral cancer still requires basic research to
find the right combination of MMP inhibitors or
possible activators. Further development of diagnostic
technology may allow the use of one or more MMPs,
TIMPs and tissue degradation product(s) in a combi-
nation chair-side tests or mouthrinse screening-tests for
periodontitis and peri-implantitis (Kiveld-Rajamaki
et al, 2003a,b; Emingil et al, 2004a,b), and may also be
adapted for monitoring of other diseases (Prikk et al,
2002; Apajalahti et al, 2003; Holopainen et al, 2003).

Acknowledgements

The research in our laboratories in Helsinki and Oulu
have been supported by grants from the the Academy
of Finland (grant no. 104337); the Cancer Society of
Northern Finland; the Else and Wilhelm Stockman
Foundation; the Finnish Cancer Society; Finnish
Dental Society Apollonia; the Finnish National Tech-
nology Agency (TEKES); the Helsinki University
Research Funds, the HUCH-EVO (TI 020 Y 0002
and TY H4113) — grants; the Juliana von Wendt
Foundation; and the Oulu University Research Funds
OUH-EVO.

References

Apajalahti S, Sorsa T, Railavuo S et al (2003). The in vivo
levels of matrix metlloproteinase-1 and -8 in gingival
crevicular fluid during initial orthodontic tooth movement.
J Dent Res 82: 1017-1021.

Agarwal D, Goodison S, Nicholson B ez a/ (2003). Expression
of MMP-8 and TYRP-1 correlates with the absence of
metastasis in an isogenic human breast cancer model.
Differentiation T1: 114-125.

Balbin M, Fueyo A, Tester AM et al (2003). Loss of
collagenase-2 confers increased skin tumor susceptibility to
male mice. Nat Genet 35: 252-257.

Bannikov GA, Karelina TV, Collier IE, Marmer BL, Gold-
berg GI (2002). Substrate binding of gelatinase B induces its
enzymatic activity in the presence of intact propeptide.
J Biol Chem 277: 16022-16027.

Brew K, Dinakarpandian D, Nagase H (2000). Tissue inhib-
itors of metalloproteinases: evolution, structure and func-
tion. Biochim Biophys Acta 1477: 267-283.

Carrilho MRO, Tay FR, Pashley DH et al (2004). Mechanical
stability of resin-dentin bond components. Dent Mater (in
press).

Cianfrocca M, Cooley TP, Lee JY (2002). Matrix metallopro-
teinase inhibitor COL-3 in the treatment of AIDS-related
Kaposi’s sarcoma: a phase I AIDS malignancy consortium
study. Clin Oncol 20: 153-159.

Coussens LM, Fingleton B (2002). Matrix metalloproteinase
inhibitors and cancer: trials and tribulations. Science 295:
2387-2392.

Oral Diseases

Curran S, Murray GI (1999). Matrix metalloproteinases in
tumour invasion and metastasis. J Pathol 189: 300-308.

Eley BM, Cox SW (1998). Advances in periodontal diagnosis.
8. Commercial diagnostic kits based on GCF proteolytic
and hydrolytic enzyme levels. Br Dent J 184: 373-376.

Emingil G, Atilla G, Sorsa T et al (2004a). The effect of
adjunctive low-dose doxycyline therapy on clinical para-
meters and gingival crevicular fluid matrix metalloprotei-
nase-8 levels in chronic periodontitis. J Peridontol (in press).

Emingil G, Atilla G, Sorsa T et al (2004b). Effectiveness of
adjunctive low-dose doxycyline therapy on clinical para-
meters and gingival crevicular fluid laminin-5y2 chain levels
in chronic adult periodontitis. J Periodontol (in press).

Fedarko NS, Jain A, Karadag A, Fisher LW (2004). Three
small integrin-binding ligand N-linked glycoproteins (SIB-
LINGsS) bind and activate specific matrix metalloproteinas-
es. FASEB J (electronic publication ahead of print).

Fullmer HM, Gibson W (1966). Collagenolytic activity in
gingivae of man. Nature 209: 728-729.

Golub LM, Lee HM, Ryan ME et al (1998). Tetracyclines
inhibit connective tissue breakdown by multiple non-anti-
microbial mechanisms. Adv Dent Res 12: 12-26.

Gross J, Lapiere CM (1962). Collagenolytic activity in
amphibian tissues: a tissue culture assay. Proc Natl Acad
Sci 48: 1014-1022.

Hanemaaijer R, Sorsa T, Konttinen YT et al (1997). Matrix
metalloproteinase-8 is expressed in rheumatoid synovial
fibroblasts and endothelial cells. J Biol Chem 272: 31504—
31509.

Hashimoto M, Ohno H, Sano H et a/ (2002). Micromorpho-
logical changes in resin-dentin bonds after 1 year of water
storage. J Biomed Mater Res 63: 306-311.

Hashimoto M, Ohno H, Sano H er a/ (2003a). Degradation
patterns of different adhesives and bonding procedures.
J Biomed Mater Res 66B: 324-330.

Hashimoto M, Tay FR, Ohno H et a/ (2003b). SEM and TEM
analysis of water degradation of human dentinal collagen.
J Biomed Mater Res 66B: 287-298.

Hashimoto M, Ito S, Carvalho RM et al (2004). Collagenolytic
activity in dentin: effects of bonding procedures (abstract).
The IADR/AADR/CADR 82nd General Session (March
10-13, 2004), Honolulu, HI, USA (http://iadr.confex.com/
iadr/2004Hawaii/techprogram/index.html).

Heikkild P, Teronen O, Moilanen M et al (2002). Bisphos-
phonates inhibit stromelysin-1 (MMP-3), matrix metalloel-
astase  (MMP-12), collagenase-3 (MMP-13) and
enamelysin (MMP-20), but not urokinase-type plasmino-
gen activator, and diminish invasion and migration of
human malignant and endothelial cell lines. Anti-Cancer
Drugs 13: 245-254.

Hidalgo M, Eckhardt SG (2001). Development of matrix
metalloproteinase inhibitors in cancer therapy. J Natl
Cancer Inst 93: 178-193.

Holopainen J, Moilanen J, Sorsa T et a/ (2003). Activation of
matrix metalloproteinase-8 by membrane-typel-MMP and
their expression in human tears afetr photoreactive keratec-
tomy. Invest Ophtalmol Vis Sci 44: 2550-2556.

Ingman T, Tervahartiala T, Ding Y et al (1996). Matrix
metalloproteinasee and their inhibitors in gingival crevicular
fluid nad saliva of periodontitis patients. J Clin Periodontol
23: 1127-1132.

Kiili M, Cox SW, Chen HW et al (2002). Collagenase-2
(MMP-8) and collagnase-3 (MMP-13) in adult periodontitis:
molecular forms and levels in gingival crevicular fluid and
immunolocalization in gingival tissue. J Clin Periodontol 29:
224-232.



Kiveld-Rajamiki M, Teronen O, Maisi P er al (2003a).
Laminin-5 gamma?2-chain and collgenase-2 (MMP-8) in
human peri-implant sulcular fluid. Clin Oral Impl Res 14:
158-165.

Kiveld-Rajamiki M, Maisi P, Srinivas R et a/ (2003b). Levels
and molecular forms of MMP-7 (matrilysin-1) and MMP-§
(collagenase-2) in diseased human peri-implant sulcular fluid
(PISF). J Periodont Res 38: 583-590.

Koivunen E, Ristimidki A, Itkonen O et a/ (1991). Tumor-
associated trypsin participates in cancer cell-mediated
degradation of extracellular matrix. Cancer Res 51: 2107—
2112.

Koivunen E, Arap W, Valtanen H er a/ (1999). Tumor
targeting with a selective gelatinase inhibitor. Nature
Biotechnol 17: 768-774.

Mintyld P, Kinane DF, Tikanoja S et al (2003). Gingival
crevicular fluid collagenase-2 (MMP-8) test strip for chain-side
monitoring of periodontotis. J Periodont Res 38: 436—439.

Martin-De Las Heras S, Valenzuela A, Overall CM (2000).
The matrix metalloproteinase gelatinase A in human den-
tine. Arch Oral Biol 45: 757-765.

Medina OP, Soderlund T, Laakkonen LJ e a/ (2001). Binding
of novel peptide inhibitors of type IV collagenases to
phospholipid membranes and use in liposome targeting to
tumor cells in vitro. Cancer Res 61: 3978-3985.

Moilanen M, Pirild E, Grenman R ez a/ (2002). Expression and
regulation of collagenase-2 (MMP-8) in head and neck
squamous cell carcinomas. J Pathol 197: 72-81.

Moilanen M, Sorsa T, Stenman M et al (2003). Tumor-
associated trypsinogen-2 (typsinogen-2) activates procolla-
genases (MMP-1, -8, -13) and stromelysin-1 (MMP-3) and
degrades type I collagen. Biochemistry 42: 5414-5420.

Nagase H (1997). Activation mechanisms of matrix metallo-
proteinases. Biol Chem 378: 151-160.

Nyberg P, Moilanen M, Paju A et a/ (2002). MMP-9 activation
by tumor trypsin-2 enhances in vivo invasion of human
tongue carcinoma cells. J Dent Res 81: 831-835.

Nyberg P, Heikkild P, Sorsa T er al (2003). Endostatin inhibits
human tongue carcinoma cell invasion and intravasation
and blocks the activation of matrix metalloprotease-2, -9
and -13. J Biol Chem 278: 22404-22410.

O’Reilly MS, Boehm T, Shing Y et a/ (1997). Endostatin: an
endogenous inhibitor of angiogenesis and tumor growth.
Cell 88: 277-285.

Overall CM, Lopez-Otin C (2002). Strategies for MMP
inhibition in cancer: innovations for the post-trial era. Nat
Rev Cancer 2: 657-672.

Palosaari H, Wahlgren J, Larmas M et al (2000). The
expression of MMP-8 in odontoblasts and dental pulp cells
is down-regulated by TGF-beta. J Dent Res 79: 77-84.

Palosaari H, Ding Y, Larmas M et al (2002). Regulation
and interactions of MTI-MMP and MMP-20 in human
odontoblasts and pulp tissue in vitro. J Dent Res 81: 354—
359.

Palosaari H, Pennington C, Larmas M et al (2003). Expression
profile of MMPs and TIMPs in mature human odontoblasts
and pulp tissue. Eur J Oral Sci 111: 117-127.

Pashley DH, Tay FR, Yiu C et al (2004). Collagen degradation
by host-derived enzymes during aging. J Dent Res 83: 216—
221.

Pei D, Weiss SJ (1995). Furin-dependent intracellular activation
of the human stromelysin-3 zymogen. Nature 375: 244-247.

Prikk K, Maisi P, Reintam MA et al (2002). Airway
obstruction correlates with collagenase-2 expression
and activation in bronchial asthma. Lab Invest 82: 1535-
1545.

MMPs in oral diseases
T Sorsa et al

Reddy MS, Geurs NC, Gunsolley JC (2003). Periodontal host
modulation with antiproteinase, anti-inflammatory, and
bone-sparing agents. A systematic review. Ann Periodontol
8: 12-37.

Salo T, Liotta LA, Keski-Oja J et al (1982). Secretion of
basement membrane collagen degrading enzyme and plasmi-
nogen activator by transformed cells — role in metastasis. Int
J Cancer 30: 669-673.

Salo T, Liotta LA, Tryggvason K (1983). Purification and
characterization of a murine basement membrane collagen
degrading enzyme secreted by metastatic tumor cells. J Biol
Chem 258: 3058-3063.

Salo T, Turpeenniemi-Hujanen T, Tryggvason K (1985).
Tumor promoting phorbol esters and cell proliferation
stimulate secretion of basement membrane (type 1V) colla-
gen-degrading metalloproteinase by human fibroblasts.
J Biol Chem 260: 8526-8531.

Salo T, Mikela M, Kylmédniemi M et a/ (1994). Expression of
matrix metalloproteinase-2 and -9 during early human
wound healing. Lab Invest 70: 176-182.

Sano H, Yoshikawa T, Pereira PN er a/ (1999). Long-term
durability of dentin bonds made with a self-etching primer,
in vivo. J Dent Res 78: 906-911.

Sorsa T, Uitto V-J, Suomalainen K et a/ (1987). A trypsin-like
protease from Bacteroides gingivalis; partial purification and
charaterization. J Periodont Res 22: 375-380.

Sorsa T, Uitto V-J, Suomalainen K et a/ (1988). Comparison
of interstital collagenasese from human gingiva, sulcular
fluid and polymorhonuclear leukocytes. J Periodont Res 23:
386-393.

Sorsa T, Ding Y, Ingman T et al (1995). Cellular source,
activation and inhibition of dental plaque collagenase. J Clin
Periodontol 22: 709-717.

Sorsa T, Salo T, Koivunen E et al (1997). Activation of type IV
procollageases by human tumor-associated trypsin-2. J Biol
Chem 272: 21067-21074.

Sorsa T, Méntyld P, Ronka H ez al (1999). Scientiific basis of a
matrix metalloproteinase-8 specific chair-side test fror mon-
itoring periodontal and peri-implant health and disease. Ann
NY Acad Sci 878: 130-140.

Stenman U (2002). Tumor-associated trypsin inhibitor. Clin
Chem 48: 1206—-1209.

Stenman UH, Huhtala ML, Koistinen R et al (1982).
Immunochemical demonstration of an ovarian cancer asso-
ciated urinary peptide. Int J Cancer 30: 53-57.

Sulkala M, Sorsa T, Teronen O et al (2001). The effect of
MMP inhibitor Metastat on fissure caries progression in
rats. J Dent Res 80: 1545-1549.

Sulkala M, Larmas M, Sorsa T et al (2002). The localization of
matrix metalloproteinase-20 (MMP-20, enamelysin) in
mature human teeth. J Dent Res 81: 603-607.

Sutinen M, Kainulainen T, Hurskainen T ez al (1998).
Expression of matrix metalloproteinases (MMP-1 and -2)
and their inhibitors (TIMP-1, -2 and -3) in oral lichen
planus, dysplasia, squamous cell carcinoma and lymph node
metastasis. Br J Cancer T7: 2239-2245.

Tervahartiala T, Pirild E, Ceponis A et al (2000). The in vivo
expression of collagenolytic matrix metalloproteinases
(MMP-2,-8,-13 and —14) and matrilysin-1 (MMP-7) in adult
and juvenile periodontitis. J Dent Res 79: 1969-1977.

Thomas GT, Lewis MO, Speight PM (1999). Matrix metallo-
proteinases and oral cancer. Oral Oncol 35: 227-233.

Tjaderhane L, Salo T, Larjava H et a/ (1998a). A novel organ
culture method of human odontoblasts in vitro: gelatinase
expression by odontoblasts is differentially regulated by
TGF-betal. J Dent Res 77: 1486-1496.

317

Oral Diseases



MMPs in oral diseases
T Sorsa et al

318

Tjaderhane L, Larjava H, Sorsa T ez a/ (1998b). The activation
and function of host matrix metalloproteinases in dentin
matrix breakdown in caries lesions. J Dent Res 77: 1622—
1629.

Tjaderhane L, Palosaari H, Wahlgren J et a/ (2001). Human
odontoblast culture method: the expression of collagen
and matrix metalloproteinases (MMPs). Adv Dent Res 15:
55-58.

Uitto V-J, Overall CM, McCulloch C (2003). Proteolytic host
enzymes in gingival crevice fluid. Periodontology 2000 31:77—
104.

Védidnidnen A, Srinivas R, Parikka M et a/ (2001). Expression
and regulation of MMP-20 in human tongue carcinoma
cells. J Dent Res 80: 1884—1889.

Oral Diseases

Van den Steen PE, Dubois B, Nelissen I er al (2002).
Biochemistry and molecular biology of gelatinase B or
matrix metalloproteinase-9 (MMP-9). Crit Rev Biochem Mol
Biol 37: 375-536.

Wahlgren J, Maisi P, Sorsa T et a/ (2001). Expression and
induction of collagenases (MMP-8 and -13) in plasma cells.
J Pathol 194: 217-224.

Wabhlgren J, Salo T, Teronen O et al (2002). Matrix metallo-
proteinase-8 (MMP-8) in pulpal and periapical inflammation
and periapical root-canal exudates. Int Endod J 35: 897-904.

Yorioka CW, Coletta RD, Alves F er al (2002). Matrix
metalloproteinase-2 and -9 activities correlate with the
disease-free survival of oral squamous cell carcinoma
patients. Int J Oncol 20: 189—194.



Copyright of Oral Diseases is the property of Blackwell Publishing Limited and its
content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print,
download, or email articles for individual use.



