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OBJECTIVES: Periodontal disease is characterized by an
increased collagen metabolism. Although membrane
type-l1 matrix metalloproteinase (MTI-MMP) plays a
critical role in collagen degradation, its involvement in
human periodontitis remains to be determined.
METHODS: MTI-MMP and TIMP-2 expression and
distribution were evaluated in gingival tissue samples
derived from 10 healthy and 12 periodontitis-affected
human subjects. MTI1-MMP and TIMP-2 expression were
assessed through Western-blot of tissue homogenates.
The main cell types involved in MTI-MMP and TIMP-2
production were evaluated by means of immunohisto-
chemistry.

RESULTS: Both MT|1-MMP and TIMP-2 were significantly
increased in periodontitis-affected gingival tissues when
compared to healthy gingiva. Moreover, the balance
between MTI-MMP and its inhibitor TIMP-2 was altered
in periodontitis-affected tissues, suggesting an imbalance
in this proteolytic axis. Immunohistochemistry demon-
strated the expression of MTI-MMP in fibroblasts and
macrophages in gingival tissues. MT|-MMP was detected
in cells in close association with the gingival collagen
matrix. TIMP-2 expression was identified in fibroblasts,
macrophages and epithelial cells.

CONCLUSIONS: Our observations show an increased
expression of MTI-MMP and TIMP-2 in periodontitis-
affected gingival tissues. The altered balance between
these two molecular mediators of collagen remodeling
suggests their involvement in human periodontal disease.
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Introduction

Periodontal disease is an inflammatory disorder initiated
by a group of pathogenic bacteria that leads to
periodontal tissue destruction and tooth loss (Page et al,
1997). Excessive breakdown of the extracellular matrix
(ECM) has been associated with several diseases such as
cancer, atherosclerosis, osteoarthritis and periodontal
disease (Burrage et al, 2006; Sorsa et al, 20006;
Orlichenko and Radisky, 2008; Raffetto and Khalil, 2008).
Among the proteolytic enzymes involved in these events,
matrix metalloproteinases (MMPs) play a central role in
these pathological conditions (Page-McCaw et al, 2007).
MMPs constitute a family of zinc-dependent endopep-
tidases comprising 25 members that have been associ-
ated with the degradation of almost all the components
of the ECM (Page-McCaw et al, 2007).

Degradation of type-I collagen is a key step in
periodontal attachment loss. Previous studies have
identified that gingival collagen fibers are effectively
degraded by the action of fibroblasts and mononuclear
cells in chronic periodontitis (Ma et al, 2003). However,
the particular enzymes involved in gingival collagen
degradation have not been fully characterized. Type I
collagen is effectively degraded by a restricted group of
enzymes termed interstitial collagenases that include
MMP-1, MMP-8 and MMP-13 (Jeffrey, 1998).
Although the membrane-anchored enzyme MT1-MMP
is not classified as a member of the collagenases group, it
has been demonstrated that this MMP plays a physio-
logically relevant role in type-I collagen remodeling
(Holmbeck et al, 1999). Several studies have analyzed
the involvement of MMP-1, MMP-8 and MMP-13 in
periodontal disease (Wooley and Davies, 1981; Ingman
et al, 1994; Meikle et al, 1994; Haerian et al, 1995; Lee
et al, 1995; Kubota et al, 1996; Silva et al, 2008).
Although previous studies have identified the expression
of MTI-MMP in gingival connective tissue cells and
gingival crevicular fluid, they have been unable to
determine its specific involvement in human periodon-
titis (Tervahartiala et al, 2000; Dahan et al, 2001).



Moreover, several studies have established that MMPs
cleave and regulate the biological activity of a wide
range of molecules such as growth factors, cytokines,
cell surface receptors and protease inhibitors (Page-
McCaw et al, 2007). Previous studies have suggested
that besides collagen, MTI-MMP may degrade other
biological substrates like cytokines, cell surface recep-
tors and growth factors (Tam et al, 2004). Therefore, the
role played by MMPs in inflammatory diseases may not
only involve the catabolic degradation of the ECM, but
also the regulation of critical cell functions such as cell
proliferation, differentiation and migration (Page-
McCaw et al, 2007).

MTI1-MMP may activate proMMP-2 in the presence
of a small amount of Tissue inhibitor of metallopro-
teinases-2 (TIMP-2). It has been proposed that this may
result from the formation of a ternary complex com-
posed of proMMP-2/TIMP-2/MT1-MMP on the cell
surface (Strongin et al, 1995). However, in the presence
of higher TIMP-2 levels, MT1-MMP activity is inhib-
ited. Moreover, a direct binding between TIMP-2 and
MTI-MMP has been described (Zucker et al, 1998).
These data suggests that TIMP-2 may act as a highly
specific inhibitor for MT1-MMP.

The aim of the present study was to investigate the
expression and distribution of MT1-MMP and of its
physiological inhibitor, tissue inhibitor of matrix metal-
loproteinase-2 (TIMP-2), in gingival tissue samples
derived from periodontitis-affected patients and healthy
controls.

Materials and methods

Gingival tissue samples

Gingival tissue samples were collected from 10 healthy
subjects and 12 periodontitis-affected individuals from
both genders. All gingival tissue samples were obtained
with informed consent from patients attending a private
dental practice in Santiago, Chile. The experimental
protocol for obtaining tissue samples was approved by the
Ethical Committee, Faculty of Dentistry, University of
Chile. None of these patients had received periodontal
treatment during the last 12 months and all gingival
biopsies were obtained prior to periodontal therapy. No
relevant pre-existing medical or drug histories were cited
preceding 6 months. Before obtaining a sample, one
examiner (RH), using a University of North Carolina
periodontal probe (Hu-Friedy, Chicago, IL, USA), did a
complete periodontal examination in every tooth (six sites
per tooth) measuring probing depth, attachment loss and
bleeding on probing. As a condition for inclusion in the
periodontitis group, periodontal examination should
demonstrate at least three interproximal periodontal
sites, distributed in three independent teeth, with a
probing depth of 5 mm or more, 3 mm or more of
attachment loss and gingival bleeding on probing. Biop-
sies were obtained from periodontal lesions exhibiting 5
or more mm of probing depth by a surgical incision
comprising the pocket epithelium and gingival connective
tissue. All the teeth selected for this procedure required
their extraction due to poor periodontal prognosis.
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Healthy samples were collected during the extraction of
non-inflamed third molars or during crown lengthening
surgery. For inclusion in the control group, periodontal
examination should not demonstrate sites with a probing
depth greater than 3 mm, 1 or more mm of attachment
loss and bleeding on probing in less than 10% of the
examined sites. Ten healthy and 12 periodontitis tissue
samples were used for the MTI-MMP and TIMP-2
analyses through Western-blot. To this end, gingival
biopsies were washed in cold physiological saline, frozen
in liquid nitrogen and stored at —80°C until tissue
processing. A total of five healthy and eight periodonti-
tis-affected tissue samples were fixed in buffered formalin
and used for immunohistochemical procedures.

Processing of tissue homogenates for Western-blots
Tissues were lysed in a buffer containing 1% NP-40
(Calbiochem, San Diego, CA, USA) 0.5% sodium
deoxycolate (Calbiochem), 0.2% sodium dodecyl sulfate
(Calbiochem), 150 mM NaCl (Calbiochem), 50 mM
Tris-HCI (Calbiochem), pH 7.4, in the presence of
2 mM phenylmethylsulfonyl fluoride (Calbiochem),
2 mg ml™!' pepstatin (Calbiochem), 2 ug ml™" leupeptin
(Calbiochem), and 1 mM sodium orthovanadate (Cal-
biochem) in a ratio of 1:5 (weight:volume) at 4°C. The
tissue lysate was then centrifuged at 19 000 g for 10 min
at 4°C. Protein content in each sample was determined
by means of the DC protein assay (Bio-Rad, Hercules,
CA, USA). Proteins were resolved by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride transfer mem-
branes (Perkin Elmer Life Sciences, Boston, MA, USA).
Membranes blocked with de-fatted milk (3%) and
exposed to primary antibodies against MTI-MMP
(MAB918) (R&D systems, Minneapolis, MN, USA),
TIMP-2 (R&D Systems, Minneapolis, MN, USA) or
p-actin (Sigma, St. Louis, MO, USA), secondary anti-
bodies coupled to horseradish peroxidase, and finally
developed with an enhanced chemiluminescence kit
(Perkin Elmer Life Sciences). Recombinant MTI-
MMP (Calbiochem, Darmstadt, Germany) was used
as a reference to identify the (66 kDa) MT1-MMP band.
Protein expression levels for MT1-MMP and TIMP-2
were estimated by scanning the bands obtained from
Western-blots. Digitalized images for each experimental
condition were analyzed using the Kodak Molecular
Imaging software 4.0 upgrade (Toronto, Canada). These
data were then normalized against f-actin levels for each
patient.

Immunohistochemical analysis

Tissue samples were fixed in buffered formalin at 4°C for
24 h. Specimens were dehydrated through graded
ethanols, cleared in xylene and embedded in paraffin.
Serial sections of approximately 5 um thickness were
collected on poly-1-lysine coated glass slides. Sections
were deparaffinized in xylene, rehydrated in descending
concentrations of ethanol, water and phosphate-
buffered saline (PBS). Immunohistochemical detection
was performed as follows: to detect MT1-MMP expres-
sion, a monoclonal antibody that recognizes the human
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MTI-MMP ectodomain was used (R&D Systems,
Minneapolis, MN, USA). For MTI-MMP detection,
antigen retrieval was performed by immersing 5 um
sections in 100 mM Tris—HCI, pH 9.0 and heated in a
microwave oven for three cycles (5 min each) at 750 W.
To detect TIMP-2 expression, a monoclonal antibody
was used (R&D Systems, Minneapolis, MN, USA) and
antigen retrieval was performed by degrading sections
with trypsin (Sigma, St.Louis, Mo, USA) for 20 min at
37°C. Immunoreactive signal was identified by staining
with the peroxidase—antiperoxidase technique (Histo-
stain plus, Broad spectrum, Zimed Laboratories, South
San Francisco, CA, USA), with diaminobenzidine as
chromogenic substrate. In negative control sections,
primary antibodies were replaced by non-immune goat
serum (Sigma, St Louis, MO, USA) diluted in 3%
bovine serum albumin (BSA). After immunohystochem-
ical procedures, Light green SF yellowish (Allied
Chemicals, NY, USA) and Harris hematoxylin (Sigma,
St Louis, MO, USA) were used for counterstaining.
Immunohistological specimens were observed and reg-
istered using an Axiostar Plus microscope (Carl Zeiss,
Gottingen, Germany) coupled to a digital camera
(Micropublisher 3.3 RTV, Qimaging, Canada). Shading
was corrected using the Axiovision software (Carl Zeiss,
Gottingen, Germany). Images were finally processed
using the AdobePhotoshop CS2 software (Adobe Sys-
tems Incorporated, San Jose, CA, USA).

Statistical analysis

For statistical comparison between MTI-MMP and
TIMP-2 expression levels and MTI-MMP/TIMP-2
ratios between healthy and periodontitis cases, the
non-parametric Mann—-Whitney U-test for unpaired
samples was used. The confidence limit was predeter-
mined at a o level of 0.05.

Results

Clinical measurements

Clinical records are listed in Table 1. As expected,
significantly higher probing depth, attachment loss and
bleeding on probing values were recorded in diseased
patients compared to healthy subjects. No significant
differences in age or gender distribution were observed
between both groups.

MTI-MMP and TIMP-2 expression in tissue homogen-
ates

MTI1-MMP expression was identified as a 66 kDa band
in tissue homogenates of both healthy and periodontal

Table 1 Clinical assessment of the sampling sites. Where appropriate
values are expressed as mean and standard deviation (s.d.)

Healthy Periodontal Disease

Age 40.2 (SD 11.67)
Gender S men/S women
Attachment loss 0.36 (SD 0.50) 6.62 (SD 2.69) mm
Probing Depth 2 (SD 0.44) 5.5(SD 1.21) mm

Bleeding on probing No Yes

45.87 (SD 8.33) years
5 men/7 women
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disease gingival tissues (Figure 1). Recombinant MTI-
MMP, used as a reference to identify this protein, gave a
slightly lower molecular weight (Figure 1). A quantita-
tive analysis of MTI-MMP bands demonstrated a
statistically significant increase in this proteolytic
enzyme in samples derived from periodontitis-affected
gingiva (n = 12) when compared to healthy tissue
samples (n = 10) (P < 0.01) (Figure 1). A second
MTI1-MMP band, with an estimated molecular weight
of 45 kDa, was also detected. This molecular species
probably corresponds to an autocatalytically generated
band that lacks the catalytic domain (Tam et al, 2002).
TIMP-2 expression was also identified in tissue homo-
genates from healthy and periodontitis-affected samples
as an approximately 24 kDa band. The quantitative
analysis also indicated increased TIMP-2 levels in
periodontal  disease tissue samples (P < 0.01)
(Figure 1).

The ratio between the 66 kDa MTI-MMP and
TIMP-2 bands was calculated for healthy and
periodontal discase tissues. A statistically significant
increase in this ratio was observed for periodontitis-
affected gingiva (1.4) when compared to healthy tissues
(1.0) (Figure 2) (P < 0.01).

Immunohistochemical analysis

Using immunohistochemistry we evaluated the distribu-
tion of MT1-MMP and TIMP-2 in five healthy and
eight periodontitis-affected gingival tissue samples; both
were detected in diseased and healthy tissue. MT1-MMP
was identified in mononuclear cells that resembled tissue
macrophages and fibroblasts (Figure 3). After immuno-
histochemistry, Light green counterstaining was used to
evaluate the distribution of MTI-MMP within the
gingival connective tissue (Figure 4a). A more intense
expression for MTI-MMP was detected in areas
characterized by a poorly stained collagenous fibrillar

Healthy
5
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Figure 1 Expression of MTI-MMP and TIMP-2 in gingival tissue
homogenates. Expression levels for MTI-MMP and TIMP-2 were
evaluated through Western-blot in healthy and periodontitis-affected
gingival tissue samples as indicated in the Material and Methods
section. Numbers indicated above each lane in healthy and periodontal
disease tissue samples were derived from distinct patients. MTI1 st
corresponds to recombinant MTI-MMP. Molecular weights were
estimated using a pre-stained molecular weight standard. f-actin levels
were used as a loading control
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Figure 2 MTI-MMP and TIMP-2 ratios. MTI-MMP and TIMP-2
expression levels normalized against f-actin are represented as average
and standard deviations for healthy and periodontal disease tissue
samples. Asterisks indicate statistically significant differences

matrix (Figure 4a”) when compared to more fibrous
areas of the connective tissue (Figure 4a”). A striking
observation was an intense staining for MT1-MMP in
cells closely associated with fibrillar components of the
extracellular matrix (Figure 4b,c). An abundant dotted
immunoreactive signal for MT1-MMP was also detected
along these fibrillar elements in gingival tissue samples
derived from periodontitis patients (arrows in Fig-
ure 4c¢).

TIMP-2 expression was identified in gingival epithe-
lial cells of the oral and pocket epithelium, mononuclear
cells and fibroblasts (Figure 5). Negative control sec-
tions did not show immunoreactive signals (Figure 6).

Discussion

The present study has evaluated the involvement of
MTI1-MMP and its inhibitor TIMP-2 in untreated
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human periodontal disease. Our quantitative Western-

blot results show that for both, MTI-MMP and
TIMP-2, protein is expressed at higher levels in peri-
odontitis-affected tissues compared to healthy controls.
Previous studies have been unable to show a significant
change in the expression of MT1-MMP or TIMP-2 in
human periodontal disease (Tervahartiala er al, 2000;
Dahan et al, 2001). Using in situ hybridization and
reverse-transcription polymerase chain reaction, Dahan
et al (2001), were unable to identify changes in the
expression of MTI-MMP and TIMP-2 mRNA levels
comparing healthy and periodontal disease tissue sam-
ples. However, these authors obtained their tissue
samples during flap surgery after completion of an
initial phase of scaling and root planning (Dahan et al,
2001). Hence, it is probable that this initial phase of
periodontal therapy reduced the inflammatory response
in the tissues, precluding the observation of significant
changes in the expression of the mRNA for MTI-MMP
and TIMP-2. Our samples were obtained from patients
who did not receive periodontal treatment during the
last 6 months prior to sample harvesting. Moreover, the
clinical characterization of our samples was planned to
identify a control group with a healthy periodontium
and a periodontal disease group with evident signs of
periodontitis. Therefore, it is possible to assume that our
samples were representative of the natural course of
periodontal disease. It is important to mention that in a
rat model of periodontitis, MTI-MMP and MMP-2
mRNA expression levels were shown to increase fol-
lowing the initiation of this lesion (Achong et al, 2003).
Previous studies have also identified that MTI-MMP
expression is induced by inflammatory cytokines like
tumor necrosis factor-oo (TNF-o) in human dermal and
rheumatoid synovial fibroblasts (Migita et al, 1996; Han
et al, 2001). Our study group has recently identified that
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TNF-a is able to stimulate MT1-MMP production in
gingival fibroblasts through the activation of epidermal
growth factor receptor (Smith ez al, 2009). These data
supports the possibility that MT1-MMP expression is
induced in the periodontium under inflammatory con-
ditions and probably plays a role in periodontal tissue
destruction.

Our immunohistochemical observations identified
MTI1-MMP expression in fibroblasts and macrophage-
resembling cells in periodontal tissue samples.
MTI-MMP mRNA expression has been identified in
fibroblasts located close to inflammatory cells in
periodontitis-affected human gingival tissues (Dahan
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Figure 4 MT1-MMP distribution and
gingival extracellular fibrillar matrix.
MTI1-MMP distribution was evaluated
through immunohistochemistry in diseased
human gingival tissue samples. The fibrillar
extracellular matrix was stained with Light
green staining. MT1-MMP (arrows) was
present in areas were the gingival collagenous
matrix was poorly stained. CT: connective
tissue (a). a” and a” are higher magnifications
of insets in figure (a). Cells in close contact
with the gingival connective tissue fibrillar
matrix were stained for MT1-MMP
(arrowheads) (b and ¢). A scattered staining
for MT1-MMP was recognized along fibrillar
elements of the gingival connective tissue
(arrows) (c)
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Figure 5 TIMP-2 distribution in diseased
human gingival tissue samples. TIMP-2
distribution was identified in gingival tissue
samples using immunohistochemistry.
TIMP-2 staining was recognized in epithelial
cells of the gingival tissue (arrows) (a),
mononuclear cells (arrowheads) (b and ¢), and
elongated cells resembling fibroblasts (arrow)

(d)

et al, 2001). MT1-MMP has been associated with cell
migration in peripheral blood monocytes (Matias-Roman
et al, 2005), intestinal fibroblasts (Pender et al/, 2000)
and tumoral cells (Sabeh et al, 2004). In fibroblasts,
MTI-MMP has an important role in collagen degrada-
tion previous to the phagocytic ingestion of this mole-
cule (Lee et al, 2006). Therefore, it is highly probable
that MT1I-MMP is involved in collagen remodeling and
cell migration in periodontal tissues. It is also important
to mention that macrophages constitute the main source
of TNF-a in periodontal tissues (Rossomando et al,
1990). Immunohistochemistry allowed us to identify
that mononuclear cells resembling tissue macrophages
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Figure 6 Negative control. Periodontitis-
affected gingival tissue sample where primary
antibodies were replaced by non-immune
serum (a and b). Figure b corresponds to the
inset displayed in (a)

were positive for MT1-MMP expression. It is interesting
to note that pro-TNF-o may be modified by the prote-
olytic activity of MT1-MMP (Tam et al, 2004). There-
fore, it is tempting to propose that MT1-MMP might
modify the inflammatory response through the modula-
tion of TNF-a within these tissues. This hypothesis
should be evaluated in future studies. Several studies have
identified that the collagenolytic enzymes MMP-1 and
MMP-13 are expressed by both fibroblasts and macro-
phages in periodontal tissues (Ingman et al, 1994; Meikle
et al, 1994; Uitto et al, 1998). It has been identified that
MTI1-MMP may activate other collagen degrading
enzymes like MMP-13 (Sato et al, 1994; Knduper et al,
1996). Therefore, it is interesting to consider that MT1-
MMP might contribute to collagen remodeling not only
through the direct degradation of triple-helical collagen
molecules, but also through the activation of other
MMPs like MMP-13, a response that may amplify the
proteolytic potential for tissue turn-over.

Our study also reports an imbalance in the MTI-
MMP/TIMP-2 ratio in periodontitis-affected human
gingival tissues. Several previous studies have suggested
that an imbalance between MMPs and TIMPs might
explain tissue destruction in periodontitis (Alpagot et al,
2001; Soell et al, 2002; Pozo et al, 2005; Kubota et al,
2008). However, to the best of our knowledge, this is the
first study to report an imbalance between MT1-MMP
and TIMP-2 in human periodontitis. Considering the
powerful collagenolytic activity that has been reported
for MT1-MMP (Holmbeck et al, 1999), it is possible to
propose that this proteolytic enzyme might play a
significant role in the degradation of the collagen fibers
involved in periodontal attachment. Besides its role in
collagen degradation, MTI-MMP may degrade and
activate proMMP-2 and proMMP-13 (Osenkowski
et al, 2004). Other non-matrix substrates degraded by
MTI-MMP include interleukin-8, secretory leukocyte
protease inhibitor, pro-tumor necrosis factor-o, death
receptor-6, and connective tissue growth factor (Tam
et al, 2004). Therefore, MTI-MMP might play an
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important role in cell signaling and the regulation of
the inflammatory response as well.

Western-blotting from gingival tissue homogenates
allowed us to identify an approximately 66 kDa band
that was confirmed with the recombinant version for
MTI1-MMP. This molecular weight is coincident with
the premature/inactive version for MT1-MMP (Osen-
kowski et al, 2004). On the other hand, we also detected
a second band for MTI-MMP with an estimated
molecular weight of 45 kDa. It has been described that
MTI1-MMP is also found as a series of forms ranging
from 40 to 45 kDa that probably correspond to an
inactive degradation product that lacks catalytic activity
(Lehti et al, 1998). Consequently, we considered that
this lower molecular weight band corresponded to an
inactive version for this enzyme. Therefore, the MTI-
MMP/TIMP-2 analysis was performed considering the
66 kDa MT1-MMP band.

A striking observation of our study was the detection
of a scattered staining for MTI-MMP along gingival
connective tissue fibers. MT1-MMP staining was also
detected in cells in close contact with this collagenous
matrix. In support of our observation, it has been
reported that MT1-MMP has displays the ability to
bind to type I collagen through its hemopexin C domain
(Tam et al, 2002). Although our observations were
entirely morphological, we cannot exclude the possibil-
ity that MT1-MMP may associate with gingival collagen
fibers in vivo, and therefore, might regulate collagen
degradation in a process that is independent of the
presence of cells.

The present study has documented the involvement of
MTI1-MMP and TIMP-2 in human gingival tissues
affected by periodontal disease. Our results show
increased levels for both, MT1-MMP and TIMP-2,
and an imbalance between these mediators of tissue
remodeling in periodontitis tissue samples.

We propose the involvement of the MT1-MMP/
TIMP-2 proteolytic axis in periodontal disease as a
mediator of connective tissue destruction.
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