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Neutrophil collagenase (matrix metalloproteinase 8 [MMP-8]) is an important mediator of tissue destruc-
tion in inflammatory diseases. Studies of anaerobic periodontal infections have shown that active MMP-8 in
gingival crevicular fluid is associated with the degradation of periodontal tissues in progressive periodontitis
whereas the latent enzyme is predominant in gingivitis. Since the activation of MMP-8 appears to be a crucial
step in periodontitis, we have examined the activation of MMP-8 in gingival crevicular fluid samples by using
a soluble biotinylated collagen substrate. Analysis of gingival crevicular fluid in periodontitis, gingivitis, and
controls revealed sixfold (P < 0.001)-higher levels of active collagenase in periodontitis (n 5 12) samples
compared to gingivitis (n 5 17) samples, which exhibited low levels of activity, while controls (n 5 25) showed
no activity. After gingival crevicular fluid was collected, no further activation of latent collagenase occurred in
vitro. Although both MMP-1 and MMP-8, but not MMP-13, could be detected by immunoblots, blocking
antibodies to MMP-1 showed that collagenase activity was largely contributed by MMP-8, which was localized
to the matrix of diseased tissues. The MMP-8 in gingival crevicular fluid migrated primarily as a 60-kDa form
with smaller amounts of a 78-kDa species, whereas MMP-8 isolated from peripheral neutrophils migrated at
70 and 89 kDa, corresponding to active and latent forms of the enzyme, respectively. Most of the MMP-8 in the
60- and 70-kDa bands selectively bound to tissue inhibitor of metalloproteinase 2 and collagen, indicating that
most, but not all, of the enzyme in these bands was in an activated form. However, the amounts of the 78- and
60-kDa forms from gingival crevicular fluid in different samples did not correlate (r2 5 0.028) with the latent
and active enzyme measured by collagenase assay. Collectively, these studies have identified distinct forms of
latent and active MMP-8 in gingival crevicular fluid that appear to result from a unique activation mechanism
that occurs in periodontitis. The complexity of MMP-8 activation is further indicated by the presence of latent,
activated, and superactivated forms of MMP-8 in the 60- and 70-kDa bands obtained from gingival crevicular
fluid and neutrophil samples, respectively.

In chronic infections of connective tissues, adhesion and
invasion of host tissues by bacterial pathogens can initiate
destruction of structural proteins including collagens. The deg-
radation of collagen can be mediated directly by bacterial pro-
teases or, if there is significant inflammation, more extensively
by enzymes secreted by polymorphonuclear leukocytes
(PMNs). For the study of collagen degradation mechanisms in
chronic, gram-negative anaerobic bacterial infections, peri-
odontitis is widely used as a model in which connective tissue
destruction is mediated in part by host cell collagenases (17).
Vertebrate collagenases are members of the matrix metallo-
proteinase (MMP) family of proteolytic enzymes that are in-
volved in extracellular matrix degradation and remodelling
during the course of periodontal diseases. Resident fibroblasts,
epithelial cells, and macrophages synthesize MMP-1 (collage-
nase 1) while infiltrating neutrophils release MMP-8 (collage-
nase 2 [1]). A third collagenase (MMP-13) with wide substrate
specificity (5) has recently been shown to be produced by both
epithelial and mesenchymal cells in inflamed and remodelling
connective tissues (7, 28, 31) and in healing sites (32). All three
enzymes could contribute to the collagenolytic activity in dis-
eased periodontal tissues.

Collagenases cleave collagen under physiological conditions

of pH, temperature, and osmolarity (23). Consequently, their
regulation is of considerable importance in connective tissue
homeostasis. Collagenase regulation is a complex process in-
volving enzyme synthesis, secretion, activation, and inhibition.
Various cytokines and growth factors can regulate the local
expression of interstitial collagenases (MMP-1 and MMP-8)
and their inhibitors, such as the tissue inhibitor(s) of metallo-
proteinase (TIMP[s]) during growth, development, remodel-
ling, and repair processes (1). In contrast, MMP-8 synthesis by
neutrophils is completed during granulocyte precursor cell dif-
ferentiation in the bone marrow (1). When neutrophils are
recruited to a site of inflammation, they release large quanti-
ties of MMP-8 stored in specific granules, and the inflamma-
tory response is sustained by recruitment of new cells rather
than by the local synthesis of MMP-8.

As collagenases are secreted in a latent form, their activation
is a rate-limiting step in the initiation of collagen breakdown
and connective tissue destruction. Although the mechanism of
activation of MMPs in vivo is not completely understood, in
vitro studies have demonstrated that collagenases can be acti-
vated by a diverse range of agents that remove or modify the
conformation of the prodomain (1, 11, 20). Removal of the
prodomain by enzymes of host or bacterial origin (3, 4, 27, 29)
results in a reduction of the molecular mass of the MMPs.
Different proteolytic enzymes cleave at different sites in the
proenzyme domain, generating different sizes of active enzyme
with different levels of enzyme activity (12). Notably, the cor-
rect folding of the activated MMP-8 is critical for enzyme
activity and stability (2). Full activation, or superactivation,
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occurs only when the correct amino-terminal amino acid is
generated following proteolytic cleavage by intermolecular or
complex autocatalytic reactions. Thus, amino-terminal Phe-99
forms a salt bridge network with an a-helix at the active site
which is precluded by spatial constraints when cleavage occurs
at other sites in the catalytic domain (14).

In adult periodontitis, the levels of neutrophil collagenase
(MMP-8) increase in the gingival crevicular fluid (GCF) exu-
date (22) and consequently in samples of whole saliva (30).
Moreover, active MMP-8, but not the latent enzyme, is asso-
ciated with periods of active connective tissue destruction and
a clinical diagnosis of periodontitis (17). However, little is
known about the nature of the activation process of MMP-8 in
periodontitis or the relationship between different molecular
forms of MMP-8 and their activity in GCF. The aim of this
study was, therefore, to characterize the active and latent
forms of MMP-8 in GCF of patients with adult periodontitis
and to provide insights into the process of MMP-8 activation
that leads to destruction of periodontal tissues.

MATERIALS AND METHODS

Reagents. Anti-MMP-8 mouse monoclonal antibody (immunoglobulin G1
[IgG1]) was obtained from Calbiochem (Cambridge, Mass.). A rabbit anti-hu-
man MMP-1 blocking antibody, used to neutralize MMP-1 activity in samples
and for Western blots, was kindly donated by B. and H. Birkedal-Hansen (Na-
tional Institute of Dental Research, National Institutes of Health, Bethesda,
Md.). Rabbit anti-human antibody to MMP-13 was from Chemicon (Temecula,
Calif.). Horseradish peroxidase (HRP)-labeled anti-mouse IgG1 and anti-rabbit
IgG were from Caltag Laboratories (Burlingame, Calif.). Prestained sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) low-range mo-
lecular weight standards were from Bio-Rad Laboratories (Hercules, Calif.).
Purified human TIMP-2 was from Chemicon, and activated CH-Sepharose 4B,
Percoll and Dextran T-500, and protein G-Sepharose were from Pharmacia
(Uppsala, Sweden). p-Aminophenylmercuric acetate (APMA), phorbol myris-
tate acetate (PMA), and sodium azide were from Sigma (St. Louis, Mo.). Im-
muno Pure N-hydroxysuccinimide–LC-biotin for collagen labeling was from
Pierce (Rockford, Ill.). ECL reagents and HRP-labeled streptavidin were from
Amersham (Little Chalfont, Buckinghamshire, England). Vitrogen 100 for col-
lagen binding experiments was from Celtrix (Palo Alto, Calif.).

GCF samples. Human subjects were recruited from the periodontal graduate
clinic, Faculty of Dentistry, University of Toronto. Three different groups of
subjects were involved in the study: (i) periodontitis (exhibited radiographic bone
loss and .5-mm loss of connective tissue attachment) (n 5 12), (ii) gingivitis (no
radiographic bone loss but marked gingival inflammation) (n 5 17), and (iii)
control subjects without clinically detectable gingival inflammation (n 5 25).
Informed consent was obtained from each subject as directed in the study
protocol approved by the Human Subject Experimentation Committee, Univer-
sity of Toronto. GCF was obtained in a mouth rinse as described in detail
previously (6). Briefly, patients first rinsed thoroughly with tap water for 10 s and
after 2 min rinsed again with 3 ml of sterile saline (0.15 M NaCl). The 3-ml rinse
was centrifuged at 500 3 g for 20 min, and the supernatants were either analyzed
immediately or stored at 220°C.

Neutrophil preparations. Approximately 40 to 80 ml of blood drawn from
healthy male donors was placed in a sterile, polypropylene centrifuge tube
containing 4.4 ml of 3.8% citrate as anticoagulant for each 40 ml of blood and
centrifuged for 20 min at 175 3 g at rooom temperature (RT) (22°C). The
pelleted cells were sedimented in 90% Percoll and 5 ml of 6% Dextran T-500
(containing 0.9% NaCl). The platelets were removed from the plasma, and a
leukocyte-enriched supernatant was obtained. This supernatant was centrifuged,
resuspended in platelet-poor plasma, and layered on plasma-Percoll gradients by
a series of centrifugation steps. The upper monocyte layer was removed with a
sterile transfer pipette, and the lower PMN layer was washed. The final prepa-
ration was resuspended in an appropriate volume of buffer containing dextrose
phosphate, KCl, NaCl, and magnesium to yield final concentrations of 8 3 106

cells/ml with a purity of PMNs of .98%. The buffer maintained cell viability for
4 to 5 h at this concentration. Immediately after isolation, PMNs were used for
assays. The cells were first concentrated 10-fold (;8 3 107 cells/ml) by resus-
pension following centrifugation and stimulated with 0.1 mM PMA in the pres-
ence or absence of 1 mM sodium azide (a myeloperoxidase inhibitor) for 15 to
30 min at 37°C in a water bath. In total, 13 neutrophil samples were prepared in
the absence, and 20 samples were prepared in the presence, of sodium azide.
Cells were pelleted, and the supernatant was used to analyze samples for the
presence of the neutrophil MMP-8.

Collagenase activation. GCF samples and preparations of MMP-1 (from hu-
man gingival explants) and MMP-8 were activated with 1 mM APMA for 1 h to
assay for total collagenase activity and to obtain indirect estimations of latent

enzyme. To examine the pattern of natural MMP-8 activation by released oxi-
dants from PMNs, resuspended cells (8 3 106 cells/ml) were stimulated with 0.1
mM PMA at 37°C for 15 min and incubated at RT in the absence or presence of
1 mM sodium azide for 0, 2, 4, and 19 h. The PMN preparations were centri-
fuged, the supernatant containing naturally activated MMP-8 was assayed for
collagenolytic activity by soluble biotinylated collagen assay (SBA), and the
MMP-8 molecular species was assayed by Western blotting and compared to
results obtained at time zero.

Measurement of collagenolytic activity. Collagenase activity was measured by
SBA, which is described in detail elsewhere (18). Briefly, samples (50 ml) in
collagenase assay buffer (0.05 M Tris-HCl [pH 7.4], containing 0.2 M NaCl, 5
mM CaCl2, 0.5 ml of Brij 35 per ml, and 0.2 mg of NaN3 per ml) were incubated
with 0.5 mg of biotinylated collagen substrate for 18 h at RT. Digestion was
terminated by adding 25 ml of SB/DTT (0.34 M Tris-HCl [pH 6.8] containing 6
M urea, 1.5% [wt/vol] SDS, 6% [vol/vol] bromophenol blue, and 0.18 M dithio-
threitol) and then heating the mixture at 100°C for 5 min. Collagen fragments
were separated on 7.5% polyacrylamide cross-linked SDS-PAGE gels and trans-
ferred to a nitrocellulose membrane with the PHAST system (Pharmacia). After
blocking of nonspecific binding sites with BLOTTO (5% [wt/vol] Carnation milk
in Tris-buffered saline [TBS]–Tween), the membranes were rinsed with TBS-
Tween (0.02 M Tris-HCl, 0.14 M NaCl [pH 7.6], containing 0.1% Tween 20) and
incubated with HRP-labeled streptavidin diluted 1/1,500 in TBS-Tween. After a
second wash, ECL reagents were used for detection of biotinylated collagen
fragments by chemiluminescence. Autoradiographs were scanned, and full-
length a and three-fourths a chains were quantified by computer analysis with
the IP Lab Gel Scientific Image Processing program (Signal Analytics, Vienna,
Va.). Collagenase activity was measured from densitometric analysis of the
amount of biotinylated collagen (for standard assay, 0.5 mg/50-ml sample) con-
verted to three-fourths a chains and expressed as nanounits (note that 1 nU 5
1 pg of biotinylated collagen degraded/min at 22°C).

Analysis of MMP-1 and MMP-13 activity in GCF samples. The presence of
MMP-1 activity in GCF samples was determined by analyzing the change in
collagenase activity measured by SBA before and after incubation with 0.1 mg of
rabbit anti-MMP-1 antibodies, an amount which completely inhibits 100 nU of
MMP-1 activity. For assessment of MMP-13 activity, 100 mg of a rabbit poly-
clonal antibody against MMP-13 was bound to protein G-Sepharose (300 ml of
a packed gel). An aliquot (200 ml) of a mouth rinse sample was passed through
a microcolumn of 100 ml of packed resin bound with antibody or protein G-
Sepharose alone. The SBA activities before and after the column absorption
were compared.

Western blots. Enzyme samples in SB/DTT were electrophoresed in SDS-
PAGE 10% cross-linked polyacrylamide minigels for 1 h at 120 V. Proteins were
electrophoretically transferred onto nitrocellulose membranes overnight at 25
mA/gel. After blocking of nonspecific binding sites with 5% (wt/vol) BLOTTO,
membranes were incubated with primary antibody at RT for 1 h. Mouse mono-
clonal anti-MMP-8 was used at 5 mg/ml, while anti-MMP-1 antibody was used at
2 mg/ml and anti-MMP-13 was used at 2 mg/ml. An anti-mouse IgG1-HRP
conjugate was used at a 1/4,000 dilution to detect MMP-8, and an anti-rabbit
IgG-HRP conjugate was used at a 1/2,000 dilution for MMP-1 and MMP-13
blots. Proteins were visualized with ECL reagents, and the molecular weights of
immunoreactive bands for MMP-1, MMP-8, and MMP-13 were determined by
comparison with prestained molecular weight standards. Under the conditions
used, no immunoreactivity was observed in the absence of primary antibody.

TIMP-2 inhibition studies. The efficacy of MMP inhibition by human TIMP-2
was first determined by adding 25 and 75 ng of the inhibitor to 100 nU of
APMA-activated neutrophil collagenase and incubating the mixture for 1 h at
4°C before assaying the residual enzyme activity. To capture enzyme, 5 mg of
TIMP-2 that had been dialyzed against 0.1 M NaHCO3 buffer (pH 8.0) contain-
ing 0.5 M NaCl was coupled to ;55 mg of activated CH-Sepharose and incu-
bated for 4 h at 4°C. Ethanolamine (1 M) in 0.1 M Tris-HCl buffer (pH 8.0) was
used to block remaining active groups on the resin, and alternating washes with
basic (0.1 M Tris-HCl [pH 8.0], containing 0.5 M NaCl) and acidic (0.1 M acetate
[pH 4.0], containing 0.5 M NaCl) buffers were employed to remove nonco-
valently bound protein. Control resin was prepared by following the same steps
in the absence of TIMP-2. Enzyme samples containing 200 nU of collagenase
were incubated with TIMP-2 resin (20 ml), or the control resin, on a rotator at
4°C for 1 h. Following centrifugation of the resin, supernatants were tested by
Western blotting and SBA and compared to equivalent amounts of the original,
untreated samples. Enzyme complexed to TIMP-2 or control resins was eluted by
boiling the resin in SB/DTT for 5 min, and the eluates were tested by Western
blotting.

Collagen binding. Collagen films were made in 96-well tissue culture, or on
Reacti-Bind maleic anhydride-activated plates (Pierce) with 60 ml of bovine type
I collagen (Vitrogen 100) per well diluted to 1 mg/ml in phosphate-buffered
saline (PBS), pH 7.4. To promote fibril formation, the plates were incubated at
37°C for 1 h before drying them overnight at RT in a laminar flow hood. Control
wells were incubated with PBS and treated in the same manner. Films were
washed three times for 1 h with TBS to rehydrate the collagen and to remove
loosely bound collagen. Other plates were coated with the same amount of
monomeric collagen or heat-denatured collagen (gelatin) dried down from 60 ml
of 0.5 M acetic acid. Samples of MMP-8 from peripheral blood neutrophils (n 5
52) or from mouth rinse samples (n 5 16), with or without APMA activation,
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were applied in 50-ml volumes to individual wells and incubated for 2 h at 4°C to
minimize degradation of the collagen film and autocatalytic degradation of the
collagenase. After incubation, enzyme bound to the substrate was removed with
SB/DTT and analyzed on Western blots. Loss of enzyme activity in the super-
natant was determined by SBA. Approximately 20% of collagen and gelatin was
lost from the plates during the incubations as determined by Bio-Rad protein
assay.

Immunolocalization studies. Biopsy samples of inflamed gingival tissue (n 5
8) were obtained from periodontitis sites at the time of extraction, while control
samples (n 5 6) were taken from clinically healthy gingiva during the removal of
excess but normal tissue at the time of periodontal surgery. All specimens were
frozen in liquid nitrogen within a few minutes of excision and stored at 270°C
before being mounted on cryostat specimen holders with O.C.T. compound
(Miles, Inc., Elkhart, Ind.). Frozen sections, 8 mm thick, were fixed for 10 min at
RT with 2% paraformaldehyde. All subsequent procedures were performed at
RT. Sections were washed with PBS and permeabilized with 3% Triton in Ca21-
Mg21-free PBS. Nonspecific binding sites were blocked with 1% normal mouse
serum and 1% normal goat serum in PBS. After being washed once with PBS, the
sections were incubated with mouse monoclonal anti-MMP-8 antibody (100 mg
of IgG/ml of PBS) for 1 h and washed three times for 1 h with PBS. Fluorescein
isothiocyanate-labeled goat anti-mouse IgG was incubated for 1 h in the dark at
a 1/64 dilution in PBS. The sections were washed 3 times for 1 h with PBS, and
nuclei were stained with DAPI (49,6-diamidino-2-phenylindole; 1 mg/ml in 0.01%
Nonidet and PBS) for 2 min and washed once with PBS. Sections were covered
with Immunofluor, mounted, and examined immediately by epifluorescence mi-
croscopy. Fluorescence micrographs were made on Kodak high-speed TMX
P3200 film. With each series of tissue sections studied for MMP-8 immunolo-
calization, peripheral blood neutrophils or GCF samples were examined as
positive controls. Negative controls were cytospins of peripheral blood lympho-
cytes or neutrophils treated without primary antibody. Prior to immunostaining,
adjacent sections from all tissue specimens were stained with hematoxylin and
eosin for light microscopy and photography to assess the orientation of the
sample.

Statistical analysis. The Pearson correlation was used to determine the lin-
earity of relationships between assays. Means and standard errors of the means
were computed for groups when appropriate. Student’s t test was used to assess
the significance of the differences between SBA activities in control and diseased
populations in which single comparisons were made.

RESULTS

Collagenase activity in GCF. The relative amounts of active
and latent enzyme were examined in 50-ml samples of GCF
from patients with a clinically healthy periodontium, with gin-
givitis, or with periodontitis. In assays conducted without
APMA activation, collagenase activity was not detected in
GCF from control patients (n 5 25) whereas activity in sub-
jects with gingival inflammation but without bone destruction
was 23.6 6 7.9 nU (mean 6 standard error of the mean; n 5
17). Periodontitis patients (n 5 12) showed nearly sixfold-
higher levels of activity (138.4 6 29.2 nU; P , 0.001), and
approximately 80% of the total collagenolytic activity was in an
active form as shown by APMA activation of the latent en-
zyme. In contrast, there was a fivefold increase of activity in
samples from gingivitis subjects after APMA activation (i.e.,
only 20% of the enzyme was active before APMA treatment).

Identification of collagenases in GCF. The type of collage-
nase in GCF samples was determined by using rabbit antibod-
ies to inhibit MMP-1 and MMP-13 activities in GCF. Whereas
the MMP-1 antibody completely inhibited active collagenase
(463 nU) obtained from the culture medium of human gingival
explants, it had no effect on active MMP-8 from PMN prepa-
rations. The MMP-13 antibody bound to protein G-Sepharose
beads also showed no inhibitory effect on collagenase activity
in GCF as measured by the SBA. Since the MMP-1 and
MMP-13 antibodies did not affect collagenase activity in GCF
samples (n 5 9; mean 5 145 nU), the collagenolytic activity
detected in GCF samples most likely originated from neutro-
phils (Fig. 1). Western blots of GCF samples from healthy,
gingivitis, and periodontitis patients probed with anti-MMP-
13, anti-MMP-8, and anti-MMP-1 antibodies revealed no im-
munoreactivity for MMP-13 and negligible amounts of immu-
noreactive MMP-1 in periodontitis patients. In contrast, there

were significant amounts of MMP-1, migrating at 66 and 63
kDa, present in GCF of patients with gingivitis and healthy
controls (Fig. 2). Further, healthy patients had no detectable
MMP-8 in GCF, whereas GCF from periodontitis patients
contained significant amounts of MMP-8 migrating at 78 and
60 kDa (Fig. 2). Therefore, MMP-8 appeared to be the enzyme
responsible for most of the collagenolytic activity in GCF of
periodontitis patients.

Stability of MMP-8 in GCF. To determine whether the col-
lagenolytic activity in the GCF sample was altered during the
assay or during storage at 4°C, freshly prepared samples of
GCF and PMN supernatants were incubated at 4 and 22°C
over a 24-h period and aliquots were assessed for collageno-
lytic activity (Fig. 3). In both preparations, the enzyme activity
remained relatively stable over the first 4 h, especially in the
PMN samples. However, in both the GCF and PMN samples,

FIG. 1. Absence of MMP-1 activity in GCF samples. APMA-activated
MMP-8 from neutrophil preparations, MMP-1 from cultured fibroblasts, and
GCF samples from eight different periodontitis patients were incubated with
blocking antibody to MMP-1 (1) or distilled water (2) for 1 h and then tested
by SBA. Digestion patterns are shown above. Note that, in the MMP-1 sample,
activity was completely inhibited by the neutralizing antibody while the activity in
neutrophils (MMP-8) and in GCF samples remained unchanged.

FIG. 2. Immunoreactive MMP-1 and MMP-8 in GCF. Samples (10 ml) of
GCF from periodontitis and gingivitis patients without attachment loss were
tested by Western blotting for immunoreactive MMP-1 and MMP-8. In peri-
odontitis patients, MMP-8 predominates and is mostly present in a 60-kDa form
whereas MMP-1 is present in approximately equal amounts of 66- and 63-kDa
forms in gingivitis and healthy patients.
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between 4 and 24 h approximately 75% of the enzyme activity
was lost. Analysis of the samples by Western blotting over this
period did not reveal any changes in the relative densities of
the low- and high-molecular-mass species of immunoreactive
MMP-8.

Comparison of MMP-8 from GCF and that from neutro-
phils. To characterize the molecular forms of MMP-8 in GCF,
MMP-8 in the GCF of periodontitis patients was compared
with MMP-8 in PMN preparations on Western blots (Fig. 4).
As routinely observed for the GCF samples, antibodies to
MMP-8 revealed prominent bands at 78 and 60 kDa. In com-

parison, 89- and 70-kDa bands were present in the PMN su-
pernatant, with no bands corresponding to the major bands
detected in GCF. To determine the relationship between the
MMP-8 bands in the PMN preparations and the activation of
the latent enzyme released by the cells, the relative amounts of
active and latent collagenase activities were first determined in
supernatants of PMNs that had been previously stimulated
with phorbol ester (PMA) in the presence or absence of so-
dium azide, an inhibitor of endogenous myeloperoxidase ac-
tivity (35). The stimulation with PMA was performed imme-
diately after the addition of sodium azide. In the absence of
sodium azide, collagenase activity was increased by 5 to 10%,
and in a few cases by over 50%, as detected by SBA (data not
shown). Pretreatment with APMA converted the latent en-
zyme to an active form and increased collagenase activity two-
fold with a conversion of ;50% of the 89-kDa form of MMP-8
to a 70-kDa form (Fig. 5). PMN preparations incubated at RT
in the presence or absence of sodium azide for 2, 4, and 19 h
before stimulation with PMA showed that after 4 h, enzyme
activity in the presence of sodium azide was undetectable (Fig.
5) whereas treatment with APMA and sodium azide pretreat-
ment produced a fourfold increase of activity (from 100 to 400
nU). The increase in collagenolytic activity was again consis-
tent with the appearance of the 70-kDa immunoreactive band
on Western blots. However, after incubation of preparations
for 19 h in sodium azide, much of the original enzyme activity
(without APMA activation) was lost, as observed in the stabil-
ity experiments.

TIMP-2 capture of active MMP-8. Although the generation
of the 70-kDa band in PMN preparations activated with PMA
or APMA was consistent with the appearance of active en-
zyme, neutrophils from different donors exhibited wide varia-
tions in both collagenolytic activity and the relative amounts of
the 89- and 70-kDa forms analyzed by Western blotting (data
not shown). Also, despite similar densities of the 60-kDa
MMP-8 between different GCF samples, there was a wide
variability in collagenolytic activity. Indeed, the collagenolytic
activity of GCF samples did not correlate with densitometric
measurements of the immunoreactive 60-kDa MMP-8 band
(Pearson correlation, r2 5 0.028; n 5 53), presumed to be the
activated form of the enzyme. In view of these findings, we
further investigated the active forms of the enzymes in the
PMN and GCF samples by using TIMP-2 to identify the active
species. A TIMP-2 capture experiment in which the active
MMP-8 enzyme was bound to TIMP-2 that had been immobi-

FIG. 3. Stability of neutrophil and GCF MMP-8. MMP-8 from a neutrophil
preparation (top) and that from a GCF sample (bottom) were incubated at 22 or
4°C for various periods in collagenase assay buffer. Collagenolytic activity was
assayed by SBA after incubation. The figure shows one example of neutrophil
preparation and one of GCF that were typical of the total of 19 separate samples
that were tested. In each case, the enzyme was initially stable in the first few
hours and then rapidly lost activity.

FIG. 4. MMP-8 molecular mass in neutrophils and GCF. Naturally activated
collagenase obtained from a neutrophil preparation and a GCF sample from a
periodontitis patient were electrophoresed on 10% SDS gels. The blots were
probed with a mouse monoclonal anti-MMP-8 antibody. Note that MMP-8
species in GCF migrate faster on SDS gels than does MMP-8 in neutrophil
preparations. The 89- and 78-kDa bands represent latent MMP-8, whereas the
70- and 60-kDa bands represent active MMP-8. In the GCF, further fragmen-
tation of the 60-kDa species is evident with the appearance of a 55-kDa immu-
noreactive band.

FIG. 5. Natural activation of MMP-8 by oxidants released from neutrophils.
Neutrophils were stimulated with PMA in the presence of sodium azide. Super-
natants containing MMP-8 were treated with 1 mM APMA or the same volume
of water, and samples were assayed by SBA and Western blotting (WB). There
was no active MMP-8 in supernatants of neutrophils stimulated in the presence
of sodium azide. In the absence of sodium azide, oxidant-activated MMP-8 was
released and was associated with the appearance of a lower-mass (70-kDa)
fragment. APMA activation further increased the enzyme activity and converted
the 89-kDa form to the 70-kDa form.
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lized onto Sepharose beads was performed. Preliminary exper-
iments revealed that addition of the TIMP-2 beads effectively
blocked collagenase activity in both PMN and GCF samples,
whereas control resin was without effect, indicating that the
immobilized TIMP could remove active enzyme quantitatively
from the samples. Western blot analysis of the supernatants
remaining after removal of the TIMP-2 beads from the sam-
ples by centrifugation showed a dramatic and selective reduc-
tion in the 70- and 60-kDa bands from the PMN and GCF
samples, respectively, although the proteins were not com-
pletely removed (Fig. 6). Further, we demonstrated that
TIMP-2 selectively removed the 70- and 60-kDa bands by
Western blot analysis of the material bound to the resin (Fig.
6).

Immunolocalization of MMP-8 in diseased tissues. To de-
termine whether the collagenase detected in GCF of periodon-
titis patients was related to the collagenase in the diseased
tissues where destruction occurs, immunolocalization studies
for MMP-8 were carried out. In cytospin preparations stained
with anti-MMP-8 antibodies, neutrophils were strongly stained
intracellularly, but no significant immunoreactivity was ob-
served for lymphocytes or neutrophils treated with secondary
antibody alone (Fig. 7A and B). In specimens taken from
healthy sites that did not exhibit clinical signs of inflammation,
there were only sparse numbers of inflammatory cells, and
these did not stain for MMP-8 (Fig. 7C and D). In contrast, all
sections of severely inflamed gingival tissue obtained from
around teeth with advanced periodontitis demonstrated a large
number of inflammatory cells with strong immunoreactivity to
the MMP-8 antibody (Fig. 7E and F). Although the spatial
distribution of the staining varied between clinical samples, the
immunoreactive MMP-8 frequently exhibited two patterns. In
one, the enzyme was spatially associated with dense clusters of
inflammatory cells (Fig. 7E), whereas in the other pattern the
enzyme was localized throughout the tissue and appeared to be
associated with the connective tissue matrix (Fig. 7G) visual-
ized by hematoxylin and eosin staining (Fig. 7H). Since the

antibody recognizes both the latent and active forms of
MMP-8, both forms of the enzyme could be present in the
tissues.

Collagen binding. Since the immunohistochemical results
demonstrated that MMP-8 was localized throughout the con-
nective tissue matrix of diseased tissues, we studied the binding
of MMP-8 to collagen, which could influence the amount of
the MMP-8 that was detectable in the GCF. Binding of both
APMA-treated PMN samples and GCF samples to plates in-
cubated with buffer alone was undetectable. However, Western
blot analysis showed that when GCF containing either active or
latent enzyme was added to each well of a plastic plate coated
with type I fibrillar collagen, only the low (60-kDa) active form
of collagenase bound to the collagen (Fig. 8A). Similarly, when
samples of latent and APMA-activated MMP-8 from PMNs
were applied to wells coated with type I fibrillar collagen, only
the low (70-kDa) active form of collagenase bound to collagen
(Fig. 8B). Incubation of enzyme on collagen plates decreased
collagenase activity in the supernatants by approximately 50%
after the first incubation; complete loss of enzyme activity was
noted only after four consecutive incubations on fresh collag-
en-coated wells, suggesting that the binding was weak. Enzyme
binding to collagen fibrils was ;1.5-fold higher than that with
monomeric collagen and 3-fold higher than that with dena-

FIG. 6. TIMP-2 capture of active MMP-8 fragments. A neutrophil prepara-
tion and a GCF sample from a periodontitis patient were incubated with 20 ml
of TIMP-2 resin or control resin at 4°C for 1 h. Supernatants were electropho-
resed on SDS–10% PAGE gels, and blots were probed with a mouse monoclonal
antibody to MMP-8. Pre inc, sample before incubation with TIMP-2 resin. The
low-mass (70-kDa and 60-kDa) forms were removed by the resin and later eluted
from the resin by being boiled with SB/DTT, showing that only the low-mass
fragment was captured by the TIMP-2 resin.

FIG. 7. Localization of immunoreactive MMP-8 in connective tissue. (A)
Cytospin preparation of peripheral blood neutrophils showing immunoreactive
collagenase. (B) Cytospin preparation of lymphocytes showing no significant
immunoreactivity. (C) Healthy tissue section stained with DAPI. (D) Same field
as shown in panel C stained with anti-MMP-8 and fluorescein isothiocyanate-
conjugated secondary antibody. (E) Severely inflamed tissue section stained with
DAPI. (F) Same field as shown in panel E stained with anti-MMP-8. (G) In-
flamed tissue specimen from a different subject stained with anti-MMP-8. (H)
Comparable field in an adjacent section stained with hematoxylin and eosin
shows the location of collagen matrix.
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tured collagen (Fig. 8C). These differences in binding were not
due to loss of collagen or gelatin from the plates, which was
minimal in each case, and appear to reflect the affinity of the
collagenase for the different forms of collagen.

DISCUSSION

Consistent with previous studies, collagenase activity was
positively associated with the severity of periodontal disease
(16, 17), and MMP-8 accounted for most of the collagenase
activity in adult periodontitis patients (22, 30). While latent
MMP-1, in addition to latent MMP-8, was found in the mouth
rinses of gingivitis and clinically healthy patients on immuno-
blots, MMP-13 could not be detected. Activation of MMP-8
most likely occurs in the tissues or GCF, as no activation was
observed on storage of mouth rinse samples or during enzyme
activity assays. Active MMP-8 was bound preferentially to col-
lagen fibrils and likely represents the enzyme immunolocalized
in the matrix of diseased tissue. The predominant form of
active MMP-8 in GCF migrated on SDS-PAGE with a size of
60 kDa and appears to be generated from a 78-kDa latent
MMP-8, contrasting with the 70-kDa active and 89-kDa latent
forms of MMP-8 obtained from freshly isolated and activated
PMNs. The variability in the specific activity of the enzyme in
the putative active bands from GCF and PMNs is indicative of
multiple forms of activated and latent MMP-8 within these
bands.

Multiple collagenases in GCF. A critical finding for the
validity of the observations made in our study was that MMP-8
is the major collagenase in GCF of periodontitis patients.
Based on the SBA data, the collagenolytic activity in GCF
samples could be due to at least three human collagenases:
MMP-1, MMP-8, and MMP-13. Since some MMP-1, in addi-

tion to MMP-8, was evident in samples from gingivitis and
healthy patients when analyzed by immunoblotting, we used a
neutralizing antibody to block MMP-1 activity in SBAs. While
the antibody effectively blocked MMP-1 activity in conditioned
medium from human gingival explants, it did not affect activ-
ities in GCF samples. The possibility that MMP-13, a recently
characterized collagenase (5), contributes to the collagenolytic
activity in GCF was also considered, since MMP-13 is ex-
pressed in inflamed periodontal tissues, where it is primarily
associated with basal epithelial cells and suprabasal epithelial
cells juxtaposed to the gingival sulcus (31), and also appears in
sulcal fluid (7). However, we could not detect this enzyme by
immunoblotting in mouth rinse samples, indicating that the
levels of MMP-13 in GCF must be very low relative to those of
MMP-1, and especially those of MMP-8. Further, immunoad-
sorption of MMP-13 did not affect collagenolytic activities in
SBA analyses (results not shown). Although we did not at-
tempt to block the MMP-8 with an inhibitory antibody, the
data presented here and previous reports (6, 8, 17, 22, 30)
indicate that most of the collagenolytic activity in the GCF of
adult periodontitis patients is derived from MMP-8. Notably,
there is the possibility that cells other than neutrophils may
produce MMP-8 (9), and it is conceivable that endothelial cells
could, for example, contribute to a small part of the enzyme
activity that was measured. Finally, it is possible that gelatinase
A (MMP-2) could contribute to the collagenase activity re-
ported here, but our previous data (22) indicate that MMP-2 is
a very minor component of GCF and that its activity against
native collagen is limited, suggesting that the relative contri-

FIG. 8. (A) Analysis of active and latent forms of MMP-8 from GCF that
bind to collagen. GCF from a patient containing ;460 nU of enzyme activity
(panel 1) and GCF from a patient containing no active enzyme (panel 2) were
analyzed. Aliquots (50 ml; neat) of GCF from both patients were applied to each
well of a Reacti-Bind plate coated with monomeric collagen (lanes a) or Tris
(control; lanes b) or a plastic plate incubated with type I fibrillar collagen (lanes
c) and allowed to bind for 2 h at 4°C. Lanes d show initial collagenase activity
prior to incubation. MMP-8 activity remaining in the supernatants was measured
by SBA, and the molecular mass of the MMP-8 species which was bound to the
collagen film as well as of that which remained in the supernatant was examined
by Western blotting. There is abundant binding of active MMP-8 preferentially
to fibrillar collagen and only limited binding of latent enzyme. (B) Analysis of
active and latent forms of neutrophil collagenase binding to collagen. MMP-8
from purified neutrophils containing no natural activity was APMA activated.
Aliquots (50 ml) of both the latent and activated enzyme were applied to each
well of a plastic plate coated with either type I fibrillar collagen or Tris (control)
and allowed to bind for 2 h at 4°C. The molecular mass of the MMP-8 species
which was bound to the collagen film as well as of that which remained in the
supernatant was examined by Western blotting. Note that the low (70-kDa)
active form of collagenase but not the latent form binds to collagen. (C) Binding
of collagen to different collagen substrates. Active MMP-8 from peripheral blood
neutrophils was applied in 50-ml volumes to wells of plastic plates coated with
either Tris (controls), denatured collagen (0.8 mg/ml), or type I collagen (mono-
mers or fibrils; 0.8 mg/ml). Collagenase was incubated for 2 h at 4°C. MMP-8
activity in the supernatants was measured by SBA, and the percentage of initial
enzyme activity lost after incubation is shown.
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bution of MMP-2 toward the total collagenase activity was
small.

The predominance of MMP-8 in GCF of periodontitis pa-
tients is consistent with the increased number of PMNs re-
cruited to the periodontal tissues as part of the inflammatory
response and suggests that neutrophil hyperresponsiveness in
some subjects may contribute to tissue destruction in periodon-
tal disease similar to the destruction that occurs in systemic
disorders such as emphysema (34). In comparison, MMP-1 and
MMP-13 appear to be associated with tissue remodelling in
chronic wounds (13, 28, 32). These collagenases are, therefore,
potential markers of repair in diseased periodontal tissues.
Thus, while MMP-1 concentrations in periodontitis patients
analyzed by Western blotting were negligible, immunoreactive
MMP-1 was detected in healthy patients who exhibited no
collagenolytic activity as analyzed by SBA. These findings
agree with previous data in the literature which show immu-
nolocalization of MMP-1 in gingival tissues of healthy patients
(19) but not in diseased tissues (10). In comparison, our own
immunolocalization studies showed abundant MMP-8 in gin-
gival tissues of patients with periodontitis and its absence in
healthy tissues, as observed in previous studies (10, 37).

Collagen binding. Based on the pattern of distribution of
MMP-8 in diseased tissue and our knowledge that active en-
zyme is present in GCF during progressive periodontitis, we
examined the relationship between binding and availability of
the MMP-8 in the GCF and its activity. Our results showed
that the major activated species of the PMN (70 kDa) and
GCF-derived MMP-8 (60 kDa) can preferentially bind to
fibrillar collagen. Selective binding of active MMP-8 to colla-
gen affinity columns has been observed earlier by Knauper et
al. (14), who also postulated that the binding site of neutrophil
collagenase for triple-helical collagen consists of parts of the
catalytic and C-terminal domains (15). While the preferential
binding suggests that the active enzyme would be retained in
the diseased tissue matrix where it can initiate collagenolysis, it
is evident from the incomplete binding of MMP-8 in the pres-
ence of a vast excess of collagen that the binding affinity is not
strong. Further, the presence of glycoproteins such as fibronec-
tin that coat collagen fibrils in vivo may alter the affinity of
MMP-8 binding, and the use of collagen films as models for
MMP-8 binding in inflamed tissues is imperfect. However, it is
likely that in inflamed tissues collagen-coating proteins would
be removed prior to degradation, a requirement for degrada-
tion to occur. Thus, in inflamed tissues, MMP-8 binding to
collagen is likely to occur at some point in the inflammatory
process. Saturation of collagenolytic active MMP-8 in diseased
tissues would likely be reached at low levels of enzyme, con-
sistent with its appearance as overflow in the GCF. In this
regard, the lack of any detectable activation of MMP-8 follow-
ing the collection of mouth rinse samples indicates that acti-
vation takes place within the tissues or in the GCF.

MMP-8 species. The finding that the sizes of MMP-8 species
in GCF were smaller than those of the latent and APMA-
activated forms of MMP-8 obtained directly from PMNs indi-
cates that additional proteolytic processing of MMP-8 occurs
in diseased periodontal tissue. A residual 60-kDa band de-
tected on immunoblots indicates that some latent or inactive
MMP-8 is also present in this band. Notably, the appearance of
the band was not due to saturation of TIMP-2, which binds to
active MMP-8 with a 1:1 stoichiometry (36), since virtually all
of the MMP-8 activity had been captured. Moreover, the pres-
ence of latent inactive enzyme in the 60-kDa bands is unlikely
to be the result of complexing of active enzyme to TIMP in
GCF since the levels of TIMP-1 and TIMP-2, measured by
immunoblotting, were ,1% of that required to inhibit the

MMP-8 in GCF samples. The presence of latent MMP-8, to-
gether with variation in the specific activity of active 60-kDa
MMP-8, due to small differences in the length of the MMP-8,
can account for the poor correlation between the amount of
the 60-kDa form observed on Western blotting and enzyme
activity measured by SBA (14). The proteolytic processing
generating the multiple MMP-8 species can be attributed to
the activity of factors present in GCF, since there was a lack of
enzyme processing or enzyme activation during storage or as-
say of the GCF samples. The existence of these processed
forms of MMP-8 in GCF from periodontitis patients could be
of significant biological importance, since it would appear that
these smaller MMP-8 species can be more efficiently activated.
Also, superactivated species of MMP-8 in GCF may be char-
acteristic of more severe cases of periodontitis in which there
is extensive degradation of periodontal tissues.

Although there is a large discrepancy in the sizes of active
and latent MMP-8 described in the literature, with values rang-
ing from 85 kDa (12) to 58 kDa (33), the MMP-8 species
observed by immunoblotting in our study were within this
range. Notably, the difference in molecular weight between
MMP-8 from PMN preparations and that in GCF samples that
we observed has not been reported previously. Indeed, West-
ern blot analysis of MMP-8 species obtained from PMNs and
from GCF samples, collected with filter paper strips, revealed
similar sizes for both the PMN and GCF MMP-8 (24, 25).
However, while the MMP-8 present in GCF and from purified
neutrophils had a molecular mass of ;80 kDa, it was shown in
a subsequent study (26) that the MMP-8 present in dental
plaque had a molecular mass of 58 kDa, a size comparable to
the 60-kDa MMP-8 identified in GCF samples in our study.
The smaller size of MMP-8 in dental plaque may be due to
proteolytic fragmentation by bacterial enzymes.

Notably, some of the 58-kDa MMP-8 observed in dental
plaque was suggested to be in a latent form (26), and the
58-kDa form of latent MMP-8 has been identified by Van Wart
(33). Van Wart (33) also showed that after activation of both
a 58-kDa and a 75-kDa MMP-8 species by the same reagents,
the 58-kDa form yielded fivefold-higher collagenolytic activity
than a 75-kDa form of latent MMP-8 isolated from freshly
harvested neutrophils. These data indicate that partially pro-
cessed, smaller species of latent MMP-8 may be more effi-
ciently activated. Conceivably, superactivated species of
MMP-8 are present in GCF samples from patients with peri-
odontitis, especially from those who demonstrated extremely
high collagenolytic activity. While there is evidence that bac-
terial enzymes can also activate MMPs (4, 21, 27), it has also
been shown that Porphyromonas gingivalis can catalyze the
superactivation of MMP-8 by stromelysin (3). Notably, strome-
lysin can superactivate an ;70-kDa MMP-8 intermediate, gen-
erated by truncation of the amino terminus by trypsin cleavage,
producing a 64-kDa superactivated form of MMP-8 (15). This
provides a potentially important link between periodonto-
pathic bacteria such as Treponema denticola and P. gingivalis
and their ability to activate MMPs. Thus, both host-cell-de-
rived and microbial proteases have the potential to participate
in the in vivo activation cascades that lead to periodontal tissue
destruction.

Based on the results of the studies described above, the
60-kDa band that we identified in GCF samples may be com-
posed of latent, active, or superactivated species of MMP-8. As
C-terminal deletions result in loss of activity, the variations in
specific activity of the 60-kDa enzyme in different GCF sam-
ples are anticipated to arise from N-terminal cleavages. While
it would be necessary to separate the 60-kDa species to provide
definitive proof, the rapid activation of the partially processed
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78-kDa latent enzyme by bacterial or host enzymes could ex-
plain the preponderance of the 60-kDa MMP-8 in GCF sam-
ples.
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