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Porphyromonas gingivalis
affects host collagen
degradation by affecting
expression, activation, and
Inhibition of matrix
metalloproteinases

Zhou J, Windsor L. J: Porphyromonas gingivalis affects host collagen degradation
by affecting expression, activation, and inhibition of matrix metalloproteinases.
J Periodont Res 2006; 41: 47-54. © Blackwell Munksgaard 2005

Objective: Studies have shown that Porphyromonas gingivalis and host matrix
metalloproteinases (MMPs) play important roles in the tissue destruction associ-
ated with periodontal disease. It is still unclear which MMPs or their inhibitors are
regulated by P. gingivalis at the transcriptional and/or at the protein levels.
Therefore, this study was conducted to determine what effects P. gingivalis
supernatant has on the collagen degrading ability of human gingival fibroblasts
(HGFs) and how it regulates the activation, mRNA expression, and inhibition of
MMPs.

Methods: Culture supernatant from P. gingivalis ATCC 33277 was added to HGFs
cultured in six-well plates coated with Type I collagen. At certain time intervals,
the cell conditioned media was collected for zymography and/or western blot ana-
lyses to determine the MMP and tissue inhibitor of MMPs (TIMP) protein levels.
The cells were then removed and the collagen cleavage visualized by Coomassie blue
staining. The mRNA expression of multiple MMPs and TIMPs by the treated and
untreated HGFs was determined by reverse transcription—polymerase chain reaction.

Results: The collagen in the six-well plates was degraded more rapidly by the
HGFs treated with 10% v/v P. gingivalis supernatant. More active MMP-1,
MMP-2, MMP-3, and MMP-14 were detected in the conditioned media from the
HGFs treated with the P. gingivalis supernatant. TIMP-1, but not TIMP-2, was
decreased in the presence of the P. gingivalis supernatant. MMP-1 mRNA
expression by the treated HGFs increased more than two-fold over the untreated
HGFs. MMP-3 mRNA was unchanged, MMP-2 mRNA had a slight increase,
MMP-14 mRNA decreased, and MMP-15 increased. MMP-12 mRNA was in-
duced in the P. gingivalis treated HGFs. TIMP-1 and TIMP-2 mRNA had a slight
increase with P. gingivalis treatment.

Conclusion: Porphyromonas gingivalis increased the collagen degrading ability of
HGFs, in part, by increasing MMP activation and by lowering the TIMP-1 protein
level, as well as by affecting the mRNA expression of multiple MMPs and TIMPs.
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Periodontal disease has been recog-
nized to be due, in part, to the altered
regulation of proteolytic activity.
Matrix metalloproteinases (MMPs) are
a group of zinc-dependent endopep-
tidases that include collagenases,
gelatinases, stromelysins, membrane-
associated MMPs, and other MMPs
(1). MMPs play important roles in the
turnover of connective tissue in both
physiological and pathological condi-
tions (2). Several members of the MMP
family have been shown to be involved
in periodontal tissue destruction and
these include MMP-1, MMP-2, MMP-
3, MMP-8, MMP-9, and MMP-13 (2
10). Tissue inhibitors of MMPs
(TIMPs) are important endogenous
inhibitors of the MMPs (11). They are
a family of low molecular mass inhib-
itors secreted by various cell types and
are found in most body fluids and
tissues. They bind specifically to the
active sites of the MMPs and maintain
the equilibrium between synthesis and
degradation of the extracellular matrix
(11, 12).

Studies have shown that host colla-
gen degradation and some MMP levels
are regulated by periodontal bacteria
and their products. Dental plaque ex-
tracts have been observed to be able to
influence the proteinases released from
host cells (13) and to activate human
fibroblast-type and neutrophil procol-
lagenases (5). Porphyromonas gingivalis
is regarded as one of the major perio-
dontal pathogens (14). It is a Gram-
negative, anaerobic, non-motile, and
non-sporulating coccobacillus  (15).
These bacteria produce various viru-
lence factors that allow them to survive
in the hostile environment of the gin-
gival sulcus or the periodontal pocket
by evading the host antimicrobial def-
enses.

Porphyromonas gingivalis has been
reported to affect the release and acti-
vation of certain MMPs from perio-
dontal fibroblasts (16-19). Live
P. gingivalis bacteria (5, 20), sonicated
P. gingivalis bacterial extracts (21),
and P. gingivalis outer membrane
extracts (20) can activate certain pro-
MMPs and/or regulate their mRNA
expression levels.  Porphyromonas
gingivalis supernatant, which contains
numerous virulence factors, has been

reported to stimulate epithelial and
foreskin fibroblast cells to degrade an
underlying collagen Type I fibril bed
(16, 22) and to increase the expression
and activation of certain MMPs from
the host cells (17, 18, 23). Nevertheless,
it is still not clear which MMPs are
regulated by these bacteria at the level
of protein activation and at the level of
mRNA expression, as well as how the
TIMPs are affected. It has been dem-
onstrated that the mRNA of some
MMPs such as MMP-1, MMP-3, and
MMP-14 are up-regulated by P. gin-
givalis (18, 23), yet the mRNA profiles
for these and other MMPs in human
gingival fibroblasts (HGFs) in the
presence of P. gingivalis have not yet
been examined.

Therefore, this study was conducted
to determine the effects that P. gingi-
valis supernatant has on the collagen
degrading ability of HGFs and on the
expression of multiple MMPs and
TIMPs at the protein and mRNA lev-
els. This study extends our under-
standing of the role(s) that MMPs,
TIMPs, and P. gingivalis play in the
pathogenesis of periodontal disease.

Materials and methods

Cell culture

HGFs were cultured from explants of
clinically healthy gingival connective
tissue removed from patients under-
going crown lengthening surgery at
Indiana University School of Dentistry
with Institutional Review Board
approval. The tissue was transported
from the clinic to the laboratory in
phosphate-buffered saline solution,
washed with 70% ethanol, and rinsed
in phosphate-buffered saline to remove
the ethanol. The washing and rinsing
steps were repeated and then the tissue
was minced into small fragments of
approximately 1 mm?>. The tissue pie-
ces were then placed in cell culture
dishes, air-dried, and incubated for 5—
7 days at 37°C and 5% CO, in low
glucose (1 g/I) Dulbecco’s modified
Eagle’s (DME) media (Hyclone, Logan,
UT, USA) supplemented with 15%
fetal bovine serum, 4 mm L-glutamine,
100 U/ml penicillin, 50 pg/ml gentam-
icin, and 2.5 pg/ml fungizone. The cells

that grew out of the explants were
subcultured and maintained. Cells at
passage 3-8 were utilized in the
experiments.

Bacterial growth and the collection of
the culture supernatant

The P. gingivalis ATCC 33277 super-
natant was provided as a gift from Dr
M. Lantz (Michigan University School
of Dentistry, Ann Arbor, MI, USA).
Porphyromonas gingivalis ATCC 33277
was maintained on enriched trypticase
soy agar plates containing 3% sheep
blood. Cultures were grown in brain
heart infusion broth containing 1 mg/
ml of cysteine, 5 pg/ml of hemin, and
0.5 pg/ml of menadione (supplemented
brain heart infusion broth). Cultures
were incubated in an anaerobic cham-
ber (Coy Laboratories, Ann Arbor,
MI, USA) with an atmosphere of 85%
nitrogen, 10% hydrogen, and 5% car-
bon dioxide. When the bacterial
growth yielded an ODggy of 1.0-1.2,
the culture supernatant was harvested
by centrifugation at 13,000 g for
20 min at 4°C. The collected superna-
tant was filtered twice through 0.2 um
membranes and then stored at —20°C.

Collagen degradation

The collagen degrading ability of HGFs
was determined with a reconstituted
collagen Type I assay system previously
described by Birkedal-Hansen et al.
(22). Briefly, rat tail tendon Type I
collagen was dissolved in 13 mm HCI
and then mixed rapidly on ice with one-
fiftth volume of a neutralizing phos-
phate buffer (40 ml of 0.2 m NaH,PO,/
Na,HPO, buffer, pH 7.4, 40 ml 0.1 m
NaOH, 8.3 ml 5wm NaCl) to yield a
final collagen concentration of 300 pg/
ml. Aliquots of 1.5 ml/well (450 pg
collagen/well) were dispensed in six-
well plates and incubated at 37°C for
2 h. The collagen gels were dehydrated
overnight in a laminar flow hood,
washed three times for 30 min with
sterile water, and then air-dried in the
hood. HGFs were detached with 0.25%
trypsin (Invitrogen, Carlsbad, CA,
USA), pelleted, resuspended in serum-
free DME medium, and then seeded
as single colonies (50,000 cells/well)



in the center of six-well plates coated
with collagen. After the cells attached,
2 ml serum-free DME medium con-
taining different dilutions (1-10% v/v)
of P. gingivalis supernatant was added
to each well. Serum-free medium,
medium containing 10% bacteria
growth media, and medium containing
10% denatured P. gingivalis superna-
tant (by boiling at 100°C for 15 min)
were utilized as experimental controls.
After certain experimental periods
(1-6 days), the conditioned media from
the HGF cells was collected for
zymography before the cells were
removed with 500 pl of 0.1% Triton
X-100 and 200 pl of 0.25% trypsin
(Invitrogen). The wells were then
stained with Coomassie blue to visual-
ize the collagen cleavage. The experi-
ments were repeated three or more
times.

Gelatin zymography

The conditioned HGF media was
mixed with non-reducing loading buf-
fer (without B-mercaptoethanol) and
resolved at 200 V in 10% sodium
dodecyl sulphate—polyacrylamide gel
electrophoresis  (SDS-PAGE) gels
copolymerized with 1 mg/ml gelatin.
The gels were then washed with solu-
tion 1 (50 mm Tris, pH 7.5, 3 mm
NaNj, 2.5% Triton X-100), solution 2
(50 mm Tris, pH 7.5, 3 mm NalNj,
5 mm CaCly, 1 um ZnCl,, 2.5% Triton
X-100), and solution 3 (50 mm Tris,
pH 7.5, 3 mm NaNj, S mm CaCl,, 1
uMm ZnCl,) for 20 min each. The gels
were then incubated in fresh solution 3
at 37°C overnight and stained with
Coomassie blue to visualize the pro-
teolytic bands. The experiments were
repeated three or more times.

Western blot analyses

HGFs were cultured for 48 h with or
without 10% v/v P. gingivalis super-
natant. The cell conditioned media was
collected and concentrated 16-fold
with a Centricon-10 (Millipore, Bed-
ford, MA, USA). The concentration of
the total protein in the concentrated
media was determined according to the
Bio-Rad Protein Assay protocol (Bio-
Rad Laboratories, Hercules, CA,
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USA). The same amount of total pro-
tein of untreated and P. gingivalis
treated concentrated media was
resolved in 10% SDS-PAGE gels at
200 V. The proteins on the gels were
transferred to nitrocellulose mem-
branes at 0.3 A for 1 h using blotting
buffer (25 mm Tris-HCl, pH 8.3,
192 mm glycine, and 10% methanol).
The membranes were then incubated in
5% milk in phosphate-buffered saline
solution with 0.1% Tween-20 (pH 7.4)
for 1 h to block non-specific binding.
The membranes were then incubated
with primary antibodies at 4°C for
overnight. Antibodies used in this
study were monoclonal Ab-5 (5 pg/ml,
Clone III12b, NeoMarkers, Fremont,
CA, USA) for MMP-1, monoclonal
Ab-2 (5 pg/ml, Clone VB3, NeoMark-
ers) for MMP-2, monoclonal Ab-2
(5 pg/ml, Clone IID4, NeoMarkers)
for MMP-3, polyclonal Ab 815
(0.3 pg/ml, Chemicon, Temecula, CA,
USA) for MMP-14, polyclonal Ab
2315 (5 pg/ml, a gift from Dr K.
Bodden, Mobile, AL, USA) for TIMP-
1, and monoclonal Ab-2 (5 pg/ml,
Clone IC3, NeoMarkers) for TIMP-2.
The membranes were then washed
three times with phosphate-buffered
saline with Tween and incubated with
anti-mouse or anti-rabbit secondary
antibodies (Amersham, Piscastaway,
NJ, USA) for | h at room temperature.
The membranes were then developed
with the ECL™ kit (Amersham)
according to the manufacturer’s pro-
tocol. The western blot analyses for
each MMP and TIMP were repeated
three to five times.

Direct degradation of the tissue
inhibitors of matrix
metalloproteinases by
Porphyromonas gingivalis
supernatant

The ability of P. gingivalis superna-
tant to digest TIMP-1 and TIMP-2
was determined. TIMP-1 was purified
as described by Bodden ez al. (24).
Recombinant human TIMP-2 was a
gift from Dr H. Birkedal-Hansen
(Bethesda, MD, USA). The TIMPs
(10 pg/ml) were incubated with or
without 10% v/v P. gingivalis super-
natant at 37°C for 0-24 h in 50 mm

Tris, pH 7.4, 02wm NaCl, 5mwm
CaCl,, 1um ZnCl,, with 15 mm
NaN;. To determine the role of the
cysteine proteinases (gingipains) in
the P. gingivalis supernatant in this
degradation, the cysteine proteinase
inhibitor E64 (L-3-carboxy-2,3-trans-
epoxypropionyl-leucylamido(4-guani-
dino)-butane, 0.1 mm) was pre-incu-
bated with the P. gingivalis super-
natant for 15 min at 37°C and then
added to TIMP-1 (10 pg/ml). It was
then incubated at 37°C for 0-24 h.
The samples were added to 2 x elec-
trophoresis  loading dye  (with
B-mercaptoethanol), resolved in 15%
SDS-PAGE gels by electrophoresis at
200 V, and then blotted to nitrocel-
lulose membranes for western blot
analyses. The experiments
repeated three or more times.

were

Reverse transcription—polymerase
chain reaction

To determine the mRNA levels of
multiple MMPs and TIMPs expressed
by HGFs treated with or without
10% P. gingivalis supernatant for
48 h, total RNA was extracted using
the Qiagen RNeasy mini kit (Qiagen,
Valencia, CA, USA). Polymerase
chain reaction (PCR) primers as pre-
viously described (25, 26) and mRNA
were mixed with the Qiagen OneStep
reverse transcription (RT)-PCR mix
(Qiagen) according to the manufac-
turer’s protocol. RT-PCR  was
performed using a Bio-Rad iCycler
(Bio-Rad  Laboratories).  Reverse
transcription was accomplished at
50°C for 30 min and then terminated
at 95°C for 15 min. PCR was then
performed for 30 cycles with dena-
turation at 95°C, annealing at 50°C,
and extension at 72°C for 1 min each.
The RT-PCR products were then
resolved in 1% (w/v) agarose gels at
120 V, stained with ethidium bro-
mide, and photographed under ultra-
violet light. For estimation of the
PCR  results, the photographs
obtained from transillumination were
scanned and analyzed by NIH Scion
Image program (Version 1.62). At
cycle 30, the RT-PCR products
produced by these primers are still
in the linear range (L. J. Windsor,
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unpublished data). The cyclophilin
band was set as the baseline and was
then compared to each MMP band to
obtain the relative expression level of
each MMP or TIMP. The relative
expression levels between the P. gin-
givalis treated and untreated cells
were then determined.

Results

Collagen degradation

P. gingivalis supernatant at dilutions
greater than 5% v/v was able to in-
crease the collagen degrading ability of
the HGFs, which was evident by the
fact that all the collagen in the wells
was cleaved by day 4 (data not shown).
In the 6-day collagen degradation as-
says, progressive dissolution of colla-
gen was observed only underneath the
cell colonies in the wells with untreated
HGFs (Fig. 1A). In the wells with
10% P. gingivalis supernatant treated
HGFs, all the collagen in the well was
cleaved by day 4 (Fig. 1A). When the
P. gingivalis supernatant was dena-
tured by heat, there was no increase in
collagen degradation and the amount
of collagen degradation observed was
similar to that mediated by the un-
treated HGFs (Fig. 1B). No collagen
degradation could be observed with
10% P. gingivalis supernatant alone
(Fig. 1B).

Gelatin zymography

Gelatinase-A (72/67 kDa) bands were
detected in the P. gingivalis treated and
untreated HGF conditioned media
when the samples were loaded with
non-reducing dye (Fig. 2). It was ob-
served that with the addition of 1%
and 10% P. gingivalis supernatant in
the media, two proteolytic bands of
approximately  57/52 kDa  (latent
MMP-1) weakened and two bands
around 47/42 kDa (active MMP-1)
emerged (Fig. 2). The 47/42 kDa
bands were more prevalent in the
conditioned media from the HGFs
treated with 10% P. gingivalis super-
natant than from the HGFs treated
with 1% P. gingivalis supernatant, thus
demonstrating that the effect was dose-
dependent (Fig. 2).

. o control
=1
P.g
Day 2 Day 4 Day 6
B + + - Cells
P.g. denatured P. g. P.g.

Fig. 1. Collagen degradation. Human gin-
gival fibroblasts (HGFs) were seeded as
single colonies (50,000 cells/well) in 6-well
plates coated with reconstituted rat-tail
Type I collagen (0.45 mg/well). After select
time periods, HGFs were removed and the
collagen cleavage visualized by Coomassie
blue staining. (A) Cell-mediated collagen
degradation at 2, 4, and 6 days. Control:
serum-free DME media without P. gingi-
valis supernatant; P. g.: serum-free DME
media with 10% v/v P. gingivalis superna-
tant. (B) Day 4 collagen degradation with/
without HGFs. HGFs were cultured in
serum-free DME media containing 10% v/v
P. gingivalis supernatant (P. g.) or 10% v/v
denatured P. gingivalis supernatant (dena-
tured P. g.). Ten per cent v/v P. gingivalis
supernatant without HGFs served as an
additional control (- cells).

Western blot

Latent MMP-1 (57/52 kDa), MMP-2
(72 kDa), MMP-3 (60/54 kDa), and
MMP-14 (64 kDa) were detected in
both the treated and untreated HGF
conditioned media (Fig. 3). Active
MMP-1 (47/42 kDa), MMP-3
(44 kDa), and MMP-14 (54 kDa), as
well as a partial active form of
MMP-2 (67 kDa), were detected only
in the P. gingivalis treated HGF
conditioned media (Fig. 3). Proteo-
lytic activation of the MMPs was
determined by an approximately
10 kDa reduction in molecular
weight. The amount of the TIMP-1
protein in the P. gingivalis treated
HGF conditioned media decreased
compared to that in the untreated
HGF conditioned media (Fig. 4A),
whereas the TIMP-2 protein level
appeared unaltered (Fig. 4A).

-P.g.

1%P.g. 10%P.g
72/67kDa —
57/52kDa [
47/42kDa [

Fig. 2. Zymography. Human  gingival
fibroblast (HGF) conditioned media in non-
reducing dye (without B-mercaptoethanol)
was resolved in sodium dodecyl sulfate—
polyacrylamide gel electrophoresis gels
containing 1 mg/ml gelatin. Lane 1: condi-
tioned media from untreated HGFs; lane 2:
conditioned media from HGFs treated with
1% v/v P. gingivalis supernatant; lane 3:
conditioned media from HGFs treated with
10% v/v P. gingivalis supernatant.

Direct degradation of tissue
inhibitors of matrix
metalloproteinases by
Porphyromonas gingivalis
supernatant

Porphyromonas gingivalis supernatant
could directly degrade purified TIMP-
1. Figure SA shows the western blot
of the 2h degradation assay for
TIMP-1. The degradation of TIMP-1
could be inhibited by inclusion of the
cysteine proteinase inhibitor E64
(Fig. 5A). However, TIMP-2 could
not be degraded by the P. gingivalis
supernatant (Fig. 5B), even when the
assay was extended to 48 h (data not
shown).

Reverse transcription—polymerase
chain reaction

The mRNA expression levels of
multiple MMPs and TIMPs from
HGF cultures treated with or without
10%  P. gingivalis supernatant for
48 h were determined. Both treated
and untreated HGFs were shown to
express mRNA for MMP-1, MMP-2,
MMP-3, MMP-11, MMP-14, and
MMP-15, as well as mRNA for
TIMP-1 and TIMP-2 (Fig. 6). MMP-
12 was expressed only by the P. gin-
givalis treated HGFs (Fig. 6). NIH
image analyses revealed that MMP-1
mRNA expression from the treated
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Fig. 3. Western blots of the matrix metalloproteinases (MMPs) in human gingival fibroblast
(HGF) conditioned media. (A) MMP-1 (collagenase-1). (B) MMP-2 (gelatinase-A). (C)
MMP-3 (stromelysin-1). (D) MMP-14 (MT1-MMP). —P. g.: conditioned media from un-
treated HGFs; + P. g.: conditioned media from HGFs treated with 10% v/v P. gingivalis

supernatant.
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Fig. 4. Western blots of tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1) and
TIMP-2 in human gingival fibroblast
(HGF) conditioned media. (A) TIMP-1. (B)
TIMP-2. —P. g.: conditioned media from
untreated HGFs; +P.g.: conditioned
media from HGFs treated with 10% v/v
P. gingivalis supernatant.

HGF culture increased 2.14-fold over
the untreated HGFs (Table 1). The
MMP-3 mRNA level was unchanged.
MMP-2 mRNA level was slightly in-
creased in the presence of P. gingiva-
lis.  MMP-14 (membrane type-1
MMP) mRNA decreased, whereas
MMP-15 (membrane type-2 MMP)
increased in the presence of P. gingi-
valis. The mRNA expression of
TIMP-1 and TIMP-2 by the treated
HGF also increased (1.58 and 1.68-
fold compared to the untreated con-
trol, respectively).

A -P.g. P.g. P.g.+E64
28.5 kDa — _ L Tive-
B -P.g. P.g.

Fig. 5. Western blots of purified tissue
inhibitors of matrix metalloproteinases
(TIMPs) after 2 h treatment with P. gingi-
valis supernatant. (A) TIMP-1. (B) TIMP-2.
TIMP-1 was incubated without P. gingivalis
(=P. g.),
lis supernatant (P. g.), and with P. gingiva-
lis supernatant pre-incubated with 0.1 mm
E64 (P. g. + E64). TIMP-2 was incubated
with/without P. gingivalis supernatant.

supernatant with  P. gingiva-

Discussion

Gingival fibroblasts are by far the most
common cells in the gingiva (27). They
play a major role in maintaining
homeostasis in the periodontium by
producing the extracellular matrix and
the MMPs that have the capacity to
remodel the extracellular matrix. In the
current study, the collagen degrading
ability of human gingival fibroblasts in
the presence of P. gingivalis superna-
tant was examined for the first time,

although similar studies have been
conducted with rat epithelial cells and
human foreskin fibroblasts (22, 23). It
was demonstrated that greater than
5% v/v P.gingivalis supernatant
caused an increase in the collagen
degrading ability of HGFs. Progressive
dissolution of collagen fibrils by HGFs
was observed in the 6-day experiments
and the collagen degradation pro-
gressed more rapidly in the HGFs
treated with P. gingivalis supernatant.
Collagen degradation by the P. gingi-
valis supernatant treated HGFs was
not localized to the area underneath
the cell colonies, but occurred
throughout the wells after 4 days of
incubation. This collagen cleavage
pattern was different from that medi-
ated by epithelial cells with the treat-
ment of 10% P. gingivalis supernatant
in which the increased collagen degra-
dation was localized to underneath the
cell colonies (23). The increased colla-
gen degradation in the current study
was also demonstrated to be host-
mediated because the P. gingivalis
supernatant had little or no collagen
degrading ability without the presence
of the HGFs.

Crude P. gingivalis supernatant was
utilized as the stimuli in this study
because the focus was on the host effect
and not on the active components of
the P. gingivalis supernatant. There-
fore, the P. gingivalis components that
were responsible for the effect on the
altered host collagen degrading ability
were not determined. However, there
was no increase in the collagen degra-
dation observed in the wells where only
boiled P. gingivalis supernatant was
added. This indicated that the factor(s)
in the bacterial supernatant was
responsible for modulating the host-
mediated collagen degradation and was
capable of being denatured, thus sug-
gesting that the effect was protein-
mediated. Cysteine proteinases
(gingipains) account for the major
proteolytic activity of P. gingivalis and
they play various roles in the develop-
ment of periodontal disease, including
the development of edema, neutrophil
infiltration, and bleeding (15). Gingi-
pains exhibit enzymatic activity against
many host proteins such as immuno-
globulins, extracellular matrix proteins,



52  Zhou and Windsor

A

I-dAIN
8- dNN
£1-dAIN
TdNN
6~dNIN
£dANN
O1-dNIN

urrydoppsd

TT-dAIN

1000 bp

l—— 600 bp

200 bp

L~dNN
TI-dANN
PI-dNIN
SI-dAN
91-dAIN

1-dNLL

T-dNLL

I-dAN
8-dNIN
€1-dNIN
TdINN
6-dININ
NN
O1-dANIN

Ko
=
<]
E
E

TT-dNIN

L-dNN
TI-dNIN
PI-dNIN
ST-dANIN
9T-dNIN

I-dNIL

TdNIL

Fig. 6. Reverse transcription—polymerase chain reaction (RT-PCR) of untreated human
gingival fibroblasts (HGFs) (A) and 10% v/v P. gingivalis treated HGFs (B). The RT-PCR
products were resolved in 1% agarose gels after 30 PCR cycles and visualized with UV light
after staining with ethidium bromide. MMP-1: collagenase-1; MMP-8: collagenase-2; MMP-
13: collagenase-3; MMP-2: gelatinase-A; MMP-9: gelatinase-B; MMP-3: stromelysin-1;
MMP-10: stromelysin-2; MMP-11: stromelysin-3; MMP-7: matrilysin; MMP-12: macroph-
age MMP; MMP-14: membrane-type 1| MMP; MMP-15: membrane-type 2 MMP; and
MMP-16: membrane-type 3 MMP. MMP: matrix metalloproteinase; TIMP: tissue inhibitor

of MMP.

Table 1. Comparison of reverse transcrip-
tion—polymerase chain reaction products
from treated human gingival fibroblasts vs.
untreated human gingival fibroblasts

Treated

/Untreated*
Cyclophilin 1.00 £+ 0.00
MMP-1 (collagenase-1) 2.14 £ 0.017
MMP-8 (collagenase-2) ND
MMP-13 (collagenase-3) ND
MMP-2 (gelatinase-A) 1.25 £ 0.103
MMP-9 (gelatinase-B) ND
MMP-3 (stromelysin-1) 1.01 £+ 0.013
MMP-10 (stromelysin-2) ND
MMP-11 (stromelysin-3) 0.83 + 0.026
MMP-7 (matrilysin) ND
MMP-12 (macrophage ND: untreated
MMP) D: treated
MMP-14 (MT1-MMP) 0.67 + 0.018
MMP-15 (MT2-MMP) 1.41 £ 0.029
MMP-16 (MT3-MMP) ND
TIMP-1 1.58 + 0.029
TIMP-2 1.68 £ 0.040

ND: not detected; D: detected; MMP:
matrix metalloproteinase; TIMP: tissue
inhibitor of MMPs.

*Average + standard deviation (n = 3).

bactericidal proteins and peptides, iron
transporting factors and inhibitors, and
proteins involved in the coagulation,
complement, and kallikrein-kinin cas-
cades, as well as host proteinases and

their inhibitors (28, 29). Previously, it
has been demonstrated that a purified
extracellular  thiol-proteinase from
P. gingivalis ATCC 33277 could sti-
mulate epithelial cells to degrade a
collagen Type I fibril matrix (23) and
that this proteinase was homogenous to
Lys-gingipain and could not directly
degrade collagen fibrils (30). Therefore,
it is tempting to speculate that the gin-
gipains released from P. gingivalis are
responsible for the altered collagen
degrading ability of the HGFs demon-
strated in this study. Future studies are
required to determine the role of the
gingipains and other P. gingivalis fac-
tors in the modulation of host-medi-
ated collagen degradation.

Altered MMP activities from the
host cells were responsible, in part, for
the increased collagen degradation in-
duced by P. gingivalis supernatant.
Zymography analyses in the current
study revealed that two proteolytic
bands of approximately 57/52 kDa
(latent MMP-1) weakened and two
bands around 47/42 kDa (active
MMP-1) emerged in the conditioned
media with P. gingivalis supernatant
treatment. This demonstrated that
activation had occurred. Western blot
results demonstrated that MMP-1,
MMP-2, MMP-3, and MMP-14 had

more readily undergone activation in
the HGFs conditioned media with
P. gingivalis supernatant. This is the
first time that an increase in the acti-
vation of MMP-14 has been demon-
strated. The 64 kDa proenzyme of
MTI1-MMP was detected in both the
treated and untreated HGF cell media,
whereas the 54 kDa active form of
MTI1-MMP was only detected in the
treated HGF conditioned media. The
activation of MMP-1, MMP-2, and
MMP-3 confirmed previous reports
that these MMPs could be activated by
P. gingivalis supernatant and gingi-
pains (16-18,23). MMP-9 has been
shown to be the main gelatinase in oral
fluids of healthy subjects and perio-
dontitis patients (7) and it has been
reported to be expressed by human
gingival epithelial cells (20) and human
periodontal ligament fibroblasts (17).
However, no MMP-9 expression by
these HGFs could be detected by RT-
PCR, zymography, or western blot
analyses in this study (data not shown).

Porphyromonas gingivalis superna-
tant also altered the balance of the
MMPs to the TIMPs by modulating
the TIMP levels. In the current study,
the protein and mRNA levels of
TIMP-1 and TIMP-2 from HGFs in
the presence of P. gingivalis superna-
tant were compared for the first time.
The direct digestion of both purified
TIMP-1 and TIMP-2 by P. gingivalis
supernatant was also examined for the
first time. It was shown that with no
decrease in mRNA level, the TIMP-1
protein level in the conditioned media
of HGFs treated with 10% P. gingi-
valis supernatant was decreased com-
pared to the untreated control. The
lower TIMP-1 protein level in the
treated conditioned media observed
might then be due, in part, to TIMP-1
degradation by the secreted cysteine
proteinases in the P. gingivalis super-
natant. In support of this, the addition
of the cysteine proteinase inhibitor
blocked the digestion of TIMP-1 by
the P. gingivalis supernatant. It has
been reported that planktonic cells or
biofilms of P. gingivalis could degrade
purified TIMP-1 into several lower
molecular mass fragments (31). In
another study, the TIMP-1 protein
produced by dental pulp cells was



slightly elevated by P. gingivalis,
whereas the TIMP-2 protein level was
inhibited (21). The TIMP-2 level in the
HGFs conditioned media was not al-
tered by the addition of the P. gingi-
valis supernatant. Also, the purified
TIMP-2 protein could not be digested
by the P. gingivalis supernatant. The
assay results for the degradation of
purified TIMP-1 and TIMP-2 might
explain the different effects that
P. gingivalis  supernatant had on
TIMP-1 and TIMP-2 levels in the
HGF conditioned media.

It has been reported by DeCarlo
et al. (23) that purified P. gingivalis
proteinases could up-regulate the
mRNA level of collagenase-1 (MMP-
1) and stromelysin-1 (MMP-3) in epi-
thelial cells. Pattamapun ez al. (18) also
reported the up-regulation of MTI-
MMP (MMP-14) mRNA in human
periodontal ligament cells by P. gingi-
valis supernatant. For the first time,
mRNA expression profiles of 13
MMPs and two TIMPs from HGFs
were analyzed by RT-PCR. Expres-
sion of the mRNA for MMP-1, MMP-
2, MMP-3, MMP-11, MMP-14, and
MMP-15, as well as TIMP-1 and
TIMP-2, were detected in both treated
and untreated HGFs. No MMP-9
mRNA expression could be detected in
either the treated or untreated HGFs.
MMP-1 mRNA expression from
HGFs treated with P. gingivalis
supernatant increased 2.14-fold over
the untreated HGFs. This finding may
help to explain the increased collagen
degrading ability of the HGFs. MMP-
2 mRNA had a slight increase
with P. gingivalis treatment. MMP-3
mRNA was unchanged, although more
active MMP-3 protein was detected in
the treated HGF conditioned media.
MMP-12 mRNA was induced by
P. gingivalis treatment and the signifi-
cance of this induction is unclear.

MMP-14  (MTI-MMP)  mRNA
decreased with P. gingivalis treatment,
whereas MMP-15 (MT2-MMP)

mRNA increased. The mRNA expres-
sion of TIMP-1 and TIMP-2 by the
treated HGF was also increased,
although western blot analyses showed
that the TIMP-1 protein level
decreased while the TIMP-2 protein
level was unaltered. This demonstrated
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that the regulation of the TIMPs by
P. gingivalis is complicated and
occurred at multiple levels. As it is
discussed in the model proposed by
Strongin et al. (32), MT1I-MMP and
TIMP-2 are involved in MMP-2 acti-
vation. In this model, latent pro-
MMP-2 binds to the MT1-MMP by
using TIMP-2 as a bridging molecule
to form a trimolecular complex. Sub-
sequently, another MT1-MMP
molecule approaches the complex and
activates MMP-2 by cleaving its pro-
peptide domain. Therefore, some
MTI1-MMP and TIMP-2 are associ-
ated with the cell membrane and can
not be detected in the conditioned
media. This might help explain why
with the treatment of P. gingivalis
supernatant, the MTI-MMP mRNA
and TIMP-2 mRNA levels did not
match the protein levels. The changes
in mRNA of the MMPs and TIMPs
are considered relatively small. How-
ever, the rate of collagen degradation
was drastically increased. It is believed
that this is due largely to the ability of
P. gingivalis to increase the rate of
MMP activation in this collagen deg-
radation system. It is the lack of MMP
activation that is the limiting step in
collagenolysis in this system. It is a
well-known fact that cells can secrete
latent MMPs in large quantities, but if
there is no activation of these MMPs
then there can be no extracellular
matrix degradation.

This is the first study in which the
collagen degrading ability of human
gingival fibroblasts in the presence of
P. gingivalis supernatant has been
examined. It is also the first time that
the activation of MMP-14 has been
observed to occur with the addition of
P. gingivalis supernatant to HGFs
and the first time that the mRNA
profiles of 13 MMPs from HGFs have
been examined in the presence of
P. gingivalis supernatant. The mRNA
levels of both TIMP-1 and TIMP-2
from HGFs in the presence of
P. gingivalis supernatant, as well as
the levels of purified TIMPs after the
direct digestion by P. gingivalis
supernatant, have also been compared
for the first time.

In summary, it was demonstrated in
this study that P. gingivalis increased

the collagen degrading ability of
HGFs, in part, by increasing MMP
activation and by lowering the TIMP-1
protein level, as well as by affecting the
mRNA expression of multiple MMPs
and TIMPs.

Acknowledgements

This study was supported by USPHS
grant AR44701 (to L.J.W). The
authors greatly acknowledge Drs
Marilyn Lantz and Biqing Lu for
kindly providing the P. gingivalis
supernatant. The authors also greatly
acknowledge Drs Henning Birkedal-
Hansen and Kirby Bodden for TIMP-2
and anti-TIMP-1 polyclonal antibody,
respectively.

References

1. Visse R, Nagase H. Matrix metalloprote-
inase and tissue inhibitors of metallopro-
teinases. structure, function, and
biochemistry. Circ Res 2003;92:827-839.

2. Birkedal-Hansen H. Role of matrix met-
alloproteinases in human periodontal dis-
eases. J Periodontol 1993;64:474-484.

3. Uitto VJ, Raeste AM. Activation of latent
collagenase of human leukocytes and
gingival fluid by bacterial plaque. J Dent
Res 1978;57:844-851.

4. Uitto VJ, Tryggvason K, Sorsa T. Colla-
genolytic enzymes in periodontal diseases.
Proc Finn Dent Soc 1987;83:119-130.

5. Sorsa T, Ingman T, Suomalainen K et al.
Identification of proteases from period-
ontopathogenic bacteria as activators of
latent human neutrophil and fibroblast-
type interstitial collagenases. Infect Immun
1992;60:4491-4495.

6. Ingman T, Sorsa T, Michaelis J, Kontti-
nen YT. Matrix metalloproteinases-1, 3, 8
in adult periodontitis in situ. Ann NY
Acad Sci 1994;732: 459-461.

7. Mikeld M, Salo T, Uitto VJ, Larjava H.
Matrix metalloproteinases (MMP-2 and
MMP-9) of the gravity: cellular origin and
relationship to periodontal status. J Dent
Res 1994;73:1397-1406.

8. Korostoff JM, Wang JF, Sarment DP,
Stewart JCB, Feldman RS, Billings PC.
Analyses of in situ proteinase activity in
chronic adult periodontitis patients:
expression of active MMP-2 and a 40-kDa
serine proteinase. J
2000;71:353-360.

9. Komatsue T, Kubota E, Sakai N.
Enhancement of matrix metalloproteinase
(MMP)-2 activity in gingival tissue and
cultured fibroblasts from Down’s Syn-
drome patients. Oral Dis 2001;7:47-55.

Periodontol



54  Zhou and Windsor

10.

1.

13.

14.

15.

16.

Ejeil AL, Igondjo-Tchen S, Ghomrasseni
S, Pellat B, Godeau G, Gogly B. Expres-
sion of matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases
(TIMPs) in healthy and diseased human
gingiva. J Periodontol 2003;74:188-195.
Gomez DE, Alonso DF, Yoshiji H,
Thorgeirsson UP. Tissue inhibitors of
metalloproteinases: structure, regulation
and biological functions. Eur J Cell Biol
1997;74:111-122.

Nagase H, Suzuki K, Itoh Y et al
Involvement of tissue inhibitors of metal-
loproteinase (TIMP) during matrix met-
alloproteinase activation. Adv Exp Med
Biol 1996;389:23-31.

Uitto VJ, Larjava H, Heino J, Sorsa T. A
protease of Bacteroides gingivalis degrades
cell surface and matrix glycoproteins of
cultured gingival fibroblasts and induces
secretion of collagenase and plasminogen
activator. Infect Immun 1989;57:213-218.
Haffajee AD, Socransky SS. Microbial
etiological agents of destructive perio-
dontal  diseases. 2000
1994;5:78-111.

Travis J, Pike R, Imamura T, Potempa J.
Porphyromonas gingivalis proteinases as
virulence factors in the development of
periodontitis. J Periodont Res
1997;32:120-125.

DeCarlo AA Jr, Windsor LJ, Bodden
MK, Harber GJ, Birkedal-Hansen B,
Birkedal-Hansen H. Activation and novel
processing of matrix metalloproteinases
by a thiol-proteinase from the oral
anaerobe  Porphyromonas

J Dent Res 1997;76:1260-1270.
Chang YC, Lai CC, Yang SF, Chan Y,
Hsieh YS. Stimulation of matrix metallo-

Periodontol

gingivalis.

20.

21.

22.

23.

24.

. Pattamapun K,

proteinases by black-pigmented Bactero-
ides in human pulp and periodontal
ligament cell cultures. J Endod 2002;
28:90-93.

Tiranathanagul S,
Yongchaitrakul T, Kuwatanasuchat J,
Pavasant P. Activation of MMP-2 by
Porphyromonas gingivalis in human peri-
odontal ligament cells. J Periodont Res
2003;38:115-121.

. Johansson A, Kalfas S. Characterization

of the proteinase-dependent cytotoxicity
of Porphyromonas gingivalis. Eur J Oral
Sci 1998;106:863-871.

Fravalo P, Menard C, Bonnaure-Mallet
M. Effect of Porphyromonas gingivalis on
epithelial cell MMP-9 type IV collagenase
production. Infect Immun 1996;64:4940—
4945.

Nakata K, Yamasaki M, Iwata T, Suzuki
K, Nakane A, Nakamura H. Anaerobic
bacterial extracts influence production of
matrix metalloproteinases and  their
inhibitors by human dental pulp cells.
J Endod 2000;26:410-413.
Birkedal-Hansen H, Wells BR, Lin HY,
Caufield PW, Taylor RE. Activation of
keratinocyte-mediated collagen (type I)
breakdown by suspected human period-
ontopathogen. Evidence of a novel mech-
anism of connective tissue breakdown.
J Periodont Res 1984;19:645-650.
DeCarlo AA, Grenett HE, Harber GJ
et al. Induction of matrix metalloprotein-
ases and a collagen-degrading phenotype
in fibroblasts and epithelial cells by
secreted Porphyromonas gingivalis prote-
inase. J Periodont Res 1998;33:408-420.
Bodden MK, Harber GJ, Birkedal-Han-
sen B et al. Functional domains of human

25.

26.

217.

28.

29.

30.

31.

32.

TIMP-1 (tissue inhibitor of metallopro-
teinases). J Biol Chem 1994;269:18943—
18952.

Moore BA, Aznavoorian S, Engler JA,
Windsor LJ. Induction of collagenase-3
(MMP-13) in rheumatoid arthritis syn-
ovial fibroblasts. Biochim Biophys Acta
2000;1502:307-318.

Song F, Windsor LJ. Novel nonmatrix-
metalloproteinase-mediated collagen deg-
radation. Biochim Biophys  Acta
2005;1721:65-72.

Hassell TM. Tissues and cells of the peri-
odontium. Periodontol 2000, 1993;3:9-38.
Imamura T, Potempa J, Pike RN, Travis
J. Dependence of vascular permeability
enhancement on cysteine proteinases in
vesicles of  Porphyromonas  gingivalis.
Infect Immun 1995;63:1999-2003.
Potempa J, Pike R, Travis J. The multiple
forms of trypsin-like activity present in
various strains of Porphyromonas gingiva-
lis are due to the presence of either Arg-
gingipain or Lys-gingipain. Infect Immun
1995;63:1176-1182.

DeCarlo AA, Harber GJ. Hemagglutinin
activity and heterogeneity of related Por-
phyromonas gingivalis proteinases. Oral
Microbiol Immunol 1997;12:47-56.
Grenier D, Mayrand D. Inactivation of
tissue inhibitor of metalloproteinases-1
(TIMP-1) by Porphyromonas gingivalis.
FEMS Microbiol Lett 2001;25:161-164.
Strongin AY, Collier I, Bannikov G,
Grant GA, Goldberg GI. Mechanism of
cell surface activation of 72-kDa type IV
collagenase. J Biol Chem 1995;270:5331—
5338.



This document is a scanned copy of a printed document. No warranty is given about the accuracy
of the copy. Users should refer to the original published version of the material.



