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transduction pathways
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In human osteosarcoma
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Background: Recently, evidence show that matrix metalloproteinases (MMP) play
an important role in the pathogenesis of periodontal diseases. However, the
mechanisms and signal transduction pathways involved in the production of
MMPs in human osteosarcoma cells are not fully understood.

Objectives: The purpose of this study was to investigate the gelatinolytic activity
in human osteosarcoma cells stimulated with interleukin-1o (IL-10t) or
Porphyromonas gingivalis in the absence or presence of SB203580 (p38 inhibitor),
U0126 [mitogen-activated protein kinase kinase (MEK) inhibitor], and LY294002
[phosphatidylinositaol 3-kinase (PI3K) inhibitor].

Methods: 1L-1a and the supernatants of P. gingivalis were used to evaluate
gelatinolytic activity in human osteosarcoma cells using gelatin zymography.

Furthermore, to search possible signal transduction pathways, SB203580, U0126,
and LY?294002 were added to test how they modulated the gelatinolytic activity.

Results: Gelatin zymography demonstrated that the latent proforms of gelatinases
MMP-2 and MMP-9 were released by human osteosarcoma cells. Secretion of
MMP-9 was time-dependent by stimulating with IL-1a or P. gingivalis. In addi-
tion, SB203580, U0126, and LY294002 significantly reduced the IL-1a or

P. gingivalis-stimulated MMP-9 production, respectively (p < 0.05). However,
none of the kinase inhibitors affected the MMP-2 level compared with the control
during the 4-day culture period (p > 0.05).

Conclusions: Our findings demonstrated that IL-lo and P. gingivalis enhance
MMP-9 production in human osteosarcoma cells, and the signal transduction
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pathways p38, MEK, and PI3K are involved in the inhibition of MMP-9.
SB203580, U0126, and LY294002 suppress MMP-9 production and/or activity
and may therefore be valuable therapeutics in MMP-mediated periodontal
destruction, and might be proved clinically useful agents, in combination with
standard treatment modalities, in the treatment of periodontitis.
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Matrix metalloproteinases (MMP), a
family of host-derived enzymes that
includes the collagenases and the gela-
tinases, are intimately involved in the
degradation and remodeling of extra-
cellular matrix protein during different
developmental processes such as organ
morphogenesis, bone formation, angi-
ogenesis, and remodeling during
reproductive processes, as well as in
pathologic processes such as inflam-
mation, chronic degenerative diseases
and tumor invasion (1-3). The MMP
family is divided into six main groups —
collagenase, stromelysin, gelatinase,
matrilysin, elastase and membrane-
bound MMP - depending on their
substrate specificity for extracellular
matrix proteinase (4).

Periodontitis is an inflammatory
disease accompanied by reduction of
gingival tissue, destruction of perio-
dontal ligament, alveolar bone resorp-
tion and possibly loss of teeth (5, 6).
MMPs are produced by both infiltra-
tion and resident cells of the perio-
dontium. It has been shown that an
imbalance between activated MMPs
and their host-derived endogenous
inhibitors leads to pathological break-
down of the extracellular matrix and
basement membranes during perio-
dontitis (7). These enzymes are partic-
ularly responsible for degradation of
the collagen fibers attached to the root
surface, allowing for the apical migra-
tion and lateral extension of the pocket
epithelium (8).

Interleukin-1 (IL-1) has a central role
in the regulation of immunological and
inflammatory reactions. Biological
activity of IL-1 molecules seems to
be directly relevant to periodontal
destruction, such as periodontal
attachment loss, destruction of collagen
and alveolar bone resorption (9).
Porphyromonas gingivalis is one of the
predominant periodontal pathogens,
and possesses multiple virulence factors

and can trigger a variety of host cells to
release inflammatory mediators such as
inflammatory cytokines, prostaglandin
and MMPs (10, 11). The differentiation
and activity of the bone-resorbing os-
teoclasts and the release of MMPs by
osteoclasts as well as osteoblasts parti-
cipate in the destruction of bone (12).
MMP-2 and MMP-9, sometimes
referred to as type IV collagenase and
gelatinase, respectively, are of partic-
ular interest because they have been
implicated in the pathogenesis of
periodontitis (13-15). Our previous
studies have shown that MMP-2 was
up-regulated by P. gingivalis in human
periodontal ligament fibroblasts (16)
and pulp fibroblasts (17), and by IL-1a
(16) in human periodontal ligament
fibroblasts. However, the production
and signal transduction pathways of
MMPs in the predominant cell type in
alveolar bone, the osteoblasts, are
poorly understood. The aim of this
study was therefore to investigate the
production and signal transduction
involved in the production of gelatin-
ases in human osteosarcoma cells
(U20S) by gelatin zymography.

Material and methods

Chemicals and materials

IL-lo0 was purchased from Sigma
Chemical Co. (St. Louis, MO, USA).
SB203580 (p38 inhibitor), U0126 [a
specific inhibitor of mitogen-activated
protein kinase kinase 1/2 (MEK 1/2)
which inhibits extracellular signal-
regulated kinase 1/2 (ERK 1/2)], and
LY294002 [phosphatidylinositol 3-kin-
ase (PI3K) inhibitor] were obtained
from Promega (Madison, WI, USA).
All culture materials were obtained
from Gibco (Grand Island, NY, USA).
IL-1o was directly dissolved in the cul-
ture medium. Other kinase inhibitors
were first dissolved in dimethyl sulfox-

ide and then diluted with the culture
medium. The final concentration of
solvent in the medium did not exceed
0.25% (v/v). At these concentrations the
solvents used were not cytotoxic to
human osteoblastic cells. The final
concentrations of IL-la, SB203580,
U0126, and LY294002 used in this study
were 10 ng/ml, 26 um, 23 pm, and
163 um, respectively.

Bacterial strain and preparation of
supernatant

The strain tested, P. gingivalis (ATCC
33277), came from culture collections
and was maintained in Brain Heart
Infusion broth, prereduced anaerobi-
cally sterilized and supplemented
with hemin (5§ mg/l) and menadione
(0.5 mg/1) for obligate anaerobes. The
density of the inoculum, prepared in
Brain Heart Infusion broth, was
adjusted to turbidity of 2 McFarland
standard (6 x 10° CFU/ml). After
centrifugation, supernatants were fil-
ter-sterilized using a 0.2 pum filter and
stored at —80°C until used. The sup-
ernatants of P. gingivalis were directly
diluted in culture medium and the
final concentration of dilution was
1 : 1000.

Cell culture

U20S cells (ATTC HTB 96), derived
from human osteogenic sarcoma, were
cultured in  Dulbecco’s modified
Eagle’s medium supplemented with
10% fetal calf serum, 100 pg/ml of
streptomycin, and 100 mg/ml of peni-
cillin at 37°C in a humidified incubator
under ambient pressure air atmosphere
containing 5% CO, (18). Confluent
cells were detached with 0.25% trypsin
and 0.05% EDTA for 5 min, and
aliquots of separated cells were sub-
cultured. The cells were subcultured at
1 : 4 splits every third day.
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Drugs and bacterial supernatant
treatment

Confluent cells were trypsinized,
counted, and plated at a concentration
of 5 x 10 cells in a 60-mm culture dish
and allowed to achieve confluence.
Cells were cultured for 48 h, at which
time the medium was changed to a
medium containing 10% fetal calf ser-
um with or without the inflammatory
mediators IL-1o or P. gingivalis in the
absence or presence of SB203580,
U0126, and LY294002. After different
periods of time (days 1, 2, and 4), the
conditioned medium samples were
withdrawn and stored at —20°C before
analysis. Finally, cytosol fractions were
also collected for this experiment. The
cells were extracted at 4°C for 10 min
in phosphate-buffered saline contain-
ing 2% Triton X-100.

Gelatin zymography

Gelatin zymography allows the obser-
vance of enzyme activity utilizing
routine sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis. A sub-
strate is copolymerized within the gel,
the samples electrophoresed, the gel
incubated at 37°C to allow for enzyme
function, and then stained. The location
of migrated enzyme that can degrade
the incorporated substrate is visualized
as a clearance zones within the stained
gel. Enzyme activity is seen as the clear
bands within the dark staining gel.
Briefly, gelatinase activity was assayed
by zymography (19) in 1.5 mm of 7.5%
sodium dodecyl sulfate—polyacrylamide
gel impregnated with 1 mg/ml of gelatin
that had been fluorescently labeled
with 2-methoxy-2,4-diphenyl-3[2H]
furanone by the method of O’Grady
et al.(20). This method allows for visual
monitoring of the lysis of gelatin under
long-wave UV light during incubation.
In this study a 2 pl sample was electro-
phoresed on a 10% sodium dodecyl
sulfate—polyacrylamide gel copolymer-
ized with 2% gelatin as substrate. After
electrophoresis the gels were washed in
2.5% Triton X-100 twice for 30 min to
remove all sodium dodecyl sulfate. The
gels were then incubated in 50 mmol/l
Tris (pH 7.5), 5 mmol/l CaCl,, and
1 mmol/l ZnCl, at 37°C overnight.

The gelatin cleavage rate was analyzed
from the photographed gels with a
densitometer  (Alphalmager  2000;
Alpha Innotech, San Leandro, CA,
USA).

Statistical analysis

Triplicate or more separate experi-
ments were performed throughout this
study. The significance of the results
obtained from control and treated
groups was statistically analyzed by the
paired Student z-test. A p-value of
< 0.05 was considered to be statisti-
cally significant.

Results

Specific characterization of MMPs in
the conditioned medium by gelatin
zymography demonstrated that the

(a) Day 1

(d) Cytosol

IL-l1ax
SB203580 - - +
UO126 - - -
LY294002 - - -

latent proforms of gelatinases MMP-2
(pro-MMP-2, 72 kDa) and MMP-9
(pro-MMP-9, 92 kDa) were released by
U20S cells (Figs 1 and 2). In addition,
pro-MMP-2 was released in much
higher amounts than pro-MMP-9.
Secretion of pro-MMP-9 was time-
dependent during the 4-day culture
period by treatment with IL-1o (Fig. 1)
or P. gingivalis (Fig. 2).

The involvement of signal trans-
duction pathways participating in the
regulation of MMP-2 and MMP-9
production in U20S cells were studied
by using different kinase inhibitors of
p38, MEK, and PI3K.

The conditioned medium samples
from U20S cells stimulated with IL-1o
in the presence of different pharmaco-
logical agents during the 4-day culture
period showed the level of MMP-9 to
be significantly inhibited by SB203580,
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Fig. 1. Gelatin zymogram of conditioned medium (a, b, and c) and cytosol (d) from U20S
cells treated with interleukin-1o (IL-1at) in the presence of different kinase inhibitors during

4-day culture period.
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Fig. 2. Gelatin zymogram of conditioned medium (a, b, and c) and cytosol (d) from U20S
cells treated with Porphyromonas gingivalis in the presence of different kinase inhibitors

during 4-day culture period.

U0126, and LY294002 (Fig. 1). The
inhibitory pattern was shown in a time-
dependent manner (p < 0.05). The
quantitative measurements by the
Alphalmager 2000 confirm these
results (Fig. 3, Table 1).

The conditioned medium samples
from U20S cells stimulated with
P. gingivalis in the presence of different
pharmacological agents are shown in
Fig. 2. However, none of the kinase
inhibitors affected MMP-9 level com-
pared with control during the 1-day
culture period (p > 0.05). The condi-
tioned medium samples from day 2 to
day 4 showed that SB203580, U0126,
and LY294002 significantly depressed
MMP-9 synthesis (Fig. 2). In addition,
the inhibition of MMP-9 was also
shown in a time-dependent manner
(p < 0.05). The quantitative measure-
ments by the Alphalmager 2000 are
shown in Fig. 4 and Table 2.

However, no drugs affected the
MMP-2 level compared with control
during the 4-day culture period
(p > 0.05) (Figs 1 and 2). A gradual
increase in the concentration of MMP-2
during 4-day culture was seen. This
phenomena is an increase in the total
cell number as the culture period pro-
gress.

We also determined the homogenate
of MMP-2 and MMP-9 in U20S cells.
Similar to the conditioned medium
level of MMP-9, the cytosol levels
of MMP-9 were increased significantly
by IL-loo (Fig. 1) and P. gingivalis
(Fig. 2), respectively. In addition, all
kinase inhibitors significantly reduced
the IL-lo or P. gingivalis-stimulated
MMP-9 production (Figs 1 and 2).
The quantitative measurement of
MMP-9 activity by the Alphalmager
2000 from day 1 to day 4 is shown in
Figs 3 and 4. Moreover, the intracel-
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lular levels were lower (approximately
2-9 times) compared with the extra-
celluar levels.

Discussion

MMPs play a central role in the
turnover of extracellular components.
They are expressed at low levels in the
absence of inflammation, wounding,
or other pathological processes (1).
Primary osteoblasts and osteoblastic
cells are known to synthesize and
secrete MMP-2 and MMP-9 (21, 22).
In this study, human osteosarcoma
cell line U20S cells have been dem-
onstrated to produce primarily MMP-
2 and MMP-9. Furthermore, we
demonstrated here that U20S cells
constitutively produce gelatinases, and
that the production of MMP-9 is
enhanced by IL-la and P. gingivalis.
These results were different from that
of the previous studies that MMPs
were up-regulated by IL-la in human
pulp fibroblasts (16), periodontal
ligament fibroblasts (16, 17), and os-
teoblastic cells (23). In addition,
MMPs was found to be elevated by
P. gingivalis in human pulp fibroblasts
(16) as well as periodontal ligament
fibroblasts (17) in vitro.

The levels of MMP-2 and MMP-9
have been reported to be elevated in
gingival crevicular fluids as well as
gingival tissues from patients with
periodontitis (13-15). However, the
mechanisms and signal transduction
pathways involved in the production of
MMPs in U20S cells are not fully
understood. The novel findings of this
study are that the signal transduction
pathways p38, MEK, and PI3K are
involved in the production of gelatin-
ases in human osteoblastic cells. In
addition, we also demonstrated that
gelatinases were detected not only
extracellularly but also intracellularly,
although the intracellular levels were
lower.

The c-Jun N-terminal kinases (JNKs)
and p38 kinases constitute together with
ERKSs the family of mitogen-activated
protein kinases (MAPKs). Phosphory-
lation of ERK is catalyzed by a dual
specificity kinase termed MAPK kinase
(MEK). MAPKSs are a unique family of
serine/threonine kinases that are acti-
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Fig. 3. Levels of matrix metalloproteinase-9 from conditioned medium and cytosol treated
with interleukin-1o (IL-1o) in the presence of different kinase inhibitors were calculated from
their gelatinolytic activity, as measured by Alphalmager 2000. Values are means and
standard deviations of optical density from triplicate independent experiments. *Statistically
significant between IL-1o alone and IL-1a added with different kinase inhibitors, p < 0.05.
SB203580, p38 inhibitor; U0126, mitogen-activated protein kinase kinase (MEK) inhibitor;
LY?294002, phosphatidylinositaol 3-kinase (P13K) inhibitor.

Table 1. The effects of SB203580 (p38 inhibitor), U0126 [mitogen-activated protein kinase
kinase (MEK) inhibitor], and L'Y294002 [phosphatidylinositaol 3-kinase (P13K) inhibitor] in
the presence of interleukin-lo (IL-10t) on matrix metalloproteinase-9 activity, as measured by
Alphalmager 2000. Values are means and standard deviations of optical density (percentage

of control)

IL-lo + SB203580 + U0126 + LY294002
Day 1 4.50 + 0.35 1.45 £ 0.21° 1.33 + 0.12° 0.28 + 0.01°
Day 2 3.30 + 0.26° 1.49 + 0.13° 0.88 + 0.10° 0.45 + 0.01°
Day 4 4.49 + 0.19% 0.98 + 0.03° 0.69 + 0.23° 0.56 + 0.02°
Cytosol 428 + 0.12% 1.02 + 0.02° 0.64 + 0.11° 0.19 + 0.01°

Statistically significant in comparison with control, p < 0.05.
PStatistically significant between IL-1o alone and IL-la + inhibitors, p < 0.05.

vated via reversible phosphorylation
and mediate signal transduction for
multiple extracellular stimuli. The
MAPK families regulate a number of
transcription factors, with subsequent
activation of MMP and cytokine gene
expression. Recently, p38 was found to
play an important role in phorbol ester-
induced gelatinase production by a
squamous cell carcinoma cell line (24).
ERK has been implicated in the regu-
lation of collagenase gene expression in
cultured fibroblasts (25). Our data also
demonstrated that MAPK inhibitors
down-regulated the gelatinases activity
in human osteoblastic cells. Moreover,
MAPK inhibitors SB203580 and U0126
were found to down-regulate the IL-1a
up-regulated MMP-9 production in this

study. These results are in line with
Barchowsky et al. (26), who demon-
strated that the IL-1 induced MMP-1
gene expression in synovial fibroblasts
requires activation of MAPK, and Do-
meij et al. (27) who found SB203580
inhibited IL-1 up-regulation MMP-1
and MMP-3 production.

Local concentration of bacterial
virulence factors has apparently a deci-
sive effect on the metabolic state of the
host cells in a given periodontitis site.
Bacterial lipopolysaccharide has been
shown to activate multiple MAP kinase
in host cells (28, 29). P. gingivalis was
found to elevate MMPs in human pulp
(16) and periodontal ligament fibro-
blasts (17). However, no studies of the
effect of P. gingivalis on gelatinases

production have previously been repor-
ted in human osteosarcoma cells. In this
study, we first found that MAPK
inhibitors SB203580 and U0126 can
inhibit P. gingivalis-induced MMP-9
activation.

In the last few years, the PI3K signal
transduction pathway has emerged as
one of the main signal routes that
coordinate complex events lending to
changes in cell metabolism, cell growth,
cell movement, and cell survival (30).
PI3K inhibitor was found to inhibit
MMP-2 production in human breast
cancer cells (31) and MMP-9 in ovarian
carcinoma cell line OVCA 429 (32). Our
data demonstrated that PI3K inhibitor
down-regulated the MMP-9 in human
osteosarcoma cells. In addition, PI3K
inhibitor L'Y294002 was found to down-
regulate the IL-1oc and P. gingivalis up-
regulated MMP-9 production. These
results are in agreement with Esteve
et al. (33), who found that PI3K inhib-
itor down-regulated MMP-9 expression
induced by IL-1 in rat C6 glioma cells.
However, our data were different
from Kim and Koh (34), who reported
that pretreatment with PI3K inhibitor
lacked the ability to inhibit lipopoly-
saccharide-induced MMP activation
in vascular endothelial cells. The dif-
ference between these contrary results
is not clear; however, it may be a result
of species variations in these experi-
ments.

This study first demonstrated that
human osteosarcoma cell line U20S
cells produce MMP-2 and MMP-9, and
that MMP-9 production is enhanced by
IL-1a0 and P. gingivalis, further sup-
porting the notion that MMP-2 and
MMP-9 are involved in the extracellular
degradation during periodontitis (14).
Furthermore, MMP-9 was inhibited by
SB203580, U0126, and LY294002.
These data indicate that pharmacologi-
cal agents that target p38, MEK, and
PI3K pathway in human osteosarcoma
cells inhibit MMP-9 expression, and
such inhibition may contribute to the
pathogenesis of periodontal inflamma-
tion and that such inhibition might
contribute to therapeutic efficacy.
However, the detailed mechanism of
activation of MMPs by bacterial infec-
tion as well as inflammatory cytokines
in vivo remains to be further defined.
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Fig. 4. Levels of matrix metalloproteinase-9 from conditioned medium and cytosol treated

with Porphyromonas gingivalis in the presence of different kinase inhibitors were calculated
from their gelatinolytic activity, as measured by Alphalmager 2000. Values are means and
standard deviations of optical density from triplicate independent experiments. *Statistically

significant between P. gingivalis alone and P. gingivalis added with different kinase inhibi-
tors, p < 0.05. SB203580, p38 inhibitor; U0126, mitogen-activated protein kinase kinase
(MEK) inhibitor; L'Y294002, phosphatidylinositaol 3-kinase (P13K) inhibitor.

Table 2. The effects of SB203580 (p38 inhibitor), U0126 [mitogen-activated protein kinase
kinase (MEK) inhibitor], and LY294002 [phosphatidylinositaol 3-kinase (P13K) inhibitor] in
the presence of Porphyromonas gingivalis on matrix metalloproteinase-9 activity, as meas-
ured by Alphalmager 2000. Values are means and standard deviations of optical density
(percentage of control).

P. gingivalis + SB203580 + U0126 + LY294002
Day 1 0.88 + 0.12 1.01 + 0.01° 0.95 + 0.05° 0.49 + 0.01°
Day 2 1.49 £ 0.03* 0.92 + 0.02° 0.86 + 0.02° 0.34 + 0.03"
Day 4 231 + 0.21° 0.95 + 0.03° 0.63 + 0.01° 0.51 + 0.03"
Cytosol 2.81 + 0.34° 0.48 + 0.02° 0.23 + 0.01° 0.90 £ 0.05"

Statistically significant in comparison with control, p < 0.05.
®Statistically significant between interleukin-lo. (IL-1o) alone and IL-lo + inhibitors,
p < 0.05.
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