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Cyclosporine-A inhibits
MMP-2 and -9 activities

In the presence of
Porphyromonas gingivalis
lipopolysaccharide:

an experiment in human
gingival fibroblast and U937
macrophage co-culture

Kuo PJ, Tu HP, Chin YT, Lu SH, Chiang CY, Chen RY, Fu E. Cyclosporine-A
inhibits MM P-2 and -9 activities in the presence of Porphyromonas gingivalis
lipopolysaccharide: an experiment in human gingival fibroblast and U937
macrophage co-culture. J Periodont Res 2012; 47: 431-438. © 2012 John Wiley &
Sons A/S

Background and Objective: Studies have shown that bacterial plaque and the
associated gingival inflammation increase the severity of gingival overgrowth
induced by cyclosporine-A (CsA). This in vitro study aimed to evaluate the effect
of CsA on the activities of MMPs from the co-culture of human gingival fibro-
blasts and U937 macrophages in the presence or absence of Porphyromonas
gingivalis lipopolysaccharide (LPS).

Material and Methods: Activities of pro-MMP-2, MMP-2 and pro-MMP-9 in the
supernatants of independent cultures and co-cultures were examined by zymog-
raphy. RT-PCR was selected to evaluate the expression of mRNA for membrane
type-1 (MT1) MMP in the co-cultures.

Results: Activities of MMPs in the co-cultures were significantly greater when
compared with any of the independent cultures. Lipopolysaccharide significantly
increased the MMP activities in a dose-dependent manner in the co-cultures, whereas
CsA inhibited these activities. In the presence of both CsA and LPS, the MMP
activities inhibited by CsA could still be observed in the co-cultures. In the individual
cultures, in contrast, the CsA-inhibited MMP activities, in the presence of LPS, were
minimally detected. The mRNA expression of MT1-MMP was significantly
enhanced after LPS treatment; however, this enhancement was inhibited by CsA.

Conclusion: This study demonstrated that, in co-cultures of human gingival
fibroblasts and U937 macrophages, CsA could inhibit MMP activities in the
presence of P. gingivalis LPS. It might be part of the underlying reason for the
persistent overgrowth of gingiva seen when bacterial plaque and local inflamma-
tion are present during CsA therapy.
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Cyclosporine-A (CsA) is a widely used
immunosuppressant,  with  clinical
applications ranging from organ
transplants to chronic inflammatory
diseases. One of the adverse effects
associated with CsA treatment is the
development of gingival overgrowth.
Epithelial  hyperplasia, interstitial
fibrosis and focal inflammatory cell
infiltration have been shown to be the
histopathological signs/characteristics
of CsA-induced gingival overgrowth
(1), and focal inflammation is one of
the major histological findings in the
induced gingival overgrowth. Both
human and animal studies have shown
that the bacterial plaque, as well as the
associated  gingival  inflammation,
increases the overgrowth severity (2-5),
although the exact mechanisms are still
uncertain.

The direct and indirect effects of
CsA on gingival fibroblasts and on
epithelial cells have been investigated,
and variable responses in the behavior
of these cells in response to CsA
treatment, including synthetic and
metabolic  activities, have  been
observed (6-10). The mechanism by
which CsA suppresses the activity of
MMPs has also been demonstrated
(11-15). The MMPs are a family of
structurally related proteins that
degrade most of the components of the
extracellular matrix and basal mem-
branes in a zinc-dependent manner at
physiological pH (16,17). They have
been implicated in extracellular matrix
remodeling in embryonic development,
inflammation, tumor invasion, metas-
tasis and fibrosis (18). Although com-
plex interactions among the mediators
of tissue remodeling and inflammation
may be involved in the CsA-induced
gingival overgrowth, the exact mecha-
nism is yet not fully understood. Spe-
cifically, regarding the extracellular
matrix, CsA can affect fibroblast
proliferation,  promote  abnormal
accumulation of extracellular matrix
components in the gingival lamina
propria and appears to affect the cat-
abolic enzymes of the extracellular
matrix (19-23).

Recent studies have shown that CsA
can inhibit the production of MMP-2
in gingival fibroblasts (13,24) and the
activities of MMP-2 and MMP-9 in

human acute monocyte leukemia cell
line monocytes (25); however, the
lipopolysaccharide (LPS) of Aggrega-
tibacter actimocycetemcomintans can
augment the activities of MMP-2 in
fibroblasts (26) and MMP-9 in fibro-
blasts and macrophages (27). As
increased cytokine expressions and/or
protease activities were observed in
co-cultures of fibroblasts and macro-
phages (28-30), interactions between
fibroblasts and inflammatory cells were
suggested. Consequently, the present
in vitro study was designed to evaluate
the effect of CsA, in the presence or
absence of LPS, on the activities of
pro-MMP-2, MMP-2 and MMP-9 in
individual cultures and in co-cultures
of human gingival fibroblasts and
U937 macrophages. In addition, the
expression of mRNA for membrane
type-1 MMP (MT1-MMP or MMP-
14) in the co-cultures was determined
in order to examine the possible role of
MTI1-MMP in the altered MMP-2
activities during CsA and LPS treat-
ments (13).

Material and methods

Cultures of human gingival
fibroblasts and U937 macrophages

Human gingival fibroblasts
obtained as described elsewhere (8). In
brief, the gingival specimens were
immersed in Leibovitz L-15 medium
containing 2 mg/mL dispase II (Roche
Diagnostics, Indianapolis, IN, USA)
and 10% fetal bovine serum at 4°C for
2 d. After separation from the outer
epithelial layer, the connective tissue
was minced and digested in medium
containing 10% fetal bovine serum and
2 mg/mL collagenase for 24 h. Tissue
was then placed in flasks containing
10% fetal bovine serum in Dulbecco’s
modified Eagle’s medium-F-12 to
enable the cells to migrate from the
explants. Confluent fibroblasts were
starved in serum-free medium for 24 h
before experiments. In the experiment
using U937 macrophages, 10° macro-
phages per milliliter were selected. Two
serum-free media, either Dulbecco’s
modified Eagle’s medium-F-12 or
RPMI-1640 (Invitrogen, Grand Island,
NY, USA), were used. In the co-cul-
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tures, the media were maintained in the
same conditions as those for fibroblast
cultures throughout the experiment.
Porphyromonas gingivalis LPS (Inviv-
oGen, San Diego, CA, USA), at con-
centrations ranging from 0 to 100 ng/
mL in phosphate-buffered saline, and
CsA (Sigma-Aldrich Inc., St Louis,
MO, USA), at concentrations ranging
from 0 to 10* ng/mL in dimethyl sulf-
oxide (Sigma-Aldrich Inc.), were used
in the individual cultures and co-cul-
tures. The gelatinolytic activities of
pro-MMP-2, MMP-2 and pro-MMP-9
in supernatants of the cultures treated
with LPS and CsA for 24 and/or 48 h
were determined by using zymography.
Using RT-PCRs, the mRNA expres-
sions of MTI-MMP were examined
at 0, 3, 10, 15 and 24 h after the
co-culturing in order to determine
the appropriate duration of culturing.
The effects of CsA and/or LPS on the
mRNA expressions in the co-cultures
were then evaluated.

Gelatin zymography

The release of MMPs (pro-MMP-2,
MMP-2,and pro-MMP-9) from cell
cultures was evaluated using gelatin
zymography. The proteins of the cells
in the medium were separated in
nonreducing conditions using a 10%
sodium dodecyl sulfate—polyacrylamide
gel containing 0.1% gelatin. Equal
amounts of protein, measured using the
BCA™ protein assay (Pierce, Rockford,
IL, USA), were loaded into each lane of
the gel. After electrophoresis, the gel
was placed into renaturing buffer (2.5%
Triton X-100), shaken gently to remove
the sodium dodecyl sulfate and then
incubated in developing buffer for 16 h.
The gel was stained with 2.5% Coo-
massie Brilliant Blue. The latent and
active forms of MMP-2 were detected as
72 and 66 kDa bands, respectively,
while pro-MMP-9 was detected as a
92 kDa band. The gel images were then
scanned directly (Transilluminator/
SPOT; Diagnostic Instruments, Ster-
ling Heights, M1, USA).

RT-PCRs

Total RNA was extracted from the
cultured cells (homogenized gingival



fibroblasts and U937) and then reverse
transcribed. The PCR conditions were
as follows: an initial denaturation at
94°C for 2 min 30 s, followed by 30 or
40 cycles at 94°C for 30 s, an appro-
priate annealing temperature (58—
60°C) for 30 s and then 72°C for 55 s.
The PCR primers were as follows:
MP1-MMP, sense (5-CATCGCTGC-
CATGCAGAAGT-3") and antisense
(5-GTCATCATCGGGCAGCAC-3),
with an expected product of 633 bp;
and glyceraldehyde-3-phosphate dehy-
drogenase, sense (5-AGCCGCATC-
TTCTTTTG-CGTC-3") and antisense
(5-TCATATTTGGCAGGTTTTTC-
T-3’), with an expected product of
816 bp (13). Amplified RT-PCR prod-
ucts were analysed using 1% agarose
gels and visualized using ethidium
bromide staining and a camera system
(Transilluminator/SPOT; Diag\nostic
Instruments). The gel images were
scanned directly (ONE-Dscan 1-D Gel
Analysis Software; Scanalytic Inc.,
Fairfax, VA, USA), and the relative
densities were determined as the ratio
of sample signal intensity to the inten-
sity of the glyceraldehyde-3-phosphate
dehydrogenase band.

Statistical analysis

A one-way ANOVA and Duncan’s test
for post hoc analysis were used to eval-
uate the differences in the gelatinolytic
activities of pro-MMP-2, MMP-2 and
pro-MMP-9 among the independent
cultures of U937 macrophages and
human gingival fibroblasts and their
co-cultures. Regression analysis was
used to determine the dose effect of LPS
or CsA on the MMP activities. One-
way ANOVA and Duncan’s test were
also used either to compare the mRNA
expressions of MTI-MMP during the
24 h of co-culturing or to evaluate the
effects of CsA and LPS on the mRNA
expressions. A value of p < 0.05 was
considered to be significant.

Results

The activity of pro-MMP-9 was sig-
nificantly greater in U937 independent
culture compared with that in human
gingival fibroblast culture, while the
pro-MMP-2 and MMP-2 activities
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were greater in human gingival fibro-
blast culture, both in the 24 and the
48 h cultures (Fig. 1). In the co-culture
system, significantly greater MMP
activities were observed compared with
those in the independent -cultures,
although a lack of significance was
noted for pro-MMP-2 at 24 h and for
MMP-2 at 48 h in co-cultures when
compared with the values in human
gingival fibroblast culture. Moreover,
the treatment with P. gingivalis LPS
significantly increased the MMP
activities in a dose-dependent manner
in the co-cultures (Fig. 2).

Using the co-culture system without
LPS, CsA significantly inhibited the
activities of MMPs (pro-MMP-2,
MMP-2 and pro-MMP-9) in a dose-
dependent manner, regardless of whe-
ther the media were obtained at 24 or
48 h, although a lack of significance
was observed for pro-MMP-9 at 48 h
(Fig. 3).
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In the presence of P. gingivalis LPS,
the proMMP-9 activities in U937
independent cultures treated with CsA
and dimethyl sulfoxide were not sig-
nificantly different, although the pro-
MMP-9 activities were significantly
reduced in the cultures receiving CsA
compared  with  those receiving
dimethyl sulfoxide in the absence of
LPS (Fig. 4, lower left panel; pro-
MMP 9 in U937). In human gingival
fibroblast independent culture, the pro-
MMP-9 activities were similar among
the conditions related to the CsA and
LPS treatments (Fig. 4, lower Ileft
panel; pro-MMP9 in human gingival
fibroblasts). In the co-culture system,
however, LPS alone significantly
enhanced the pro-MMP-9 activities,
while CsA significantly inhibited the
activities, regardless of the presence or
absence of LPS (Fig. 4, lower left
panel; pro-MMP-9 in U937 and human
gingival fibroblast co-culture). Similar

U937

HGF U937+ HGF

92 kDa pro-MMP-9

24h
72 kDa pro-MMP-2
66 kDa MMP-2
92 kDa pro-MMP-9
48h
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= HGF +[] & N
B0 1 | s w937 + HGF B0
60 60
o a0 ’ 7 ; 40
20 | 20

pro-MMP-9 pro-MMP-2  MMP-2
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Fig. 1. Activities of pro-MMP-2, MMP-2 and pro-MMP-9 in independent cultures of U937
macrophages and human gingival fibroblasts (HGFs), as well as in their co-cultures. The top
part of the figure shows the patterns of gelatinolytic activities at 92 (pro-MMP-9), 66 (MMP-2)
and 72 kDa (pro-MMP-2) in the independent cultures and the co-cultures after 24 and 48 h.
The bar graphs show comparisons of the optical intensities of the MMPs among the cul-
tures. Data are expressed as means and SDs. The experiment was repeated four times.
* Significantly different from the control, p < 0.05.
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Fig. 2. The effect of Porphyromonas gingivalis lipopolysaccharide (LPS) on the MMP
activities in co-cultures of U937 and human gingival fibroblasts. The top part of the figure
shows the gelatinolytic activities of MMPs in the co-cultures receiving LPS at concentrations
of 0, 10, 50 or 100 ng/mL, for 24 h. The lower plot shows the dose effect of LPS on the
relative intensities of MMPs in the co-cultures determined by regression analysis. Data are
expressed as means and SDs, and the values of coefficient, p and R? are listed underneath the
plot. The experiment was repeated four times. * Significance at p < 0.05.

findings of CsA-reduced MMP activi-
ties in the absence and presence of LPS
were observed repeatedly in the co-cul-
tures for pro-MMP-2 and MMP-2
(Fig. 4, lower middle and lower right
panels; MMP-2 and pro-MMP-2). For
the individual cultures of human gingi-
val fibroblasts, CsA-inhibited activities
were statistically significant in the pres-
ence of LPS, but not in the absence of
LPS.

The mRNA expression of MTI-
MMP was significantly increased at 15
and 24 h after the co-culturing when
compared with that at 0 h (Fig. 5, left
panel). The expression of MT1-MMP
was significantly enhanced after LPS
treatment; however, the enhancement
wasinhibited by CsA (Fig. 5,rightpanel).

Discussion

Plaque-associated periodontitis exhib-
its local tissue breakdown caused by a

series of plaque-induced inflammatory
consequences; however, this induced
breakdown seems not to be observed in
the gingival overgrowth induced by
CsA. An animal study showed that
CsA decreased the initial periodontal
breakdown in the presence of inflam-
matory stimulation by silk ligatures
around teeth necks (31). Some other
animal studies have also demonstrated
that the overgrowth was reduced when
a chlorhexidine rinse was used, but the
overgrowth was exacerbated when
plaque was retained by silk ligatures
(2,4). A human study has shown that
the gingival overgrowth may be
improved through plaque control (5);
however, intensive plaque control does
not appear to prevent the overgrowth.
Our results in the present study are the
first to demonstrate in vitro that CsA
can inhibit the activities of MMPs in
the presence of P. gingivalis LPS by
using the co-cultures of gingival fibro-

blasts and macrophages (Fig. 4),
although LPS alone also enhanced the
activities of MMPs (Fig. 3).

In the present study, the MMP
activities were detected in the indepen-
dent cultures of human gingival
fibroblasts and U937 macrophages;
however, the activities were significantly
less than those in the co-culture condi-
tions (Fig. 1). Moreover, the influence
of the presence of LPS on CsA-inhibited
MMP activities by using the individual
cultures was inconsistent compared
with those using the co-culture system
(Fig. 4). The co-culture system also
firmly demonstrates that CsA reduced,
whereas LPS enhanced, the MMP
activities (Figs 2 and 3). Based on the
above findings, cross-talk between the
two cell types is suggested. It is known
that macrophages and fibroblasts are
co-localized and express MMPs in dis-
eased periodontal tissue, including
CsA-induced gingival overgrowth.
However, the effect of interaction be-
tween these two cell types on CsA-
inhibited expression of MMPs was still
unknonwn. Recently, the co-culture
system of gingival fibroblasts and mac-
rophages in normal or high-glucose
environments was tested in order to
examine whether hyperglycemia regu-
lates MMP expression by affecting the
cross-talk between the two cell types
(28). In that study, co-culture led to an
augmentation of MMP-1 expression
and high glucose further enhanced this
augmentation. As the interleukin-6
released by the gingival fibroblasts was
essential for the augmentation of MMP-
1 expression by the macrophages, cross-
talk between the two types of cells
exposed to high glucose was proposed
by the authors. Another study, using
co-culture, found that the release of
interleukin-6 was increased 100-fold
when compared with that using culture
of macrophages alone (30).

Recently, extracellular matrix metal-
loproteinase inducer (EMMPRIN), a
highly glycosylated, plasma membrane-
bound glycoprotein, was identified, and
its expression is considered to be
responsible for the induction of fibro-
blasts to produce or secrete MMPs (32).
EMMPRIN (CD147) contains two
immunoglobulin superfamily domains,
a transmembrane and a stoplasmic
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Fig. 3. The inhibitory effect of cyclosporine-A (CsA) on the pro-MMP-2, MMP-2 and pro-MMP-9 activities in the co-cultures of human
gingival fibroblasts and U937 macrophages in the absence of P. gingivalis LPS. The top part of the figure shows the gelatinolytic activities of
MMPs in the co-cultures receiving CsA at 0-10* ng/mL, for 24 h. The lower plot shows the dose effect of CsA on the relative intensities of
MMPs in the co-cultures determined by regression analysis. Data are expressed as means and SDs, and the values of coefficient, p and R” are

listed underneath the plot. The experiment was repeated four times. * Significance at p < 0.05.

domain (33), and was originally identi-
fied on the surface of tumor cells. Its
expression on tumor cells may induce
tumor progression and invasion by
triggering the production or release of
MMPs by fibroblasts and endothelial
cells (34-36). In order to explore the
association of MMP-2 and -9 activities
and CDI147 for the pathogenesis of
rheumatoid arthritis, the co-culture of
human fibroblasts and a human acute
monocyte leukemia cell line was exam-
ined (29). Significantly elevated activa-
tion and release of MMP-9 and/or
MMP-2 were seen in the co-culture of
human monocytes/THP-1 cells and
fibroblasts compared with cultures of

the cells alone. Given the increased
expression of CD147 on monocytes/
macrophages in patients with rheuma-
toid arthritis, the authors suggested that
the increased CD147 might be respon-
sible for the elevated MMP secretion,
cell invasion and cyclophilin A-medi-
ated cell migration into the joints, all of
which may contribute to the cartilage
and bone destruction of rheumatoid
arthritis. The expression of CD147 in
gingival tissue was also evaluated in
renal transplant recipients treated with
CsA (37); however, there was no sig-
nificant difference with respect to
expression of CDI147 in overgrown
gingiva from patients receiving CsA

and control gingiva from healthy sub-
jects. Thus, the role of CD147 in the
CsA-induced MMP activation in gin-
giva is still unknown and requires fur-
ther detailed investigation.

Our results also showed that the
activities of pro-MMP-2 and MMP-2
in human gingival fibroblast culture
were more clearly observed than that
of pro-MMP-9 (Fig. 1), and CsA
reduced their activities in the indepen-
dent fibroblast culture and in the
co-culture with U937 (Fig. 4, lower
middle and lower right panels; MMP-2
and pro-MMP-2), which further con-
firmed our findings in a previous study
(13). In that study, an inhibitory effect
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Fig. 4. Effect of CsA on the activities of pro-MM-2, MMP-2 and pro-MMP-9 from the independent cultures and co-cultures of U937 and
human gingival fibroblasts (HGFs) in the absence and presence of P. gingivalis LPS (CsA, 100 ng/mL; LPS, 100 ng/mL). The top part of the
figure shows the pattern of gelatinolytic activities of the MMPs in the cultures at 24 h. The lower part of the figure shows the activities of pro-
MMP-2, MMP-2 and pro-MMP-9 related to those from the co-cultures that received neither LPS nor CsA. The experiment was repeated four
times. Data are expressed as means and SDs. * Significance was achieved if p < 0.05 by one-way ANOVA; and a—d, the subsets obtained

after the post hoc analysis.
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Fig. 5. Effects of CsA and LPS on the mRNA expression of membrane type-1 MMP (MT|1-
MMP) in the co-cultures of U937 and human gingival fibroblasts. The left plot shows the
mRNA expressions of MT1-MMP in the co-cultures of U937 and human gingival fibroblasts
at 0, 3, 10, 15 and 24 h. The right plot shows the effects of CsA (100 ng/mL) and LPS
(100 ng/mL) on the mRNA expression of MT1-MMP in the co-cultures for 15 h. Data are
expressed as means and SDs; and a—c, the subsets obtained by the post hoc analysis if
statistical significance was achieved by one-way ANOVA.

of CsA on MTI-MMP, which may
further regulate pro-MMP-2 and
MMP-2, was observed in rats and in
human gingival fibroblast cultures.
Another study reported that LPS acti-
vated monocytes and resulted in the

induction of MT1-MMP (38). In the
present study, we showed that LPS did
enhance the mRNA expression of
MTI1-MMP; however, the enhance-
ment was inhibited by CsA (Fig. 5).
For the CsA-induced overgrown gin-

giva, the local tissue not only confronts
the drug stimulation but also deals
with the plaque-induced tissue inflam-
mation. In the present study, the
influence of LPS on CsA-inhibited
MMP activities was evaluated in a
co-culture of gingival fibroblasts and
macrophages, which mimics plaque-
associated inflammation using an
in vitro study design.

In conclusion, this study demon-
strated that CsA, in the presence of
P. gingivalis LPS, inhibited MMP
activities by using a co-culture system
of human gingival fibroblasts and
U937 macrophages. Our results may
partly explain the enduring or even
enhanced CsA-induced gingival over-
growth, when dental plaque is retained
or local inflammation is persistent.
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