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Abstract: The aim of the present study was to ascertain the effect of Porphyromonas gingivalis cysteine protease 
gingipain on the proliferation of rat aortic smooth muscle cells (RASMCs). Gingipains were isolated and purified from 
the supernatant of P. gingivalis W83, which was cultured under standard anaerobic conditions; primary RASMCs 
were also cultured. RASMCs were exposed to 200, 100, 50, 25, 12, 6, 3, 1, and 0 μg/mL activated gingipains and 
the proliferation was evaluated using a cell counting kit-8 (CCK-8) assay after 48 h. α-Smooth muscle actin (α-SMA) 
and osteopontin (OPN) expression were measured by immunohistochemical staining. In addition, RASMCs were 
stimulated with 5, 10, 20, and 40 μM KYT-1 (arg-gingipain inhibitor) and KYT-36 (lys-gingipain inhibitor) in combi-
nation with the gingipain extracts. Different concentrations of gingipains significantly promoted the proliferation of 
RASMCs, except those treated with 1 μg/mL, compared to the untreated controls. The proliferation was sustained 
at a concentration above 12 μg/mL. Immunohistochemical staining showed OPN expression after gingipain stimu-
lation. The proliferative effects of gingipains on RASMCs were blocked after treatment with 10 μM KYT-1 or 10 μM 
KYT-36 (P < 0.0001); however, the difference between KYT-1 and KYT-36 groups was not statistically significant. 
These results demonstrated that gingipains can promote phenotypic transformation and proliferation of RASMCs 
and their effects were blocked by KYT-1 and KYT-36, which help us to ascertain whether Rgp or Kgp contributes to 
the development of atherosclerosis.
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Introduction

Porphyromonas gingivalis (Pg), a black-pig-
mented, gram-negative anaerobe, has proved 
to be a major etiologic agent for the develop-
ment and progression of chronic periodontitis. 
Several epidemiological surveys have revealed 
that periodontitis is one of the important risk 
factors of atherosclerosis [1-3]. Since Pg was 
detected in atherosclerosis plaques, we hypoth-
esized that there may be correlation between 
atherosclerosis and Pg [4]. After ApoE-/-mice 
were vaccinated with PG, the Pg antibody was 
detected in the serum, and interleukin (IL)-6 
and IL-1β levels as well as the atherosclerosis 
plaque area increased, so as to the C57BL/6 
mice [5, 6]. Therefore, Pg was thought to induce 
atherosclerosis and promote the development 
of atherosclerosis in association with hyperli- 
pidemia.

During the course of the atherosclerotic growth, 
as vascular smooth muscle cells (VSMCs) are 
the sole cell type in the medial layer of the vas-
cular wall, they undergo phenotypic transforma-
tion and transmigrate from the media to the 
intima followed by proliferation and production 
of extracellular matrix and apoptosis accompa-
nied by release of lipids, which leads to the 
development of a typical lipid core of athero-
sclerotic lesions [7]. Pg adheres to the surface 
of smooth muscle cells, invades the cells, 
induces cell phenotypic transformation from 
contractile to synthetic, and induces endothelia 
proliferation [8, 9].

Gingipains, which exist in two forms i.e., argi-
nine-gingipains (Rgps) and lysine-gingipain 
(Kgp), are important virulence factors of Pg and 
are found on the outer membrane, vesicles, or 
in the extracellular matrix. Gingipain helps in 
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the uptake of iron and hemoglobin, thereby 
maintaining an anaerobic environment and aid-
ing in the attachment of Pg to the host and 
invasion of the host, thus promoting the devel-
opment of periodontitis [10]. In the vascular 
system, gingipains induce arterial endothelial 
cell apoptosis, cell-adhesive molecule cleav-
age, cytokines synthesis, aid in selective prote-
olysis of apolipoprotein B-100, and trigger a 
proinflammatory response in human monocyte-
derived macrophages [11-14]. In the present 
study, we aimed to study the role of gingipains 
in the induction of VSMC transformation from 
contractile to synthetic phenotype and ascer-
tain whether gingipain promotes cell prolifer- 
ation.

Materials and methods

Materials

Pg W83 was obtained from Beijing Stomato- 
logical Attached Hospital of Capital Medical 
University. N-Benzoyl-d-l-arginine-4-nitroanilide 
hydrochloride (BAPNA), was obtained from 
Sigma-Aldrich (St. Louis, MO, USA). KYT-1 and 
KYT-36, which are specific inhibitors of gin-
gipains, were purchased from a peptide insti-
tute (Osaka, Japan).

Pg strains and culturing conditions

Pg W83 strains were cultured in brain heart 
infusion broth (BD, Franklin, USA) supplement-
ed with 0.5% yeast extract (Difco Laboratories), 
hemin (5 μg/mL), vitamin K (0.5 μg/mL), and 
cysteine (0.1%) (Sigma-Aldrich, St. Louis, MO, 
USA). All cultures were incubated at 37°C in an 
anaerobic chamber (10% H2, 10% CO2, 80% N2).

Gingipain extract preparation

Pg W83 strains were cultured as previously 
described [12]. Bacterial cultures were centri-
fuged (12,000 × g, 45 min, 4°C) to remove the 
cells and then filtered through a 0.45-μm pore 
filter (Millipore, Bellerica, Mass.). The extracel-
lular culture fluid was precipitated with acetone 
at -20°C in a 60:40 ratio of acetone to cell-free 
medium, with constant stirring. This precipitate 
was centrifuged (12,000 × g, 30 min, 4°C), and 
the pellet was resuspended in a solution con-
taining 150 mM NaCl, 20 mM Bis-Tris, and  
5 mM CaCl2. The resuspended pellets were  
dialyzed at 4°C in a Spectrapor 12,000- to 

14,000-molecular-weight cut-off dialysis tubing 
versus 4 L of the same buffer with Aldrithiol-4 
(Sigma-Aldrich) overnight, to stabilize the gin-
gipains, with three more changes of the dialysis 
buffer without Aldrithiol-4. After dialysis, the 
sample was centrifuged (34,000 × g, 1 h, 4°C), 
and the resulting supernatant was concentrat-
ed by ultrafiltration (Ultra-15 10 K, Amicon) at 
4°C. This concentrated gingipain-active extract 
was clarified by centrifugation (192,000 × g, 1 
h, 4°C) and stored in aliquots at -80°C.

Gingipain concentration and protease assay

The concentration of the gingipain extracts was 
determined by the Pierce Protein Assay (Pierce, 
Rockford, USA) following the manufacturer’s 
instructions.

To determine gingipain activity, 5 μL (for Rgp) 
and 15 μL (for Kgp) of the concentrated extract 
was preincubated in a final volume of 180 μL 
activated assay buffer, pH 7.6, containing 0.2 
M Tris-HCl, 0.15 M NaCl, and 20 mM L-cysteine. 
The reaction was initiated by the addition of  
20 μL of 10 mM Bz-L-arginine-p-nitroanilide 
(L-BAPNA) (Sigma) for Rgp activity, or acetyl-
lysine-p-nitroanilide (ALNA) (Bachem, King of 
Prussia, Pa.) for Kgp activity, which was added 
to the 150 μL reaction mixture, and the rate of 
enzymatic substrate hydrolysis was read with a 
microplate reader (Bio-Rad, Hercules, Calif) at 
405 nm using a kinetic measurement software 
program. One unit of gingipain activity is defined 
as the amount of enzyme releasing 1 pmol of 
p-nitroanilide per minute as calculated based 
on the maximum velocity and extinction coeffi-
cient of p-nitroanilide of 9,200 at 405 nm. The 
gingipain extract was activated in 10 mM 
L-cysteine at 37°C for 10 min, followed by dilu-
tion with smooth muscle cell growth medium. 
To block the enzymatic activity, the activated 
extracts were incubated with KYT-1 as well as 
KYT-36 for 10 min at room temperature.

Rat aortic smooth muscle cell isolation and 
culture

Primary cultures of RASMCs were prepared 
from the thoracic aortas of male Sprague-
Dawley rats (weight, 150 g). The rats were euth-
anized with pentobarbital sodium. The thoracic 
aortas were isolated after opening the thoracic 
cavity and rinsed three times with a D-Hands 
buffer. The adventitia was avulsed with oph-
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thalmic forceps in a “cuffing” manner, and the 
endothelium was mechanically removed by 
scraping with a sterile gauze after opening the 
media longitudinally. The separated rat aortic 
media was excised and cut into small pieces 
(about 1 mm2) with ophthalmic scissors. The 
pieces were then planted on 25 cm2 culture 
flasks (Corning) with the luminal side down and 
incubated in DMEM medium (Gibco, Carlsbad, 
CA) containing 10% fetal calf serum (Gibco, 
Carlsbad, CA). When primary cultures reached 
confluence of 90%, they were redistributed  
by trypsinization and fresh cultures were initi-
ated. Cultured smooth muscle cells after 3-6 
passages were used for the following experi- 
ments.

The experimental procedures and the animal 
use and care protocols were approved by  
the Committee on Ethical Use of Animals of 
Hangzhou Normal University.

Proliferation assay

RASMCs proliferative activity was assessed 
using a Cell Counting Kit-8 (CCK-8) assay. The 
smooth muscle cells were seeded at a density 
of 5,000 cells per well in 96-well plates and 
were serum starved for 20 h using DMEM medi-
um with antibiotics (Gibco, Carlsbad, CA). After 
the 20-h serum starvation, the culture medium 
was discarded and replaced with DMEM medi-
um supplemented with 10% fetal calf serum 
containing activated or inactivated gingipains. 
After 48 h, the medium was discarded and 
replaced with 100 µL DMED medium contain-

immunocytochemical analysis, 1 × 106 cells 
were seeded per well in 6-well plates with a 
slide in each well. After incubation for 24 h, the 
cells were fixed with 4% paraformaldehyde for 
15 min, incubated with 1% TritonX-100 at 37°C 
for 30 min, and then washed with phosphate-
buffered saline (PBS). A mouse monoclonal 
antibody against OPN or α-SMA was used at  
a dilution of 1:200 as the primary antibody, 
overnight at 4°C. Biotinylated goat anti-mouse 
immunoglobulin G (IgG) secondary antibody 
was used to react with the primary antibody 
and incubated for 45 min at room tempera- 
ture, developed with DAB, counterstained with 
hematoxylin, and dehydrated in 70%, 80%, and 
100% ethanol. The coverslip was then with neu-
tral balsam.

Statistical analysis

All results are expressed as mean ± SD. A one-
way analysis of variance (ANOVA) and a post 
hoc analysis (Turkey’s test) was used for more 
than two groups, and Student’s t-test was used 
for statistical comparisons of the two groups. A 
P value < 0.01 was considered to be statisti-
cally significant.

Results

Concentration and activity of gingipain ex-
tracts

A protein concentration of 4,848 µg/mL was 
reached by gingipain extraction procedures 
from whole cells of Pg cultures. The Rgp enzy-

Figure 1. Role of gingipains with RASMC proliferation. Quantitative analysis of 
effects of different concentrations of gingipains on RASMC proliferation. The cell 
proliferation was calculated at 48 h as percent above control (no gingipains). 
Data are shown as the mean ± SD (n = 4). **P < 0.01, ****P < 0.0001.

ing 10% CCK-8 solution, 
according to the manufac-
turer’s instructions and in- 
cubated at 37°C for 3 h in  
a humidified 5% CO2 atmo-
sphere. The light absor-
bance at 450 nm was then 
measured with a micro-
plate reader.

Immunocytochemistry

Before and after incubat- 
ion for 48 h, immunohisto-
chemical staining of osteo-
pontin (OPN) protein (Santa 
Cruz Biotechnology, Santa 
Cruz, USA) and the α- 
smooth muscle actin (α- 
SMA) were performed. For 
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matic activity of gingipain-active extracts was 
found to be 280 U/L, while the Kgp enzymatic 
activity was found to be 84 U/L.

Effects of gingipains on RASMC proliferation

Different concentrations of activated gingipain 
extracts were used as stimulants for cell prolif-
eration and showed positive effects, except  
the 1 μg/mL groups. A gradual increase was 
observed in the proliferation of RASMCs with 
an increase in the concentration of gingipains, 
where the increase was significant at a con- 
centration of 3 μg/mL and showed exponential 
growth. However, the proliferation gradually 
decreased and reached a plateau after attain-
ing a concentration of 12 μg/mL (Figure 1).

Effects of KYT-1 and KYT-36 on RASMCs pro-
liferation

In order to evaluate whether Rgp and Kgp 
played a role in RASMCs proliferation, we evalu-
ated the effects of gingipain-specific inhibitors 

KYT-1 (arginine-specific gingipain inhibitor) and 
KYT-36 (lysine-specific gingipain inhibitor) on 
gingipain-induced proliferation. As shown in 
Figure 2, pretreatment of gingipains with KYT-1 
or KYT-36 blocked the gingipain-induced 
RASMCs proliferation in a dose-dependent 
manner; the inhibitory effects at 10 µM were 
the most significant. However, there was no dif-
ference between the effects of KYT-1 and KYT-
36, and no synergistic action was observed 
with the combination.

Gingipains promote OPN expression in 
RASMCs

Immunohistochemical staining demonstrated 
that smooth muscle cells express abundant 
α-SMA (brown in Figure 3), without OPN expres-
sion under an electron microscope before  
gingipain stimulation. Alternatively, after gin-
gipain stimulation, immunohistochemical stud-
ies showed positive OPN staining in smooth 
muscle cells (brown).

Figure 2. Effects of KYT-1 and KYT-36 on RASMC proliferation. After incubating with various concentrations of KYT-1 
(A), KYT-36 (B), and KYT-1 combination with KYT-36 (C), the 12 μg/ml gingipains were used as stimulants for cell 
proliferation. Inhibitory effects of 10 µM KYT-1, KYT-36, and KYT-1 combination with KYT-36 were compared in (D). 
Data are shown as the mean ± SD (n = 5). *P < 0.01, **P < 0.0001.
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Discussion

VSMCs exhibited a high rate of proliferation 
and synthetic ability during vascular develop-
ment and a number of proliferative vascular 
diseases such as atherosclerosis, hyperten-
sion, and restenosis after angioplasty [15]. Pg 
can invade arterial smooth muscle cells and 
stimulate proliferation through activation of 
TGF-beta and Notch signaling pathways [16]. 
The present study demonstrates that the prolif-
eration of rat smooth muscle cells significantly 
increased after gingipain stimulation. It has 
been reported that the gingipains activate pro-
tease-activated receptors (PARs) located on 
various cells, including epithelial cells, human 
gingival endothelial cells, and platelets, leading 
to the release of proinflammatory cytokines 
IL-6, the expression and release of human 
growth factor (HGF), and platelet aggregation 

[10]. Moreover, gingipains and toll-like receptor 
(TLR) on the human arterial endothelial cells 
synergistically induce the synthesis of the cyto-
kine IL-8 [12]. After incubation of Pg with plas-
ma and addition of supernatants to the VSMC 
medium, Inaba et al. [17] hypothesized that the 
indirect effects of gingipains on promotion of 
VSMCs proliferation occur via cleavage of plas-
ma proteins at the lysine and arginine residues 
and conversion of the factor X to Xa thereby 
leading to blood coagulation, which induces 
proliferation. In our present study, we used gin-
gipain extracts to directly stimulate RASMCs. 

Therefore, gingipain itself may promote VSMC 
proliferation. Gingipains, cysteine proteases, 
are essential, and therefore, owing to some 
enzyme characteristics, the substrate was con-
sumed gradually with an increase in the gin-
gipain concentration and not enough substrate 
was remaining above 12 μg/mL.

KYT-1 and KYT-36, which are inhibitors of Rgp 
and Kgp, respectively, strongly inhibited the 
virulence induced by the Pg culture superna-
tant [18]. The effects differ due to differences 
in the structure. Our study showed that the pro-
liferation reduced after the gingipain extracts 
were incubated with KYT-1 or KYT-36. In the 
study, the inhibitory effects of KYT-1 and KYT-
36 on the proliferative effects of gingipains 
showed a U-shape curved with an increase  
in the concentration of KYT-1 and KYT-36. 
KYT-1 and KYT-36 were observed to promote 
RASMCs proliferation (data not shown), which 
may explain why KYT-1 and KYT-36 failed to 
block the effects of gingipains at concentra-
tions higher than 10 µM. Rgp and Kgp, which 
have different gene structures, play different 
roles in the development of the periodontitis 
[19-21]. However, in our study, no difference 
was observed between KYT-1 and KYT-36 
groups, which indicate that Kgp and Rgp activi-
ties were responsible for gingipains-mediated 
RASMCs proliferation. In addition, although the 
proliferation in response to their combination is 
higher than that with Rgp and Kgp, no synergis-

Figure 3. The immunohistochemical staining for α-SMA and OPN in RASMCs at 48 h before and after the 12 μg/ml 
gingipains stimulation (× 100).
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tic action was observed with the combination; 
these results were consistent with those of 
Inaba et al. [18].

VSMCs exhibits special phenotypic plasticity in 
response to fluctuating environmental cues. 
VSMCs within adult normal blood vessels show 
contractile function with reduced proliferation 
rate and synthetic activity, high levels of con-
tractile gene expression, such as α-SMA, 
SM22α, caldesmon, and calponin, among 
which α-SMA is the most classical one [22, 23]. 
During the development and progression of 
atherosclerosis, the VSMCs switch from con-
tractile phenotype to synthetic, which is charac-
terized by increased rates of proliferation, mig- 
ration, and production of extracellular matrix, 
as well as reduced expression of contractile 
genes. OPN, a soluble secreted phosphopro-
tein, integrin-binding ligand, is expressed by 
various cells including some epithelia, macro-
phages, T cells, and VSMCs. We demonstrated 
that VSMCs expressed OPN during the prolifer-
ative phase, synthetic phase, and OPN promot-
ed atherosclerosis and inhibitory effect during 
vascular calcification [24].

As a marked protein of synthetic VSMCs, OPN 
play an important role in the development of 
atherosclerosis and acts as an enhancer of ath-
erosclerosis. OPN promotes VSMCs phenotypic 
switching and induces medial thickening and 
neointimal formation [25, 26]. It was reported 
that oxLDL promoted the proliferation of human 
coronary artery smooth muscle cells in a dose-
dependent manner via induction of the activa-
tion of OPN followed by upregulation of expres-
sion levels of MMP-9 [27]. To explore the pos-
sible effects of gingipain on VSMC proliferation, 
we observed the expression of α-SMA and OPN 
using immunohistochemical staining before 
and after gingipain stimulation. In the present 
study, the expression of α-SMA was high before 
gingipain stimulation and low after stimulation. 
However, the expression of OPN was opposite, 
was expressed after gingipain stimulation. The 
OPN level was related with the severities of 
coronary artery disease [28], in our study, the 
OPN level was not analyzed. Although the 
mechanism of SMC proliferation mediated by 
gingipains is unclear, a plausible explanation 
can be speculated. Gingipains stimulate VSMCs 
to express OPN and induce phenotype transfor-
mation, followed by acceleration of the prolif-
eration of VSMCs.

Conclusion

The present findings suggest that Pg gingipains 
are involved in VSMC phenotypic transforma-
tion and induce the proliferation of VSMCs and 
Rgp or Kgp may contribute to the development 
of atherosclerosis. However, the present study 
only focused on the in vitro effects of gingipains 
on the proliferation of cultured RASMCs, and 
further genetic studies are warranted to under-
stand the mechanism of action of gingipains on 
the proliferation of RASMCs.
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