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Background and Objective: Porphyromonas gingivalis infection is thought to be a
significant etiological factor in the development of cardiovascular diseases.
However, scant definitive evidence has been presented concerning the pathological
molecular mechanisms of these disorders. In the present study, we performed a
molecular analysis of the developmental mechanisms of aortic intimal hyperplasia
induced by P. gingivalis.

Material and Methods: The effects of P. gingivalis-induced bacteremia on intimal
hyperplasia were evaluated using a mouse model of aortic hyperplasia created by
photochemical-induced endothelial cell injury. Alterations of gene expression
profiles in injured blood vessels of the mice were extensively analyzed using DNA
microarray assays to identify the key molecules involved in P. gingivalis-induced
hyperplasia. In addition, human aneurismal specimens from patients with or
without P. gingivalis infection were analyzed histochemically.

Results: Intravenous administration of P. gingivalis dramatically induced intimal
hyperplasia in the mouse model. Concomitantly, S100 calcium-binding protein
A9 (S100A9) and embryonic isoform of myosin heavy chain (SMemb), a
proliferative phenotypic marker of smooth muscle cells, were significantly over-
expressed on the surfaces of smooth muscle cells present in the injured blood
vessels. Similarly, increased expressions of SI00A9 and SMemb proteins were
observed in aneurismal specimens obtained from P. gingivalis-infected patients.

Conclusion: We found that bacteremia induced by P. gingivalis leads to intimal
hyperplasia associated with overexpressions of SI00A9 and SMemb. Our results
strongly suggest that oral-hematogenous spreading of P. gingivalis is a causative
event in the development of aortic hyperplasia in periodontitis patients.

© 2009 John Wiley & Sons A/S
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An epidemiological association bet-
ween periodontal and cardiovascular
diseases has emerged in recent studies
(1). Porphyromonas gingivalis is con-

sidered to be one of the most important
pathogens involved in several types of
periodontal diseases (2). In addition,
the bacterium is gaining increasing

attention for its possible association
with cardiovascular diseases, and
several epidemiological studies have
strongly indicated its involvement in
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the development of atherosclerosis and
aneurysms (3,4). The mechanistic basis
for causal association between P. gin-
givalis and cardiovascular disease has
yet to be defined; however, within the
confines of periodontal tissues, various
bacteria and their antigens may initiate
inflammatory responses with sys-
temic consequences that could trigger
cardiovascular diseases (5,6). Alter-
natively, direct oral-hematogenous
spreading of bacteria to cardiovascular
tissues may also occur. Bacteremia is a
common condition often associated
with tooth brushing and dental treat-
ment (7-9). Furthermore, P. gingivalis,
which is resistant to complement-med-
iated killing, is known to be able to
survive within the bloodstream (10,11),
while recent in vitro and in vivo studies
have suggested that the bacterium
possesses several properties possibly
related to the pathogenesis of athero-
sclerosis (12,13). P. gingivalis has also
been detected within human athero-
sclerotic specimens obtained from var-
ious ethnic groups (14-16), indicating
the possibility that certain etiologies are
involved in the development of aortic
aneurysms and atherosclerosis medi-
ated by P. gingivalis. However, it
remains unclear how P. gingivalis is
involved in the development of ath-
erosclerosis and aneurysms.

In our recent study, cultured human
aortic smooth muscle cells exposed to
supernatants of blood plasma incu-
bated with P. gingivalis showed a
marked transformation from the con-
tractile to the proliferative phenotype
(17). The vascular endothelial layers
are consistently injured directly and
indirectly by various products, such as
oxidized low-density lipids, inflamma-
tory cytokines, glycation end-products,
homocysteine and reactive oxygen
species (18-20). The endothelial dam-
age is one of the critical factors that
trigger the onset of cardiovascular
diseases, and may allow direct inter-
action of vascular smooth muscle cells
with P. gingivalis in the blood. In the
present study, we performed a molec-
ular analysis of the developmental
mechanisms of aortic hyperplasia
induced by P. gingivalis, using an in
vivo mouse model created by photo-
chemical-induced endothelial damage.

We evaluated the virulence ability of
P. gingivalis as well as Streptococcus
mutans, a major pathogen of dental
caries, to develop atherosclerosis in the
mouse model, since S. mutans was
previously detected at a high frequency
in human atherosclerotic specimens
(16). Next, alterations of gene expres-
sion profiles in injured blood vessels of
mice were extensively evaluated using
DNA microarray assays to identify the
key molecules involved in this P. gin-
givalis-induced disorder. Finally, an-
eurismal clinical specimens  were
obtained from patients with or without
P. gingivalis infection and histochemi-
cally analyzed to examine the involve-
ment of the host molecules revealed in
the DNA microarray assay results.

Material and methods

Bacterial strains

Porphyromonas  gingivalis OMZ314,
which was demonstrated to be a highly
virulent strain in a mouse abscess
model in our previous study (21), was
grown anaerobically at 37°C in Tryptic

Bacterial
administration
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Soy Broth (Becton Dickinson, Sparks,
MD, USA) supplemented with yeast
extract (1 mg/mL), menadione (1 pg/
mL) and hemin (5 pg/mL), as de-
scribed previously (22). S. mutans
TW3T71, isolated from the blood of a
patient with infective endocarditis
complicated with subarachnoid
hemorrhage, was cultured in static
conditions aerobically at 37°C in Brain
Heart  Infusion  Broth  (Becton
Dickinson), as described previously
(23,24). The tested strains were washed
and adjusted to 1 x 10° colony-form-
ing units/mL with phosphate-buffered
saline.

Evaluation of intimal hyperplasia in
mouse model

The present animal experiments con-
formed to the Guide for the Care and
Use of Laboratory Animals published
by the US National Institutes of
Health (NIH publication no. 85-23,
revised 1996), and were approved by
the institutional animal care and use
committees of Osaka University
Graduate School of Dentistry and
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Fig. 1. Schematic illustration and protocol of photochemical-induced mouse femoral artery
hyperplasia model. Photochemical-induced endothelial cell injury causes temporary throm-
bus formation, which is solved by endogenous fibrinolysis, after which smooth muscle cell-
dependent intimal hyperplasia develops within 4-6 weeks.



Hamamatsu University School of
Medicine. Endothelial injury in femo-
ral arteries of mice was induced using a
photochemical method, described pre-
viously, with some modifications
(Fig. 1; 25,26). Briefly, male ICR mice
(body weight, approximately 25-30 g;
Japan SLC, Inc., Hamamatsu, Japan)
were re-anesthetized with sodium pen-
tobarbital, and then the right jugular
vein was cannulated with a polyethyl-
ene tube for administration of Rose
Bengal (photosensitizer). The right
femoral artery was carefully exposed,
and the probe of a pulse Doppler
blood velocimeter was attached to the
surface of the artery for monitoring
blood flow. Photo-irradiation was
executed with a xenon lamp equipped
with a heat-absorbing filter (wave-
length 540 nm; Hamamatsu Photonics,
Hamamatsu, Japan) for 20 min, with
Rose Bengal infusion (10 mg/kg) dur-
ing the first 5 min. Formation of an
occlusive thrombus resulting from the
vessel injury was indicated by complete
cessation of blood flow in the blood
vessel. After the surgical operation,
mice were immediately recovered, and
were placed in the cage. Twenty-four
hours after vessel injury, mice was
anesthetized with sodium pentobar-
bitol, bacterial suspensions (107 cells
per mouse) in phosphate-buffered
saline were intravenously administered
via the jugular vein.

Intimal hyperplasia was evaluated
28 d after injection of the bacteria
according to the method described in
our previous reports, with some modi-
fications (25,26). In brief, the blood
vessels were extirpated after the mice
were sacrificed by over dose anesthesia,
and all arterial segments were sectioned
transversely (4-um-thick sections at
0.3 mm intervals) and stained with
Masson’s trichrome. The intimal and
medial areas were measured with the aid
of a computer analysis system (DP con-
troller, model DP70, Olympus, Tokyo,
Japan), and the intima/media ratio was
calculated as the average of three con-
secutive slices showing maximal intimal
hyperplasia in the center of each area of
damage among the serial sections.

Detection of P. gingivalis in the
blood vessels was carried out as follows.
Whole DNA was extracted from injured

Porphyromonas gingivalis and aortic hyperplasia
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Fig. 2. Intimal hyperplasia of the aorta induced by oral bacterial infection after blood vessel
injury. (A) Representative photomicrographs of intimal hyperplasia of the aorta induced by
oral bacteria after blood vessel injury. Samples were collected from the mice 28 d after
administration of the oral bacteria or vehicle. Tissue sections were stained with Masson’s
trichrome. The diagram provides a detailed description of hyperplasia induced by P. gingi-
valis administration. (B) Quantification of intimal hyperplasia in injured blood vessels 28 d
after administration of P. gingivalis, S. mutans or the vehicle. The degree of intimal hyper-
plasia was calculated as the intima/media ratio (I/M ratio) from the maximum field prepared
from each individual sample. Each column value represents the mean + SEM, and numbers
in parentheses indicate the number of cases. *p < 0.05 vs. no infection.

and non-injured blood vessels extir-
pated at 6 h, 1, 3 or 7 d after bacterial
injection, and polymerase chain reac-
tion (PCR) was carried out according to
a method described previously, with the
limit of detection for bacteria from 5 to
50 cells in each specimen (16,27).

DNA microarray assays

Exhaustive analysis of gene alterations
in injured blood vessels of the mice

was performed using a DNA micro-
array to investigate the molecules
involved in P. gingivalis-induced vas-
cular disease, according to a method
described previously (28,29). Briefly,
blood vessels were collected at 6 and
24 h after bacterial administration
from three different groups of intimal
hyperplasia model mice, then imme-
diately snap-frozen in liquid nitrogen.
In order to collect an adequate amount
of RNA for microarray analysis, total
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Injured vessel + P. g. vs. Injured vessel only on 6 h

Comparison 3

B Comparison 1
899
genes
1295
genes

Comparison 2

1209
genes

97 genes

Comparison 3

Cc

Major increased gene expression Fold increase

Chemokine (C—C motif) ligand 6 (CCL6) 41.8

Small inducible cytokine A9 (CCL9) 20.5

S100 calcium binding protein A9 (S100A9) 9.4

Small inducible cytokine A2 (CCL2) 7.4

Intracellular calcium-binding protein (VRP8) 6.8

S100 calcium binding protein A13 (S100A13) 2.4

Fig. 3. Key molecules involved in intimal hyperplasia induced by P. gingivalis infection after
blood vessel injury. (A) Comparison of three groups using DNA microarray assays. (B) The
three groups shared 97 gene alterations in common. Since the range of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, positive control) was from 0.8- to 1.2-fold, we eval-
uated changes greater than 1.5-fold or less than 0.5-fold as significant alterations. Altered
genes in three different groups were compared, and 97 were nominated as the key molecules.
(C) Among the 97 genes, those encoding chemokines and calcium-binding proteins, includ-
ing S100A9, were found to account for the largest portion with an alteration > 2-fold.

RNA was prepared from tissues
obtained from three mice in each
group and mixed. Amino-allyl ampli-
fied RNA was then obtained from
total RNA using an Amino-allyl
MessageAmp aRNA kit (Ambion,
Inc., Austin, TX, USA). Amino-allyl
amplified RNA samples from each
group were labelled with Cy3 or Cy5
using FluoroLink Cy3 or Cy5 mono-
functional Dye 5-Packs (Amersham
Bioscience, London, UK), then app-
lied to a mouse gene chip system
(Sigma  Genosis Japan, Sapporo,
Japan). The expression of genes was
detected by the fluorescence intensity
of Cy3 and Cy5. After normalization,
gene alterations were determined
from the ratio of Cy3 and CyS5, and
expressed as fold increase in injured
vessels with P. gingivalis, and com-
pared with injured vessels without

infection and non-injured vessels with
P. gingivalis infection. The range of
glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, positive control)
was from 0.8- to 1.2-fold; therefore,
we evaluated changes greater than
1.5-fold or less than 0.5-fold as sig-
nificant alterations. Altered genes were
determined using three different
comparisons: injured vessels with
P. gingivalis infection vs. injured ves-
sels without infection after 1 d; injured
vessels with P. gingivalis infection vs.
non-injured vessels with P. gingivalis
infection after 1 d; and injured vessels
with P. gingivalis infection vs. injured
vessels without infection after 6 h.

Immunohistochemistry

The tissue sections were subjected to a
standard immunohistochemical tech-

nique to detect the expression of
chemokine ligand (CCL) 6, CCL9,
S100A9 and SMemb, a proliferative
phenotype marker of smooth muscle
cells (30), using antibodies specific for
each. Anti-CCL6 and -CCL9 antibod-
ies were purchased from R&D Systems
(Minneapolis, MN, USA), while anti-
S100A9 polyclonal antibody was
purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA)
and anti-non-muscle myosin heavy
chain (SMemb) antibody from Yamasa
Co. Ltd, (Choshi, Chiba, Japan). A
Vectastain ABC kit (Vector Laborato-
ries, Burlingame, CA, USA) was used
with a diaminobenzidine substrate
kit according to the manufacturer’s
instructions. Immunohistochemical
detection of proliferating cell nuclear
antigen (PCNA) to demonstrate active
cellular proliferation was performed
using a PCNA detection kit (Zymed
Laboratories, South San Francisco,
CA, USA).

Human tissue specimens for
immunohistochemical staining of
S100A9

Tissue sections processed from blood
vessels of patients with aneurysms were
obtained from surgical resection pro-
cedures performed at Osaka Rosai
Hospital. This investigation conformed
with the principles outlined in the
Declaration of Helsinki, the study
protocol was approved by the Ethics
Committee of Osaka Rosai Hospital
and written informed consent was
obtained from the patients prior to
collecting the specimens. Bacterial
DNA in dental plaque and atheroma-
tous specimens was extracted, followed
by PCR detection of P. gingivalis
bacterial DNA, as described previously
(16).  Subjects with  P. gingivalis
detected in either dental plaque or
atheromatous specimens were classified
as P. gingivalis positive, while those
without detection of P. gingivalis in
those specimens were classified as
P. gingivalis negative. Several typical
aneurismal lesions in each case were
selected, and immunohistochemical
staining for S100A9 was performed
using anti-S1I00A9 polyclonal anti-
body.
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Fig. 4. Immunohistochemical staining of S100A9, SMemb and proliferating cell-nuclear
antigen (PCNA) in areas of intimal hyperplasia induced by P. gingivalis infection after blood
vessel injury. Immunohistochemical staining was performed for the detection of S100A9,
SMemb and PCNA in the injured vessels of the mice at 7 and 28 d after administration of
P. gingivalis or the vehicle. The target molecules are shown in brown. White arrowheads in
the inset in the top panel represent smooth muscle cells stained with S100A9. White
arrowheads in the bottom panel represent proliferating smooth muscle cells after 28 d stained

with PCNA.

Statistical analysis

All results are expressed as the
means = SEM. Statistical compari-
sons made using Student’s
unpaired r-test or Scheffe’s method
after analysis of variances (ANOVA).
The results were considered signifi-
cantly different at p < 0.05.

were

Results

Formation of aortic intimal
hyperplasia in mouse model

Bacteremia caused by P. gingivalis
induced considerable formations of
aortic intimal hyperplasia in the

injured vessels after 28 d, as shown in
Fig. 2. Neointimal lesions were most
common in the areas affected by
hyperplasia (Fig. 2A). In contrast,
hyperplasia was rarely observed in
injured vessels without P. gingivalis
infection or in non-injured vessels with
infection (Fig. 2B). In addition, only
slight hyperplasia was induced in ves-
sels injured following S. mutans infec-
tion (Fig. 2B). The PCR analyses
demonstrated that both P. gingivalis
and S. mutans were present in the
photochemically injured blood vessels
extirpated at 6 h, 1, 3 and 7 d after
bacterial injection, whereas the infected
bacteria were rarely detected in the
non-injured blood vessels (data not
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shown). These results suggest that
bacteremia induced by P. gingivalis
can lead to aortic intimal hyperplasia,
and endothelial injury is essential for
lesion formation. In contrast, the eti-
ology of disease caused by S. mutans
was not demonstrated in this model.

Key molecules involved in intimal
hyperplasia induced by P. gingivalis
in blood

Alterations of gene expression profiles
in injured blood vessels of the mice
extensively performed using
DNA microarray analysis to identify
the key molecules involved in P. gin-
givalis-induced hyperplasia. To reduce
the confounding effects of false signals,
we compared the results obtained in
three different conditions (Fig. 3A)
and found significant alterations of
97 genes  (Fig. 3B). Among the
97 genes, those encoding chemokines
and calcium-binding proteins, includ-
ing SI00A9, were found to account for
the largest portion, as shown in
Fig. 3C.

Next, altered expressions of these
potential molecules were examined
using immunohistochemical staining of
blood vessel specimens from the mice.
Overexpressions of CCL6 and CCL9
were observed in the injured blood
vessels at 6 h after P. gingivalis infec-
tion, whereas such overexpressions
were negligibly observed in the non-
injured vessels with and without
P. gingivalis  infection (data not
shown). However, the overexpressions
of CCL6 and CCL9 disappeared at 7 d
after bacterial infection (data not
shown). In contrast, enhanced expres-
sion of S100A9 was continuously
observed from the early phase (6 h) to
7 d after infection with P. gingivalis
(Fig. 4). In addition, S100A9 expres-
sion was frequently localized in prolif-
erating smooth muscle cells at 7 d after
infection. Furthermore, the expression
of SMemb was observed in smooth
muscle cells in the injured vessels at 7 d
after the bacterial infection. The
expression of proliferating cell nuclear
antigen (PCNA), a marker of cell
proliferation, was also examined to
confirm cellular proliferation, and
strong expression was found in injured

were
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P, gingivalis-positive

P, gingivalis-negative

Fig. 5. Immunohistochemical detection of SI00A9 expression in aortic aneurismal lesions
from patients with or without P. gingivalis infection. Representative photographs of an-
eurismal lesions from P. gingivalis-positive (cases P1-P3) and P. gingivalis-negative patients
(cases N1-N3) are shown. Brown coloration (indicated by arrowheads) shows S100A9

expression.

vessels with P. gingivalis infection from
7 to 28 d after bacteria infection, but
not in injured vessels without infection
(Fig. 4). The expressions of S100A9,
SMemb and PCNA seemed to be co-
localized in the vascular tissues.

Overexpression of S100A9 protein in
cardiovascular lesions of patients
infected with P. gingivalis

We analyzed 12 P. gingivalis-positive
specimens and 12 P. gingivalis-negative
specimens, among which six represen-
tative specimens are shown in Fig. 5.
In all 12 of the P. gingivalis-positive
specimens S100A9 was identified, and
strong expression was observed in 10.

In contrast, there were few P. gingiva-
lis-negative specimens with a positive
expression of S100A9. Expression of
S100A9 was localized in areas corre-
sponding to proliferating smooth
muscle cells and co-localized with
SMemb (data not shown).

Discussion

In the present study, we evaluated the
etiology of atherosclerosis development
caused by P. gingivalis as well
as S.mutans in a mouse model
with photochemical-induced endothe-
lial damage. P. gingivalis in the blood
caused formation of considerable inti-
mal hyperplasia in photochemical-

damaged blood vessels, whereas
S. mutans did not. Furthermore, aortic
intimal hyperplasia was formed in
regions with proliferative smooth
muscle cells and was associated with
overexpression of SI00A9 and SMemb.
It should be noted that these mice did
not suffer from any type of hypercho-
lesterolemia. Therefore, the present
findings suggest direct involvement of
P. gingivalis in the development of
vascular disease without hypercholes-
terolemia, which is a novel pathological
molecular mechanism of cardiovascu-
lar diseases.

A previous study found that oral
infection with P. gingivalis accelerated
early atherosclerosis in hypercholes-
terolemic apolipoprotein-E null mice,
whereas the disorder was not seen
in wild-type mice with P. gingivalis
infection  (31), suggesting that
hypercholesterolemia is essential for
atherosclerosis associated with P. gin-
givalis infection. Our results, however,
showed that P. gingivalis induces inti-
mal hyperplasia without host hyper-
cholesterolemia. Although the distinct
molecular mechanisms involved in this
discrepancy should be analyzed further
in detail, other reports have noted that
Burger’s disease, an occlusive vascular
disease, occurs in individuals infected
with P. gingivalis, despite the absence
of cholesterol elevation in plasma (32—
34), which supports the present find-
ings. Another intriguing finding is that
P. gingivalis in the bloodstream fails to
gain access to the vessel wall across the
uninjured endothelial layer. As men-
tioned in the Introduction, the endo-
thelial layers are frequently injured in
conditions caused by various sub-
stances in blood. It is also known that
smoking induces free radical genera-
tion in blood, which injures endothelial
layers and is considered the most
important risk factor for Burger’s dis-
ease (33,35). Thus, P. gingivalis in the
bloodstream is likely to invade dam-
aged endothelial layers, allowing direct
interaction with vascular smooth mus-
cle cells, which may trigger the onset of
cardiovascular diseases.

According to the present DNA
microarray results, we focused on
chemokines and S100 calcium-binding
proteins. The CC chemokine ligands



CCL6 and CCL9 have been reported
to elicit various inflammatory
responses (36). However, the increased
expressions of those chemokine ligands
in injured blood vessels of mice in-
duced by P. gingivalis were diminished
within 7 d. Therefore, it is suggested
that CC chemokine ligands play a role
as initiators or accelerators of vascular
injury in the early phase, but may not
be key molecules in the development of
intimal hyperplasia. In contrast, the
increased expression of S100 calcium-
binding proteins, especially S100A9,
persisted until 28 d after the bacterial
infection. These results led us to spec-
ulate that upregulation of S100A9 by
smooth muscle cells is an important
factor involved in the induction of
intimal hyperplasia in the aorta by
P. gingivalis.

Although it has been reported that
S100A9 is a member of the S100
calcium-binding protein family, its
biological roles and functional mecha-
nisms remain unclear (37). Since the
expression of S100A9 has been
observed in inflammation and cancer
lesions, it has been suggested that the
protein plays an important role in
cellular proliferation (38). In addition,
we recently reported that S100A9
expression was observed following
P. gingivalis infection of primary
human aortic smooth muscle cells with
cellular proliferation, and knockdown
of S100A9 by small interfering RNA
dramatically attenuated both the
phenotypic changes and proliferation
(17). In the present in vivo experimental
conditions, overexpression of S100A9
was observed in smooth muscle cells in
the intimal and medial layers. There-
fore, it is suggested that ectopic
expression of SI100A9 in smooth
muscle cells causes phenotypic trans-
formation from contractile to prolifer-
ative as well as hyperplastic growth of
smooth muscle cells migrating to the
intimal area.

We also detected a strong expression
of S100A9 protein in tissue sections
processed from aneurismal blood ves-
sels of P. gingivalis-positive patients
but not in those from P. gingivalis-
negative patients. These observations
support the present results and suggest
that upregulation of S100A9 by

Porphyromonas gingivalis and aortic hyperplasia

P. gingivalis is involved in the devel-
opment of cardiovascular lesions in-
duced by the bacterium, such as
aneurysms, aortic hyperplasia and
atherosclerosis.

In conclusion, we found that infec-
tion of endothelial-damaged vessels by
P. gingivalis  dramatically  induced
proliferation of smooth muscle cells,
leading to intimal hyperplasia without
hypercholesterolemia. Our results sug-
gest that upregulation of SI00A9 and
SMemb by P. gingivalis is an impor-
tant event in the development of aortic
intimal hyperplasia.
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