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Abdominal aortic aneurysm (AAA) is

a common and lethal disorder (1,2).

Inflammation, which is associated with

a disruption of the orderly lamellar

structure of the aortic media, appears

to play a critical role in the develop-

ment and progression of AAA (3).

Evaluations of human AAA tissue

showed high levels of inflammatory

infiltrates in both the media and the

adventitia (4,5). The normal lamellar

structure, with flattening and frag-

mentation of elastin fibers, is associ-

ated with aortic expansion. An

increased expression of MMPs has

been observed in human aneurysm

tissue specimens (6,7).

In periodontal diseases, MMPs also

play key roles. Periodontitis is charac-

terized by gingival inflammation and

the loss of periodontal support tissue
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Background and Objective: Abdominal aortic aneurysm (AAA) is a common and

lethal disorder, and MMPs are highly expressed in AAA lesions. Large numbers of

periodontopathic bacteria have been reported to be present in specimens obtained

from the aortic walls of patients with an AAA. The purpose of this study was to

analyze the influence of periodontopathic bacteria on AAA dilatation.

Material and Methods: AAAs were produced in mice by the periaortic application

of 0.25 M CaCl2, and NaCl was used as a control. The mice were inoculated once

weekly with live Porphyromonas gingivalis, live Aggregatibacter actinomycetem-

comitans or vehicle.

Results: Four weeks after the periaortic application of either CaCl2 or NaCl, a

significant increase was observed in the aortic diameter of P. gingivalis-challenged

mice compared with the vehicle control mice (p < 0.05), whereas there was no

statistically significant increase in the aortic diameter of the A. actinomycetem-

comitans-challenged mice. Immunohistochemical analysis found significantly

higher numbers of CD8-positive and MOMA2-positive cells and significantly

higher levels of MMP-2 in the aneurysmal samples of P. gingivalis-challenged mice

compared with control mice. Live P. gingivalis promoted a significant prolifera-

tion of splenocytes in comparison with P. gingivalis-lipopolysaccharide and live

A. actinomycetemcomitans (p < 0.05).

Conclusion: These findings demonstrate that challenge with P. gingivalis, but not

with A. actinomycetemcomitans, can accelerate, or even initiate, the progression of

experimental AAA through the increased expression of MMPs.
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(8). Periodontopathic bacteria gener-

ate host immunological inflammatory

responses, resulting in the secretion of

cytokines andMMPs (9) and eventually

leading to the destruction of extracel-

lular matrix in periodontal tissues (10).

Recent studies suggest that oral infec-

tion, especially periodontitis, is asso-

ciated with several types of systemic

diseases, such as infectious endocarditis

and cardiovascular disease (11,12).

Transient bacteremia caused by pro-

fessional dental procedures and daily

tooth brushing, which can result in the

dissemination of oral bacteria into the

bloodstream (13), may initiate systemic

inflammatory reactions (14). Several

studies have reported the detection of

periodontal bacteria in cardiovascular

specimens (15,16). Periodontopathic

bacteria, especially Porphyromonas

gingivalis, which is one of the most

common pathogens related to peri-

odontitis, were present in a high

percentage of specimens of diseased

arteries from AAA patients and were

also found throughout the whole

aneurysmal wall (15). The detection

of Aggregatibacter actinomycetemcomi-

tans, which is another major periodon-

topathic pathogen, has been reported

in atheromatous specimens obtained

during carotid endarterectomies (16).

The CaCl2-induced AAA model is

popular for the experimental develop-

ment of AAA (17). The application

of CaCl2 promotes inflammatory

responses, followed by structural dis-

ruption of the aortic walls. This destruc-

tion leads to the development of luminal

dilatation and AAA progression

(18). This CaCl2-induced AAA model

depends on aortic inflammation (19).

Recent epidemiological reports sug-

gest periodontal disease to be an

important risk factor for cardiovascular

disease (20). Periodontopathic bacteria

may play a role in the development of

AAAs, but the effect of these bacteria on

the aneurysmal wall has not yet been

established. The purpose of the present

investigation was to determine the effect

of periodontal microorganisms on

AAA in the mouse model. The results

of this study revealed, for the first

time, that periodontopathic pathogens

induced AAA dilatation with a high

expression of MMPs.

Material and methods

The murine subcutaneous chamber
model

We used a modification of the subcu-

taneous chamber model, as previously

described (21,22). Male C57BL/6 mice

(8–10 wk, 20–25 g) were obtained

from Japan Clea, Co. (Tokyo, Japan).

Chambers (length 10 mm, diameter

5 mm), which was constructed from

coils of stainless-steel wire, was

implanted subcutaneously into the

back of each mouse. After the healing

period, the chambers were used as a

biological compartment for inducing

inflammation. This investigation con-

formed to the Guide for the Care and

Use of Laboratory Animals of the

Tokyo Medical and Dental University.

Bacterial growth

P. gingivalis (ATCC A7A1-28) was

grown on blood agar plates in an

anaerobic chamber (containing an

atmosphere of 85% N2, 5% H2, 10%

CO2). After incubation at 37�C for

2–3 d, the bacterial cells were inocu-

lated into liquid medium of peptone

yeast extract and incubated for a

further week under the same culture

conditions. A. actinomycetemcomitans

strain Y4 was obtained by an initial

culture on trypticase soy agar plates

supplemented with horse serum, baci-

tracin and vancomycin for 5–7 d, fol-

lowed by incubation for 3–5 d at 5%

CO2 in air at 37�C. The purity of the

cultures was checked by phase-contrast

microscopy. Bacterial cells were trans-

ferred to peptone yeast extract for

1–2 d. The bacterial concentrations

were standardized to 108 colony-forming

units (CFUs)/mL.

Immunization

The bacteria were heat-killed by incu-

bation at 80�C for 10 min. Fourteen

days before induction of the AAA by

the application of either CaCl2 or NaCl,

the mice were immunized by the sub-

cutaneous injection of heat-killed

P. gingivalis or A. actinomycetemcomi-

tans (0.1 mL of 108 CFU/mL). The

levels of anti-P. gingivalis- or anti-

A. actinomycetemcomitans-specific IgG

in the plasma were determined using an

ELISA, as previously described (23),

before coil implantation and after the

P. gingivalis- or A. actinomycetemcom-

itans-infected or vehicle control mice

were killed.

Aneurysm induction

Aneurysm induction was performed as

described previously (3). The mice were

anesthetized with 3.6% chloral hydrate

(intraperitoneal administration, 0.1

mL/10 g body weight) and then

underwent a laparotomy. The diameter

of the aorta was measured in triplicate

midway between the renal artery origin

and iliac artery bifurcation. After tak-

ing baseline measurements, either

0.25 M CaCl2 or 0.9% NaCl (control)

was applied to the external surface of

the aorta. The mice were divided into

six groups, CaCl2 was applied and then

inoculated with live P. gingivalis

(0.1 mL of 108 CFU/mL) (n = 10),

live A. actinomycetemcomitans (0.1 mL

of 108 CFU/mL) (n = 9) or vehicle

containing diluted phosphate-buffered

saline (PBS) (0.1 mL) (n = 10), or

NaCl was applied and then inoculated

with live P. gingivalis (0.1 mL of 108

CFU/mL) (n = 10), live A. actino-

mycetemcomitans (0.1 mL of 108 CFU/

mL) (n = 8) or vehicle (0.1 mL) (n =

13). The subcutaneous injections were

performed once per week for 4 wk.

Four weeks later the mice underwent

a laparotomy and dissection. The

measurements were repeated at the

same location in the midinfrarenal

aorta.

Histopathology and
immunohistochemistry

Histopathological analyses were per-

formed as described previously (24).

The sections were stained with hema-

toxylin and eosin and with Elastica van

Gieson. We used a modification of the

average aortic wall architecture score,

as previously described (25). The score

was assessed by three observers who

were blinded to both injection and

treatment. The elastic fiber integrity

was assessed in four representative

areas on a scale from 0 to 3, with
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scoring as follows: 0, completely intact

with wavy organization; 1, mild disor-

ganization without fragmentation; 2,

local degradation and fragmentation;

and 3, extensive fragmentation and

degradation.

The sections (four samples in each

group) were incubated with primary

antibodies against CD4, CD8, MOMA2

(BD Biosciences Pharmingen, San

Diego, CA, USA), MMP-2 or MMP-9

(Santa Cruz Biotechnology, Inc., Santa

Cruz, CA, USA) at 4�C for 12 h.

Antibody–horseradish peroxidase con-

jugate was detected using the Histofine

Simplestain kit (Nichirei Corporation,

Tokyo, Japan) according to the man-

ufacturer�s instructions. The enzyme

activity was detected with 3-amino-

9-ethylcarbazole. Immunohistochemi-

cal staining was quantified and graded

as previously described (26): 0, no

staining; 1, very mild staining; 2, mild

staining; 3, moderate staining; and 4,

abundant positive staining.

Quantification of MMP-2 and TIMP-1

The plasma levels of MMP-2 and

TIMP-1 were determined using an

ELISA (Quantikine ELISA kit; R&D

Systems, Minneapolis, MN, USA).

Murine blood was collected, a 38%

solution of aqueous citric acid was

added and the blood was centrifuged at

1000 g within 15 min of collection. The

plasma was stored at )80�C. ELISA

was performed according to the man-

ufacturer�s instructions.

Proliferation assay

Splenocytes were isolated from native

mice and stimulated with P. gingivalis

lipopolysaccharide (LPS) (1 lg/mL)

(Invivogen, San Diego, CA, USA)

from P. gingivalis ATCC 33277 (27),

live P. gingivalis (107 CFU/mL) or live

A. actinomycetemcomitans (107 CFU/

mL). Forty-eight hours after stimula-

tion with P. gingivalis-LPS or live

bacteria, the samples were centrifuged

and the supernatants were collected

and stored. A proliferation assay was

performed as previously described

(28). The level of MMP-2 in the

supernatants was measured using an

ELISA, as described above.

Statistical analysis

Every value was expressed as the

mean ± SE. The paired Student�s
t-test was used to compare the original

and final diameters. The unpaired

Student�s t-test was used to compare

the values of two groups and plasma

MMP-2 and TIMP-1 levels. An anal-

ysis of variance (ANOVA) was used

to compare the values between the

groups. Statistical significance was

accepted at a p < 0.05.

Results

Quantification of antibacterial
antibodies

The plasma levels of anti-P. gingivalis

or anti-A. actinomycetemcomitans IgG

are shown in Fig. 1A and 1B.

Repeated stimulation with bacteria,

through subcutaneous injections,

significantly increased the plasma le-

vel of anti-P. gingivalis IgG and of

anti-A. actinomycetemcomitans IgG.

The injection of PBS did not stimu-

late the production of either anti-

P. gingivalis or anti-A. actinomyce-

temcomitans IgG.

Diameter of abdominal aorta in
uninfected mice and in mice infected
with bacteria

Uninfected mice showed a significant

increase in the aortic diameter after

treatment with CaCl2 (Fig. 2). There

was no difference in the aortic diameter

of the mice in any group before and

after treatment with NaCl. There was a

A B

Fig. 1. The effects of injection of Porphyromonas gingivalis and Aggregatibacter actinomy-

cetemcomitans on the plasma levels of anti-P. gingivalis (A) or anti-A. actinomycetemcomi-

tans (B) IgG, respectively, were determined. The plasma samples were obtained before coil

implantation (Native) and after control (Pg- or Aa-), P. gingivalis-infected (Pg+) or A.

actinomycetemcomitans-infected mice (Aa+) were killed. *p < 0.05 vs. Native.

Fig. 2. Aortic diameter measurements in Porphyromonas gingivalis- or Aggregatibacter

actinomycetemcomitans-infected and control mice after treatment with NaCl or CaCl2. The

aortic diameters were measured before the application of CaCl2 or NaCl and after the mice

were killed. The percentage increase in the aortic diameter after death, relative to the original

diameter, is shown. Aa+, A. actinomycetemcomitans infected; Aa), no infection with

A. actinomycetemcomitans; Ca+, CaCl2 treatment; Ca), NaCl treatment; Pg+, P. gingivalis

infected; Pg), no infection with P. gingivalis. *p < 0.05 vs. Ca). p < 0.05 vs. Ca+.
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significant increase in the aortic diam-

eter of P. gingivalis-infected mice after

CaCl2 treatment and also in compari-

son with unchallenged mice. However,

there was no significant increase in the

aortic diameter of A. actinomycetem-

comitans-infected mice in comparison

with unchallenged mice after CaCl2
treatment.

A histopathological analysis of

aortic sections from these mice

showed the fragmentation of medial

elastic lamellae (Fig. 3A and 3B). The

P. gingivalis-infected + CaCl2-treated

mice showed the greatest destruction

(score 2.3 ± 0.3) of aortic tissue

among the groups (Fig. 3C). Surpris-

ingly, severe destruction (score 2.3 ±

0.2) of aortic tissue was also found

in P. gingivalis-infected and NaCl-

treated mice.

Immunohistochemistry

The number of CD8-positive cells was

higher in the samples infected with

P. gingivalis than in the samples from

uninfected mice, but there was no

difference between samples from mice

treated with CaCl2 and those treated

with NaCl (Fig. 4A). No statistical

difference in the expression of CD4,

MOMA2 and MMP-9 was observed

in the four groups (NaCl + PBS,

CaCl2 + PBS, NaCl + P. gingivalis,

and CaCl2 + P. gingivalis) except for

MOMA2 between the P. gingivalis +

NaCl group and the uninfected

CaCl2-treated group. As shown in

Fig. 4B and 4C, MMP-2 was highly

expressed in the aortic sample of

the P. gingivalis-infected mice in

comparison with the control and A.

actinomycetemcomitans-infected mice.

In addition, no difference in the

expression of MMP-2 between the

CaCl2- and NaCl-treated groups was

observed. Because the expression of

MMP-2 was stronger in the aortic

sample from P. gingivalis-infected

mice, we therefore analysed MMP-2

in more detail.

Concentrations of MMP-2 and TIMP-1
in plasma

Figure 5 shows the concentrations of

MMP-2 (A) and TIMP-1 (B) in the

plasma of the untreated and P. gingi-

valis-infected mice at death. The

TIMP-1 level in P. gingivalis-infected

CaCl2-treated mice increased in com-

parison with that of the uninfected,

NaCl-treated mice.

Effect of P. gingivalis-LPS,
P. gingivalis and
A. actinomycetemcomitans on the
proliferation of splenocytes

We investigated whether stimulation

with P. gingivalis-LPS, P. gingivalis

or A. actinomycetemcomitans could

induce the proliferation of splenocytes.

The results presented in Fig. 6A show

that P. gingivalis-LPS, live P. gingivalis

and live A. actinomycetemcomitans

stimulated splenocyte proliferation

(p < 0.05), and that proliferation was

A

B

C

Fig. 3. Histological changes of the aorta. Representative aortic specimens are shown after (A) hematoxylin and eosin (HE) staining and (B)

Elastica van Gieson (EvG) staining. Scale bars = 100 lm (A) or 10 lm (B). (C) The average architecture score of the aortic wall was

determined as described in the Material and methods. Aa+, Aggregatibacter actinomycetemcomitans infected; Ca+, CaCl2 treatment;

Ca), NaCl treatment; Pg+, Porphyromonas gingivalis infected. *p < 0.05 vs. Ca). p < 0.05 vs. Ca+.
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higher after stimulation with live

P. gingivalis than after stimulation with

P. gingivalis-LPS or with A. actinomy-

cetemcomitans (p < 0.05).

MMP-2 induction by P. gingivalis-
LPS, P. gingivalis and
A. actinomycetemcomitans

After stimulation of splenocytes with

P. gingivalis-LPS, P. gingivalis or A.

actinomycetemcomitans, the superna-

tants were collected and the concen-

tration of MMP-2 was measured using

ELISA. The concentration of MMP-2

showed a dramatic increase after stim-

ulation with P. gingivalis (p < 0.05)

(Fig. 6B).

Discussion

The results of this study showed that

repeated challenge with P. gingivalis

accelerated the progression of AAA in a

murine model. It is therefore suggested

that periodontitis may be a major risk

factor for AAA development.

Periodontal disease is a common

condition worldwide. A strong associ-

ation between dental disease and cor-

onary heart diseases has been

demonstrated (29,30), and periodontal

disease has been reported to be a sig-

nificant independent risk factor for

peripheral vascular disease (31). In

periodontitis patients, markers of

inflammation are increased (14), indi-

cating that systemic inflammation can

be caused by periodontal infec-

tion. Salvi & Lang (9) showed that

periodontopathic bacteria generated

host immunological inflammatory

responses, which resulted in the secre-

tion of cytokines and MMPs. More-

over, periodontal disease occasionally

results in bacteremia, and periodonto-

pathic bacteria attach to vascular

endothelial cells, especially those with

intimal injury, such as atherosclerotic

or aneurysmal changes (32). In patients

with periodontitis, subgingival plaque

organisms can be introduced into

the bloodstream many times a day

through chewing and toothbrushing

(33). However, it remains to be eluci-

dated whether or not systemic bac-

teremia causes an acceleration of

cardiovascular disorders.

In the present study, increased levels

of anti-P. gingivalis or anti-A. actino-

mycetemcomitans IgG were found in

plasma samples from P. gingivalis- and

A. actinomycetemcomitans-infected

mice, respectively (Fig. 1). This means

that an infection with periodontal

pathogens clearly occurred in our

model. There was no increase in the

aortic diameter of A. actinomycetem-

comitans-infected mice, but a greater

increase in the aortic diameter of

P. gingivalis-infected mice after CaCl2
treatment than in the uninfected mice

was found (Fig. 2). To our knowledge,

this is the first report to demonstrate

that a periodontal pathogen promotes

the development of AAA. There was a

statistical difference in the elastic deg-

radation score between the presence

and absence of P. gingivalis infection

in NaCl groups (Fig. 3C). This obser-

vation indicates that P. gingivalis

infection can induce extracellular ma-

trix degradation. However, we did not

observe a statistical difference in elastic

destruction between P. gingivalis +

CaCl2 and CaCl2-only treatment groups.

This may be because CaCl2 treatment

induced some matrix degradation in

the present study. We next analyzed

P. gingivalis-challenged mice in several

A

B

C

Fig. 4. Immunohistochemistry. (A) The sections were incubated with CD4, CD8, MOMA2

and MMP-9, and the average staining score of the aortic wall was determined as described in

the Material and methods. (B) MMP-2-stained sections. Scale bars = 50 lm. (C) The

average stained score of the aortic wall incubated with MMP-2. Aa+, Aggregatibacter

actinomycetemcomitans infected; Ca+, CaCl2 treatment; Ca), NaCl treatment; Pg+, Por-

phyromonas gingivalis infected; Pg), no infection with P. gingivalis. *p < 0.05 vs. Ca-Pg-.
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ways. P. gingivalis was not detected in

any aneurysm tissue specimens from

uninfected mice, but it was detected in

the aneurysm tissue specimens from

one of the four P. gingivalis-infected

mice in this study (data not shown). In

human evaluations, large numbers of

periodontopathic bacteria were found

in both oral and arterial samples from

AAA patients (15,34,35).

Because our model with P. gingiva-

lis-infected and CaCl2-induced AAA is

original, we used immunohistochemical

analysis to screen for several markers

of inflammatory cells. We observed an

increased infiltrate ofMOMA2-positive

and CD8-positive cells in the P. gingi-

valis infection groups (Fig. 4A). Mac-

rophages are major cells for inducing

MMPs (3), and the relationship

between T cells and MMPs has already

been reported. Inhibition of MMPs by

doxycycline resulted in a reduction of

AAA development and fewer CD8+

cells infiltrating into the aortic region

(36). MMP-2 and MMP-9 activities

were reported to be decreased in CD8+-

deficient mice (37). Furthermore, it was

shown that MMP-2 and MMP-9 med-

iated the migration of T cells (38).

Therefore, the presence of MMPs may

relate to CD8+ cells in several ways.

We also demonstrated a significant

increase in the concentration of MMP-

2 in aorta samples from P. gingivalis-

infected mice (Fig. 4B and 4C). MMP

has been shown to play a pivotal role in

aneurysm development in the AAA

induction model (3,39). AAA is char-

acterized with elastic degradation of the

aortic wall and MMP is important in

destruction of the extracellular matrix

(40). In the same CaCl2 model, MMP-2

or MMP-9 knockout mice showed no

statistical increase in the aortic diame-

ter after the chemical induction of AAA

(3). In our model, if MMP activity was

blocked, the effect of P. gingivalis

infection and CaCl2 treatment would

be depressed. Our study showed that

the presence of MMP-9 and the

increase of MMP-2 stimulated by

infection with P. gingivalis resulted in

the development of AAA.

In studies of humans, patients with

periodontitis were found to have

higher levels of MMPs and TIMPs in

blood compared to patients with no

periodontitis (41,42). Grayson et al.

(43) showed that gingipain, a protease

induced by P. gingivalis, was capable

of activating MMP-2, and supernatant

from P. gingivalis can also activate

MMP-2 (44). These experiments indi-

cate that P. gingivalis infection can

lead to the production of MMP in an

inflammatory reaction. P. gingivalis

A7A1-28, which was used in our study,

has been reported to strongly stimulate

the production of gingipain (45).

Because gingipain acts as an etiologic

factor (43), it may have been important

in promoting inflammation in our

study. By contrast, the potential of

A. actinomycetemcomitans to stimulate

an increase in MMPs remains contro-

versial (46,47). No increase of plasma

MMP-2 or TIMP-1 was, however,

observed in this study.

In the present study, P. gingivalis-

LPS, live P. gingivalis and live A.

actinomycetemcomitans were able to

stimulate the proliferation of spleen

cells (Fig. 6A). The stimulatory effect

of P. gingivalis was greater than that of

A. actinomycetemcomitans, which may

also be a reasonable explanation for

the differences in the results observed

in our mouse model study. The results

shown in Fig. 6B indicate that P. gin-

givalis is a strong promoter of MMP-2

expression and that the effect of

A. actinomycetemcomitans is much

weaker. Moreover, splenocytes reacted

A B

Fig. 5. MMP-2 and TIMP-1 levels in plasma. All plasma samples were obtained after the

mice were killed. MMP-2 (A) and TIMP-1 (B) levels in plasma were determined. Ca+, CaCl2
treatment; Ca), NaCl treatment; Pg+, Porphyromonas gingivalis infected; Pg), no infection

with P. gingivalis. *p < 0.05 vs. Ca-Pg-.

A B

Fig. 6. Proliferation assay and level of MMP-2 derived from stimulated splenocytes. Forty-

eight hours after the stimulation of splenocytes with Porphyromonas gingivalis lipopolysac-

charide (LPS), P. gingivalis (Pg) and Aggregatibacter actinomycetemcomitans (Aa), the

optical density (A) and the level of MMP-2 in the supernatant (B) of each sample were

measured as described in the Material and methods. *Significant difference compared with

Native or significant between-group difference. (p < 0.05).
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differently to whole P. gingivalis than

to P. gingivalis-LPS. Although LPS is

one of the major virulence factors of

P. gingivalis (48), whole P. gingivalis

has multiple virulence factors, such as

fimbriae (49) and gingipain (43). These

other factors might have affected the

induction of MMPs in our study.

The mechanism of AAA develop-

ment by periodontal disease remains

highly controversial. In human studies,

it has already been demonstrated that

periodontal infection results in bacter-

emia (32,33), endothelial dysfunction

(50) and systemic inflammation (14). In

this study, the aorta was particularly

targeted by immunoreactive cells, such

as T lymphocytes and macrophages,

because of the initiation of inflamma-

tion as a result of treatment with CaCl2.

Destruction of aortic tissue was found

even in NaCl-treated and P. gingivalis-

infected mice, although the expansion

of aorta was not observed in this group,

which means that P. gingivalis infection

has a strong influence on systemic

inflammation and the up-regulation of

MMPs. Periodontal disease can be a

risk factor for cardiovascular disease

because of the increased expression of

MMPs.

In conclusion, infection with peri-

odontal pathogens plays an important

role in AAA development via the

increase in expression of MMPs from

infiltrating inflammatory cells. Further

investigations are needed to elucidate

the pathophysiology of periodontitis

and AAA.
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