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A Periodontal pathogen Porphyromonas gingivalis
deteriorates Isoproterenol-Induced myocardial
remodeling in mice

Hiroki Sato1, Jun-ichi Suzuki2, Norio Aoyama1, Ryo Watanabe3, Makoto Kaneko1, Yuka Shiheido1,
Asuka Yoshida1, Kouji Wakayama2, Hidetoshi Kumagai2, Yuichi Ikeda4, Hiroshi Akazawa4, Issei Komuro4,
Mitsuaki Isobe3 and Yuichi Izumi1

Heart failure is a serious disease induced by several conditions, including hypertrophic cardiomyopathy. Although many reports

suggest that there is an association between periodontal disease and cardiovascular disease, the mechanisms have yet to be

elucidated. The purpose of this study was to clarify the relationship between periodontal disease and heart disease, especially in

cardiac hypertrophy. We used C57BL/6J mice and implanted two types of subcutaneous chambers. First, we subcutaneously

implanted a coil-shaped chamber into the back of a mouse. Porphyromonas gingivalis (P.g.), a major periodontal pathogen, was

injected into the chamber. Then, an osmotic pump was implanted to infuse isoproterenol. Four weeks after the ISO infusion, we

performed echocardiography and harvested the heart and blood. We measured the serum level of anti-P.g.-IgG using ELISA. The

mRNA levels of several factors were measured using PCR. We found stronger cardiomyocyte hypertrophy in the ISO(+)/P.g.(+)
mice compared with the ISO(+)/P.g.(− ) mice. The total square of randomly selected cardiomyocytes was 23% larger in the ISO

(+)/P.g.(+) mice than in the ISO(+)/P.g.(− ) mice. We detected a higher level of mRNA expression in Toll-like receptor 2 and

NADPH oxidase 4 in the ISO(+)/P.g.(− ) mice compared with the control group. We revealed that a periodontal pathogen affected

ISO-induced cardiac hypertrophy via oxidative stress.
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INTRODUCTION

Heart failure is a serious disease induced by several conditions,
including cardiomyopathy. Cardiac dysfunction is pathologically
caused by tissue degeneration, for example, cell apoptosis or necrosis
and interstitial fibrosis. Prior to degeneration, the heart undergoes
cardiac remodeling. The β-adrenergic pathway is known to stimulate
this process. It was reported that mice with chronic β-adrenergic
stimulation showed myocardial remodeling.1

Cardiac hypertrophy is characterized by a chronic physiological
increase in cardiac muscle mass and is often caused by some
mechanical stress. Cardiac hypertrophy could lead to fatal diseases
such as hypertrophic cardiomyopathy (HCM) and heart failure.
Isoproterenol (ISO)-induced cardiac hypertrophy is a widespread
model that mimics sustained adrenergic stimulation. This model also
represents an important hallmark of the pathogenesis of maladaptive
cardiac hypertrophy.2

Periodontal disease is characterized by the progressive destruction of
the periodontal tissues that support the teeth.3 This disease is well

known for its contribution to systemic inflammation.4,5 Many papers
have reported the association between heart disease and periodontal
disease.6 It has been reported that Porphyromonas gingivalis (P.g.),
a periodontal pathogen, has a role in cardiovascular disease.7,8

We also reported that a periodontopathic pathogen deteriorated
trans-aortic constriction (TAC)-induced myocardial hypertrophy.9

Although both TAC and ISO could induce cardiac hypertrophy, their
pathological mechanisms are significantly different. TAC causes a
pressure overload (mechanical stress), whereas ISO stimulates cardiac
β1-and β2-receptors (pharmacological stress). Therefore, it is impor-
tant to reveal the pathophysiological effects of periodontopathogens on
myocardial hypertrophy induced by TAC and ISO. From these
previous reports, we assumed that there was a relationship between
periodontopathic bacterial infection and ISO-induced myocardial
hypertrophy.
Therefore, the purpose of this study was to reveal the relationship

between periodontopathic bacterial infection and ISO-induced
myocardial hypertrophy.
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MATERIALS AND METHODS

Animal models
We used a subcutaneous chamber model as previously described.10 Male
wild-type C57BL/6J mice (7 weeks old) were used to observe the influence of
P.g. on heart remodeling. The mice were housed in a temperature-controlled
(22 ºC) facility with a 12-hour light/dark cycle and were given free access to
food and water. Coil-shaped chambers made from 0.5 mm stainless steel wire
were subcutaneously implanted into the backs of the mice. This investigation
conformed to the Guide for the Care and Use of Laboratory Animals of the
Tokyo Medical and Dental University.

Bacterial growth and immunization
P.g. is a gram-negative facultative anaerobic species that is often present in
chronic periodontitis. In this study, we used the P.g. strain A7A1-28, which was
cultivated on blood agar plates in an anaerobic chamber with 85% N2, 5% H2,
10% CO2 and subsequent incubation. Incubation was conducted at 37 °C for
2–3 days. The bacterial cells were then inoculated into a peptone yeast extract
and incubated for another week. The bacterial concentration was standardized
to 108 colony-forming units per ml.

Bacteria injection into the coil-shaped chamber
Test group (ISO(+)/P.g.(+) mice, n= 9) mice were injected with live
P.g. (0.1 ml) into the coil-shaped chamber 2 weeks after chamber implantation.
P.g. was injected every 7 days for 21 days after the initial injection on day 0. The
level of anti-P.g.-specific IgG in the serum was determined by an enzyme-linked
immunosorbent assay (ELISA). Serum from each mouse was obtained prior
to killing. Control group (ISO(+)/P.g.(− ), n= 7) mice and sham group
(ISO(− )/P.g.(− ), n= 4) mice were injected with phosphate buffered saline
instead of P.g. at the same time point as the P.g. injection.

ISO administration
Micro-osmotic pumps (Model 1004; Alzet, Cupertino,Palo Alto, CA, USA),
which gradually released ISO (30 mg per kg body weight) dissolved in hosphate
buffered saline, were implanted subcutaneously 2 weeks after the implantation
of a coil-shaped chamber. The procedure was conducted under anesthesia with
3.6% chloral hydrate (10 mg per 100 mg body weight). Mice were studied for
28 days after the surgery and then killed.

Hemodynamic measurements and echocardiogram
Heart rate and blood pressure (BP) were measured using a tail-cuff system
(BP-98 A, Softron Co., Tokyo, Japan) on day 28. An echocardiograph with a
14 MHz transducer (Toshiba, Tokyo, Japan) was conducted to record the
function of the heart. A 2D-targeted M-mode echocardiogram was conducted
over 3 consecutive cardiac cycles according to the American Society for
Echocardiography leading edge method. We averaged the measurements of
3 consecutive cardiac cycles.

Histopathology
Hearts were extracted immediately after killing on day 28. Harvested hearts
were sliced transversely into three sections (Apex, mid and basal level slices) for

histological examination. The mid-level slice from each mouse was stained with
hematoxylin-eosin (HE) and the silver impregnation method. The silver
impregnation staining was used for the measurement of the myocyte cross-
sectional area. To assess hypertrophy, we measured each cell area in 100
randomly selected cardiomyocytes in the left ventricle cross-section. We traced
the cross-sectional area of the cardiomyocytes and calculated the extent of
hypertrophy.11

RT–PCR
To assess the influence of P.g. on gene expression at its transcriptional level,
reverse transcriptase-polymerase chain reaction (RT–PCR) was performed.
We harvested the heart and extracted RNA from the whole tissue in the
following manner. TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA,
USA) was used to isolate total RNA according to the manufacturer's protocol.
Complementary deoxyribonucleic acid was prepared with an RT–PCR kit
(Affymetrix, Santa Clara, CA, USA). We used 18 s-rRNA as the control. One
cell cycle was 20 s at 94 °C followed by 30 s at 60 °C. This cycle was repeated 40
times. The following sequences of primers were purchased from Applied
Biosystems (Waltham, MA, USA): atrial natriuretic peptide (ANP)
(Mm01255747_g1), myosin heavy chain (MyHC7) (Mm01319006_g1), TLR2
(Toll-like receptor 2) (Mm00442346-m1), TLR4 (Toll-like receptor 4)
(Mm00445273_m1), Nox4 (NADPH oxidase 4) (Mm00479246_m1), Nox2
(Mm01287743-m1), interleukin (IL)-6 (Mm00446190_m1) and IL-1b
(Mm00434228_m1).

Statistical analysis
The data are presented as the mean± SE. Three groups were compared with
ANOVA followed by Tukey-Kramer test. A value of Po0.05 was considered
statistically significant.

RESULTS

Anti-P.g. antibody level in serum
To confirm the influence of P.g., we measured the level of serum
anti-P.g. IgG using ELISA. In the ISO(+)/P.g.(+) mice, the anti-P.g.
IgG level was statistically higher than in the ISO(+)/P.g.(− ) mice
(data not shown).

Physiological measurement
We measured cardiac function using the devices mentioned
previously. The heart rate and BP showed a trend among the groups;
however, there was no significant difference. There was no significant
difference in the left ventricle fractional shortening, heart weight and
heart weight per body weight ratio among the groups (Table 1 and
Figure 1).

Histopathology
To determine the effect of P.g. on cardiac hypertrophy, heart sections
were made. In the low-power field, there was no difference among the
groups (Figure 2). In the high-power field, cardiomyocyte hypertrophy

Table 1 Heart rate, blood pressure, left ventricular fractional shortening, heart weight and heart weight per body weight ratio

Mice groups

Parameter ISO(− )/P.g.(− ) (n=4) ISO(+)/P.g.(− ) (n=7) ISO(+)/P.g.(+) (n=9) P-value (ANOVA)

Heart rate (per minute) 666±93 750±53 750±35 P=0.051

Systolic blood pressure (mm Hg) 104±9 115±4 122±12 P=0.052

Diastolic blood pressure (mm Hg) 71±11 75±8 75±15 P=0.085

Left ventricular fractional shortening 0.483±0.087 0.420±0.100 0.418±0.090 P=0.61

Heart weight (g) 0.136±0.007 0.154±0.009 0.158±0.015 P=0.26

Heart weight per body weight ratio (%) 0.505±0.023 0.512±0.013 0.553±0.077 P=0.62

Abbreviations: ISO, isoproterenol; P.g, Porphyromonas gingivalis.
Values are mean± s.e.
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was observed in the ISO(+)/P.g.(− ) and the ISO(+)/P.g.(+) groups
(Figure 3). For assessment of the cardiomyocyte hypertrophy, the total
area of 100 randomly chosen cardiomyocytes was measured using
Image-Pro Express software (Media Cybernetics, Rockville, MD, USA).
The cardiomyocytes were significantly larger in the ISO(+)/P.g.(+)
group than in the ISO(+)/P.g.(− ) group. There was also a significant
difference in the size between the ISO(− )/P.g.(− ) mice and the ISO
(+)/P.g.(+) mice (Figure 4).

RT-PCR
To determine the mechanisms of cardiomyocyte hypertrophy observed
in the present study, we measured the mRNA levels using real-time
PCR. First, we measured the mRNA level of TLR2 and TLR4 to show
the influence of P.g. on the innate immunity in cardiac hypertrophy.
The mRNA level of TLR2 in the ISO(+)/P.g.(+) mice was significantly
higher than that of the ISO(+)/P.g.(− ) mice. The mRNA level of
TLR4 tended to be higher in the ISO(+)/P.g.(+) mice than in the

Figure 2 Low-power microscopic fields. Panels a, b and c show the heart sections of the representative figures, microscopic photos of low-power fields from
ISO(− )/P.g.(− ) mice, ISO(+)/P.g.(− ) mice and ISO(+)/P.g.(+) mice, respectively. There was no apparent difference between the groups. A full color version
of this figure is available at the Hypertension Research journal online.

Figure 3 High-power microscopic fields. Panels a, b and c show the heart sections of the representative microscopic photos of high-power fields from ISO
(− )/P.g.(− ), ISO(+)/P.g.(− ) mice and ISO(+)/P.g.(+) mice, respectively. The bars indicate 100 μm. A full color version of this figure is available at the
Hypertension Research journal online.

Figure 1 Echocardiogram and hemodynamic data. Panels a, b and c show representative echocardiograms of ISO(− )/P.g.(− ) mice, ISO(+)/P.g.(− ) mice and
ISO(+)/P.g.(+) mice, respectively. A full color version of this figure is available at the Hypertension Research journal online.
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ISO(+)/P.g.(− ) mice, although there was no significant difference
(Figure 5).
To confirm the influence of P.g. on oxidative stress, we measured

the mRNA level of Nox4 and Nox2. The mRNA level of Nox4 in the
ISO(+)/P.g.(+) mice was significantly higher than in the ISO(+)/P.g.
(− ) mice on day 28. There was no significant difference in Nox2
among the groups (Figure 6).
To assess the influence of P.g. on cardiac hypertrophy, we measured

the mRNA levels of ANP and MyHC7. Both of these levels tended to
be higher in the ISO(+)/P.g.(+) mice than in the ISO(+)/P.g.(− ) mice.
However, there was no significant difference between the two groups
(Figure 7).
To assess the influence of P.g. on the production of pro-

inflammatory cytokines in the ventricle, we measured the mRNA

levels of IL-1β and IL-6. There was no significant difference between
the ISO(+)/P.g.(− ) and ISO(+)/P.g.(+) mice (Figure 8).

DISCUSSION

In this study, we assessed cardiac hypertrophy in mice stimulated
with a β-adrenergic stimulator and a periodontopathic pathogen.
We found that the left ventricle cardiomyocytes were significantly
larger in the ISO(+)/P.g.(+) mice than in the ISO(+)/P.g.(− ) mice.
We revealed that the mRNA levels of TLR2 and Nox4 were
significantly higher in the ISO(+)/P.g.(+) mice than in the
ISO(+)/P.g.(− ) mice.
Recently, cardiovascular disease is known as a disease that might be

promoted by chronic inflammation, which is regulated by several
inflammatory factors such as angiotensin receptors and cytokines.12

Takeshita et al.13 demonstrated that adipose tissue inflammation is
also crucial in cardiac damage in a rat model of metabolic syndrome.
Accumulating evidence supports that innate immunity has a critical
role in myocardial ischemia and in the development of heart failure.14

Nakashima and colleagues15 showed that TLRs are critical in vascular
remodeling. Some reports suggested a role of TLRs in cardiomyocyte
hypertrophy and apoptosis.16,17 Another paper showed that bacterial
infection directly or indirectly induced the development of cardiac
hypertrophy via the Na+–Ca2+ exchanger.18 Systemic chronic inflam-
mation has an important role in cardiac hypertrophy through the
production of ROS. Recently, an association between Nox4 and
cardiac hypertrophy has been reported.19

The role of TLR2 in cardiomyocyte hypertrophy
It was reported that P.g. enhanced the expression of TLR2 in various
types of cells, including human gingival epithelial cells,20 human
monocytes21 and periodontal ligament fibroblasts.22 In this study, we
detected a higher expression of TLR2 in P.g.-injected mice. This result
suggests that P.g. could enhance the expression of TLR2 in the heart.
With respect to cardiac hypertrophy, a study using the TAC model
in mice reported that cardiac hypertrophy was suppressed in
TLR2-deficient mice. Two weeks after the TAC operation,
TLR2-deficient mice showed reduced cardiac hypertrophy compared
with wild-type mice.23 In our study, we detected cardiomyocyte
hypertrophy and a higher expression of TLR2 on day 28 in the

Figure 5 Expression of TLR2 and TLR4. Panels a and b show the mRNA levels of TLR2 (a) and TLR4 (b), respectively. We found significantly higher
expression of TLR2 mRNA in the ISO(+)/P.g.(+) mice than in the ISO(+)/P.g.(− ) mice. TLR4 mRNA tended to be higher in the ISO(+)/P.g.(+) mice than in
the ISO(+)/P.g.(− ) mice. However, the difference was not significant.

Figure 4 Cardiomyocytes hypertrophy. The graph shows the quantitative data
of cardiomyocyte hypertrophy. The cardiomyocytes in the ISO(+)/P.g.(+) mice
were significantly larger than those in the ISO(+)/P.g.(− ) mice. There was
also a significant difference in the cardiomyocyte size between the ISO
(− )/P.g.(− ) mice and the ISO(+)/P.g.(+) mice.
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Figure 7 Expression of hypertrophic factors. Panels a and b show the mRNA levels of ANP (a) and MyHC7 (b), respectively. Both levels tended to be higher
in the ISO(+)/P.g.(+) mice than in the ISO(+)/P.g.(− ) mice. However, there was no significant difference between these groups.

Figure 8 Expression of inflammatory mediator. The panels show the mRNA levels of IL-1beta (a) and IL-6 (b). There was no significant difference between
the ISO(+)/P.g.(− ) mice and the ISO(+)/P.g.(+) mice.

Figure 6 Expression of NADPH oxygenase 2 and 4 (Nox2 and 4). Panels a and b show the mRNA levels of Nox4 (a) and Nox2 (b), respectively. Significantly
higher expression of Nox4 mRNA was found in the ISO(+)/P.g.(+) mice than in the ISO(+)/P.g.(− ) mice on day 28. There was no significant difference in the
expression of Nox2-mRNA among the groups.
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P.g.-injected mice. This result suggests that TLR2 might have a critical
role in cardiomyocyte hypertrophy induced by periodontopathic
pathogens.

Nox4 in the cardiac hypertrophy
It was also reported that P.g. enhanced the expression of Nox4 in some
cells, for example, periodontal ligament fibroblasts.24 In this study,
we found that P.g. enhanced the Nox4 expression in the heart of
P.g.-injected mice. This finding suggested that infection of P.g.
promoted Nox4 expression in this model. Nox4 has an important
role in cardiomyocyte hypertrophy. Upregulation of Nox4 in the
myocardium causes cardiac remodeling through activating the
Akt-mTOR and NF-κB signaling pathways. The inhibition of Nox4
has therapeutic potential to treat cardiac remodeling.19 These points
suggest that Nox4 was enhanced by P.g. infection and possibly
promoted cardiomyocyte hypertrophy.
In this study, we detected the possible roles TLR2 and Nox4 have in

the progression of cardiac hypertrophy. We could not elucidate the
mechanisms in detail; however, we revealed that both TLR2 and Nox4
were induced by P.g. infection. This finding may elucidate the
mechanisms by which periodontal disease affects systemic diseases.
In our preliminary observation, pathological remodeling of the
hearts was comparable between the ISO(-)/P.g.(− ) group and the
ISO(− )/P.g.(+) group. Therefore, we estimate that P.g. infection
might accelerate ISO-induced myocardial hypertrophy, but it might
not trigger the pathological changes. Our previous observation in the
myocardial infarction model also demonstrated that a periodontal
pathogen exacerbated ischemia-induced myocardial remodeling,
although the infection itself did not trigger the pathological tissue
degeneration.25 Therefore, the effect of periodontal pathogen infection
on a diseased myocardium was limited.
We reported for the first time that a periodontal pathogen affected

ISO-induced cardiac hypertrophy. In the near future, this finding might
be useful to prevent and/or treat periodontopathic bacteria accelerated
CVD, which is strongly associated with cardiac hypertrophy.
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