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Toll-like receptor-2 has a critical role in periodontal
pathogen-induced myocardial fibrosis in the
pressure-overloaded murine hearts

Makoto Kaneko1, Jun-ichi Suzuki2, Norio Aoyama1, Ryo Watanabe3, Asuka Yoshida1, Yuka Shiheido1,
Yuichi Izumi1 and Mitsuaki Isobe3

Recent studies have indicated that periodontopathic bacteria might accelerate the development of cardiac fibrosis.

Porphyromonas gingivalis (P. gingivalis), a major periodontal bacterium, is mainly recognized by Toll-like receptor-2 (TLR-2).

However, the role of TLR-2 in the acceleration of cardiac fibrosis via infections caused by periodontal bacteria has not yet been

investigated. Here we investigated the role TLR-2 has in periodontal pathogen-induced cardiac fibrosis. TLR-2 knockout (KO)

and wild type (WT) male C57BL/6 mice were subjected to a transverse aortic constriction (TAC) surgical procedure 2 weeks after

chamber implantation. After the TAC operation, mice received injections once a week of P. gingivalis or vehicle into the

chambers that were implanted in the back of mice. Fractional shortening (FS) was measured using echocardiography 1 week

after the TAC surgical procedure. Four weeks after the TAC surgical procedure, blood and heart samples were collected. FS in

the infected group of WT mice was significantly lower than in mice that received sham operations; however, FS in the uninfected

group did not decrease in a similar manner to that in the infected group. Cardiac fibrosis was significantly enhanced in

TAC-operated WT mice infected with P. gingivalis (n=14), whereas it was inhibited in TAC-operated TLR-2 KO mice infected

with P. gingivalis (n=7). The level of matrix metalloproteinase-2 (MMP-2) mRNA was higher in WT mice infected with

P. gingivalis compared with non-infected WT mice. However, the level of MMP-2 mRNA was significantly lower in TLR-2 KO

mice compared with that in WT mice. In conclusion, TLR-2 had a critical role in the development of cardiac fibrosis under the

conditions of pressure overload and periodontal pathogen infection.
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INTRODUCTION

Myocardial fibrosis is a major compensatory mechanism that occurs in
response to pressure overload caused by hypertension and aortic
stenosis.1 This remodeling process consists of abnormal changes in the
extracellular matrix (ECM) network and hypertrophic changes in
cardiac myocytes. Matrix metalloproteinases (MMPs) are a family of
extracellular endopeptidases that are designed to maintain the
microenvironment of the ECM and have an important role in the
cardiac remodeling process.2 It has been reported that MMP-2 mRNA
levels significantly increased during pressure-overload cardiac
hypertrophy.3,4 Some experimental trials have been conducted to
try to suppress high-pressure-induced myocardial remodeling. An
angiotensin receptor blocker, telmisartan, has been shown to alter
the balance of MMPs and reduce myocardial fibrosis.5 Another
angiotensin receptor blocker, valsartan, when given along with
cilnidipine, attenuated myocardial fibrosis via the suppression of
oxidative stress and inflammation.6 A mineralocorticoid receptor

antagonist, spironolactone, attenuated myocardial fibrosis that
was induced by excess aldosterone owing to high salt intake.7

A glucocorticoid receptor blocker also attenuated myocardial fibrosis
and reduced cardiac oxidative stress and inflammation.8

Periodontitis is an infectious disease that is induced by several
periodontopathic bacteria, including Porphyromonas gingivalis
(P. gingivalis) and Aggregatibacter actinomycetemcomitans
(A. actinomycetemcomitans). Infection with P. gingivalis induces an
inflammatory reaction and results in the destruction of gingival
connective tissue and in bone resorption.9 MMPs are also involved
in the gingival ECM destruction of periodontitis.10,11 Recently, an
association between periodontitis and coronary heart disease has been
demonstrated.12 It is also known that periodontal infection may be a
contributing risk factor for heart disease.13

Toll-like receptors (TLRs) are pattern-recognition receptors that
recognize microbes and lead to inflammation.14 TLRs are selectively
upregulated after infection with pathogens occurs.15 P. gingivalis
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mainly stimulates TLR-2.16 TLR-2 is expressed not only in immune
cells but also in cardiovascular cells. TLR-2-mediated inflammation is
critically involved in adaptive cardiac hypertrophy during pressure
overload. Periodontal pathogens are involved in increasing the plasma
levels of inflammatory mediators via TLR-2 during periodontitis,
which provides a novel link between periodontitis and an increased
risk of cardiovascular disease.17

Recent studies have indicated that periodontopathic bacteria may
accelerate the development of myocardial remodeling;18 however, the
role of TLRs in the acceleration of pressure-overload-induced
myocardial fibrosis during a periodontal bacterial infection has not
yet been investigated. Thus the purpose of this study was to investigate
the role of TLR-2 in the association between periodontopathic
bacterial infection and pressure-overload-induced myocardial fibrosis.

MATERIAL AND METHODS

Animals
Eight-to-10-week-old wild-type (WT) C57BL/6 male mice were obtained from
CLEA Japan (Tokyo, Japan). The TLR-2 knockout (KO) male mice were
obtained from Oriental Yeast (Tokyo, Japan), and the company verified the
genetic condition of the mice.19 All experiments conformed to the Guide for
the Care and Use of Laboratory Animals of the Tokyo Medical and Dental
University (approved numbers 0150166A and 2009-015C2).

Bacterial growth
P. gingivalis strain A7A1-28 was used in this study. The bacteria was grown on
blood agar in an anaerobic chamber with 85% N2, 5% H2 and 10% CO2. After
incubation at 37 °C for 2–3 days, the bacterial cells were injected into a peptone
yeast extract for a 1-week incubation under the same conditions. The purity of
the cultures was checked via phase-contrast microscopy. Bacterial cells were in
the peptone yeast extract for 1–2 days. Bacterial concentrations were
standardized to 108 colony-forming units (CFUs) ml− 1.

The subcutaneous chamber model
A chamber (length 10 mm, diameter 5.0 mm) made of stainless wire was
implanted subcutaneously into the back of each anesthetized mouse via a dorsal
incision. The implanted chambers were used to inject bacteria and induce
inflammation. P. gingivalis (0.1 ml of 108 CFUs ml− 1) or vehicle (0.1 ml of
phosphate-buffered saline) was injected into each chamber to induce inflamma-
tion once a week after the transverse aortic constriction (TAC) surgical
procedure. Plasma samples were obtained when the mice were killed and the
level of anti-P. gingivalis immunoglobulin G (IgG) antibodies in the plasma was
determined using an enzyme-linked immunosorbent assay as previously
described.20 We used this animal model as a periodontopathic bacteremia
model to demonstrate the systemic influence of systemic infections on
cardiovascular diseases, such as abdominal aortic aneurysm,21 arteriosclerosis,22

myocardial infarction,23 myocarditis24 and a pressure-overloaded heart.25

Transverse aortic constriction
Two weeks after chamber implantation, TAC surgical procedures were
performed in age-matched WT and TLR-2 KO mice, as described
previously,18 to induce cardiac pressure overload. The mice were anesthetized
with 3.6% chloral hydrate, which was intraperitoneally administered at 0.1 ml
per 10 g body weight. A thoracotomy was performed via the second intercostal
space at the central upper sternal border to expose the transversal aorta. The
ascending aorta was ligated with an overlying blunted 26-gauge needle.
Afterward, the needle was immediately removed. Sham-operated mice under-
went a similar procedure, but the aortas were not ligated. A tail-cuff system
(BP-98A, Softron, Tokyo, Japan) was used to measure blood pressure and heart
rate immediately before the TAC operation and also 1 week later.

Echocardiography
An echocardiography exam was performed using ultrasound equipment
(Nemio, Toshiba, Tokyo, Japan) 1 and 4 weeks after the TAC procedure while

mice were anesthetized with 3.6% chloral hydrate, which was administered
intraperitoneally at 0.1 ml per 10 g body weight. The M-mode view was used to
measure the left ventricular (LV) dimensions. The LV end-diastolic dimension
(LVEDD) and the LV end-systolic dimension (LVESD) were obtained using
M-mode tracings of the LV at the papillary muscle level. Fractional shortening
(FS) was calculated as (LVEDD−LVESD)/LVEDD×100.

Organ weight and heart dissection
Four weeks after the TAC procedure, the whole body and heart were weighed.
Hearts were then cut at the level of the atrial appendage to divide them into
their atrial and ventricular parts. Ventricular parts were then cut into three
sections across the septum.

Histopathology
Formalin-fixed (10%), paraffin-embedded hearts were sectioned at 5-μm
thickness and stained according to the Mallory method. To quantify the
fibrosis area, blue-stained collagen fibers in the Mallory-stained samples were
traced using the Image-Pro Express software (Media Cybernetics, Silver Spring,
MD, USA). Then the ratio of fibrosis per whole myocardium area was
calculated.

RNA isolation and reverse transcriptase-PCR
Total RNA was extracted from the heart tissue using a TRIzol reagent
(Invitrogen/Life Technologies, CA, USA) according to the manufacturer’s
instructions. Reverse transcriptase-PCR was performed to determine the mRNA
levels of MMP-2 (Assay ID: Mm00439498 m1; Applied Biosystems, Tokyo,
Japan), MMP-9 (Assay ID: Mm00600163 m1; Applied Biosystems), tumor
necrosis factor (Assay ID: Mm00443260 g1; Applied Biosystems), transforming
growth factor-beta1 (Assay ID: Mm01178820 m1; Applied Biosystems) and
atrial natriuretic peptide (Assay ID: Mm01255747; Applied Biosystems). The
mRNA expression levels of the targeted genes were normalized to 18s rRNA.
Quantitative data were calculated using the comparative CT (ΔΔCT) method
and the mRNA expression was normalized to native samples.

Statistical analysis
All data were displayed as the mean± s.e.m. Differences between multiple
groups were determined using analyses of variance, followed by Tukey–Kramer
tests (Stat View, SAS Institute Japan, Tokyo, Japan). Po0.05 was considered to
be statistically significant.

RESULTS

Antibacterial antibodies
The levels of anti-P. gingivalis IgG antibody were significantly
increased in the P. gingivalis-infected groups. The injection of vehicle
(phosphate-buffered saline) had no significant effect on the levels of
anti-P. gingivalis IgG antibody (Table 1).

Physiological measurements
The echocardiograms indicated that FS of P. gingivalis-infected TAC
mice was lower than that of sham mice in the WT groups. In WT or
TLR-2 KO mice that underwent TAC operations, FS was comparable
between the non-infected and P. gingivalis-infected mice (Figure 1 and
Table 2). Blood pressure and heart rate were comparable among the
groups (data not shown).

Table 1 Anti-Porphyromonas gingivalis antibody

Sham Sham+P.g. TAC TAC+P.g.

WT 1.00±0.23 18.70±4.50 0.98±0.13 12.03±2.38

TLR-2 KO 0.49±0.08 8.70±3.61 1.18±0.20 12.47±3.88

Abbreviations: P.g., Porphyromonas gingivalis; TAC, transverse aortic constriction; TLR-2 KO,
Toll-like receptor-2 knockout; WT, wild type.
The plasma levels of anti-P.g. antibody (fold) calculated using the optical density are shown (n=6).
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Organ weight
The heart-to-body weight ratio tended to be higher in TAC-operated
WT mice compared with sham-operated mice. However, there were
no statistically significant differences among the groups (Table 3).

Histopathology
A transverse cross-section from each of the hearts that underwent
Mallory staining was evaluated (Figures 2a and b). In WT mice, a
higher amount of expanded myocardial fibrosis was observed in
TAC-operated mice compared with sham-operated mice.
P. gingivalis-infected TAC mice had more fibrosis than non-infected
TAC mice in the WT groups. In sham-operated mice, P. gingivalis
injection had no pathological effects on fibrosis (Figure 2c). It is
important to note that the area of fibrosis was significantly less in
TLR-2 KO mice compared with WT mice that had undergone both a
TAC procedure and P. gingivalis injections. However, when mice had
only undergone a TAC procedure, the area of fibrosis in WT and
TLR-2 KO mice was comparable (Figures 2d and e).

Reverse transcriptase-PCR
The MMP-2 mRNA levels in the TLR-2 KO mice that received
P. gingivalis injections was significantly lower than that in WT mice
but was comparable between WT and TLR-2 KO mice that did not
receive P. gingivalis injections (Figure 3a). A similar tendency was
observed in the MMP-9 mRNA levels, but there was no statistically
significant difference (Figure 3b).
The levels of tumor necrosis factor mRNA in the TLR-2 KO mice

that received P. gingivalis injections were significantly lower than in
WT mice, while levels were comparable between WT and TLR-2 KO

mice that were not administered P. gingivalis (Figure 4a). The levels of
transforming growth factor-beta1 mRNA in the TLR-2 KO mice were
significantly lower than in WT mice (Figure 4b). The atrial natriuretic
peptide mRNA levels in the TLR-2 KO mice that did not receive
P. gingivalis were significantly lower than in WT mice but
were comparable between WT and TLR-2 KO mice that did receive
P. gingivalis injections (Figure 4c).

DISCUSSION

It has been reported that periodontitis is associated with many
systemic diseases, such as diabetes mellitus, cardiovascular disease
and brain infarction. Many studies have demonstrated the relationship
between periodontal disease and heart disease.12,13,25 The risk of
atherosclerotic cardiovascular disease have been shown to be higher in
patients with periodontitis compared with patients without it.26 It has
been reported that infection with A. actinomycetemcomitans, a
periodontopathic pathogen, worsened pressure-overload-induced
cardiac hypertrophy and fibrosis in mice.18 However, the precise
mechanisms of how periodontitis and cardiac fibrosis are connected
has not yet been clarified. The present investigation revealed that
injections of P. gingivalis increased pressure-overload-induced
myocardial fibrosis. It has been demonstrated that infection with
periodontal pathogens causes systemic inflammation27 and that
inflammation is positively correlated with left ventricular
hypertrophy.28 In the P. gingivalis-infected groups in our study, the
levels of anti-P. gingivalis IgG antibodies were elevated. Therefore, we
considered these mice to be infected with P. gingivalis. Although the
subcutaneous chamber model may be different from an actual
periodontal infection, we considered it to be similar in terms of
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TAC+P.g.TAC+PBS

TAC+P.g.TAC+PBS
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Sham0.1ms

Sham+P.g.
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Figure 1 Echocardiogram. Representative M-mode echocardiographic images of mice 1 week after the transverse aortic constriction (TAC) operation
(WT mice: n=14, TLR-2 KO mice: n=7). PBS, phosphate-buffered saline; P.g., Porphyromonas gingivalis; TLR-2 KO, Toll-like receptor-2 knockout;
WT, wild type.

Table 2 Echocardiogram

Sham Sham+P.g. TAC TAC+P.g.

WT 52.71±1.41 52.42±1.53 49.07±1.50 44.13±2.11

TLR-2 KO 52.40±1.66 53.20±1.46 49.00±1.90 47.85±3.25

Abbreviations: P.g., Porphyromonas gingivalis; TAC, transverse aortic constriction; TLR-2 KO,
Toll-like receptor-2 knockout; WT, wild type.
Fractional shortening (%FS) obtained from the M-mode tracings of the mice 1 week after the
TAC operation are shown (WT mice: n=14, TLR-2 KO mice: n=7).

Table 3 Organ weight

Sham Sham+P.g. TAC TAC+P.g.

WT 4.43±0.06 4.49±0.09 6.26±0.33 5.83±0.31

TLR-2 KO 4.74±0.08 4.64±0.11 4.77±0.28 5.26±0.32

Abbreviations: P.g., Porphyromonas gingivalis; TAC, transverse aortic constriction; TLR-2 KO,
Toll-like receptor-2 knockout; WT, wild type.
Heart-to-body weight ratios (mg g−1) are shown (WT mice: n=14, TLR-2 KO mice with P.
gingivalis injection: n=8, TLR-2 KO mice with PBS injection: n=9).
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Figure 2 Histopathology. Representative histopathological findings using Mallory staining (a), low-power microscopic field, scale bars of 500 μm; (b), high-
power microscopic field, scale bars of 100 μm) and quantitative data are presented (c), comparisons in the WT groups; (d), comparisons in the LR2-KO
groups; (e), comparisons between the WT and KO groups, WT mice: n=14, TLR-2 KO mice: n=7). PBS, phosphate-buffered saline; P.g., Porphyromonas
gingivalis; TAC, transverse aortic constriction; TLR-2 KO, Toll-like receptor-2 knockout; WT, wild type. *Po0.05. A full color version of this figure is available
at the Hypertension Research journal online.
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systemic inflammation. In this study, we hypothesized that systemic
inflammation induced by P. gingivalis infection would worsen cardiac
fibrosis during pressure overload.
In this report, pressure-overload-induced cardiac fibrosis was

attenuated in P. gingivalis-infected TLR-2 KO mice compared with
P. gingivalis-infected WT mice. TLRs are critical pattern-recognition
receptors that recognize pathogen-associated molecular patterns.29

Many periodontal bacteria stimulate TLR-2 and periodontitis increases
TLR-2 gene expression in gingival tissues. TLR recognition triggers the
release of inflammatory cytokines and other downstream factors for
the purpose of host defense. Higashikuni et al.30 revealed that TLR-2
KO mice showed reduced cardiac hypertrophy and fibrosis compared
with WT mice 2 weeks after TAC. In vitro experiments demonstrated
that TLR2 signaling induced cardiomyocyte hypertrophy and
fibroblast proliferation via nuclear factor-κB (NF-kappaB) activation

and interleukin-1beta upregulation.30 Because NF-kappaB has a
central role in inflammation, we previously showed that inhibition
of IκB phosphorylation prevents load-induced cardiac fibrosis in mice
via MMP suppression.31 Wei et al.32 also showed that inhibition of
NF-kappaB in cardiac fibroblasts restored miR-26a expression, which
attenuated collagen I, and also restored connective tissue growth factor
gene expression in the presence of Ang II, thereby providing a
regulatory feedback mechanism in cardiac fibrosis. Thus the TLR-2
to NF-κB stream is critical for the development of myocardial fibrosis
during pressure overload. Monaco et al.33 reported that blocking
TLR-2 significantly reduced MMP production in cultured human
atheroma cells.
MMP-2 activity has been shown to be higher in the human left

ventricular myocardium during heart failure.34 An imbalance in the
function of MMPs and the myocardial tissue inhibitor of MMPs
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Figure 3 RT-PCR for MMPs. The expression levels of MMP-2 (a) and MMP-9 (b) mRNA are shown (n=3, respectively). *Po0.05. P.g., Porphyromonas
gingivalis; TAC, transverse aortic constriction; TLR-2 KO, Toll-like receptor-2 knockout; WT, wild type.
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shown. *Po0.05. P.g., Porphyromonas gingivalis; TAC, transverse aortic constriction; TLR-2 KO, Toll-like receptor-2 knockout; WT, wild type.
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occurs during heart disease and leads to adverse ECM remodeling.35

The serum levels of MMP-2 have been shown to be higher in patients
with hypertensive heart disease and myocardial infarction.36 This
indicates that, under these conditions, MMP activation is related to the
cardiac remodeling process. Matsusaka et al.4 reported that MMP-2
KO TAC mice had less myocyte hypertrophy and interstitial fibrosis
than WT TAC mice. They concluded that MMP-2 had an important
role in pressure-overload-induced LV hypertrophy and dysfunction.
Furthermore, the expression of MMP-2 was not enhanced in the
myocardium of TLR-2 KO mice in our study.
Periodontal pathogens increase MMPs activity. Andrian et al.37

reported on the ability of P. gingivalis to regulate MMP and tissue
inhibitor of MMP production by oral cells, a phenomenon that might
contribute to tissue damage. MMP-2 is involved in physiological tissue
remodeling and the pathological ECM degradation that lead to the
pathogenesis of periodontal disease.38 The levels of MMPs have
been to be significantly decreased after periodontal therapies.39 These
results may provide support for our findings that periodontal
pathogen-induced MMP-2 worsened myocardial fibrosis in TAC
hearts. Based on the results from the current study and from previous
reports, we speculate that P. gingivalis is recognized by TLR-2-induced
systemic inflammatory reactions that result from cardiac fibrosis. As
we showed, some inflammatory factors were suppressed in TLR-2 KO
mice. Further research is needed to clarify this mechanism.
In conclusion, TLR-2 is involved in the link between periodontitis

and cardiac fibrosis. Ours is the first report that shows that P. gingivalis
promotes cardiac fibrosis via TLR-2. TLR-2 is important for
recognizing P. gingivalis and for the subsequent promotion of systemic
inflammation and enhancement of cardiac fibrosis induced by
pressure overload.
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