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Abstract

Background: A number of studies have revealed a link between chronic periodontitis and cardiovascular disease in obese
patients. However, there is little information about the influence of periodontitis-associated bacteria, Porphyromonas
gingivalis (Pg), on pathogenesis of atherosclerosis in obesity.

Methods: In vivo experiment: C57BL/6J mice were fed with a high-fat diet (HFD) or normal chow diet (CD), as a control. Pg
was infected from the pulp chamber. At 6 weeks post-infection, histological and immunohistochemical analysis of aortal
tissues was performed. In vitro experiment: hTERT-immortalized human umbilical vein endothelial cells (HuhT1) were used
to assess the effect of Pg/Pg-LPS on free fatty acid (FFA) induced endothelial cells apoptosis and regulation of cytokine gene
expression.

Results: Weaker staining of CD31 and increased numbers of TUNEL positive cells in aortal tissue of HFD mice indicated
endothelial injury. Pg infection exacerbated the endothelial injury. Immunohistochemically, Pg was detected deep in the
smooth muscle of the aorta, and the number of Pg cells in the aortal wall was higher in HFD mice than in CD mice.
Moreover, in vitro, FFA treatment induced apoptosis in HuhT1 cells and exposure to Pg-LPS increased this effect. In addition,
Pg and Pg-LPS both attenuated cytokine production in HuhT1 cells stimulated by palmitate.

Conclusions: Dental infection of Pg may contribute to pathogenesis of atherosclerosis by accelerating FFA-induced
endothelial injury.
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Introduction

Obesity is an independent risk factor for the development of

atherosclerosis. Atherosclerosis, characterized by the accumulation

of lipids and fibrous elements in the aortal tissues, is the most

important contributor to the progress of cardiovascular disease

(CVD) [1]. CVD, formerly the leading cause of death and illness in

developed countries, has also become a more serious health

problem worldwide [2]. While atherosclerosis was formerly

considered a simple and relatively passive lipid storage disease,

the past decades have seen an increased interest in the role that

chronic inflammation may play in triggering atherosclerosis [3].

According to the ‘‘response to injury’’ hypothesis by Ross (1999),

the early stage of atherosclerosis is initiated by a chronic

inflammatory response of the arterial wall to endothelial injury,

which is called endothelial dysfunction, and is caused by

hyperlipidemia, elevated plasma homocysteine concentrations,

hypertension, and infectious microorganisms [4]. This dysfunction

consequently leads to imbalanced blood vessel regulation and

enhanced leukocyte adhesion through up-regulation of adhesion

molecules, the synthesis of proinflammatory and prothrombotic

factors, and oxidative stress [5].

Recently, epidemiological and interventional studies have

revealed a link between atherosclerosis and bacterial infections,

including Chlamydia pneumoniae, Helicobacter pylori, and Por-
phyromonas gingivalis (Pg) [6–10]. Periodontitis is a chronic

infectious/inflammatory disease caused by periodontal pathogens,

and Pg is one of the primary species related to both chronic
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marginal periodontitis and periapical periodontitis [11–13].

Several clinical trials have revealed an association between

periodontitis and levels of systemic inflammatory markers and

endothelial injury. However, to our knowledge, there is no report

to date clarifying the relationship between Pg dental infection and

endothelial injury in a diet-induced obese mouse model.

In the present study, we analyzed how dental infection by Pg
affects endothelial injury, the early stage of atherosclerosis that

occurs in obesity. To accomplish this, we employed an in vivo
model where mice with Pg-induced periapical periodontitis were

maintained on a normal chow diet (CD) or a high fat diet (HFD).

Moreover, hTERT-immortalized human umbilical vein endothe-

lial cells (HuhT1) were used to assess the effect of Pg whole cell,

Pg-LPS and/or free fatty acid (FFA), in vitro. We report that

HFD results in endothelial injury in mice aortal tissues, and Pg
infection exacerbates this effect. In parallel, in vitro experiments

similarly demonstrate that Pg whole cell and Pg-LPS up-regulates

cytokine expression and increases apoptosis of FFA-treated

HuhT1 cells. These findings suggest that dental infection by Pg
promotes endothelial injury in the context of obesity.

Materials and Methods

Animal studies
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the Hiroshima University Animal Research

Committee and AVMA Guidelines on Euthanasia. The protocol

described below was approved by the Committee on the Ethics of

Animal Experiments of the Hiroshima University (Permit Num-

ber: A09-89). All mice were housed in a specific pathogen free

facility in 12 hr light-dark cycles with access to water ad libitum.

A total number of 24 5-week-old male SPF C57BL/6J mice

(Charles River Japan, Inc., Yokohama, Japan) were randomly

divided into two groups, fed either a normal chow diet (CD) or a

high fat diet (HFD-60; Oriental Yeast Co., Ltd., Tokyo, Japan).

After establishment of the obese mouse model by 12 weeks of HFD

feeding, mice were further divided into two subgroups (N = 6

each): Mice in the HFD-Pg group were infected by Pg (as detailed

below), while the HFD-NC group served as the negative control

without infection. Similarly, the CD group was subdivided and

further treated to make CD-NC and CD-Pg groups.

Pg infection
All surgeries were performed on mice under intraperitoneal

anesthesia induced by pentobarbital sodium (1.62 mg/30 g;

Kyoritsu Seiyaku Co., Tokyo, Japan) and atropine sulfate

(12.5 ug/30 g; Mitsubishi Tanabe Pharma Co., Osaka, Japan).

Surgeries were performed in biosafety cabinets of Hiroshima

University Animal Facility, and maximum efforts were made to

minimize postoperative pain and suffering. To establish dental

infection of Pg, the pulp chambers of the maxillary first molars on

the left and right sides were opened with a #1/2 round bur. After

removing the coronal pulp, a small sterile cotton swab including

1 ml of absorbed bacterial suspension (107 CFU of Pg W83 strain)

was inserted into the pulp chamber, which was then sealed with

Caviton (GC Co., Tokyo, Japan). Six weeks later, mice were

euthanized and samples of maxilla and 5 mm length of aortal

tissues from descending aorta at the level equivalent to heart were

harvested. Tissues were stored at 280uC for further evaluation or

processed as formalin-fixed paraffin embedded (FFPE) samples.

Immunohistochemistry
Immunolocalization of Pg in the aortal wall was examined by

using rabbit antiserum against Pg whole cell (1:1,000 dilution).

Anti-mouse CD-31 monoclonal antibody (1:100 dilution; Dianova

GmbH, Hamburg, Germany) was used for immunohistochemical

detection of endothelial cells. Immunohistochemical staining was

performed using a high polymer method (Histofine Max-PO:

Nichirei Biosciences, Tokyo, Japan). Specificity was ascertained by

substituting PBS or serum for each primary antibody. Sections

were analyzed under light microscopy and photomicrographs

obtained at 400x magnification.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)

To measure in situ apoptosis, TUNEL staining was performed

on aortal tissues obtained from each group. Tissue samples were

processed using an In Situ Apoptosis Detection Kit (Trevigen Inc.,

Gaithersburg, MD, USA) according to manufacturer’s instruc-

tions. Negative controls were obtained for each sample by

omission of incubation with the TUNEL reaction mixture.

Sections were analyzed under light microscopy and photomicro-

graphs were obtained at 400x magnification.

Histomorphometric analysis
Analysis was performed on 8 sections of aortal tissue per mouse.

Pg colonies were immonohistochemically stained (as described

above) and the number of brown pigments (i.e., Pg colonies) was

counted under a microscope. The average number of colonies for

each group was calculated. The ratio (%) of CD31-positive length

per total length of the inner surface of the aortal wall was

calculated after immunohistochemical staining (as described

above). The total number of TUNEL-positive endothelial cells

on was counted and normalized to the number of positive cells per

1 mm inner surface of aortal wall.

Identification of Pg in aortal tissue by PCR analysis
Total DNA was extracted from mouse aortal tissue by DNeasy

Tissue Kit (QIAGEN Science, Germantown, MD, USA) accord-

ing to the manufacturer’s instructions. The mgl gene that encodes

l-methionine-a-deamino-c-mercaptomethane-lyase (METase) and

specifically identifies Pg [14] was amplified by PCR. The primer

pair used was 59-GCTATCGAGAACGCCTTC-39 (Forward)

and 59-GCAGTGCCATCTGCTTCT-39 (reverse). Genomic

DNA of the Pg W83 strain was used as a positive control template.

Cell culture and treatment
hTERT-immortalized human umbilical vein endothelial cells

(HuhT1) were used in this study. HuhT1 cells were previously

established by transfection with human telomerase reverse

transcriptase [15]. HuhT1 cells were maintained in HuMedia-

EG2 growth medium with a commercial supplemental kit

(Kurabo, Osaka, Japan). 1.56105 of HuhT1 cells were inoculated

to a 35 mm collagen coated dish for the following experiments.

10 mM palmitate (Sigma, Hamburg, Germany) per 1% Bovine

Serum Albumin (BSA) stock solution was prepared according to

the method of Wobser [16]. FFA-free-BSA-treated cells were used

as negative control. Before each treatment, medium was

completely removed, cells were washed with PBS, and culture

medium was replaced a fresh batch. Lipopolysaccharide of Pg (Pg-

LPS, Strain ATCC 33277) was purchased from InvivoGen and a

concentration of 100 ng/ml was used. Cells were maintained at

37uC in a normal atmosphere containing 5% CO2.
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Flow cytometry
Huht1 cells were plated on 60 mm dishes at a density of 46106.

Cells were treated with 100 uM palmitate or 1 ug/ml Doxorubi-

cin (Dox, positive control of apoptosis) for 12 h. PE Annexin V

apoptosis Detection Kit1 (BD Pharmingen) was used according to

the instruction of manufacture. In brief, cells were washed twice

with ice-cold PBS, resuspended in 50 ul binding buffer, added

Annexin V-PE (2.5 ul) and 7AAD (2.5 ul) and mixed gently.

Incubation was performed at room temperature avoiding light for

15 min. Binding buffer (400 ul) was added to each sample and

proceeded to flow cytometry analysis.

Antibiotic protection assay
HuhT1 cells were pre-incubated with palmitate (50 mM) for

12 h. Before Pg infection, culture media were replaced by an

antibiotic-free medium for at least 2 h, followed by gentle rinsing

three times with PBS. Cells were exposed to Pg at a multiplicity of

infection (MOI) of 100 for 2 h, and then incubated with

metronidazole (200 mg/ml) and gentamicin (300 mg/ml) for 1 h

to kill extracellular bacteria [17]. Cells were permeated with 1 ml

of sterile, nonpyrogenic distilled water for 20 min and 100 ml of

10x diluent was plated on blood agar supplemented with 10%

defibrinated sheep blood, hemin (5 mg/ml), and menadione

(0.5 mg/ml), and cultured under anaerobic conditions (Anaero-

pack system, Mitsubishi Gas Chemical Co., Tokyo, Japan) at

37uC. The number of intracellular invaded Pg cells was

determined by colony counting on blood agar plates.

Cell counting
After 12 h pre-incubating with or without palmitate (50 mM),

HuhT1 cells were treated with Pg-LPS (100 ng/ml) for an

additional 12 h. The number of floating versus attached cells was

determined by a cell counting machine (Z1, Coulter, Hialeah, FL,

USA) in order to calculate the percentage of dead (floating) cells in

the total number.

RT-PCR
HuhT1 cells (1.56105 cells) were pre-incubated with palmitate

(50 mM) for 12 h. After 1 h of treatment with Pg-LPS (100 ng/

ml), total RNA was extracted from the cell pellets using the

RNeasy Mini Kit (Qiagen, K.K., Tokyo, Japan) following the

manufacturer’s instructions. RNA concentration and purity were

determined by spectrophotometry. 1 mg of total RNA was used for

cDNA synthesis using the ReverTra Dash kit (TOYOBO Co.,

Ltd., Osaka, Japan). Aliquots of total cDNA were amplified with

Go Taq Green Master Mix (Promega), and amplifications for

COX-2 and TNF-a were performed in a MyCycler thermal cycler

(BIO-RAD, Tokyo, Japan) for 30 cycles (30 s denaturation at

94uC, 30 s annealing at 58uC, and 1 min extension at 72uC) for all

primers. GAPDH was used as an internal control. The amplifi-

cation reaction products were resolved on 1.5% agarose/TAE gels

(Nacalaitesque, Inc., Kyoto, Japan), electrophoresed at 100 mV,

and visualized by ethidium-bromide staining. PCR primer pairs

were COX-2: 59-TGAGCATCTACGGTTTGCTG-39 (Forward)

and 59-TGCTTGTCTGGAACAACTGC-39 (Reverse); TNF-a:

59-TCCTTCAGACACCCTCAACC-39 (Forward) and 59-

AGGCCCCAGTTTGAATTCTT-39 (Reverse); GAPDH: 59-

TGAACGGGAAGCTCACTGG-39 (Forward) and 59-TCCAC-

CACCCTGTTGCTGTA-39 (Reverse).

Western blotting
After 12 h of pre-incubation with or without palmitate (50 mM),

cells were treated with Pg-LPS (100 ng/ml) for another 12 h. Cells

were also pretreated by TLR4 signaling inhibitor Cli-095

(InvivoGen, San Diego, CA, USA) for 6 h and stimulated by

palmiatate (50 mM) for indicated time. Primary antibodies against

Polyclonal anti-poly (ADP-ribose) polymerase (PARP), P-p65, P-

p38, P-JNK and P-ERK were purchased from Cell Signaling

Technology, Inc. (Danvers, MA, USA). Monoclonal anti-b-actin

was purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO,

USA) Western blotting was performed as previously described

[18]. Cell pellets (1.56105 cells) were resuspended in ice-cold lysis

buffer. Proteins were separated by SDS-PAGE and electro-blotted

onto a nitrocellulose membrane. After blocking of the membrane

with 3% milk for 30 min, membranes were incubated with

primary antibodies (1:1000) and anti-rabbit secondary antibody.

b-actin (1:10,000) was used as internal control. The results were

visualized by Amersham ECL western blotting detection system

(GE Healthcare, Japan).

Immunofluorescent staining
HuhT1 cells grown on coverslips were fixed in 4% paraformal-

dehyde for 10 min at room temperature, rinsed three times with

ice-cold PBS and then permeabilized in 0.1% Triton X-100 in

PBS for 10 min at room temperature. After rinsing three times

with PBS, the coverslips were incubated with primary antibody

against Pg in 10% DMEM for 2 h at room temperature, rinsed

three times with PBS and then incubated with anti-rabbit

Alexa488 (1:1000, Molecular Probes, Eugene, OR, USA), which

functioned as the secondary antibody. DNA was visualized by

DAPI staining (blue) and F-actin was visualized by Phalloidin

staining (red). Pictures were recorded using Keyence BZ-8100

series All-in-one Fluorescence Microscope (KEYENCE Japan,

Osaka, Japan).

Statistical analysis
Results are reported as mean 6 standard deviation (SD).

Intergroup statistical differences were evaluated by student t-test or

Mann-Whitney test, with the level of significance set at P,0.01

and P,0.05.

Results

Dental Pg infection induces periapical granuloma
(Figure 1)

In both groups of Pg infected mice, CD-Pg and HFD-Pg,

severe pulp necrosis was observed in the first upper molars six

weeks after infection. Periapical granulomas were apparent, and

pulp chambers were infiltrated with neutrophils and macrophages

(Figure 1A). Pg colonies were located in infected pulp chambers

(Figure 1B), and bacteria were also present in associated neutro-

phils and macrophages (Figure 1C).

Pg exacerbates HFD-induced endothelial injury and
apoptosis (Figure 2)

The inner surface of aortal wall is lined by endothelial cells, and

no obvious histological changes in aortal walls were apparent

among the experimental groups (Figure 2Aa–d). Immunolocaliza-

tion of endothelial marker CD-31 was used to further assess the

condition of endothelium. In the CD-NC group, aortal walls were

lined with endothelial cells exhibiting a strong positive reaction for

CD-31 (Figure 2Ba), while CD-31 staining of CD-Pg aorta was

relatively weaker (Figure 2Bb). Furthermore, CD-31 staining was

further reduced and more heterogeneous in the HFD-NC group,

indicating damage to the endothelial layer (Figure 2Bc). Pg
infection further exacerbated this effect, as CD-31 expression

P. gingivalis & Endothelial Injury in Obesity
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was observed to be much weaker and discontinuous in HFD-Pg
(Figure 2B-d). These observations were supported by quantitative

analysis of the ratio of CD31-positive endothelial surface over the

total length measured (Figure 2C). CD31-positive surfaces were

significantly reduced in HFD groups compared to CD groups and

Pg infection significantly reduced CD-31 positive surfaces in both

the CD (P,0.01) and HFD (P,0.05) groups.

TUNEL staining was used to detect apoptosis in cells of the

aortal tissues. No positive reactions were observed in cells in the

CD-NC and CD-Pg groups (Figure 2Da, b). In HFD groups,

TUNEL-positive nuclei were seen in endothelial cells and smooth

muscle cells of the aortal wall. The positive reaction in HFD-Pg
was stronger than that in HFD-NC (Figure 2Dc, d), and the

number of TUNEL positive cells was significantly higher in HFD-

Pg versus HFD-NC (P,0.05) (Figure 2E).

Dental Pg infection predisposes to increased invasion of
injured mouse aortal tissue under HFD conditions
(Figure 3)

In these studies, we induced periapical periodontitis by

application of live Pg cultures into root canals of mouse first

molars. Interestingly, Pg DNA and Pg colonies were detected in

aortal tissues at 6 weeks post treatment (Figure 3A and B). In

Figure 3A, the Pg-specific mgl gene was detected by PCR in DNA

harvested from the aortal wall of both CD-Pg and HFD-Pg
groups, but not in NC groups. In the Pg-infected CD group, Pg
colonies were immunohistochemically detected in the surface layer

of the intima (Figure 3Bb), whereas in the HFD group, Pg could

be observed in the deeper smooth muscle layer of the aorta

(Figure 3Bd). Moreover, the number of Pg colonies detected in

aorta sections was significantly higher (P,0.01) in the HFD group

versus the CD group (Figure 3C).

Pg and Pg-LPS increase palmitate-induced apoptosis in
HuhT1 cells (Figure 4)

We used hTERT-immortalized human umbilical vein endo-

thelial cells (HuhT1) as a model to explore the effects of Pg-LPS

in vitro. Previously, we demonstrated up-regulation of serum LPS

in both CD-Pg and HFD-Pg groups [20]. Therefore, we

examined the combined effects on HuhT1cells of Pg-LPS and

palmitate, a representative FFA that is elevated as a result of

obesity-induced endothelial injury. In cells untreated by palmitate,

there were no significant morphological changes in HuhT1 cells,

except for slight cell shrinkage after Pg-LPS or Pg whole cell

treatment (Figure 4A a, b, c). In contrast, palmitate treatment

caused marked cell shrinkage and triggered cells to detach from

dishes (Figure 4Ad). Palmitate pre-treatment followed by addition

of Pg-LPS or Pg whole cell induced more severe cell detachment,

however, the effect of Pg whole cell was not as robust as Pg-LPS

(Figure 4A e, f). Quantification of these observations confirmed

that in the NC group, palmitate treatment induced a 1.7-fold

increase in floating cells compared to the untreated group (P,

0.01). Pg-LPS stimulation alone did not induce significant cell

detachment, whereas, Pg-LPS in combination with palmitate

induced a significant 2.5-fold increase in floating cells over

palmitate-untreated cells (P,0.01). Similarly, Pg whole cell

treatment induced 2.0-fold increase in floating cells with palmi-

tate+ vs palmitate- treatment (Figure 4B). Flow cytometry

detected 24.37% of cells treated by palmitate undergoing early

apoptosis with higher affinity to Annexin V compared to 8.72% in

Figure 1. Dental Pg infection induces periapical granuloma. Severe pulp necrosis is observed in the first upper molars after six weeks of Pg
infection. (A) Periapical granuloma is a representative histological feature of Pg infected molars, and is infiltrated with neutrophils and macrophages.
(B) Immunohistochemical staining shows Pg colonies (brown pigment) in the pulp chambers and (C) in neutrophils and macrophages in the
periapical area. Scale bar, 10 mm. Pg, Porphyromonas gingivalis. Experiments were performed three times or more with similar results.
doi:10.1371/journal.pone.0110519.g001

P. gingivalis & Endothelial Injury in Obesity

PLOS ONE | www.plosone.org 4 October 2014 | Volume 9 | Issue 10 | e110519



non-treated cells (Figure 4C). Dox served as positive control

(Figure 4A, 4B, 4C).

Poly (ADP-ribose) polymerase (PARP) cleavage is an established

and reliable apoptosis indicator downstream of caspase family

activation, especially caspase 3 and caspase 7. To determine

potential induction of apoptosis of HuhT1 cells by palmitate

treatment, we examined PARP cleavage at the protein level. After

12 h of palmitate stimulation, a dose-dependent PARP cleavage

was observed, detectable at the low dose of 50 mM (Figure 4D). A

time course revealed that PARP was cleaved by 12 h after 50 mM

palmitate treatment (Figure 4E), a time point at which substantial

numbers of cells were observed to be detached (data not shown)

and likely undergoing apoptosis. Furthermore, Pg-LPS treatment

increased palmitate-induced PARP cleavage (Figure 4F).

Pg and Pg-LPS up-regulate COX-2 and TNF-a expression
in palmitate treated HuhT1 cells via activated TLR4
(Figure 5)

We next investigated effects of palmitate priming on cells.

Palmitate induced phosphorylation of p65 and p38 as early as

15 min and ERK at 45 min after treatment. 6 h pretreatment

Toll-like receptor-4 (TLR4) inhibitor, Cli-095, prevented phos-

phorylation of p65 and p38 at early time point induced by

Figure 2. Pg exacerbates HFD-induced endothelial injury and apoptosis. (A) Histological findings in aortal tissue in CD mice (a, b) and in
HFD mice (c, d). H&E, scale bar, 100 mm. (B) IHC staining of CD-31 (endothelial cell marker) in aortal tissue in CD mice (a, b) and in HFD mice (c, d).
Scale bar, 10 mm. (C) Percentage of aortal surface covered by CD31-positive endothelial cells in the HFD-Pg group is significantly lower than that of
the HFD-NC group. Mean 6 SD *P,0.05, **P,0.01. (D) TUNEL staining of aortal tissue in CD mice (a, b) and in HFD mice (c, d). Scale bar, 10 mm. (E)
Number of TUNEL-positive cells per unit length of aortal surface in HFD-Pg group is significantly higher than that of HFD-NC group. Mean 6 SD *P,
0.05. CD, chow diet; HFD, high fat diet; NC, negative control; Pg, Porphyromonas gingivalis. Experiments were performed three times or more with
similar results.
doi:10.1371/journal.pone.0110519.g002
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palmitate (Figure 5A). Effects of Pg-LPS on expression of

inflammation associated factors COX-2 (a synthetic enzyme of

inducible PGE2) and TNF-a. Pg-LPS induced a slight increase in

COX-2 mRNA, and a more robust increase in TNF-a in HuhT1

cells Palmitate treatment alone increased TNF-a expression.

Unexpectedly, 1 h of Pg whole cell priming on HuhT1 cells did

not alter the mRNA expression of COX-2 and TNF-a. In the

palmitate pre-treated group, expression of both COX-2 and TNF-

a were strongly enhanced by Pg-LPS stimulation and only TNF-a
mRNA was increased by Pg whole cell stimulation (Figure 5B).

Palmitate increases Pg cell invasion in HuhT1 cells
(Figure 6)

The antibiotic protection assay was performed to determine

whether Pg cells were capable of invading and remaining viable

within HuhT1 cells, in vitro. Immunofluorescent staining exhib-

ited the existence of invaded Pg shown in green in HuhT1 cells

(Figure 6A). Brown Pg colonies appeared 5 days post plating on

blood agar (data not shown). Pretreatment of cells with 50 mM

palmitate significantly increased the number of invading Pg
colonies in HuhT1 cells (P,0.01) (Figure 6B).

Discussion

The health of the inner arterial wall is an important factor in

preventing vascular disease development. However, the endothe-

lium is easily damaged by various atherogenic factors, including

hypercholesterolemia, homocysteine, oxidative stress, and hyper-

glycemia [19]. To study the effect of dental infection on

endothelial injury associated with obesity, we induced obesity in

mice by high fat diet feeding, and then applied Pg bacteria to pulp

chambers of upper molars.

The relationship between periodontitis and systemic disease has

been the subject of intense speculation and research in recent

years. Periodontitis, a bacterially induced inflammatory disease,

destroys the periodontal tissues and may ultimately lead to tooth

exfoliation. Among the over 700 bacterial species colonizing the

oral cavity [20], Pg is highly detectable in the periodontal pocket

during chronic periodontitis, and is considered to be one of the

principal bacterial species responsible for inducing periapical

periodontitis [11–13]. Pg is a Gram-negative species that requires

anaerobic conditions for growth. In our mouse model, we

delivered Pg into pulp chambers, providing a natural route for

infection to induce periapical periodontitis. Dental infection by Pg
caused total pulp necrosis and establishment of periapical

granuloma, in which Pg was detected in neutrophils and

macrophages. Previously, we have shown using this mouse model

that Pg colonies remained viable inside infected pulp chambers

and that bacteria were able to reproduce over a long period of

time to induce periapical periodontitis, affecting the pathological

progression of nonalcoholic steatohepatitis [21]. In this model, we

hypothesize that the periapical granulomas are a stable and

persistent source of the Pg and its immunogenic products,

allowing spreading through the bloodstream.

In the mouse model used in the present study, the reduced

expression of endothelial marker CD31 and increased presence of

TUNEL staining revealed the loss of endothelial integrity,

identifying endothelial injury in the HFD-NC group compared

with the CD-NC group (Figure 2). In addition, the body weight,

epididymal fat weight, and total cholesterol were elevated in HFD-

fed mice (Table S1), confirming the establishment of dyslipidemia

caused by obesity. Correspondingly, using the diet-induced

atherosclerotic rabbit model, Yu et al. reported that long term

(16 weeks) feeding of HFD induced loss of integrity in the

endothelial layer [22]. According to Boden et al. FFAs appear to

be a major link between obesity and the development of

atherosclerotic vascular disease [23]. In vitro studies showed that

FFA treatment would induce apoptosis of various cells, including

endothelial cells [24], and accelerated apoptosis likely contributes

to the loss of endothelial integrity, in turn leading to increased

permeability. In these studies, we additionally demonstrate

palmitate-induced higher affinity to Annexin V and PARP

cleavage in HuhT1 cells (Figure 4C, 4D, 4E), indicating that

Figure 3. Dental Pg infection predisposes to increased invasion of injured mouse aortal tissue under HFD conditions. (A) Expression
of the mgl gene of Pg is detected in aortal tissue of infected mice. Genomic DNA of Pg W83 strain is included as a positive control (PC). (B)
Immunolocalization of Pg (brown particles) is observed in aortal walls of infected mice. (C) Pg invasion is significantly higher in HFD-Pg group. Mean
6 SD *P,0.05, **P,0.01. Scale bar, 10 mm; CD, chow diet; HFD, high fat diet; NC, negative control; Pg, Porphyromonas gingivalis. Experiments were
performed three times or more with similar results.
doi:10.1371/journal.pone.0110519.g003
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Figure 4. Pg and Pg-LPS increase palmitate-induced apoptosis in HuhT1 cells. (A, B) Palmitate treatment induces HuhT1 cell detachment,
and Pg and/or Pg-LPS treatment further increases detachment. (C) Palmitate stimulation induces cell death by apoptosis that is indicated by increased
percentage of Annexin V positive cells; Dox is positive control. (D, E) Palmitate stimulation induces PARP cleavage (arrow, cleaved PARP) in HuhT1
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increased apoptosis is a potential mechanism for FFA-induced

endothelial cell layer injury.

In the HFD groups, addition of Pg further reduced expression

of CD31 and increased presence of TUNEL positive cells in the

endothelial layer, compared to the non-Pg-treated controls. CD31

is an adhesion molecule expressed on endothelial cells that is

important for maintaining endothelial integrity [25] and facilitates

transendothelial migration of neutrophils to sites of inflammation

[26]. Carrithers et al. revealed that CD31-deficient mice showed

enhanced vascular permeability and increased apoptotic endothe-

lial cell death during LPS-induced shock, compared to wild type

controls, suggesting that CD31 is necessary for maintenance of

endothelial integrity and prevention of apoptosis [27]. Pg infection

increases serum levels of LPS in our animal model [21]. In the

in vitro portion of these studies, we observed that addition of Pg-

LPS to HuhT1 cells significantly increased cell detachment with

FFA pre-stimulation (Figure 4B). Furthermore, PARP cleavage

clearly showed that Pg-LPS promoted cell apoptosis with FFA pre-

treatment (Figure 4F). For future studies, it will be of interest to

investigate the role of CD-31 in LPS- and FFA-induced

endothelial cell apoptosis. Interestingly, although the HFD-Pg
in vivo exhibited most severe endothelial injury and highest

number of Pg colonies in aorta, the effect of Pg whole cell was not

as robust as Pg-LPS in inducing endothelial cell death with

addition of FFA. Yun et al. reported that gingipains (major

virulence determinants) of Pg may contribute to the initiation of

endothelial barrier destruction by cleaving CD31 at the endothe-

lial cell-cell junction, eventually resulting in increased vascular

permeability [28]. The Pg invasion in aortal wall observed in the

current study may be the consequence of increased vascular

permeability induced by degradation of CD31, probably through

gingipains. However, a better understanding of this mechanism

requires further investigation.

TNF-a is one of the key cytokines in inflammatory pathologies,

stimulating the production of other proinflammatory cytokines,

chemokines, and also COX-2, consequently contributing to

endothelial cells apoptosis [29]. In the present study, a single

Pg-LPS or FFA treatment increased COX-2 and TNF-a gene

expression in endothelial cells. It is reported that palmitate

activates NF-kB and increases inflammatory cytokine production

via TLR4 in endothelial cells and adipocytes, which is consistent

with our result [30,31]. Interestingly, Pg-LPS stimulation

dramatically up-regulated COX-2 and TNF-a gene expression

in FFA-pretreated endothelial cells (Figure 5). To our knowledge,

this is the first demonstration of a combined effect of Pg-LPS and

FFA on inflammatory mediator production and endothelial cell

apoptosis, though more work will be done to show whether the

effect is additive or synergystic. As both FFA and LPS are ligands

to TLR4 and could induce proinflammatory cytokines through the

NF- B pathway [32,33], the cooperative effect of FFA and Pg-LPS

on TNF-a up-regulation may be due to the co-activation of NF- B

pathway via TLR4. It is known that in vivo, proinflammatory

cytokines produced in response to FFA contribute to low-grade

inflammation in fat, liver, and the aortal wall [34,35], and we

cells in a dose- and time-dependent manner. (F) Pg-LPS accelerates PARP cleavage in palmitate-treated cells. Mean 6 SD, **P,0.01. NC, negative
control; Pg, Porphyromonas gingivalis; PARP, Poly (ADP-ribose) polymerase; Dox, Doxorubicin. Experiments were performed three times or more with
similar results.
doi:10.1371/journal.pone.0110519.g004

Figure 5. Pg-LPS up-regulates COX-2 and TNF-a expression in palmitate treated HuhT1 cells. (A) Phosphorylation of p65, p38, JNK and
ERK was detected by western blotting. Cells were pretreated with Cli-095 6 h before palmitate stimulation. (B) mRNA expression of COX-2 and TNF-a
in HuhT1 cells with and without palmitate treatment at 1 h after Pg and/or Pg-LPS stimulation. NC, negative control; Pg, Porphyromonas gingivalis; Cli-
095, TLR4 inhibitor. Experiments were performed three times or more with similar results.
doi:10.1371/journal.pone.0110519.g005
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propose that Pg-LPS exacerbates the inflammation in the aortal

wall by further up-regulating cytokines. This is supported by the

immunohistochemical staining and RT-PCR detection of Pg
colonies in aortal wall of infected mice (Figure 3). Furthermore, we

demonstrated that there is a significant difference between CD-Pg
and HFD-Pg referring the tissue invasion rate by applying equal

amount of Pg from pulp chamber (Figure 3C). Correspondingly,

our in vitro study showed that Pg easily invaded damaged HuhT1

endothelial cells following FFA pretreatment. Several reports

demonstrated the detection of DNA of Pg and Aggregatibacter
actinomycetemcomitans (Aa) in atheromatous plaque, with Pg
(78.57%) as the most commonly found periodontal pathogens

followed by Aa (66.67%) [36]. These findings point to the

capability for periodontal pathogens to access systemic circulation,

colonize distant sites such as the aortal wall, and influence the

pathophysiology of atherogenesis.

Based on these previous findings and data generated in the

current study, we hypothesize that Pg-LPS may exacerbates FFA-

induced endothelial injury in aortal walls of obese individuals,

providing easy access for circulating Pg to invade and colonize the

deep intima and promote the development of atherosclerosis

through additive local production of pro-inflammatory cytokines.

However, further investigations will help clarify the effect of Pg
infection on endothelial cells and smooth muscle cells in the aortal

wall.

In summary, data from this study demonstrate that Pg from a

dental infection are capable of invading aortal tissue through the

circulation and exacerbating HFD-induced endothelial damage, in

part by accelerating endothelial cell apoptosis. On the other hand,

HFD-induced endothelial damage enhanced Pg invasion rate.

Furthermore, FFAs contributed to the up-regulation of inflamma-

tion and apoptosis of endothelial cells, and Pg-LPS aggravated this

effect. Taken together, this is the first demonstration that dental

infection of Pg can contribute to endothelial injury in obese mice.

Extrapolation these results suggests that careful attention to dental

hygiene or periodontal treatment and maintenance may be

beneficial for obese patients in order to prevent or minimize

adverse effects of bacterial infection on the early stages of

atherosclerosis.

Supporting Information

Table S1 Establishment of dyslipidemia in HFD-fed
mice. Body weight, epididymal fat weight and total cholesterol

were measured in four groups of mice (CD-NC, CD-Pg, HFD-NC

and HFD-Pg); ap,0.01 to CD-NC, bp,0.01 to CD-Pg, cp,0.05

to CD-NC and dp,0.05 to CD-Pg. CD, chow diet; HFD, high fat

diet; NC, negative control; Pg, Porphyromonas gingivalis.
Experiments were performed three times with similar results.

(TIF)
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