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Abstract Background/purpose: Increasing studies have indicated the involvement of Por-
phyromonas gingivalis in atherosclerosis. T helper 17 (Th17)/Treg balance is critical during
atherosclerosis. However, whether P. gingivalis oral infection is associated with Th17/Treg
imbalance is unclear. The aim of the present study was to investigate the effect of P. gingivalis
on Th17/Treg balance during atherosclerosis.
Materials and methods: ApoEe/e and C57BL/6 mice were inoculated orally with P. gingivalis
ATCC 33277 for 9 weeks. The alveolar bone loss was assessed by microcomputerized tomogra-
phy. The area of atherosclerosis plaque was identified by oil red O staining. Plaque stability
was analyzed by CD68 and aSMA immunohistochemistry staining and Masson staining. The fre-
quency of Th17 and Treg in spleen was detected by flow cytometry. The mRNA expression of
Th17- and Treg-related factors was determined by quantitative polymerase chain reaction.
Interleukin (IL)-6, a critical factor in modulating T-cell differentiation, was determined from
spleen cells and mouse dendritic cells by enzyme-linked immunosorbent assay.
Results: Long-term P. gingivalis oral infection induced alveolar bone resorption. In ApoEe/e

mice, P. gingivalis enhanced atherosclerotic lesion formation and plaque instability accompa-
nied with a decreased Treg frequency and an increased Th17 cell frequency. In addition, mRNA
expression of retinoic acid receptor-related orphan receptor gt and IL-17 was increased, and
that of transforming growth factor (TGF) b and IL-10 was decreased in P. gingivalis-infected
ApoEe/e mice. Furthermore, secretion of IL-6 was elevated in the spleen of P. gingivalis-
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infected ApoEe/e mice, as well as in mouse dendritic cells after P. gingivalis infection.
Conclusion: P. gingivalis oral infection may promote Th17/Treg imbalance by influencing T-cell
differentiation during the process of atherosclerosis, with a larger lesion area and decreasing
plaque instability.
ª 2017 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Chronic periodontitis is a common chronic oral infectious
disease characterized by gingival bleeding, alveolar bone
destruction, and tooth mobility.1 The anaerobic bacteria
Porphyromonas gingivalis is one of the main pathogens of
periodontitis.2 Studies have indicated that in addition to
local inflammation at the initial site of infection, P. gingi-
valis has the ability to disseminate from ulcerative peri-
odontal pockets to circulation, and interact with the heart,
liver, and other tissues.3 Therefore, P. gingivalis plays an
important role in periodontitis-associated systemic disease,
such as atherosclerosis.

Kozarov et al4 reported that P. gingivalis was examined
in human atherosclerosis lesions, indicating the oral path-
ogen spread to vessel via general circulation. In vivo studies
suggested that P. gingivalis infection promotes athero-
sclerotic plaque formation.3,5 Nowadays, P. gingivalis
infection is assumed to be a risk factor for cardiovascular
disease.6 P. gingivalis and its virulence factors may promote
the development of atheromatous plaque through different
pathways.7,8 Owing to the homology between GroEL in
bacteria and heat shock protein 60 in mammals, the cross
reactivity between P. gingivalis GroEL and endothelial cell
heat shock protein 60 would activate the autoimmune
response mediated by CD4þ T cells, which contributes to
the physiopathology of atherosclerosis.9 P. gingivalis plays a
prominent role in modulating immune reaction in its rela-
tionship with atherosclerosis.6,10

T lymphocytes, especially CD4þ T cells are shown to play
an important role in promoting atherosclerosis.11 The im-
mune balance between T helper (Th) cells and Tregs are
considered to be critical for controlling systemic inflam-
mation.12 Th17/Treg balance is important in the patho-
genesis of atherosclerosis.13 Th17 cells are a newly
discovered T-cell subset and are implicated to have a
critical role in this progression of atherosclerosis. Th17 cells
express retinoic acid-related orphan receptor gt and mainly
produce proinflammatory cytokine interleukin (IL)-17A,
which participates in the induction of inflammation of
atherosclerotic plaque.14 Tregs are characterized by the
expression of the forkhead box P3 (FoxP3). Tregs may
suppress inflammation by contacting with other effective
cells or by secreting anti-inflammatory IL-10 and trans-
forming growth factor b.15 The balance between Th17 cells
and Tregs may be critical in regulating immune homeosta-
sis. It has been reported that Th17/Treg imbalance existed
in acute coronary syndrome patients.16

Studies have shown that Treg is a protective CD4þ T
subset in the development of periodontitis. Th17 cell-
related cytokines are involved in periodontal lesions.17

Wang et al18 reported that P. gingivalis decreased the
percentage of Tregs and increased Th17 cells in cervical
lymph nodes and gingival tissues in experimental peri-
odontitis. Our previous clinical study indicated that the
percentage of Tregs in P. gingivalis-infected atherosclerotic
patients was decreased.19 Hagiwara et al20 found that
sublingual immunization with GroEL vaccine could increase
CD4þFoxP3þ cells in submandibular glands and prevent P.
gingivalis-accelerated atherosclerosis. As observed in these
studies,18,19 P. gingivalis infection could induce T-cell re-
action in periodontal tissue and adjacent lymph nodes;
however, little is known about whether oral infection of P.
gingivalis could induce T-cell-mediating response in
atherosclerosis. In the current study, we studied the pro-
cess of P. gingivalis-associated atherosclerosis by inducing
long-term oral infection with P. gingivalis 33277 in mice to
investigate the relationship between P. gingivalis infection
and Th17/Treg balance in atherosclerosis.

Materials and methods

Mice

Four-week-old male C57BL/6 mice (nZ 12) and ApoEe/e

mice (apolipoprotein E knockout mice in C57BL/6 back-
ground; nZ 12) were purchased from Model Animal
Research Center of Nanjing University, Nanjing, China. Mice
were maintained in specific pathogen-free conditions with
a regular diet and cared for according to the ethics com-
mittees of Nanjing University; this study was conducted in
accordance with the standards of the Helsinki Declaration.

Bacteria and oral infection

P. gingivalis strain ATCC 33277 was cultured anaerobically
on blood agar plates and seeded in trypticase soy broth
supplemented with yeast extract, hemin, and menadione,
as we described previously.21 The colony-forming unit (CFU)
was standardized as OD660nm of 0.8Z 109 CFU/mL. The
model of experimental periodontitis was developed
following the method of Hayashi et al22 with slight modifi-
cation. At 5 weeks, the mice were given a high-fat diet and
treated with antibiotics orally for 5 days. Thereafter,
C57BL/6 and ApoEe/e mice were divided into four groups
(nZ 6 per group; Figure 1A): (1) C57BL/6; (2) C57BL/6þ P.
gingivalis; (3) ApoEe/e; and (4) ApoEe/eþ P. gingivalis. P.
gingivalis 33277 in 100 mL 2% carboxymethylcellulose with
phosphate-buffered saline (PBS; 108 CFU) was applied to
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Figure 1 P. gingivalis-infected periodontitis schedule and induced alveolar bone resorption. (A) Five-week-old male C57BL/6
mice (nZ 12) and ApoEe/e mice were treated with antibiotics orally (>) for 5 days. Thereafter, oral infection ( Y) of P. gingivalis
or vehicle was given to the buccal surface of mandible five times a week for 9 weeks. Mice were euthanized ( V) 5 days after the
final oral challenge. (B) Plasma IgG antibody levels in both P. gingivalis-infected mice and sham-infected mice at 15 weeks were
determined by ELISA. Concentration of plasma IgG antibody levels in P. gingivalis-infected mice was increased after infection. (C)
Evidence of P. gingivalis-induced periodontitis shown by alveolar bone loss on 3-D tomography analysis of mandibular molars.
* P< 0.05. ** P< 0.001. CFUZ colony-forming unit; 3-DZ three-dimensional; ELISAZ enzyme-linked immunosorbent assay;
IgGZ immunoglobulin G; PBSZ phosphate-buffered saline; Pg Z Porphyromonas gingivalis.
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the buccal surface of mandible five times a week for 9
weeks in Groups 2 and 4. Mice in the other two groups
(Groups 1 and 3) received vehicle (100 mL 2% carboxy-
methylcellulose with PBS). Mice were euthanized 5 days
after the final oral challenge.

Tissue preparation

All mice were euthanized by exsanguination under anes-
thesia with i.p. injections of chloral hydrate. Muscle
relaxation was observed to decide the adequate amount of
anesthesia. Spleens were collected immediately and
immersed in cold PBS containing antibiotics for flow
cytometry and real-time polymerase chain reaction (RT-
PCR) analysis. Mandibles were harvested and fixed in 10%
formalin immediately for microcomputerized tomography
assay. The heart and the aorta were dissected out and
stored at 4�C until processing.

Anti-P. gingivalis immunoglobulin G antibody in
plasma

Anti-P. gingivalis immunoglobulin G (IgG) antibody in
plasma was determined by enzyme-linked immunosorbent
assay (ELISA) following the method of Bainbridge et al.23

Briefly, P. gingivalis ATCC33277 was cultured anaerobi-
cally in trypticase soy broth containing yeast extract,
hemin, and menadione. In order to prepare the antibody, P.
gingivalis was treated with 0.5% formalin overnight and
diluted to an OD600 of 0.3. The antibody was deposited in
the wells of microtiter plates. Plasma was diluted at 1:100
before detection. Plasma was added into microtiter plates
and reacted with the bacteria for 2 hours at room
temperature. Alkaline phosphatase-labeled goat antimouse
IgG was added. The OD405 values were tested after adding
NaOH into each well. For the analyses, plasma from eight
mice was used to obtain standard titration curves.

Measurement of alveolar bone resorption

Mandible was scanned using microcomputerized tomogra-
phy (Skyscan, AArselaar). Three-dimensional views were
reconstructed with CTan version 1.5.0 software (Skyscan,
AArselaar). Alveolar bone loss was measured by calculating
bone volume fraction according to Park et al.24 Briefly,
roofs of the furcations and the root apexes were defined as
references to identify the borders of the region of interest.
Contours were drawn beginning immediately below the
roofs of the furcations in the coronal plane and moving in
the apical direction. Two-dimensional contours were cho-
sen at regular intervals. Two-dimensional regions of inter-
est were defined as the distance from the cementoenamel
junction to a fixed base at the palatal surfaces of the roots
of the first and second molar teeth. The remaining two-
dimensional bone regions of interest were defined as the
distance from the crest of ridge to a fixed base. Three-
dimensional version was reconstructed to quantify the
volume of bone. Bone volume fraction was the remaining
bone volume in volume of interest/volume of interest.

Analysis of plaques

The heart was embedded in tissue optimal cutting tem-
perature compound. Cryosections (10 mm) of the aortic root
containing the aortic valves were made. Hematoxylin and
eosin staining was performed to observe the structural
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characteristic of aortic root. Atherosclerotic lesions were
measured by lipid deposition stained with oil red O. In
brief, five sections of aortic root, separated by 100 mm, per
sample were dipped in 60% isopropanol and stained in oil
red O for 30 minutes. Then, sections were washed in water
and counterstained with hematoxylin. To calculate lesions,
pictures were analyzed by computer image analysis soft-
ware. The average area of the five sections for each sample
was used for analysis as described by Nakajima et al.25

Immunohistochemistry was performed using rat anti-
mouse CD68 and aSMA. Images were captured. Stained area
was quantified blindly by computer-aided morphometry
software (Image Pro Plus, Media Cybernetics, MD, USA). The
area of CD68- or aSMA-positive staining in total plaque area
was calculated to identify macrophages and smooth muscle
cells. Masson staining was used to measure fibrosis in the
aortic root. The percentage of positive staining area in total
plaque area was calculated to identify the collagen content.
Flow cytometric analysis of Treg and Th17 cells in
the spleen

Splenocytes were isolated from spleens. For Treg cell
staining and detection, antimouse CD4 fluorescent mono-
clonal antibody labeled with fluorescein isothiocyanate
(eBioscience, San Jose, CA, USA) and antimouse CD25
labeled with allophycocyanin (eBioscience) were used as
surface markers. After washing with PBS, cells were fixed,
permeabilized, and labeled with phycoerythrin-conjugated
antimouse FoxP3 antibody (eBioscience). For Th17 cell
analysis, cells were incubated with Phorbol-12-myristate-
13-acetate (PMA) (50 ng/mL), ionomycin (1 mg/mL), and
monesin (1.7 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) at
37�C for 6 hours to activate T cells and stimulate the
accumulation of intracellular IL-17. Surface staining was
performed with fluorescein isothiocyanate-conjugated
antimouse CD4 antibody. Cytofix/Cytoperm reagent (BD
Biosciences, San Jose, CA, USA) was used to fix and per-
meabilize cells. Cells were stained with phycoerythrin-
conjugated antimouse IL-17A antibody (eBioscience).
Stained cells were analyzed by flow cytometry on an FACS
Calibur flow cytometer (BD Biosciences). The frequency of
CD4þCD25þFoxP3þTregs and CD4þIL17þTh17 cells was
analyzed using FlowJo software (BD Biosciences).
RT-PCR analysis of transcriptional factors

Total RNA of splenocytes and aorta was extracted using
TRIzol (Invitrogen, Carlsbad, CA, USA). The cDNA was ob-
tained with PrimeScript RT reagent kit with a gDNA eraser
(Takara, Dalian, China). RT-PCR was performed with iTaq
Universal SYBR green Supermix (Bio-Rad, Hercules, CA, USA).
Primers for transcription factors and cytokines were used as
listed in Table 1. All PCR reactions were performed with the
Applied Biosystems (ABI, CA, USA). Briefly, reactions con-
tained 2* SYBR Green PCR Master Mix (Bio-Rad), an upstream
primer, a downstream primer, and reverse-transcribed RNA.
Amplification was carried out as follows: 95�C for 30 sec-
onds, followed by 40 cycles at 95�C for 5 seconds, and 60�C
for 30 seconds. Each gene was tested in triplicate.
Cell culture

To analyze the T-cell response during atherosclerosis, cells
from the spleen were cultured with anti-CD3 (1 mg/mL) and
soluble anti-CD28 (2 mg/mL) for 96 hours. The culture su-
pernatant was collected to determine cytokine levels.

For culturing mouse dendritic cells, 5e6-week-old
ApoEe/e mice were killed by cervical dislocation and dis-
infected in 75% ethanol for 5 minutes. The tibias and femurs
were removed to isolate bone marrow cells. Cells were
cultured in RPMI 1640 complete media containing 20 ng/mL
granulocyte-macrophage colony stimulating factor (GM-
CSF) (R&D Systems, Minneapolis, MN, USA) and 1 ng/mL IL-
4. The unattached cells and cell debris were removed 12
hours later, and then the fresh medium was supplemented
with GM-CSF and IL-4. On Day 9, cells were collected and
resuspended in PBS. Dendritic cells were defined using anti-
CD11c (eBioscience). Dendritic cells were seeded in 12-well
dishes and infected with P. gingivalis at multiplicity of
infection (MOI) 25 and MOI 100. Supernatants were
collected after 24 hours and stored at �80�C.

ELISA of cytokines in plasma

The levels of mouse IL-6 (Dakewe, Shanghai, China), IL-17A
(eBioscience), and mouse IL-10 (eBioscience) in the super-
natant were detected with ELISA kits following the manu-
facturer’s instructions. Every sample was measured in
duplicate. Concentrations of the cytokines were calculated
according to the standard curve.

Statistical analysis

Data were analyzed with statistical software SPSS19.0. The
ShapiroeWilk test was performed to determine normal
distribution. All data followed a normal distribution, so the
results were presented as mean� standard deviation. The t
test was used for values between two groups. A P val-
ue< 0.05 was considered to be statistically significant.
One-way analysis of variance was used for values among
three or four groups, and Dunnett t test was used for every
two groups after Bonferroni correction.

Results

P. gingivalis oral infection induced alveolar bone
resorption

Plasma antibody to P. gingivalis is an indicator of peri-
odontal risk. Plasma IgG level in P. gingivalis-infected
C57BL/6 mice and ApoEe/e mice were 8.12� 0.50 and
7.57� 0.58, respectively, which are obviously higher than
those in uninfected mice (0.99� 0.30 and 1.05� 0.24,
respectively). No difference was observed between wild-
type and ApoEe/e mice (Figure 1B).

To confirm that P. gingivalis oral infection resulted in
periodontitis, we measured bone loss in both wild-type and
ApoEe/e mice. As expected, long-term P. gingivalis infec-
tion induced alveolar bone resorption for both wild-type
and ApoEe/e mice. Moreover, P. gingivalis infection-



Table 1 Primer sequences used for RT-PCR.

Specific primer set Forward (50e30) Reverse (50e30)

FoxP3 GTTTAGTGCTGTGGCACTGT GGTTCAAGGAAGAAGAGGTGT
RORgt GCGGAGCAGACACACTTACA TTGGCAAACTCCACCACATA
TGFb1 TGACGTCACTGGAGTTGTACGG GGTTCATGTCATGGATGGTGC
IL-2 CACTGACACTTGTGCTCCTT GAAAGTCCACCACAGTTGCT
IL-10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT
IL-17A CCTCAGACTACCTCAACCG CTCCCTCTTCAGGACCAG
IL-6 CCACTTCACAAGTCGGAGGCTTA GCAAGTGCATCATCGTGTTCATAC
GAPDH AGCAATGCCTCCTGCACCACCAAC CCGGAGGGGCCATCCACAGTCT

FoxP3Z forkhead box P3; ILZ interleukin; RORgtZ receptor-related orphan receptors gt; RT-PCRZ real-time polymerase chain re-
action; TGFb1Z transforming growth factor b1; GAPDH Z glyceraldehyde-3-phosphate dehydrogenase.
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induced resorption between was not different between
wild-type and ApoEe/e mice (Figure 1C).
P. gingivalis oral infection promoted
atherosclerosis formation with decreased plaque
stability

To explore the effect of P. gingivalis on the progression of
atherosclerosis, the plaque area at aortic sinus was exam-
ined by histomorphological analysis. Hematoxylin staining
showed that the intima was continuous, and smooth muscle
Figure 2 Plaque formation in the aortic root. (A) Representative
stained with HE and oil red O (40� magnification). (B and C) Atheros
and percentage of the total area (nZ 6 mice per group). Lesion are
of uninfected ApoEe/e mice. * P< 0.0125 versus C57, Bonferroni co
correction, aZ 0.05/4. Pg Z Porphyromonas gingivalis.
cells were distributed uniformly in wild-type mice, whereas
lipid and inflammatory cells were apparent in ApoEe/e

mice. P. gingivalis-infected ApoEe/e mice had significantly
larger lesion areas compared with uninfected ApoEe/e mice
(Figure 2).

Atherosclerotic plaque components including smooth
muscle cells, macrophage, and collagen content in ApoEe/e

mice were analyzed to evaluate plaque instability
(Figure 3). Relative smooth muscle cell content stained
with aSMA in plaques was decreased in P. gingivalis-infec-
ted ApoEe/e group compared with that in uninfected
ApoEe/e group. Moreover, macrophage accumulation
aortas from P. gingivalis-infected and sham-infected mice were
clerosis of aortic section was expressed in terms of plaque area
as of P. gingivalis-infected ApoEe/e mice were larger than those
rrection, aZ 0.05/4. ** P< 0.0125 versus ApoEe/e, Bonferroni



Figure 3 Atherosclerotic plaque components in the aortic root. Aortic sinus was stained with aSMA for smooth muscle cells and
CD68 for macrophage to perform immunohistochemistry in mice at 15 weeks. Fibrous area was stained by Masson staining (200�
magnification). Quantitative analysis of CD68-, aSMA-, and Masson-positive staining in the total plaque area was performed. Data
are presented as means� standard deviation. P. gingivalis infection decreased smooth muscle cell content and increased macro-
phage content in the plaque of ApoEe/e mice (nZ 6 mice per group). * P< 0.0125 versus C57, Bonferroni correction, aZ 0.05/4. **
P< 0.0125 versus ApoEe/e, Bonferroni correction, aZ 0.05/4. Pg Z Porphyromonas gingivalis; aSMA = alpha-smooth muscle actin.
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stained with CD68 was significantly increased in the P.
gingivalis-infected ApoEe/e group. However, no significant
changes were found in the collagen content stained by
Masson staining. Taking together all these observations, P.
gingivalis promotes atherosclerosis instability with a larger
area, decreasing smooth muscle cell content and increasing
inflammation reaction.

P. gingivalis promoted Th17/Treg imbalance in the
development of atherosclerosis

The percentages of Th17 cells and Tregs in splenic cells were
analyzed. No significant difference was found in CD4þ T
cells between sham-infected mice and P. gingivalis-infected
mice. Moreover, there was no statistically significant dif-
ference between sham-infected wild-type mice and infec-
ted wild-type mice. However, the proportion of
CD4þCD25þFoxP3þ cells decreased in ApoEe/e mice. More-
over, P. gingivalis-infected ApoEe/e mice had a lower
proportion of Tregs compared with sham-infected ApoEe/e

mice (Figures 4A and 4D). By contrast, the percentages of
CD4þIL17þ T cells were elevated in ApoEe/e mice, especially
in P. gingivalis-challenged ApoEe/e mice (Figures 4B and 4E).

The mRNA expression of Treg-related factors, such as
FoxP3, IL-10, and transforming growth factor b1, was
decreased during the development of atherosclerosis. P.
gingivalis infection further promoted the decrease of these
factors in ApoEe/e mice. In addition, levels of Th17-related
molecules, such as retinoic acid-related orphan receptor gt
and IL-17, were elevated. No significant difference was
found in IL-2 expression (Figure 5).

P. gingivalis might alter Th17 and Treg
differentiation cytokine production in ApoEe/e

mice

To investigate the role of P. gingivalis in inducing the
release of T-cell differentiation cytokines, spleen T cells



Figure 4 Flow cytometric analysis of Th17 and Treg in splenocytes of C57BL/6 and ApoEe/e mice. Representative profiles for
detecting (A) CD25þFOXP3þ T cells and (B) IL-17þ T cells by flow cytometry within the CD4þ gate. (C) The number of CD4þT cells in P.
gingivalis-infected and sham-infected C57 and ApoEe/e mice. Percentages of (D) CD4þIL17þTh17 cells and (E) CD4þCD25þFoxP3þT
cells in P. gingivalis-infected and sham-infected C57 and ApoEe/e mice (nZ 6 mice per group). * P< 0.0125 versus C57, Bonferroni
correction, aZ 0.05/4. ** P< 0.0125 versus ApoEe/e, Bonferroni correction, aZ 0.05/4. APCZ allophycocyanin; FITCZ -
fluorescein isothiocyanate; FoxP3Z forkhead box P3; ILZ interleukin; PEZ phycoerythrin; Pg Z Porphyromonas gingivalis.
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were isolated and stimulated with anti-CD3 and anti-CD28
antibodies. Production of IL-17 was increased and that of
IL-10 decreased after infection in ApoEe/e mice (Figures 6A
and 6B).

IL-6 is a critical factor for regulatory T-cell differentia-
tion. In order to determine whether antigen-presenting cells
in P. gingivalis-infected ApoEe/e mice show a similar IL-6
response, the expression of IL-6 in spleen cells was detec-
ted. As shown in Figure 6C, IL-6 was increased in ApoEe/

eeP. gingivalis mice. Signals from mouse dendritic cells can
induce differentiation of T cells into particular subsets.
Mouse dendritic cells from 5- to 6-week-old ApoEe/e mice
were stimulated with P. gingivalis at different MOI; IL-6
secretion showed a dose-dependent increase (Figure 6D).
Discussion

P. gingivalis is a Gram-negative rod-shaped anaerobic bac-
terium in oral cavity.26 To assess the effect of oral infection
with P. gingivalis on atherosclerosis, in this study ApoEe/e

mice were treated with P. gingivalis to mimic the pathology
of periodontitis combined with atherosclerosis. Alveolar
bone resorption and elevated titers of plasma anti-P. gin-
givalis antibodies were detected in infected mice. These
results indicate that P. gingivalis infection not only leads to
periodontal tissue destruction locally, but also causes a
systemic immune response. In our study, P. gingivalis
infection did not induce the formation of atherosclerotic
lesions in wild-type mice. Atherosclerotic plaque was
formed spontaneously in hypercholesterolemic mice.
Nevertheless, the development of atherosclerosis in P.
gingivalis-infected ApoEe/e mice was accelerated with a
larger plaque area. These findings are consistent with those
of the recent studies reported by Lalla et al27 and Maekawa
et al.28 P. gingivalis infection is a synergistic factor for pre-
existing risk factors, such as hyperlipidemia, for the
development of atherosclerosis. Besides the plaque area,
instability of plaque was assessed in the study. Unstable
atherosclerotic plaque is generally characterized by active



Figure 5 The mRNA expression of Th17- and Treg-related factors in the spleen. Expression levels of FoxP3, RORgt, TGFb, IL-10,
IL-17, and IL-2 mRNA were determined by RT-PCR and normalized to GAPDH. Fold changes relative to each baseline group are
shown (nZ 6 mice per group). * P< 0.0125 versus C57, Bonferroni correction, aZ 0.05/4. ** P< 0.0125 versus ApoEe/e, Bonferroni
correction, aZ 0.05/4. FoxP3Z forkhead box P3; ILZ interleukin; PgZ Porphyromonas gingivalis; RORgtZ retinoic acid
receptor-related orphan receptor gt; RT-PCRZ real-time polymerase chain reaction; TGFbZ transforming growth factor b; Th Z
T helper; GAPDH Z glyceraldehyde-3-phosphate dehydrogenase.

Figure 6 Treg and Th17 function-associated cytokines in the spleen and moDCs. Splenic T cells of ApoEe/e mice and ApoEe/eeP.
gingivalis mice were isolated and stimulated with anti-CD3 and anti-CD28 antibodies for 72 hours. The supernatants were
collected. (A) IL-10 (B) and IL-17 in supernatants of T cells were determined by ELISA. (C) IL-6 in supernatants of splenic cells was
assessed by ELISA (nZ 6 mice per group).(D) Bone marrow cells were isolated from 5e6-week-old ApoEe/e mice, cells were
cultured with 20 ng/mL granulocyte-macrophage colony stimulating factor (GM-CSF) and 1 ng/mL IL-4 for 9 days to obtain DCs. DCs
were infected with P. gingivalis at multiplicity of infection (MOI) 0, 25 and 100 for 24 hours. Supernatants were collected to detect
the production of IL-6. * P< 0.05 vs. ApoEe/e (Figures 6C). $ P< 0.0167 versus con, Bonferroni correction, aZ 0.05/3 (Figure 6D).
# P< 0.0167 versus 1:25, Bonferroni correction, aZ 0.05/3. DCZ dendritic cells; ELISAZ enzyme-linked immunosorbent assay;
ILZ interleukin; moDCZmouse dendritic cells; PgZ Porphyromonas gingivalis.
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inflammation (monocyte/macrophage), paucity of smooth
muscle cells, and inadequate collagen proteins.29 We found
that P. gingivalis increased high-fat diet-induced athero-
sclerosis lesion instability, as indicated by increased con-
tents of foam cells and decreased smooth muscle cells in
the lesion. T-cell-mediated immune reaction is important in
plaque instability.30 Therefore, P. gingivalis may further
induce plaque instability by promoting Th17/Treg
imbalance.

Inflammation plays an important role during all devel-
opmental stages of atherosclerosis.11,31 In recent years,
the immune balance between different subsets of T cells,
rather than their percentages, is increasingly being
accepted to play a central role in atherosclerosis.32 In vivo
and clinical studies have suggested that functional
imbalance of Th17/Tregs in atherosclerosis was charac-
terized by decreased Treg levels and increased expression
of Th17-related mediators.13,33,34 In order to determine
whether P. gingivalis can induce systemic T-cell response
in atherosclerosis, Th17/Treg balance in the spleen was
detected in an animal model. We found that P. gingivalis
further increased the percentages of Th17 cells and
decreased Treg percentages in ApoEe/e mice. The
expression of transcriptional factor and cytokines showed
the same tendency. No change was found in wild-type
mice. The results indicated that P. gingivalis may pro-
mote Th17/Treg imbalance by upregulating Th17 cells and
downregulating Tregs to accelerate atherosclerosis. It is
consistent with the findings of our previous study19 in
which the percentage of Tregs was decreased in P. gingi-
valis-infected atherosclerotic patients. However, this
finding was not consistent with that of Cai et al,35 in which
intravenously injected P. gingivalis 381 in ApoEe/e mice
with on a diet altered T-cell response by enhancing the
Th17 cell response in accelerating atherosclerosis,
without any changes in FoxP3þ cell frequencies and FoxP3
mRNA expression. The conflict with the results of Cai
et al35 may be due to multiple reasons such as a different
P. gingivalis strain, different stages of atherosclerosis,
and different methods for bacteria inoculation such as
orally and intravenously. Stages of atherosclerotic plaque
are associated with Treg frequencies, FoxP3 expression,
and plaque formation.36 In our study, mice were fed a
high-fat diet, the area of atherosclerotic plaque was
larger, and the stability of plaque was decreased.
Furthermore, intravenous injection-induced bacteremia
may not reflect the effect of P. gingivalis on atheroscle-
rosis development in individuals.37e39 P. gingivalis is a
component of normal oral microbiome; a small number of
P. gingivalis can be found in the oral cavity of healthy
individuals.38,39 P. gingivalis 33277 studied in this study
was a low-virulence strain and can be examined in health
periodontal tissue. In the present study, ApoEe/e mice
were inoculated with this low-virulence strain for a long
term to imitate the slow process of periodontitis. It is
more relevant to explore the effect of P. gingivalis on
atherosclerosis development in normal individuals.

Antigen presenting cells may directly affect T-cell sub-
sets by secreting cytokines. With the regulation of specific
cytokines, naive T cells differentiate into different subsets
of CD4þ T cells.32 The dynamic balance between Th17 and
Treg cells is controlled by the cytokine environment.40 IL-2
and IL-6 are two determining modulators of Th17 and Treg
balance by activating the expression of transcriptional
factors.41 In this study, although no significant difference
was observed in the expression of IL-2, IL-6 was upregu-
lated in infected mice. Secretion of IL-6 in a dendritic cell,
an antigen presenting cell, was elevated after P. gingivalis
infection. Our data implied that the upregulation of IL-6
might be in favor of Th17 cell production and might
attenuate Treg production in local microenvironments.
Further studies are required to observe the precious pro-
cess of P. gingivalis on T-cell-mediated response in
atherosclerosis.

In conclusion, P. gingivalis plays an important role in the
progression of atherosclerosis. P. gingivalis may promote
atherosclerosis with increased plaque instability by regu-
lating Th17/Treg imbalance in atherosclerosis.
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