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Treponema denticola is a predominantly subgingival oral spirochete closely associated with periodontal disease and has been
detected in atherosclerosis. This study was designed to evaluate causative links between periodontal disease induced by chronic
oral T. denticola infection and atherosclerosis in hyperlipidemic ApoE™'~ mice. ApoE ™'~ mice (n = 24) were orally infected
with T. denticola ATCC 35404 and were euthanized after 12 and 24 weeks. T. denticola genomic DNA was detected in oral plaque
samples, indicating colonization of the oral cavity. Infection elicited significantly (P = 0.0172) higher IgG antibody levels and
enhanced intrabony defects than sham infection. T. denticola-infected mice had higher levels of horizontal alveolar bone resorp-
tion than sham-infected mice and an associated significant increase in aortic plaque area (P < 0.05). Increased atherosclerotic
plaque correlated with reduced serum nitric oxide (NO) levels and increased serum-oxidized low-density lipoprotein (LDL) lev-
els compared to those of sham-infected mice. T. denticola infection altered the expression of genes known to be involved in ath-
erosclerotic development, including the leukocyte/endothelial cell adhesion gene (Thbs4), the connective tissue growth factor
gene (Ctgf), and the selectin-E gene (Sele). Fluorescent in situ hybridization (FISH) revealed T. denticola clusters in both gingi-

val and aortic tissue of infected mice. This is the first study examining the potential causative role of chronic T. denticola peri-
odontal infection and vascular atherosclerosis in vivo in hyperlipidemic ApoE ™'~ mice. T. denticola is closely associated with
periodontal disease and the rapid progression of atheroma in ApoE~’~ mice. These studies confirm a causal link for active oral
T. denticola infection with both atheroma and periodontal disease.

Atherosclerotic vascular disease (ASVD) is a chronic inflam-
matory disease of large arteries characterized by the invasion,
proliferation, and accumulation of cells from the arterial media
(smooth muscle cells) and the circulating blood (monocytes/mac-
rophages and T lymphocytes) in the intimal layer, with deposition
of connective tissue and lipids. ASVD is the leading cause of death
globally and has very high associated disability and mortality
through disabling angina, myocardial infarction (heart attack),
arrhythmias, and heart failure as well as cerebrovascular accidents
(strokes) and peripheral arterial disease requiring amputations
(1). Infectious agents represent a major source of systemic inflam-
matory response activation with the potential to accelerate plaque
growth and instability (2). There is substantial evidence (1-5)
demonstrating an association between the induction of inflam-
matory responses induced by infectious agents and the accelera-
tion of atherosclerosis. Among the various infectious agents, peri-
odontal pathogens are prominent contenders because of the
chronic inflammation associated with periodontal disease (PD).
Periodontal diseases are complex multifactorial diseases
caused by polymicrobial subgingival biofilm with immune and
inflammatory responses. A distinct pathogenic consortium of
Porphyromonas gingivalis, Treponema denticola, and Tannerella
forsythia is found in subgingival plaque in severe periodontitis. T.
denticola is the predominant spirochete in human subgingival
plaque and is associated with chronic periodontitis, acute necro-
tizing ulcerative gingivitis, endodontic infections, and acute den-
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tal abscesses (6-8). T. denticola possesses several virulence factors,
such as the major surface protein (MSP), cell-associated lipooli-
gosaccharide, chymotrypsin-like protease (dentilisin), pepti-
doglycan, cystalysin, several peptidases, and a phosphatase which
causes host immune cells to express molecular mediators that de-
stroy periodontal connective tissue (7-9).

We have reported previously that oral infections with T. den-
ticola resulted in colonization of the rat oral cavity, induction of
gingival inflammation, a specific immune response, and signifi-
cant alveolar bone loss (10, 11). In a murine calvarial model of
inflammation, bone resorption was characterized by distinct host
transcriptional profiles (12) (inflammatory mediators, cell adhe-
sion, extracellular matrix [ECM] interactions, and cell cycle com-
ponents) that demonstrate the acute pathogenicity of T. denticola.
These features of aggressive oral pathology have been reported to
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correlate with the detection of T. denticola aggregated antigenic
particles in human atherosclerotic lesions (13) in carotid arterial
specimens and atheromatous plaques by fluorescent in situ hy-
bridization (FISH) (14); however, a direct causative relation has
not been proven. Additionally, seven oral spirochetes, including
T. denticola, have been detected in Alzheimer patients’ brains (15).
Recently, Okuda et al. (16) demonstrated that T. denticola acti-
vates human endothelial cells by inducing interleukin-8 (IL-8)
and macrophage chemoattractant protein-1 expression.

After successful colonization of the oral cavity, these bacteria
can penetrate gingival tissues and become disseminated through
blood vessels, with the potential to seed the heart and the cardio-
vascular endothelium in medium to large arteries, such as the
aorta, coronary, and carotid arteries. These infectious spirochetes
can also stimulate inflammatory cytokines either through direct
invasion or through increased damage due to the activation of
inflammatory cell responses (17). This response is in part because
of the spirochete’s inherent ability to release highly proteolytic
vesicles, which degrade cellular tight junction proteins and the
intracellular matrix (18). Although T. denticola is both an oral
pathogen and associated with areas of atheroma formation, a di-
rect causative association between T. denticola oral infection and
arterial plaque growth has not yet been demonstrated in humans.
We assess here the impact of active T. denticola chronic oral infec-
tion and disease on atherosclerotic plaque growth in a hyperlipid-
emic ApoE '~ mouse model with concomitant analysis of arterial
infection, endothelial dysfunction and active inflammatory re-
sponses, modified lipid profiles, and modified gene expression.

MATERIALS AND METHODS

Bacterial strain and growth conditions. T. denticola ATCC 35404 was
grown under anaerobic conditions (85% N,, 10% H,, and 5% CO,) at
37°C in a Coy anaerobic chamber as described previously (19). For de-
tailed methods, see the supplemental material.

Mouse strain and infection. Twenty-four 10-week-old male
ApoE ™/~ mice (20) (strain B6.129P2-ApoE™!">T) were obtained from
the Jackson Laboratory (Bar Harbor, ME, USA). A total of 10° T. denticola
cells were administered orally to mice every third week for four consecu-
tive days until euthanized at 12 and 24 weeks (Fig. 1A). Sham-infected
mice received a 1:1 mixture of reduced transport medium (RTF) and 4%
carboxymethyl cellulose (CMC). For detailed methods, see the supple-
mental material. Blood was collected during euthanasia at 12 and 24 weeks
after initial infection, and sera were stored at —20°C for immunoglobulin
G (IgG) and IgM antibody analysis (21). All animal procedures were ap-
proved by the University of Florida Institutional Animal Care and Use
Committee (IACUC), protocol number 201004539.

Oral colonization/infection with T. denticola. Oral microbial sam-
ples from mice were collected using sterile cotton swabs at pre- and
postinfection times. Mouse oral cavities were swabbed 72 h after infection,
and microbial samples were collected from all the infected ApoE /™ mice
(Fig. 1A). Subsequently, PCR was performed using 16S rRNA gene spe-
cies-specific PCR oligonucleotide primers 5'-TAATACCGAATGTGCTC
ATTTACAT-3' and 5'-CTGCCATATCTCTATGTCATTGCTCTT-3'
(10), by using a Bio-Rad thermal cycler as described previously (21).

Serum antibody analysis. Blood was collected from the cardiac punc-
ture of each mouse at the time of euthanasia and was used to determine
IgG and IgM antibody concentrations, using a standard enzyme-linked
immunosorbent assay (ELISA) protocol (19, 21). For detailed methods,
see the supplemental material.

Morphometric analysis of horizontal alveolar bone resorption. The
pattern of alveolar bone resorption induced by T. denticola was measured
by the morphometric method (19, 21). For detailed methods, see the
supplemental material.
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FIG 1 T. denticola infection schedule and spirochete-specific serum antibody
levels in ApoE ™/~ mice. (A) Schematic diagram of the experimental design
illustrating T. denticola infections, oral plaque sampling, euthanasia, and col-
lection of blood and tissue specimens. (B) Serum IgG and IgM antibody levels
in T. denticola-infected mice (Td) and sham-infected mice (Cont). Each bar
represents the group mean (n = 12 mice) antibody level. T. denticola-infected
mice at both 12 and 24 weeks had statistically significant higher levels of IgG
than the sham-infected controls (¥, P = 0.05). All the tests were performed in
triplicates. Data points and error bars represent means and standard devia-
tions from three independent experiments.

Histomorphometric analysis of atherosclerotic plaque. Hearts (n =
6) and aortas (n = 6) were fixed in 10% neutral buffered formalin and
embedded in paraffin. For detailed methods, see the supplemental mate-
rial. Mean plaque area, lumen and internal elastic lamina (IEL) areas, and
intimal and medial thickness ratios were measured by using the Image Pro
system MC 6.0 software program (Olympus America, Center Valley, PA,
USA).

FISH. Fluorescence in situ hybridization (FISH) was performed on
formalin-fixed paraffin-embedded jaw and aortic tissue sections using a
16S rRNA T. denticola-specific oligonucleotide probe, 5'-CATGACTAC
CGTCATCAAAGAAGC-3’, labeled with Alexa Fluor 568 (22). For de-
tailed methods, see the supplemental material.

Determination of serum lipoprotein and SAA in ApoE ™'~ mice. Se-
rum contents of lipoproteins (chylomicrons, very low-density lipoprotein
[VLDL], low-density lipoprotein [LDL], and high-density lipoprotein
[HDLY]), total cholesterol, and triglycerides were determined by the high-
pressure liquid chromatography principle using the method of Li-
poSearch (Skylight Biotech Inc., Akita, Japan). Acute-phase reactant se-
rum amyloid A (SAA) concentrations were determined using the mouse
serum amyloid A ELISA kit (Kamiya Biomedical Company, Seattle, WA).
For detailed methods, see the supplemental material.

Determination of serum nitric oxide (NO) and oxidized LDL levels
in ApoE™/~ mice. Sera obtained from the blood collected from the car-
diac puncture of mice at the time of euthanasia from T. denticola-infected
and sham-infected mice (n = 6) at 24 weeks were used to detect serum NO
(M) concentrations using a nitric oxide fluorometric assay kit (Bio Vi-
sion Inc., Milpitas, CA) and oxidized LDL levels using the mouse-oxidized
low-density lipoprotein antibody (OLAb) ELISA kit (TSZ ELISA, Wal-
tham, MA, USA).

Mouse atherosclerosis RT> profiler PCR array. Expression levels of
84 preselected atherosclerosis-related genes were examined in aortas of
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FIG 2 Horizontal alveolar bone resorption of ApoE™'~ mice following T. denticola infection. (A and B) Morphometric analysis of 12- and 24-week total
horizontal alveolar bone resorption in mice (n = 12) (***, P < 0.001; **, P < 0.005). Each bar indicates the mean horizontal alveolar bone resorption.
Measurements were made between the cementoenamel junction (CEJ) and alveolar bone crest (ABC) of three molar teeth by three independent individuals
blinded to the treatment group. Error bars indicate standard deviations. Panels C to F are representative images of measureable bone resorption denoted by the
area inside the red line. Mandible-lingual view of T. denticola-infected (C) and sham-infected (D) mice at 12 weeks; mandible lingual view of 24-week T.
denticola-infected (E) and sham-infected (F) mice; (G) representative images of mandible palatal surfaces showing extensive interproximal intrabony defects
(shown by black arrows) in mice infected with T. denticola at 24 weeks. M1, first molar; M2, second molar; M3, third molar; H, sham-infected mice showing no

visible intrabony defects.

infected (n = 3) and control (n = 3) mice by quantitative reverse tran-
scription-PCR (qQRT-PCR) with the RT? profiler mouse atherosclerosis
PCR array (SABiosciences, Valencia, CA) (23). For detailed methods, see
the supplemental material.

Evaluation of inflammatory cytokine array in mouse serum. Mouse
sera from infected (n = 10, both at 12 and 24 weeks) and control (1 = 10,
both time points) mice were pooled and used to detect 40 inflammatory
cytokines on the RayBiotech mouse inflammatory cytokine glass chip
array (RayBiotech, Inc., Norcross, GA), according to the manufacturer’s
protocol. For detailed methods, see the supplemental material.

Statistical analysis. The alveolar bone resorption and antibody anal-
ysis data are presented as means * standard deviations (Prism 4; Graph-
Pad Software, San Diego, CA). One-way analysis of variance (ANOVA)
with a Bonferroni posttest was done to compare multiple groups. P values
of <0.05 were considered statistically significant. For the detailed analysis,
see the supplemental material.

RESULTS

Oral colonization of T. denticola. The infected mouse oral cavi-
ties were swabbed 72 h after each week of infection, and colony
PCR was performed on these samples to test for T. denticola
genomic DNA. Following the second infection, 12 out of 24 mice
(50%) were colonized with T. denticola, and by the seventh infec-

May 2014 Volume 82 Number 5

tion, 90% of the mice were colonized with T. denticola (see Table
S1 in the supplemental material). As no stable chronic infection
was observed in mouse oral cavities, periodic reinfection was per-
formed in the study to simulate conditions tantamount to chronic
infection.

T. denticola-induced systemic antibody response. Serum IgG
antibody analysis of T. denticola orally infected mice at 12 and 24
weeks demonstrated robust generation of the humoral antibody
response against the T. denticola infection. IgG levels in infected
mice were significantly higher than those in control mice (Fig. 1B;
P < 0.01). IgM levels in infected mice at 12 and 24 weeks were
approximately higher than those in control mice.

T. denticola oral infection induces alveolar bone resorption
and intrabony defects. To assess whether chronic oral infection
had induced alveolar bone resorption and intrabony defects, his-
tomorphometry was performed to determine horizontal alveolar
bone loss between the alveolar bone crest (ABC) and the cemen-
toenamel junction (CEJ) in infected and control mouse mandibles
and maxillae. Mice at both 12 and 24 weeks had a statistically
significant increase (Fig. 2A, B, C, and E) in alveolar bone loss
relative to that of control mice (Fig. 2D and F). Further, we ob-
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FIG 3 T. denticola infection induced an increase in atherosclerotic plaque growth in the ascending aorta of ApoE '~ mice in comparison to sham-infected mice.
(A) Bar graph of total aortic plaque area (mm?) in T. denticola-infected ApoE '~ mice at 12 weeks (*, P < 0.05); (B) intimal thickness (mm) (*, P < 0.05); (C)
intimal/medial thickness ratios in T. denticola-infected mice; (D) medial thickness (mm); (E) representative cross section of T. denticola-infected mouse aorta at
12 weeks at the level of the aortic valve showing a larger plaque; (F) ascending aortic cross section at the level of aortic valve from a sham-infected mouse at 12
weeks; (G) ascending aorta with large globular plaque in a T. denticola-infected mouse at 24 weeks with increased macrophage infiltration and large cholesterol
crystals; (H) ascending aortic cross section from a control mouse at 24 weeks with smaller aortic plaque. Black arrowheads indicate plaque margins; thin arrows
indicate plaque with cholesterol crystals. The adventitia is indicated by A, media by M, intima by I, and lumen by L. (I) Total aortic plaque area (mm?) in T.
denticola-infected ApoE ™/~ mice at 24 weeks (**, P < 0.01); (J) intimal thickness (mm); (K) intimal/medial thickness ratios (*, P < 0.05); (L) medial thickness
(mm) in the 24-week T. denticola-infected mice. Six animals were examined in each group at both 12 and 24 weeks of infection. Multiple cross sections were
stained for measurement, and analysis was performed three independent times (2 to 3 sections per aortic area per mouse) by two individuals blinded to the

treatment group. Magnification, X100 for panels E and F and X200 for panels G and H.

served intrabony defect in 23% of the sites analyzed in the infected
mice at 12 weeks compared to 9% in controls and in 19% of
infected mice at 24 weeks compared to 5% in controls (Fig. 2G
and H).

T. denticola infection accelerated atherosclerotic plaque.
Histologic cross sections at the aorta in the infected mice at the
level of the aortic valve and in the ascending aorta of mice after 12
weeks of T. denticola infection demonstrated significant increases
in plaque area (Fig. 3A; P < 0.05), intimal thickness (Fig. 3B), and
intimal/medial thickness ratios (Fig. 3C; P < 0.05) compared to
those of sham-infected groups. As expected, there was no signifi-
cant difference in medial thickness (Fig. 3D). T. denticola-infected
mice had highly significant increases in plaque areas, with the
characteristic presence of foam cells and invading inflammatory
mononuclear cells (Fig. 3E and G), compared to those of sham-
infected mice (Fig. 3F and H). Further, at 24 weeks, T. denticola-
infected mice also had significantly larger (P < 0.01) plaque areas
(Fig. 31) and intimal/medial thickness ratios (P < 0.05) (Fig. 3K)
than sham-infected mice. There was a trend toward increased aor-
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tic intimal layer thickness (Fig. 3]) and medial layer thickness (Fig.
3L) between the T. denticola-infected mice and sham-infected
mice at 24 weeks, but this trend did not reach statistical signifi-
cance. Twenty-four weeks of infection demonstrated plaque pro-
gression and larger plaques in the ascending aorta at the level of
the aortic valve.

Localization of T. denticola in tissues by FISH. A T. denticola
species-specific probe was hybridized with the spirochetes present
in gingival tissue and demonstrated spirochete morphology by a
bright-orange fluorescence. The detection of spirochetes in gingi-
val tissue of infected mice at 12 weeks demonstrated the primary
localization of the spirochetes in the gingival tissue after infection
(Fig. 4A to C). Further, bacteria were also detected in the aortic
tissues of infected mice at 12 and 24 weeks, and the intercellular
localization of the bacteria was confirmed by confocal microscopy
(Fig. 4D toI). The intercellular localization of T. denticola in aortic
tissues by FISH reveals its invasiveness and its dissemination from
the oral cavities into systemic circulation and subsequent penetra-
tion into vascular tissues.
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FIG 4 Fluorescent in situ hybridization (FISH) of T. denticola-infected mouse gingival and aortic tissue sections. (A) T. denticola-infected mouse gingival
connective tissue at 12 weeks; (B) T. denticola-infected mouse gingival epithelium at 12 weeks; (C) T. denticola-infected gingival epithelial matrix at 12 weeks; (D)
T. denticola-infected heart tissue (endothelium and smooth muscle) at 12 weeks; (E) T. denticola-infected aorta at 12 weeks; (F) T. denticola-infected aortic plaque
at 24 weeks; (G) fluorescent image of T. denticola-infected aortic plaque tissue; (H) bright-field view (same location as panel G); (I) overlaid image (panels G and
H) of T. denticola-infected aortic plaque tissue. P, plaque; L, lumen; RBC, red blood cells in the lumen. White arrows point to the presence of T. denticola in the
infected aortic plaque tissue. Brightly fluorescent bacteria (white arrows) are seen with the rRNA species-specific T. denticola probe conjugated to Alexa Fluor 568.
The procedure was repeated several times on different sections for confirmation, and a representative few were chosen.

Effect of oral infection on inflammatory marker SAA. ELISA
was used to assess the acute-phase reactant SAA at 24 weeks after
oral bacterial infection. SAA levels were not changed significantly
between the infected mice and sham-infected mice (Fig. 5A).

Effect of oral infection on atherosclerosis risk factors. We
determined the effect of T. denticola chronic oral infection (24
weeks) on atherosclerosis risk factors by analyzing serum lipopro-
tein and NO levels. T. denticola infection induced an increase in
very low-density lipoprotein (VLDL) levels (Fig. 5B; P < 0.01).
There was a significant difference in the level of total cholesterol
between the T. denticola-infected (Fig. 5C; P < 0.01) and sham-
infected mice. In addition, significant reductions in plasma NO
(wM) levels were detected in T. denticola-infected mice (4.76 *
0.25) compared to those of sham-infected (9.45 = 0.24) mice (Fig.
5D; n = 6 mice per group; P < 0.05), suggesting endothelial dys-
function during active T. denticola infection. Further, when we
measured the effect of chronic T. denticola infection on serum-
oxidized LDL levels, the infected mice showed significantly higher
levels (Fig. 5E; n = 6 mice per group; P < 0.05) than the sham-
infected control mice.

T. denticola oral infection induced changes in atherosclero-
sis development-related gene expression. We observed a great
decrease in the expression of genes encoding blood clotting/coag-
ulation cascade molecules fibrinogen a chain (Fga; 4.28-fold), fi-
brinogen {3 chain (Fgb; 3.29-fold), SerpinB2 (2.12-fold), and neu-
ropeptide Y (Npy; 17-fold). In contrast, the Serpinl gene showed
a 3-fold increase in expression. Among the genes involved in en-
dothelial cell adhesion, the connective tissue growth factor gene
(Ctgf) was upregulated 3-fold and the selectin-E gene (Sele) by
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4-fold, while expression of the thrombospondin-4 gene showed a
5-fold decrease. Among genes involved in the inflammatory re-
sponse, expression of the chemokine ligand 5 gene (Ccl5) was
decreased by 2-fold and IL1r2 was increased in expression by 2.7-
fold. Antiapoptotic regulator gene Birc3 expression was in-
creased 9-fold, while proapoptotic gene Fas expression was
moderately decreased by 1.6-fold. The expression of the ATP-
binding cassette subfamily A member 1 gene (Abcal) involved
in lipid transport and metabolism was increased by 2.5-fold,
while that of the apolipoprotein Al gene (ApoAl) was de-
creased by 3.5-fold (Table 1).

T. denticola oral infection induces serum inflammatory me-
diators. There were important differences in the kinetics of cyto-
kine and chemokine production between the T. denticola-infected
mice and the control groups in 12- and 24-week infection periods.
Twelve weeks of T. denticola infection demonstrated the highest
expressions of IL-12 p40/p70, CD30L, and IL-4, followed by in-
creased, but to a lesser extent, expression of the macrophage col-
ony-stimulating factor (MCSF), monocyte chemoattractant pro-
tein (MCP), interferon-inducible T-cell alpha chemoattractant
(ITAC), IL-1a, IL-3, and lymphotactin. In contrast, B-lympho-
cyte chemoattractant (BLC) was significantly decreased (Table 2).
At 24 weeks of infection, there was an increase in expression of
cytokines IL-4, IL-13, and tissue inhibitor of metalloproteinase-1
(TIMP-1) and a decrease in expression of eotaxin, keratinocyte
chemoattractant (KC), lipopolysaccharide-induced CXC chemo-
kine (Lix), eotaxin 2, and regulated on activation normal T cell
expressed and secreted (RANTES) (Table 2).

jai.asm.org 1963


http://iai.asm.org

Chukkapalli et al.

-
o
]
&
8
)

¢

R

Serum concentration (mgldL)
»n
S

Serum Amyloid A (nglmr‘)

VLDL Td VLDL Cont LDL Cont

Control
= _ 151
3 = D
o
E L
= o
= T 0 —
s 2 10
(= — °
g £
] E B
2 < 54
8 :
£ @
2 »
3 — 0-
L)
Total Cholest. Td Total Cholest. Cont Total Triglycer. Td Total Triglycer. Cont Td Control
6
E =«

OxyLDL (mUIL)

Control

Td

FIG5 T. denticola infection induced changes in serum of ApoE ™'~ mice. (A) Effects of oral infection with T. denticola on serum levels of serum amyloid A (SAA)
(n = 6 mice); (B) alteration in serum lipoprotein (chylomicrons, VLDL [**, P < 0.01], LDL, HDL) levels in T. denticola-infected mice compared to those in
controls (n = 6 mice); (C) significant increase in serum total cholesterol (**, P < 0.01) and serum total triglycerides levels in T. denticola-infected mice (n = 6);
(D) significant changes in serum nitric oxide levels (*, P < 0.05) in T. denticola-infected mice compared to control mice (n = 6 mice in each group); (E) changes
in serum-oxidized low-density lipoprotein (OxyLDL) levels after infection with T. denticola and sham-infected ApoE ™'~ mice (n = 6 in each group). All the tests
were run in triplicates. Data points and error bars represent means and standard deviations for infected compared to control mice.

DISCUSSION

The present study is designed to test the hypothesis that chronic
oral infection with an established periodontal pathogen, specifi-
cally the highly prevalent T. denticola spirochete, directly contrib-
utes to the development and progression of atherosclerosis in a
susceptible mouse model. The investigation of a chronic oral in-
fection is based on the rationale that patients with periodontitis
are chronically exposed to nonsymptomatic bacteremias at in-
creased levels, for longer duration, and with greater microbial di-
versity of infections, which increase with periodontal disease se-
verity (17). Dental procedures, including dental extraction,
periodontal surgery, tooth scaling, and even tooth brushing and
flossing, seed oral bacteria into the systemic circulation (24).We
employed intraoral inoculation as the route of infection in the
current study, as it fully mimics the natural route of physiological
infection of the pathogen. Further, we chose to examine a chronic
infection model of mice rather than a short-term infection, as this
provides the best index for observing the natural means by which
periodontal infection can affect tissues and organs involved in
atherogenesis.

Numerous epidemiologic observational studies support the as-
sociation between PD and ASVD (1, 25). Oral treponemes consti-
tute a major bacterial population and are considered the most
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abundant oral bacterial pathogen group in deep periodontal
pockets (26, 27). Due to the abundance of T. denticola at diseased
sites, it is considered a prime contributor to periodontal-disease-
associated tissue destruction (28). The observation that oral
treponemes can penetrate intercellular junctions in vitro (29, 30)
and disseminate systemically in humans to various organs, such as
heart (13, 14) and brain (15), indicates the pathogenic potential of
T. denticola and serves as the basis for our in vivo mouse experi-
mentation. In the current study, using oral inoculations of T. den-
ticola in ApoE ™'~ mice, we demonstrated the presence of T. den-
ticola in the oral cavity, generation of specific antibody responses,
and induction of both alveolar bone resorption and intrabony
defects. These features establish development of a periodontitis
model in ApoE ™/~ mice using oral infection of T. denticola.
Furthermore, we have demonstrated that infection of
ApoE ™'~ mice with the oral spirochete T. denticola resulted in
accelerated atherosclerosis associated with increased plaque lipid
content and elevated serum VLDL, oxidized LDL, and total cho-
lesterol as well as reduced serum NO levels and increased inflam-
matory mediator molecules compared with those of mock-in-
fected control mice. The observation that serum NO levels were
decreased suggests that endothelial function may be impaired in
the infected mice. This is in agreement with the report that in
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TABLE 1 Atherosclerosis-related gene expression changes to T.
denticola infection”

Gene grouping Gene (protein) Fold change

Apoptosis Birc3 (baculoviral IAP repeat 8.9
containing 3)
Fas (tumor necrosis factor -1.6
receptor superfamily,
member 6)
Blood clotting/coagulation  Serpinl 2.9
cascade SerpinB2 —2.12
Npy (neuropeptide Y) —16.95
Fga (fibrinogen « chain) —4.28
Fgb (fibrinogen B chain) —3.29
Immune response Ccl5 —2.04
ILIr2 2.7
Leukocyte/endothelial cell Thbs4 (thrombospondin 4) —5.29
adhesion Ctgf (connective tissue 3.2
growth factor)
Sele (selectin E) 3.9
Lipid transport and Abcal (ATP-binding cassette,  2.52
metabolism subfamily A, member 1)

Apoal (apolipoprotein A-1) —3.46

@ T. denticola-infected and sham-infected control aortic tissue samples at 24 weeks were
processed and analyzed as described in Materials and Methods. Genes in each group
that are physiologically related and are significantly altered are listed. Values represent
the means of the data obtained from three independent experiments (n = 3) in each
group. Bolding indicates atherosclerotic genes that are highly significantly up- or
downregulated after T. denticola infection.

T. denticola-Induced Atherosclerosis in ApoE/~ Mice

periodontal disease patients, a decrease in NO bioavailability may
lead to endothelial dysfunction and coronary artery disease (31).
Collectively, the above-given data suggest that chronic inflamma-
tion caused by T. denticola may lead to production of proinflam-
matory cytokines, resulting in activation of endothelial cells and
excessive induction of adhesion molecules, cytokines, growth fac-
tors, and vasoconstrictors.

Serum cytokine analysis revealed a transition of cytokine re-
sponse from Th1 to Th2. During the first 12 weeks of T. denticola
infection, mice exhibited strong production of IL-12, leading to a
Th1 response, followed by a return to baseline levels at 24 weeks of
infection. During the latter 12 weeks of the 24 weeks of chronic T.
denticola infection, a strong induction of IL-13, a Th2 cytokine,
was seen. This spirochete infection-induced shift in balance to-
ward T-cell-adaptive response might be orchestrating a cellular
environment leading to the development of atherosclerotic
plaque, as observed in 24-week-infected mice. Further, our eval-
uation of atherosclerosis development-related gene expression in
infected aorta suggested endothelial dysfunction, reduced apop-
totic activity of macrophages, and a decrease in vascular smooth
muscle mitogen, which corresponded with an increase in lesion
formation associated with T. denticola infection. Identifying T.
denticola in the aortic root at the level of the aortic valve from
orally infected mice provides important insights into the chronol-
ogy of spirochete adhesion/colonization, penetration of intracel-
lular junctions, dissemination into the circulating blood, and ad-
hesion in aortic tissues. We employed 16S rRNA to specifically
identify T. denticola cells that are actively synthesizing proteins
(22), and hence the spirochete we identified in gingival and aortic

TABLE 2 Alteration of serum inflammatory markers after T. denticola infection”

12 wks 24 wks
Fold Fold
Cytokine grouping Cytokine difference Cytokine difference
Cell activation and proliferation CD 30L 245 CD 30L 2.8
IL-1a 2.9 IL-1a 2.5
IL-18 2.1 IL-18 43
IL-3 2.8 1L-4 172
IL-4 192 IL-13 19.7
IL-6 2.1 IL-17 1.6
IL-10 2.0
IL12 p40/p70 3,436
1L-17 2.1
IL-12 p70 2.4
Leukocyte chemoattractants BLC —2.8 BLC -1.7
MCP-1 3.2 Eotaxin —2.3
KC —2.2
LIX —6.3
T-cell chemoattractants I-TAC 3.2 Eotaxin 2 -1.5
MCSF 5.0 Fractalkine 1.3
Lymphotactin 2.4 Lymphotactin 2.2
RANTES —1.6
MMP inhibitor TIMP-1 —1.8 TIMP- 1 1.9

@ Sera from T. denticola-infected mice (n = 6) and control mice (n = 6) at both 12 and 24 weeks were analyzed as described in Materials and Methods. Samples for inflammatory
cytokine analysis were prepared by pooling equal volumes of sera from 10 mice per group. The data represent the means * SD from the three independent experiments. Cytokines
in each group that have physiological functions related to those cytokines which are significantly altered are listed. Bolding indicates serum cytokines that are highly altered after T.

denticola infection.
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tissue sections was alive and metabolically active at the time of
euthanasia of mice.

Our results in the current study agree with previous studies by
other groups studying Chlamydia pneumoniae (32) and P. gingi-
valis (5), which have highlighted a synergistic association between
infection and hyperlipidemia, culminating in the development of
atherosclerosis in mice. However, this is the first analysis demon-
strating a direct correlation between oral infections and concur-
rent changes in arterial plaque growth, dyslipidemia, and endo-
thelial dysfunction. Observation of a T. denticola-infected aortic
root at the level of the aortic valve leaflets as well as infection in the
ascending aorta and aortic arch segments would also suggest that
other arteries, such as the carotid or coronary arteries, may also
represent a potential target for disease mediated by chronic oral
infection with recurrent bacteremia. The endothelium represents
a continuum of interacting cells that extend throughout the arte-
rial tree and even across the surface of the aortic valve, and thus the
aortic valve may potentially be affected by chronic oral bacterial
infections and recurrent bacteremia. Although a contribution of
periodontal disease to ASVD is biologically plausible, as evident
from the data obtained through observational human studies (1,
25), there are significant gaps in establishing a causal relationship.
Using a combinatorial approach consisting of a natural course of
infection and a long-term duration of infection within an effective
mouse model for evaluating accelerated atherosclerosis, we dem-
onstrate that chronic oral infection with T. denticola can initiate
and accelerate atherosclerotic plaque progression.

It has been argued that the failure of antimicrobial treatment to
alter ASVD outcomes is evidence against the infectious theory of
atherosclerosis. However, the failure to improve clinical outcomes
observed in intervention studies (33) after treatment with antibi-
otics does not exclude infection as a potential etiology of acute
coronary events in humans. Atheroma development incited by
oral bacterial pathogen infection may well be attributed to bacte-
ria entering a resistant phase (34) that renders them resistant to
treatment yet capable of inciting inflammation and to the inability
of antimicrobials to effectively penetrate the atheromas (35).
Thus, antibiotic treatment given at the stage of ASVD when inter-
vention is performed may be too late to be effective, but treatment
of oral pathogens may yet have a role in disease prevention. In
conclusion, we present data with the first clear evidence that T.
denticola can directly accelerate atherosclerosis in vivo and thus
provide a rodent model for exploration of synergistic links be-
tween periodontal disease and atherosclerotic vascular disease.
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