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TLR2-deficient (TLR2 –/– ) mice. These studies provide a mech-
anistic link between an innate immune receptor and patho-
gen-accelerated atherosclerosis by a clinically and biologi-
cally relevant bacterial pathogen. 
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 Introduction  

 A number of studies have established a fundamental 
role for chronic inflammation in atherosclerosis  [1] . 
Chronic inflammation results from the continuous ac-
cumulation and activation of leukocytes and the activa-
tion of pro-inflammatory cytokines including interleu-
kin (IL)-1 � , tumor necrosis factor- �  (TNF- � ) and IL-6 
 [2] . These cytokines stimulate the production of chemo-
kines that ultimately leads to the recruitment and accu-
mulation of monocytes  [3] . Activation of pro-inflamma-
tory cytokines occurs in part via the Toll-like receptors 
(TLRs), a family of innate immune recognition receptors, 
which detect conserved microbial patterns and endoge-
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 Abstract 

 Studies in humans have established that polymorphisms in 
genes encoding the innate immune Toll-like receptors (TLRs) 
are associated with inflammatory atherosclerosis. In hyper-
lipidemic mice, TLR2 and TLR4 have been reported to con-
tribute to atherosclerosis progression. Human and mouse 
studies support a role for the oral pathogen  Porphyromonas 
gingivalis  in atherosclerosis, although the mechanisms by 
which this pathogen stimulates inflammatory atherosclero-
sis via innate immune system activation is not known. Using 
a genetically defined apolipoprotien E-deficient (ApoE –/– ) 
mouse model we demonstrate that pathogen-mediated in-
flammatory atherosclerosis occurs via both TLR2-dependent 
and TLR2-independent mechanisms.  P. gingivalis  infection in 
mice possessing functional TLR2 induced the accumulation 
of macrophages as well as inflammatory mediators includ-
ing CD40, IFN- �  and the pro-inflammatory cytokines IL-1 � , 
IL-6 and tumor necrosis factor- �  in atherosclerotic lesions. 
The expression of these inflammatory mediators was re-
duced in atherosclerotic lesions from  P. gingivalis -infected 
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nous ligands, and play a key role in innate immune sig-
naling and initiating inflammatory responses  [4] . Liga-
tion of these receptors initiates the activation of nuclear 
factor- � B (NF- � B), resulting in the expression of a wide 
array of inflammatory genes. Recent studies have estab-
lished that in humans, polymorphisms in genes encoding 
TLRs and genes involved in subsequent signaling cas-
cades are associated with atherosclerosis  [5] . Animal 
studies employing hyperlipidemic mice have shown that 
TLR2, TLR4 as well as the downstream signaling mole-
cules myeloid differentiation factor (MyD88) and IL-1 
receptor-associated kinase 4 (IRAK4) play an important 
role in the progression of atherosclerosis  [6–9] .

  Human epidemiological studies support a role for sev-
eral pathogenic bacteria, including  Chlamydophila pneu-
moniae  and  Porphyromonas gingivalis  in atherosclerosis 
progression  [10, 11] .  C. pneumoniae  and  P. gingivalis  have 
also been reported to accelerate atherosclerosis in various 
animal models  [10, 12] .  P. gingivalis  induces a local host 
inflammatory response in the oral cavity, resulting in 
oral bone destruction, which is manifested as chronic in-
flammatory periodontal disease. This disease affects ap-
proximately 100 million people in the United States  [13] . 
While a number of studies have focused on defining 
which bacterial factors and inflammatory events contrib-
ute to  P. gingivalis -mediated periodontal disease, how  P. 
gingivalis  induces and maintains atherosclerosis is not 
known. Recently, the requirement for TLR2 in mediating 
inflammatory disease at local sites of TLR2 stimulation 
 [14]  or oral infection with  P. gingivalis   [12, 15]  has been 
documented. In this report we demonstrate that TLR2 
contributes to inflammatory responses in atherosclerotic 
lesions following  P. gingivalis  infection in a genetically 
defined ApoE –/–  mouse model of atherosclerosis, but that 
the pro-atherogenic effects of  P. gingivalis  infection can 
also occur via TLR2-independent mechanisms.

  Materials and Methods  

 Mouse Strains 
 Male ApoE –/–  and C57BL/6 mice were obtained from the Jack-

son Laboratory   and TLR2 –/–  mice (C57BL/6 background) were 
provided by Dr. S. Akira (Osaka University). ApoE –/–  TLR2 –/–  
mice were generated as described  [16] . Mice were confirmed by 
genotyping and age-matched mouse groups used for all experi-
ments. Mice were cared for in accordance with Boston University 
Institutional Animal Care and Use Committee procedures. 

  Oral Challenge  
 Two independent experiments were performed with ApoE –/–  

(n = 13) and ApoE –/–  TLR2 –/–  (n = 14) mice fed a normal chow diet 

(Harlan Teklad, Madison, Wisc, USA; Global 2018). Three inde-
pendent experiments were performed with C57BL/6 (n = 42) and 
TLR2 –/–  (n = 22) mice fed a high fat diet (Harlan Teklad; TD.88137). 
Experimentally induced  P. gingivalis  oral bone loss was per-
formed as described  [12] . Six-week-old male mice were treated 
with a 2-week regimen of oral antibiotics to reduce the normal 
oral bacterial population. Mice were then challenged by oral ap-
plication of vehicle or  P. gingivalis  strain 381 (1  !  109 CFU) at the 
buccal surface of the maxilla 5 times a week for 3 weeks. ApoE –/–

 and ApoE –/–  TLR2 –/–  mice were euthanized 13 weeks after the 
final oral challenge (24 weeks of age). C57BL/6 and TLR2 –/–  mice 
were euthanized 25 weeks after the final oral challenge (36 weeks 
of age). Oral bone loss was measured as described  [17] . 

  Measurement of Serum Levels of Total Cholesterol and
  P. gingivalis  -Specific Immunoglobulin G  
 Serum samples were obtained from individual mice at the 

time of sacrifice for analysis of cholesterol, immunoglobulin G 
(IgG) levels and pro-inflammatory mediators. Total cholesterol in 
individual serum samples was determined by a colormetric assay 
(Wako Chemicals USA Inc., Richmond, Va., USA).  P. gingivalis -
specific IgG antibody levels were determined in individual serum 
samples by ELISA with a detection limit of 0.19 ng/ml and per-
formed as described  [17] . Levels of pro-inflammatory mediators 
in serum were determined as described below. 

  Measurement of Cytokines in Serum  
 A semi-quantitative membrane-based Raybio Mouse Inflam-

mation Antibody Array (Raybiotech Inc., Norcross, Ga., USA) 
was used to detect and evaluate a panel of 40 inflammatory me-
diators in serum collected from ApoE –/–  and ApoE –/–  TLR2 –/–  
mice as described  [18] . Samples for antibody arrays were prepared 
by pooling equal volumes of serum from 5–8 mice per group from 
two independent experiments. Arrays were blocked with blocking 
buffer, equal amounts of serum were added, and the arrays were 
incubated at room temperature for 2 h. Arrays were processed ac-
cording to the manufacturer’s instructions. The signal intensity 
from the antibody arrays was detected with an LAS-4000 lumi-
nescent image analyzer (Fujifilm). Densitometry was performed 
to determine the relative protein expression levels between 
groups. For each array the background signal was subtracted from 
individual intensity values and signal intensities between dual 
data points were averaged. To normalize the signal intensity 
across arrays, the averaged intensity value for a particular protein 
was multiplied to the ratio of the averaged positive control value 
of a reference array to the averaged positive control value of the 
array for the particular protein. The normalized intensity values 
were then averaged between the two studies for each group of 
mice. Relative expression, or fold change, in protein levels were 
determined by taking a ratio of the averaged normalized inten-
sity values between the groups of interest. A fold change of great-
er than 1.5 was considered a measurable change as defined by the 
manufacturer.

  Atherosclerotic Plaque Assessment  
 The aorta of each mouse was harvested from the aortic valve 

to the iliac bifurcation, opened longitudinally, and stained with 
Sudan IV  [19–22] . Digital micrographs were taken of the aortic 
arch, and the total area of atherosclerotic plaque was determined 
from on-screen imaging using IPLabs (Scanalytics Inc., Fairfax, 
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Va., USA) by an observer blinded to the identity of the samples. 
For the C57BL/6 high-fat diet-induced model of atherosclerosis, 
atherosclerotic plaque was only observed in the aortic arch and 
results were presented as total atherosclerotic plaque in the arch 
region. 

  Immunohistochemistry  
 C57BL/6 and TLR2 –/–  mice (2 from each group) were perfused 

with saline and the aortic arch with heart tissue was harvested 
and embedded. Five-micrometer serial cryosections were collect-
ed every 50  � m in the aortic sinus and immunohistochemistry 
was performed using anti-mouse F4/80 (Serotec, Oxford, UK)
or isotype-matched antibodies (Serotec). Biotinylated anti-rat 
(mouse absorbed) IgG was used as secondary antibody (Vector 
Laboratories Inc., Burlingame, Calif., USA). Images were record-
ed using a digital camera attached to a light microscope.

  Analysis of Markers of Inflammation in Aorta  
 Individual aortas from ApoE –/–  and ApoE –/–  TLR2 –/–  mice 

were homogenized in 1 !  Cell Lysis Buffer (Raybiotech Inc.) and 
samples centrifuged to pellet cellular debris and recover tissue 
lysate. Samples were prepared by pooling equal amounts of pro-
tein from 3–4 mice in each of the groups from two independent 
experiments. Semi-quantitative membrane-based Raybio mouse 
atherosclerotic antibody arrays (Raybiotech Inc.) were used to de-
tect and evaluate a panel of 22 atherosclerosis mediators as de-
scribed  [18] . Equal amounts of protein (100  � g) were processed as 
described above for serum analysis. 

  Statistics 
 Normality of data sets was determined by plotting data into 

histograms and visually inspecting for or against standard bell-
shaped curves. A Mann-Whitney U test was performed to com-
pare two independent samples with GraphPad Prism 4 software 
(GraphPad Software Inc., San Diego, Calif., USA) with an  �  equal 
to 0.05 considered significant. Two-way ANOVA was performed 
for analysis of percent plaque between genotypes and infections. 
A value of p  !  0.05 was considered significant. 

  Results  

 ApoE –/–  TLR2 –/–  Mice Develop Less Atherosclerotic 
Plaque in Response to Pathogen Challenge  
 To evaluate the role of TLR2 in  P. gingivalis- induced 

atherosclerosis, we utilized our recently generated
ApoE –/–  TLR2 –/–  mice  [16]  fed a normal chow diet. In 
agreement with our previous studies  [22] , oral infection 
of ApoE –/–  mice with  P. gingivalis  resulted in an signifi-
cant increase in the percent of total atherosclerotic plaque 
as compared to uninfected ApoE –/–  mice ( fig. 1 ; p  !  0.01).  
P. gingivalis -infected ApoE –/–  TLR2 –/–  mice exhibited an 
increase in the percent of total aortic atherosclerotic 
plaque as compared to uninfected ApoE –/–  TLR2 –/–  mice 
( fig. 1 ; p  !  0.05). However, we also observed that  P. gingi-
valis -infected ApoE –/–  TLR2 –/–  mice had a significant de-

crease in the percent of total aortic atherosclerotic plaque 
as compared to that observed in the  P. gingivalis -infected 
ApoE –/–  mice ( fig. 1 ; p  !  0.01). These results demonstrate 
that absence of TLR2 diminishes atherosclerosis in re-
sponse to  P. gingivalis  infection, but that a TLR2-inde-
pendent mechanism may also play a role in  P. gingivalis -
mediated atherosclerosis. Uninfected ApoE –/–  TLR2 –/–  
mice expressed a significant decrease in the percent of 
total atherosclerotic plaque as compared to that observed 
in uninfected ApoE –/–  mice ( fig. 1 ;   p  !  0.05). Two-way 
ANOVA determined that there were statistical differenc-
es when using infection or genotype as the variables, but 
the interaction was not significant (p genotype  = 0.0002 sig-
nificant between ApoE –/–  mice and ApoE –/–  TLR2 –/–  
mice; p infection  = 0.0014 significant between unchallenged 
mice and  P. gingivalis -challenged mice; p interaction  = 
0.4231). We did not observe any differences in body 
weight in the 4 groups of mice (data not shown).  

  High titers of  P. gingivalis -specific IgG were detected 
in ApoE –/–  and ApoE –/–  TLR2 –/–  mice challenged with  P. 
gingivalis  and   absent in sham-challenged mice ( fig.  2 ). 
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  Fig. 1.  Plaque percent in total aortic area in ApoE –/–  and ApoE –/–  
TLR2 –/–  mice following  P. gingivalis  challenge. Percentages of
Sudan IV-stained plaque in total aortic area of unchallenged
ApoE –/–  mice (8), unchallenged ApoE –/–  TLR2 –/–  mice (6),  P. gin-
givalis -challenged ApoE –/–  mice (8) and  P. gingivalis -challenged 
ApoE –/–  TLR2 –/–  mice (6) are shown. Each point represents a sin-
gle mouse and each horizontal line represents median plaque per-
cent in total aortic area in each group. Unchallenged (none) or  P. 
gingivalis  challenged.  *  p  !  0.05;  *  *  p  !  0.01. Data were analyzed 
by the Mann-Whitney U test.  
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There were no statistically significant differences in 
pathogen-specific titers between challenged ApoE –/–  and 
challenged ApoE –/–  TLR2 –/–  mice (p   1   0.05) .  Thus, TLR2 
deficiency impacted the inflammatory atherosclerotic re-
sponse to  P. gingivalis  oral challenge, but did not alter the 
IgG response to whole  P. gingivalis. 

  TLR2 Deficiency Attenuates   P. gingivalis  -Induced 
Inflammatory Mediators in Aortic Lesions  
 To examine the inflammatory composition of aortic 

lesions obtained from  P. gingivalis -infected mice, we next 
utilized semi-quantitative membrane-based antibody ar-
rays to detect atherosclerosis mediators. Atherosclerotic 
inflammatory lesions from  P. gingivalis -infected ApoE –/–

 mice expressed increased levels of pro-inflammatory cy-
tokines, including IL-1 � , IL-1 � , IL-6 and TNF- �  as well 
as inflammatory mediators not previously observed, in-
cluding MIP-3 � , RANTES, MCSF, CD40 and IFN- � , as 
compared to uninfected ApoE –/–  mice ( table  1 ). More-
over, we observed a decrease in the expression of several 
of these inflammatory mediators in aortic tissue obtained 
from  P. gingivalis -infected ApoE –/–  TLR2 –/–  mice as com-
pared to infected ApoE –/–  mice ( table 1 ). These included 
CD40, IFN- � , GM-CSF, IL-1 � , IL-2, IL-3, IL-13 and basic 
fibroblast growth factor (bFGF). 

  ApoE –/–  TLR2 –/–  Mice Develop Decreased Levels of 
Serum Inflammatory Mediators in Response to
  P. gingivalis   Oral Challenge  
 We next utilized semi-quantitative membrane-based 

antibody arrays to detect inflammatory mediators in se-
rum collected from  P. gingivalis -infected ApoE –/–  and 
ApoE –/–  TLR2 –/–  mice. Serum samples obtained from  P. 
gingivalis -infected ApoE –/–  mice expressed increased lev-
els of several inflammatory mediators as compared to 
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Table 1.  Atherosclerotic mediator expression in aortic lesions

Inflammatory
markers

Fold induction
following P. gin-
givalis infection1

Fold reduction following 
P. gingivalis infection in 
TLR2-deficient mice2

Monocyte recruitment/activation
MIP-3� 10.2 NS
RANTES 6.0 NS
M-CSF 3.5 NS
CD40 3.2 1.8
MCP-1 2.3 NS
IFN-� 2.0 1.7
GM-CSF 1.5 1.5
G-CSF NS NS
Eotaxin NS NS

Endothelial cell activation
L-selectin 2.8 NS
P-selectin 2.4 NS

Cytokines
IL-1� 5.7 NS
IL-13 3.6 1.8
TNF-� 2.4 NS
IL-1� 2.2 1.6
IL-5 1.6 NS
IL-6 1.5 NS
IL-2 1.5 2.1
IL-3 NS 1.5
IL-4 NS NS

Angiogenesis
bFGF 6.5 2.6
VEGF 1.8 NS

A ortic tissue samples were examined as described in ‘Materi-
als and Methods’ using semi-quantitative membrane-based Ray-
bio mouse atherosclerotic antibody array (Raybiotech Inc.) to 
evaluate a panel of 22 atherosclerosis mediators in aortic tissue. 
The intensity of signals was quantified by densitometry and fold 
differences were determined. NS = Fold change was less than 1.5.

1 Fold induction in atherosclerotic markers in aortic lesions 
obtained from P. gingivalis-infected ApoE–/– mice with respect to 
uninfected ApoE–/–mice.

2 Fold reduction in P. gingivalis-infected ApoE–/– TLR2–/– with 
respect to P. gingivalis-infected ApoE–/– mice.

  Fig. 2.  ApoE –/–  and ApoE –/–  TLR2 –/–  mice generate  P. gingivalis -
specific IgG antibodies in response to oral challenge. Data repre-
sent median and interquartile deviation of  P. gingivalis -specific 
IgG titers in individual serum samples obtained from orally chal-
lenged mice. There was no significant difference between  P. gin-
givalis -infected ApoE –/–  mice and  P. gingivalis -infected ApoE –/–  
TLR2 –/–  mice by the Mann-Whitney U test. Unchallenged (none) 
or  P. gingivalis  challenged.  
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uninfected ApoE –/–  mice ( table 2 ). These included IL-6, 
CD30 ligand (CD30L) and tissue inhibitor of metallopro-
teinase 1 (TIMP-1). Serum samples obtained from  P.
gingivalis -infected ApoE –/–  TLR2 –/–  mice expressed de-
creased levels of the pro-inflammatory cytokines, IL-1 � , 
IL-6 and TNF- � , as well as decreased levels of CD30L, 
TIMP-1, Fas ligand (FasL), soluble TNF receptor 1
(sTNFR1), IL-2, eotaxin and lymphotactin, as compared 
to infected ApoE –/–  mice ( table 2 ). Comparison of the lev-
els of these inflammatory mediators in serum samples of 
uninfected ApoE –/–  versus uninfected ApoE –/–  TLR2 –/–  
mice revealed no differences in these two groups of mice 
(data not shown). Collectively, these results indicate 
TLR2 deficiency impacted the inflammatory response to 

 P. gingivalis  oral challenge as detected by a decrease in 
inflammatory mediators in serum and in atherosclerosis 
lesions. 

  Local Oral Inflammatory Bone Loss in ApoE –/–

 TLR2 –/–  Mice in Response to   P. gingivalis   Oral 
Challenge  
 We have previously demonstrated that mice deficient 

in TLR2 on a C57BL/6 background did not develop oral 
bone loss in response to  P. gingivalis  oral challenge  [12] . 
To confirm that  P. gingivalis  oral challenge resulted in 
oral bone loss in the ApoE mouse model, we measured 
oral bone loss in  P. gingivalis -infected ApoE –/–  and
ApoE –/–  TLR2 –/–  mice. As expected, we observed an in-
crease in the distance between the alveolar bone crest 
(ABC) and the cement enamel junction (CEJ) in ApoE –/–

  mice orally challenged with  P. gingivalis  ( fig. 3 ; p  !  0.01). 
In contrast,  P.   gingivalis -infected ApoE –/–  TLR2 –/–  mice 
did not exhibit a similar increase in the distance between 

Table 2. Inflammatory mediator expression in serum

Inflammatory
markers

Fold induction
following P. gin-
givalis infection1

Fold reduction following
P. gingivalis infection in
TLR2-deficient mice2 

Interleukins
IL-1� NS 1.6
IL-2 NS 1.5
IL-6 1.6 1.9

Chemokines
Eotaxin NS 1.6
Lymphotactin NS 1.5

TNF superfamily
 TNF-� NS 1.5
Fas L NS 2.0
CD30L 1.7 1.8
sTNFRI NS 1.7

TIMP superfamily
TIMP-1 2.3 1.7
TIMP-1 2.3 1.7

P ooled serum was examined as described in ‘Materials and 
Methods’ using semi-quantitative membrane-based Raybio  
mouse inflammation antibody arrays (Raybiotech Inc.) to detect 
and evaluate a panel of 40 inflammatory mediators. The intensity 
of signals was quantified by densitometry and fold differences 
were determined. NS = Fold change was less than 1.5. The fold 
changes of eotaxin-2, fractalkine, GCSF, GM-CSF, IFN-�, IL-
1�, IL-3, IL-4, IL-9, IL-10, IL-12p40p70, IL-12p70, IL-13, IL-17, I-
TAC, KC, Leptin, LIX, MCP-1, MCSF, MIG, MIP-1�, MIP-1�,
RANTES, SDF-1, TCA-3, TECK, TIMP-2 and sTNFRII were less 
than 1.5.

1  Fold induction in inflammatory mediators in serum ob-
tained from P. gingivalis-infected ApoE–/– mice with respect to 
uninfected ApoE–/– mice.

2 Fold reduction in P. gingivalis-infected ApoE–/– TLR2–/– with 
respect to P. gingivalis-infected ApoE–/– mice.
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  Fig. 3.  Oral bone loss in response to        P. gingivalis  challenge
in ApoE     –/–  and ApoE –/–  TLR2 –/–  mice. ApoE –/–  and ApoE –/– 
TLR2 –/–  mice were orally challenged with  P. gingivalis . Linear 
measurements of bone loss (14 sites) were obtained from the max-
illary molars of each mouse. Uninfected ApoE –/–  mice (8),    P.
gingivalis- challenged ApoE –/–  mice (6), unchallenged ApoE –/–  
TLR2 –/–  mice (7), and  P. gingivalis- challenged ApoE –/–  TLR2 –/–  
mice (6), respectively. Each point represents total bone loss from 
14 sites of a single mouse and horizontal line represents median 
oral bone loss in each group. Unchallenged (none) or  P. gingivalis  
challenged.  *  *  p  !  0.01 by the Mann-Whitney U test. NS = No 
significant difference. Two outliers were removed from  P. gingi-
valis -challenged ApoE –/–  group and  P. gingivalis -challenged 
ApoE –/–  TLR2 –/–  group.  
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the ABC and the CEJ ( fig. 3 ). These results confirmed that 
TLR2 was required for oral inflammatory bone loss in 
response to  P. gingivalis  infection in ApoE –/–  mice. 

  TLR2 Deficiency on a C57BL/6 Background 
Attenuates   P. gingivalis  -Induced Inflammatory Cells 
in Aortic Lesions and Atherosclerosis  
 To confirm the results obtained above and to deter-

mine if TLR2 deficiency on a C57BL/6 background was 
associated with decreased atherosclerosis in response to 
 P. gingivalis  oral challenge, we utilized a diet-induced 
model of atherosclerosis in C57BL/6 and TLR2–/– mice. 

 P. gingivalis  infection of C57BL/6 mice resulted in an in-
crease in inflammatory cells in aortic sinus samples as 
compared to that observed in samples obtained from un-
infected C57BL/6 mice ( fig. 4 ). We observed an increase 
in macrophage-specific staining between the luminal 
and adventitial surfaces of the aortic sinus samples ob-
tained from  P. gingivalis -infected C57BL/6 mice as com-
pared to samples obtained from uninfected C57BL/6 
mice ( fig. 4 ). In contrast, aortic sinus samples obtained 
from  P. gingivalis -infected TLR2 –/–  mice exhibited less 
staining for inflammatory cells and macrophage-specific 
staining as compared to infected C57BL/6 mice ( fig. 4 ). 

a b c

d e f

g h i

  Fig. 4.  Hematoxylin and eosin as well as macrophage staining of 
cryosections of aortic lesions. Representative staining of aortic 
sinus plaques from uninfected C57BL/6 mice (                                         a        and  e       ), P. gingi-
valis-infected C57BL/6 ( b  and  f ), uninfected TLR2 –/–  mice (c and 
g), and    P. gingivalis -infected TLR2         –/–  mice ( d  and  h ). Sections 

were stained with hematoxylin and eosin ( a–d ), macrophage 
marker F4/80 ( e–h ) and isotype control ( i ). Arrows point to the 
luminal and adventitial surfaces of the aorta ( a–d ). Scale bars = 
200  � m.       
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Aortic sinus samples obtained from uninfected TLR2 –/–  
mice exhibited less inflammatory cells and macrophage-
specific staining as compared to uninfected C57BL/6 
mice. No background staining was observed for the iso-
type control IgG ( fig. 4 ). Taken together, these data indi-
cate that TLR2 deficiency resulted in reduced macro-
phage accumulation in the aortic sinus in response to  P. 
gingivalis  oral challenge. 

  In the C57BL/6 mice fed a high-fat diet we observed ath-
erosclerotic lesions on the aortic arch as measured by an 
statistically significant increase (p  !  0.01) in Sudan IV-
stained lipid accumulation as compared to C57BL/6 mice 
on a normal-chow diet ( table 3 ). In  P. gingivalis  orally chal-
lenged C57BL/6 mice fed a high-fat diet we observed an 
increase in the percent atherosclerotic plaque in the aortic 
arch as compared to uninfected C57BL/6 mice on a nor-
mal-chow diet or fed a high-fat diet ( table 3 ). In agreement 
with the results obtained in the ApoE –/–  mouse model,  P. 
gingivalis  orally challenged TLR2 –/–  mice exhibited less 
atherosclerotic plaque in the aortic arch as compared to 
C57BL/6 mice ( table 3 ).  P. gingivalis -specific IgG titers were 
detected in mice challenged with  P. gingivalis  and absent in 
sham-infected mice (fig. 5), and titers were similar in  P. 
gingivalis -infected C57BL/6 and TLR2-deficient mouse 
strains ( p  1   0.05). Thus, as in the ApoE model, TLR2 defi-
ciency on a C57BL/6 background did not affect the hu-
moral immune response to  P. gingivalis  oral infection. 

  As expected, C57BL/6 mice orally challenged with 
 P.  gingivalis  exhibited an increase in oral bone loss as 
measured by ABC-CEJ distance as compared to unin-
fected mice ( fig. 6 ; p  !  0.001). Confirming our previous 
results  [12] , TLR2–/– mice orally challenged with  P. gingi-
valis  did not exhibit appreciable oral bone loss as com-
pared to uninfected mice ( fig. 6 ; p   1   0.05). As expected, 
C57BL/6 mice fed a high-fat diet displayed statisti -
 cally significant increases in body weight (p  !  0.0001)
and serum cholesterol levels (p  !  0.001) as compared to 
C57BL/6 mice fed a normal-chow diet (data not shown). 
We did not observe statistically significant differences in 
either body weight or serum cholesterol levels in the 4 
groups of C57BL/6 mice fed a high-fat diet (data not 
shown). Collectively, these results demonstrate that TLR2 
deficiency on a C57BL/6 background was associated with 
both decreased atherosclerosis and oral bone loss in re-
sponse to  P. gingivalis  oral challenge. 

  Discussion  

 In this study, we demonstrate that TLR2 contributes 
to the induction of pro-inflammatory responses in ath-
erosclerotic lesions in response to infection with the oral 
pathogen  P. gingivalis.  We also observed that while the 
absence of TLR2 diminished atherosclerosis in response 
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Table 3.  Atherosclerotic plaque formation in a diet-induced mod-
el of atherosclerosis

Oral
P. gingivalis

Mouse strain Diet Plaque in
aortic arch, %

Uninfected C57BL/6 chow 0.01180.027**
C57BL/6 Western 0.1780.22*
TLR2–/– Western 0.4780.52

Infected C57BL/6 Western 0.5580.71*
TLR2–/– Western 0.3980.79

T he data are presented as the mean 8 SD. Statistical analysis 
was performed by the two-tailed Mann-Whitney U test with � = 
0.05. pgenotype > 0.05; pinfection > 0.05 by two-way ANOVA. * p < 0.05 
significant between unchallenged C57BL/6 mice fed normal chow 
and P. gingivalis-challenged C57BL/6 mice. ** p < 0.01. C57BL/6 
mice fed normal chow (n = 6) presented significantly lower forma-
tion of atherosclerotic plaque in aortic arch compared to C57BL/6 
fed Western high-fat diet (n = 22), unchallenged TLR2–/– mice
(n = 10), P. gingivalis orally challenged C57BL/6 mice (n = 23), and 
P. gingivalis orally challenged TLR2–/– mice (n = 10).

  Fig. 5.  C57BL/6 and TLR2 –/–  mice generate      P. gingivalis -specific 
IgG antibodies in response to oral challenge. Data represent me-
dian and interquartile deviation of  P. gingivalis -specific IgG titers 
in individual serum samples obtained from orally challenged 
mice. There was no significant difference between  P. gingivalis -
infected C57BL/6 mice and  P. gingivalis -infected TLR2 –/–  mice by 
the Mann-Whitney U test. Unchallenged (none) or            P. gingivalis  
challenged.                                                                           
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to  P. gingivalis  infection, a TLR2-independent mecha-
nism may also play a role in  P. gingivalis -mediated ath-
erosclerosis. Since our studies utilized an oral challenge 
regimen with live bacteria and not simply a purified 
TLR2 ligand, these results are not unexpected. Indeed, 
numerous in vitro studies have documented a role for 
TLR4 in  P. gingivalis -mediated inflammatory responses 
 [12, 23] . Thus, it is highly probable that several innate im-
mune receptors respond to various bacterial products in 
the context of in vivo challenge with an intact viable bac-
terial pathogen  [24] . TLR2 deficiency resulted in a reduc-
tion in aortic sinus lipid accumulation, and in inflamma-
tory cell and macrophage infiltration into the inflamma-
tory lesion in response to  P. gingivalis  when compared 
with that observed in mice possessing TLR2 but did not 
impact the IgG response to  P. gingivalis  challenge. We 
also determined that oral infection with  P. gingivalis  
stimulated expression of pro-inflammatory cytokines 
and pro-inflammatory molecules involved in endothe-
lial cell activation (L-selectin, P-selectin, VEGF) as well
as monocyte recruitment and activation (MIP-3 � ,
RANTES, M-CSF, CD40, MCP-1, IFN- � , GM-CSF) in 
the aortic arch of mice. Importantly, we observed a de-

crease in the expression of inflammatory mediators in 
aortic tissue samples obtained from  P. gingivalis -infected 
mice deficient in TLR2 as compared to  P. gingivalis -in-
fected mice possessing TLR2. 

  An important observation from our studies was the 
contribution of TLR2 for the induction of CD40, IFN- �  
and IL-1 �  directly in atherosclerotic lesions in response to 
 P. gingivalis  oral challenge. CD40 is a member of the TNF 
superfamily of cell surface proteins and engagement of 
CD40 induces the expression of potent pro-inflammato-
ry cytokines  [25] . It has been reported that polymor-
phisms in genes coding for CD40 are associated with ath-
erosclerosis in humans  [26] . IFN- �  is a potent immuno-
stimulatory cytokine, which coordinates an array of 
cellular functions through transcriptional regulation of 
immunologically relevant genes. Furthermore, CD40 and 
IFN- �  have been demonstrated to promote and modify 
inflammatory atherosclerosis in mouse models  [27] . The 
contribution of TLR2 for IL-1 expression in atheroscle-
rotic lesions is noteworthy, since this pro-inflammatory 
cytokine has been associated with several human chronic 
inflammatory diseases. Gene polymorphisms in IL-1 re-
ceptor antagonist (IL-1ra) and IL-1 �  are associated with 
human atherosclerosis  [28]  and periodontal disease  [29] , 
respectively. In ApoE –/–  mouse models, IL-1 has been 
shown to play a role in atherosclerosis in both the absence 
and presence of bacterial pathogens  [30, 31] . Current stud-
ies in our laboratory are focused on the role of IL-1 signal-
ing in  P. gingivalis -induced chronic inflammation at both 
local (oral bone loss) and distant (atherosclerosis) sites of 
infection. 

  Oral challenge with  P. gingivalis  also resulted in an in-
crease in IL-6, CD30L and TIMP-1 in serum. Increased 
expression of IL-6 and TIMP-1 in response to  P. gingiva-
lis  challenge is in agreement with previous studies  [32]  
and may be due to the activation of CD30L  [33] . We also 
found that mice deficient in TLR2 expressed decreased 
levels of the pro-inflammatory cytokines IL-1 � , IL-6, and 
TNF- �  in response to  P. gingivalis  oral challenge as com-
pared to mice possessing functional TLR2. These results 
indicate that TLR2 also contributes to the production of 
circulating levels of inflammatory mediators in response 
to oral infection with  P. gingivalis . Interestingly, we also 
observed that  P. gingivalis  infection resulted in greater 
changes in the levels of inflammatory mediators present 
in atherosclerotic plaque samples as compared to the lev-
els of inflammatory mediators observed in serum at the 
time of sacrifice and tissues processing. These results 
suggest that while  P. gingivalis- induced systemic inflam-
mation may contribute to atherosclerosis, the ability to 
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  Fig. 6.  Oral bone loss in response to        P. gingivalis  challenge in 
C57BL/6 and TLR2     –/–  mice. Linear measurements of bone loss
(n = 14 sites) were obtained from the maxillary molars of each 
mouse. Uninfected C57BL/6 mice (23),            P. gingivalis- infected 
C57BL/6 mice (21), unchallenged TLR2 –/–  mice (14) and    P. gingi-
valis- challenged TLR2 –/–  mice (15), respectively. Each point rep-
resents total bone loss from 14 sites of a single mouse and hori-
zontal line represents median oral bone loss in each group. Un-
challenged (none) or      P. gingivalis  challenged.   *  *  *   p            !  0.001 by the 
Mann-Whitney U test. NS = No significant difference.            
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modulate the levels of inflammatory mediators present in 
atherosclerotic plaque may ultimately be responsible for 
the induction of atherosclerosis. 

  Our results extend in vitro studies in which the ability 
of  P. gingivalis  to induce an inflammatory response in 
macrophages and endothelial cells has been documented 
 [12, 34] . In addition to the ability of  P. gingivalis  ligands to 
signal for pro-inflammatory responses in endothelial 
cells, this pathogen invades, survives and replicates with-
in these cells  [35] . Although we could not detect  P. gingi-
valis  in blood or aortic tissue of infected mice (data not 
shown), these results were not unexpected. We previously 
reported that  P. gingivalis  could be detected by 16S PCR in 
both blood and aortic tissue during the oral infection pe-
riod, but not at later time points after bacterial challenge 
 [22] . Our previous studies support the notion that activa-
tion of the endothelium via innate immune signaling 
pathways may be critical for inflammation at distant sites 
and may not be associated with bacterial colonization per 
se. Our in vitro studies have established that priming of 
endothelial cells by invasive  P. gingivalis  infection leads
to induction of TLR-dependent inflammatory responses 
 [36] . We have also recently demonstrated, using in vivo 
MRI analysis together with ex vivo immunohistochemis-
try, that  P. gingivalis  infection results in the progression of 
atherosclerotic plaque accumulation that is associated 
with the accumulation of lipids, macrophages and T cells 
[unpubl. data]. Thus, chronic and exogenous stimulation 
of the endothelium with  P. gingivalis  may sensitize the en-
dothelium to other endogenous TLR ligands and may im-
pact inflammatory outcomes in atherosclerosis. 

  In this study we also established that  P. gingivalis  oral 
infection in the diet-induced model of atherosclerosis in 
C57BL/6 mice resulted in a statistically significant in-
crease in atherosclerotic plaque as compared to uninfect-
ed mice.  P. gingivalis- challenged TLR2 –/–  mice developed 
less atherosclerotic plaque as compared to  P. gingivalis-
 infected C57BL/6 mice, although this did not reach sta-
tistical significance. High-fat dietary supplementation 
could potentially mask the TLR2 dependency of bacte-
rial challenge by the contribution of endogenous ligands 
present in hyperlipidemic conditions  [8]  which could im-
pact immunological responses underlying atherosclero-
sis such as abnormally shifting T helper cell populations 
in these animals  [37] . Thus, it is highly probable that the 
effects of the TLR2 mutation in C57BL/6 background 
were confounded by the high-fat diet used. 

  During the completion of our study, a study assessing 
the role of exogenous stimulation of TLR2 in atheroscle-
rosis was reported  [38] , although this study utilized an 

artificial route of  P. gingivalis  administration which must 
be considered in the context of our results. It is well es-
tablished that local or intravenous administration of a 
TLR agonist will induce an inflammatory-mediated se-
quelae. Since  P. gingivalis  colonization and infection oc-
curs in the oral cavity of humans, we used a natural route 
of biological exposure to  P. gingivalis . Our approach was 
to characterize local inflammatory oral bone loss in re-
sponse to  P.   gingivalis  challenge and inflammatory me-
diator expression directly in atherosclerotic lesions and 
in serum samples. 

  In summary, while a number of studies have focused 
on defining which bacterial factors and inflammatory 
events contribute to  P. gingivalis -mediated inflammatory 
periodontal disease, few studies have focused on how this 
relates to chronic inflammatory atherosclerosis. In this 
study we demonstrate that pathogen-induced inflamma-
tory responses in atherosclerotic lesions by a clinically 
and biologically relevant bacterial pathogen occur via 
TLR2 dependent and independent mechanisms. Our re-
sults point to a key role for TLR2 in macrophage recruit-
ment, endothelial cell activation and pro-inflammatory 
cytokine responses to  P. gingivalis  in inflammatory ath-
erosclerosis, although it remains to be determined how 
specific innate immune cells contribute to this response. 
Understanding the specific cell signaling networks in-
volved in chronic inflammation will provide a promising 
avenue for novel therapies for chronic inflammatory dis-
orders including atherosclerosis. 
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