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The purpose of this study was to elucidate the role of nucleotide
binding oligomerization domain-containing protein 2 (NOD2) sig-
naling in atherosclerosis and periodontal bone loss using an Apoli-
poprotein E−/− (ApoE−/−) mouse model based on the proposed role
of NOD2 in inflammation. NOD2−/−ApoE−/− and ApoE−/− mice
fed a standard chow diet were given an oral gavage of Porphyr-
omonas gingivalis for 15 wk. NOD2−/−ApoE−/− mice exhibited sig-
nificant increases in inflammatory cytokines, alveolar bone loss,
cholesterol, and atherosclerotic lesions in the aorta and the heart
compared with ApoE−/− mice. In contrast, ApoE−/− mice injected
i.p. with Muramyl DiPeptide (MDP) to stimulate NOD2 and given
an oral gavage of P. gingivalis displayed a reduction of serum in-
flammatory cytokines, alveolar bone loss, cholesterol, and athero-
sclerotic lesions in the aorta and aortic sinus compared with
ApoE−/− mice orally challenged but injected with saline. A reduc-
tion in body weight gain was observed in ApoE−/− mice fed a high-
fat diet (HFD) and injected with MDP compared with ApoE−/− mice
fed a high-fat diet but injected with saline. MDP treatment of bone
marrow-derived macrophages incubated with P. gingivalis in-
creased mRNA expressions of NOD2, Toll-like receptor 2, myeloid
differentiation primary response gene 88, and receptor-interacting
protein-2 but reduced the expressions of inhibitor of NF-κB kinase-β,
NF-κB, c-Jun N-terminal kinase 3, and TNF-α protein levels compared
with saline control, highlighting pathways involved in MDP antiin-
flammatory effects. MDP activation of NOD2 should be considered
in the treatment of inflammatory processes affecting atherosclero-
sis, periodontal bone loss ,and possibly, diet-induced weight gain.

TLRs | animal models

The nucleotide binding and oligomerization domain 2 protein
(NOD2) is an intracellular protein containing leucine-rich

repeats similar to the repeats found in Toll-like receptors (TLRs)
that are capable of sensing bacteria-derived muramyl dipeptide
(MDP), and it was initially described as a susceptibility gene for
Crohn disease and intestinal inflammatory diseases (1–3). NOD2
is expressed in various cell subsets, including myeloid cells (par-
ticularly macrophages, neutrophils, and dendritic cells), as well as
Paneth cells in the small intestine (4), and it was found to process
inflammatory signals (5). Immune cells express receptors that
recognize a broad range of molecular patterns foreign to the
mammalian host but commonly found on pathogens. These mol-
ecules trigger immune responses through interactions with mem-
bers of the toll-like receptor family (TLRs) at the cell membrane
and NACHT, neuronal apoptosis inhibitor protein (NAIP),
CIITA, HET-E and TP-1 domain–Leucine-rich repeat (LRR)
proteins (NLRs) in the cytosol (6, 7). Cells expressing NOD2 can
activate NF-κB after intracellular recognition of MDP (8, 9). The
recognition of MDP is mediated through the LRR domain of
NOD2, leading to downstream signaling through interaction
between the caspase recruitment domain (CARD) of Receptor-
interacting serine/threonine-protein kinase 2 (RIP2) and the
CARDs of NOD2. In vitro, NOD2 has been found to be involved
in bacterial clearance (10). NOD2-deficient mice display increased
susceptibility to Staphylococcus aureus because of, in part, de-
fective neutrophil phagocytosis, elevated serum levels of Th1

cytokines, and a higher bacterial tissue burden (11). However,
stimulation of NOD2 with MDP was found to enhance host an-
tibacterial function in vitro (12).
Atherosclerosis is a chronic inflammatory condition that can

lead to an acute clinical event by plaque rupture and thrombosis.
It is a multifactorial disease characterized by the accumulation of
cells from both the innate and acquired immune system within
the intima of the arterial wall (13). Triglyceride-rich lipoproteins
and free fatty acids are important factors involved in fatty streak
formation and advanced atherosclerosis (14). Microorganisms
have also been implicated as aggravating factors in atherosclerosis
(15). In atherosclerosis, normal homeostatic functions of the en-
dothelium are altered, promoting an inflammatory response that
results in an increased expression of adhesion molecules. This in-
creased expression leads to the recruitment of leukocytes, including
monocytes, that penetrate the intima, predisposing the vessel wall
to lipid deposits (13). Reportedly, mast cells also contribute to
coronary plaque progression and diet-induced obesity and diabetes
through the secretion of vasoactive mediators, cytokines, and pro-
teinases (16).
Evidence is accumulating that distant bacterial infection is in-

volved in the pathophysiology of local chronic inflammatory pro-
cesses underlying atherosclerosis (17). The transfer of bacteria
into the blood or lymph system from barrier organ surfaces has
been suggested as a possible mechanism of atherosclerosis. Ad-
vanced gum infection (periodontitis) is known to induce local in-
flammation, often leading to gingival ulcerations and local vascular
changes, which have the potential to increase the incidence and
severity of transient bacteremia. Porphyromonas gingivalis, an im-
portant microorganism associated with periodontitis, has been
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identified in atherosclerotic plaques of patients suffering from
atherosclerosis, suggesting that this pathogen might be critical
for atheroma formation (18). Indeed, we showed that endothe-
lial dysfunction associated with repetitive exposure by P. gingi-
valis can exacerbate the development of atherosclerosis (19).
NOD2 expression and unique functions have also been de-

scribed in other cell types, including adipocytes, gingival, pulp
and periodontal fibroblasts, oral epithelial cells, and vascular
endothelial cells (20–25). However, the precise role of NOD2 in
chronic inflammatory diseases remains unclear.
We showed previously that, in Apolipoprotein E+/− (ApoE+/−)

mice, TLR2 deficiency reduces pathogen-associated atheroscle-
rosis (26). In this report, we tested the role of NOD2 in two
chronic inflammatory diseases, atherosclerosis and alveolar bone
loss, by capitalizing on our model of P. gingivalis-associated ath-
erosclerosis in ApoE−/− mice.

Results
P. gingivalis Counts. P. gingivalis was only detected in mouse groups
that received P. gingivalis oral gavage (refer to Fig. 1 for detailed
animal grouping and experimental time scheduling). Colony
forming unit (CFU) counts at all time points were about 50%
greater in NOD2−/−ApoE−/− mice than ApoE−/− mice (P < 0.05)
(Fig. 2A), showing that NOD2-deficiency promoted greater P.
gingivalis counts in the murine oral cavity.

Counts of Inflammatory Cells, Connecting Tissue Fibroblasts, and
Apoptotic Cells. A very similar distribution pattern of poly-
morphonuclear leukocyte (PMN) and mononuclear cell (MN)
infiltration was noted throughout the three interdental areas of
interest, boxes 1, 2, and 3 (Fig. S1 shows anatomical landmarks
and describes the boxes) (27), over time in all groups (Fig. 2 B–
D). An increased number of inflammatory cells was observed in
boxes 1, 2, and 3 when mice were subjected to an oral gavage
with P. gingivalis irrespective of genotype. At week 15, in boxes 1,
2, and 3, NOD2 deficiency resulted in a 1.5- to 3.0-fold increase
in PMN counts in uninfected groups. P. gingivalis exposure eli-
cited a threefold increase of PMN cell counts (Fig. 2 B and C) in
the NOD2−/−ApoE−/−Pg compared with the ApoE−/−Pg group
(P < 0.01) in boxes 1 and 2. At week 15 in boxes 1 and 2, in

uninfected groups, NOD2 deficiency resulted in a two- to fivefold
increase in MN cell counts. In infected groups, this difference
was significant only in box 3 (Fig. 2 B–D, ▾). Thus, NOD2 de-
ficiency increased the inflammatory cell infiltration in proximity
to the alveolar bone.
For connective tissue (CT) fibroblasts, statistical significance

was observed only in box 1 (Fig. 2E). NOD2 deficiency resulted
in an increase of CT fibroblast counts at weeks 0 and 15 (P <
0.05). P. gingivalis exposure elicited a 1.5-fold increase in
CT fibroblast counts in NOD2−/−ApoE−/−Pg compared with
ApoE−/−Pg (Fig. 2E, *).
There were no significant changes in apoptotic cell counts in

all boxes between the two strains at week 0 (Fig. 2 F–H). At week
15, in boxes 1 and 2 regions and uninfected groups, NOD2 de-
ficiency resulted in a 3.5- to 25.0-fold increase of apoptotic cell
counts. P. gingivalis exposure induced a significant increase in apo-
ptotic cells in all boxes, regardless of the animal genotype; however,
greater apoptotic cell counts were obtained in NOD2−/−ApoE−/−Pg
compared with ApoE−/−Pg animals. (Fig. 2 F–H, ▾).

Quantification of Alveolar Bone Loss, Osteoclast Number, and
Epithelial Tissue Down-Growth. Alveolar bone loss measured (mor-
phometrically or histomorphometrically) by the Cemento-Enamel
Junction-Alveolar Bone Crest distance (CEJ-ABC) was increased
at week 15 compared with week 0, regardless of the animal geno-
type and the bacterial infection. P. gingivalis oral gavage induced
a greater increase in CEJ-ABC distance in the NOD2−/−ApoE−/−Pg
group compared with the ApoE−/−Pg group by morphometric or
histomorphometric assessment (P < 0.05) (Fig. 3 A–N). No signif-
icant differences were observed at baseline between the two groups.
However, at week 15, NOD2 deficiency resulted in an increase of
osteoclast numbers, regardless of the bacterial infection. P. gingi-
valis exposure induced increased osteoclast numbers compared
with uninfected groups, but a significant increase was observed in
NOD2−/−ApoE−/−Pg animals compared with ApoE−/− animals
(P < 0.05) (Fig. 3O).
Epithelial (EP) down-growth assessed by the distance of apical

migration of EP relative to the CEJ was increased at week 15
compared with week 0, regardless of the animal genotype and the
bacterial infection (Fig. 3 A–L and P). At week 0, no significant

NOD2-/-ApoE-/- mice

Sham 
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n = 10

P. gingivalis
n = 10

ApoE-/- mice 

Sham 
gavage
n = 20

P. gingivalis
n = 20

Sham
n = 10

P. gingivalis
n = 10

Sham IP
n = 10
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n = 10

Birth 6 weeks 
old

8 weeks
old
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old

Pre 
treatment 

with 
antibiotics

SCD, P.gingivalis or CMC sham oral gavage for NOD2 loss-of-function 
(6 groups, n=10/group) 

SCD, P.gingivalis or sham oral gavage and  IP injection of MDP or sham for 
NOD2 gain-of-function (4 groups, n=10/group)

Euthanized as
Experimental 15wk groups

HFD, IP injection of  MDP or Sham for NOD2 gain-of-function
(2 groups, n=10)

Euthanized as 0wk controls
(2 groups, n=10/group) 

15 weeks experimental time

Fig. 1. Animal grouping and time scheduling. ApoE−/− and NOD2−/−ApoE−/− mice involved in the NOD2 loss-of-function study were fed an SCD and randomly
assigned to six groups. ApoE−/− mice involved in the NOD2 gain-of-function study with MDP treatment were fed either an SCD or an HFD and assigned
randomly to six groups (10 mice/group). The mice were challenged with oral gavage of either P. gingivalis (109 CFU/100 μL) or 2% CMC sham control (100 μL)
or i.p. injected with either 200 μg MDP in 100 μL PBS or 100 μL saline (sham) control three times per week accordingly. The experiments all were started with
mice at 8 wk of age after a 2-wk antibiotic pretreatment and a 3-d rest and terminated at the 15th week. The week 0 control groups (10 mice/group) were
euthanized right before the experiment at an age of 8 wk.

E5060 | www.pnas.org/cgi/doi/10.1073/pnas.1320862110 Yuan et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320862110/-/DCSupplemental/pnas.201320862SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1320862110


differences were observed between the two groups, whereas at
week 15, NOD2 deficiency resulted in a twofold increase in EP
down-growth irrespective of the bacterial infection (P < 0.01).
P. gingivalis exposure induced a greater EP down-growth in
NOD2−/−ApoE−/−Pg mice compared with ApoE−/− mice (Fig. 3
C, D, G, H, K, L, and P, ▾).

Quantification of Serum Cholesterol, Aorta, and Aortic Sinus Lesions
Stained with Oil Red O and Monocyte–Macrophage Marker-2. Total
serum cholesterol levels increased over time in both groups. At
week 0, NOD2−/−ApoE−/−0wk animals had a twofold increase in
total cholesterol compared with the ApoE−/−0wk group. NOD2
deficiency resulted in an increase in total cholesterol levels from
week 0 to 15, regardless of the infection bacteria (Fig. 4A), but
exposure of P. gingivalis resulted in a 1.5-fold increase in total
cholesterol in the NOD2−/−ApoE−/−Pg compared with the
ApoE−/−Pg group (P < 0.05) (Fig. 4A). NOD2 deficiency resul-
ted in a three- to fourfold increase of Oil Red O (ORO) -stained
lesions (quantified by en face preparation of aortic surface area)
from week 0 to 15 irrespective of the infection status. The ex-
posure to P. gingivalis stimulated a threefold increase of ORO-
stained lesions in the NOD2−/−ApoE−/−Pg compared with the
ApoE−/−Pg group (P < 0.05) (Fig. 4 B and C, ▾). ORO-stained
histological sections of proximal aortic sinus had a similar trend as

the en face lesions. Notably, at week 0, 17% of the aortic sinus
was already covered with ORO-stained lesions in NOD2−/−

ApoE−/−0wk animals, whereas no lesions were apparent in
ApoE−/−0wk animals. NOD2 deficiency promoted a threefold
increase in development of ORO-stained lesions from week
0 to 15, regardless the bacterial infection (Fig. 4 D and E, ▾).
Aortic sinus histological sections immunostained for mono-

cyte–macrophage marker-2 (MOMA-2 revealed macrophage
staining in atheroma lesions (Fig. 4F, brown). NOD2 deficiency
resulted in a significant increase of MOMA-2–stained macro-
phages in the lesions of aortic sinus at week 0 and a two- to
threefold increase at week 15, regardless the bacterial infection
(P < 0.05) (Fig. 4G). At week 15, P. gingivalis infection induced
a greater macrophage staining in atheroma lesions present in the
aortic sinus, regardless of the animal genotype (Fig. 4 F and G).

Quantification of Serum Cytokines. At week 0, NOD2 deficiency
induced cytokine expressions of proinflammatory cytokines, such
as TNF-α, IL-12p70, IL-1β, IL-6, IL-2, IL-5, IL-7, IL-17, and
GM-CSF, and antiinflammatory cytokine IL-10, except IFNγ-
induced protein-10 (IP-10). At week 15, NOD2 deficiency re-
sulted in a significant increase in expressions of proinflammatory
cytokines of the IL-12p70, IL-2, IL-6, TNF-α, IL-5, IL-7, IP-10,
and GM-CSF groups (P < 0.05) (Fig. 5). TNF-α, IL-6, IL-7, IP-10,

A B C D

E F G H

Fig. 2. P. gingivalis counts and cell infiltrate in periodontal tissues. (A) CFUs of P. gingivalis (CFU × 1,000/mL). The plaques from the experimental mice were
collected and cultured biweekly for 15 wk. NOD2−/−ApoE−/− mice showed statistical significance of CFU throughout the 15-wk time window compared with
the ApoE−/− group. (B–D) Assessment of PMN and MN infiltrated in periodontal soft tissue assigned as (B) box 1 (top area), (C) box 2 (middle area), and (D) box
3 (bottom area; in cell counts per millimeter2). (E) Assessment of CT fibroblasts in periodontal box 1 region (in cell counts per millimeter2). (F–H) Assessment of
TUNEL-positive apoptotic cells in periodontal soft tissue assigned as regions of (F) box 1, (G) box 2, and (H) box 3 (in cell counts per millimeter2). The lon-
gitudinal sections of the right side of palatal tissues containing three molars in the same occlusal plane were stained with either (B–E) H&E or (F–H) TUNEL.
Images were captured and counted five regions per box area at 400× amplification. Data are shown as mean ± SE. *P < 0.05; ▾P < 0.01.
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and GM-CSF levels in the uninfected NOD2−/−ApoE−/− mice were
similar to or higher than in the infected ApoE−/−Pg group at week
15. P. gingivalis oral gavage resulted in a 2- to 10-fold increase of the
assayed cytokines in the NOD2−/−ApoE−/−Pg group compared with
the ApoE−/−Pg group (P < 0.05). NOD2 deficiency resulted in
a two- to threefold induction of the antiinflammatory cytokine IL-
10, regardless the bacterial infection at week 15 (P < 0.05) (Fig. 5).

MDP Effects on Cholesterol, ORO Lesions, and Alveolar Bone Loss.
NOD2 gain of function was achieved by i.p. injection of MDP to
ApoE−/− mice maintained on standard chow diet (SCD) and ex-
posed to P. gingivalis oral gavage for 15 wk. On completion of the
experiment (week 15), MDP injection did not significantly affect
the P. gingivalis CFU counts in ApoE−/−Pg+MDP compared with
untreated ApoE−/−Pg animals. Furthermore, MDP did not have
any effects on unchallenged animals for the bone loss (CEJ-ABC),

total cholesterol, or ORO-stained lesions (ApoE−/−MDP animals)
(Fig. 6 A–E). However, MDP treatment reduced alveolar bone
loss by 30%, en face ORO-stained lesions by 50%, and total
cholesterol by 20% in infected ApoE−/−Pg+MDP compared with
infected but untreated ApoE−/−Pg animals (Fig. 6 B–E, ▾). When
ApoE−/−mice were fed a high-fat diet (HFD), 15 wk of MDP
treatment (group HFD-MDP) resulted in a 25% reduction in
body weight gain compared with the control group (HFD-Sham)
(Fig. 6F, *). In contrast, MDP did not affect body weight when
mice were maintained on SCD.

Quantitative RT-PCR of Cell Signaling Mediators and TNF-α ELISA.
Three hours after P. gingivalis exposure in vitro, RNA expres-
sions of TLR2, TNF receptor-associated factor 6 (TRAF6), and
c-Jun N-terminal kinase-3 (JNK-3) and TNF-α protein levels were
found statistically elevated in bone marrow-derived macrophages

A B

C D

E F

G H

I J 

K L 

M N

O P

Fig. 3. Alveolar bone loss, EP down-growth, and osteoclast count in NOD2-deficient mice compared with control. (A, B, E, F, I, and J) Representatives of the left
side of palatal bones stained with methylene blue. Images were captured at 3.45× amplification. (C, D, G, H, K, and L) Representatives of cross-sections of the right
side of palatal tissues stained with H&E. Images were captured at 100× amplification. Arrows in the images indicate the defined CEJ and ABC. (M) Assessment of
macromorphometric alveolar bone loss by buccally measuring the linear distances from CEJ to ABC on methylene blue-stained palatal bone and teeth (in
micrometers). (N) Assessment of micromorphometric alveolar bone loss by measuring the distance of CEJ-ABC on the H&E-stained sections (in micrometers). (O)
Assessment of osteoclasts by counting histochemical tartrate-resistant acid phosphatase (TRAP)-stained molar tissue sections. TRAP-positive multinucleated cells
located in or near Howship lacunae were counted as osteoclast (cells per millimeter). Osteoclasts within bone marrow spaces were not included. (P) Assessment of
EP down-growth by measuring the distance of apical epithelial tissue migration to to CEJ on H&E-stained sections (in micrometers). Images were captured on
three molar teeth in the same occlusal plane for micromorphometric analysis. A and C are from the ApoE−/−0wk group, B and D are from the NOD2−/−ApoE−/−

0 wk group, E and G are from the ApoE−/− group with 2% CMC sham oral gavage for 15 wk, F and H are from the NOD2−/−ApoE−/− group with 2% CMC sham
oral gavage for 15 wk, I and K are from the ApoE−/−Pg group challenged with P. gingivalis oral gavage for 15 wk, and J and L are from the NOD2−/−ApoE−/−Pg
group challenged with P. gingivalis oral gavage for 15 wk. Data are represented as mean ± SE. *P < 0.05; ▾P < 0.01.
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(BMMs) from NOD2−/−ApoE−/−Pg compared with control
ApoE−/−Pg BMMs (Fig. 7 A and C, *). RNA expression of
NOD2 and RIP2 in NOD2-deficient BMMs was significantly
reduced compared with ApoE−/− BMMs, regardless of the bac-
terial infection, whereas levels of inhibitor of NF-κB kinase-β
(IKK-β) and NF-κB were slightly reduced in NOD2-deficient
compared with ApoE−/−BMMs (Fig. 7B, *). TNF-α protein levels
were slightly elevated in NOD2-deficient compared with ApoE−/−

BMMs (Fig. 7C, *). MDP treatment did not have any significant
effect in NOD2-deficient BMMs for all genes tested in the absence
of infection. However, MDP treatment with P. gingivalis exposure
reduced significantly RNA levels for JNK3, IKK-β, and NF-κB and
TNF-α protein level, whereas it increased NOD2 and RIP2 RNA
levels in ApoE−/−Pg+MDP compared with ApoE−/−Pg BMMs
(P < 0.01). No significant differences were observed for MDP at
50 and 200μg/mL in vitro compared with 100 μg/mL.

Discussion
In the present study, loss-of-function experiments by the generation
of NOD2-deficient animals in an ApoE-KO mouse background led

to an aggravation of inflammatory processes associated with two
chronic diseases: atherosclerosis and periodontitis. NOD2 gain-of-
function experiments achieved by MDP treatment in ApoE−/−mice
showed significant decrease in ORO-stained plaque accumulations,
alveolar bone loss, serum cytokines, and serum cholesterol.
Exposing NOD2−/−ApoE−/−mice to P. gingivalis leads to greater

bacterial counts in the murine oral cavity, resulting in heightened
periodontitis, which was evidenced by high inflammatory cell in-
filtration, severe alveolar bone resorption, and loss of epithelial
attachment. These pathological consequences are typically asso-
ciated with a host response to persistent bacterial accumulation at
the tooth surface. NOD2-deficient mice present elevated numbers
of resorbing osteoclasts, further supporting the role of NOD2 in
preventing bacterial-induced inflammatory bone loss. Therefore,
loss of NOD2 function plays an important role in aggravating
periodontitis. We, thus, conclude that NOD2 is required in vivo to
surveil P. gingivalis infection, which ultimately affects the host re-
sponse (28).
Interestingly, our study also shows that periodontal inflammation,

alveolar bone resorption, and atherosclerosis are observed even in

B

F

D

CA E G

NOD2-/-ApoE-/-

0wk

ApoE-/-ApoE-/-0wk

100 µm

NOD2-/-ApoE-/- NOD2-/-ApoE-/-Pg

ApoE-/-Pg

ApoE-/-0wk

NOD2-/-ApoE-/-0wk
100 µm

ApoE-/- ApoE-/-Pg

NOD2-/-ApoE-/- NOD2-/-ApoE-/-Pg

Fig. 4. Serum total cholesterol and ORO and MOMA-2 staining in NOD2-deficient lesions compared with the controls. (A) Assessment of total blood cho-
lesterol (milligrams per deciliter). (B) Representatives of morphometric en face ORO-stained lesions (red) in the aorta. (Magnification: 0.3×.) (C) Assessment of
percentage of ORO-stained atheroma lesions in the aorta surface. (D) Representatives of ORO-stained proximal aortic sinus cross-sections. (Magnification:
40×.) (E) Assessment of the percentage of ORO-stained lesions in aortic sinus. (F) Representatives of MOMA-2–stained monocytes and macrophages (brown)
in atherosclerotic lesions in aortic sinus. (Magnification: 40×.) (G) Assessment of percentage of MOMA-2–stained monocytes and macrophages in athero-
sclerotic lesions in aortic sinus. Data are represented as mean ± SE. *P < 0.05; ▾P < 0.01.
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mice lacking NOD2 function but unchallenged. Possibly, NOD2
deficiency impairs the host bacterial surveillance involved in main-
taining a proper balance between host and pathogens, resulting in
a shift of the opportunistic bacterial flora to a more pathogenic
form, which in turn, is capable of triggering the immune responses
associated with both periodontitis and atherosclerosis (29).
Current evidence suggests that oral manipulation procedures

are the most common cause of bacterial dissemination in the
bloodstream from oral niches (30). Clearly, a higher microbial
load would facilitate such dissemination, because it is known that
individuals with poor oral hygiene are at a higher risk of de-
veloping bacteremia during periodontal surgeries (30).
Current literature supports the assertion that periodontal

pathogens can contribute to atherosclerosis (31). Therefore, we
asked whether NOD2 function is an important link in the com-
plex relationship between P. gingivalis-induced periodontitis and
infection-associated atherosclerosis. NOD2 deficiency leads to
elevated blood cholesterol level together with the accumulation
of monocytes/macrophages into the heart and aortic intima
space in P. gingivalis-challenged animals. This accumulation
promotes atherosclerosis in our ApoE−/− animal model. Partic-
ularly, lesions in the aortic sinus start as early as 8 wk of age
in the NOD2−/−ApoE−/−0wk group, with 17% coverage at the

inception of the experiment. In contrast, it took 15 wk for the
ApoE−/− control group to develop a similar extent of ORO
lesions (17%) in the aortic sinus, assigning to NOD2 an impor-
tant role in the signaling pathway associated with the prevention
of deleterious inflammation and atherosclerosis, even in the
absence of bacterial challenge (32). Hence, in the presence of
bacterial challenge or HFD, TLR activation, known to play a
role in macrophage polarization to an M1 phenotype (33), re-
cruited macrophages that exert diverse functions in atherosclero-
sis, including altered lipid metabolism, production of inflammatory
cytokines, endothelial cell interactions, and matrix degradation
(34). It is, therefore, conceivable given the functional relationship
of TLR and NOD2 (35) that, in addition to the immune dysre-
gulation, mice deficient in both NOD2 and ApoE may have an
imbalance of lipoprotein components that are vital to the devel-
opment of atherosclerosis.
Mutations involving loss of function of NOD2 were linked to

Crohn disease, another chronic inflammatory disease, possibly as
a result of heightened TLR2 responses (36). Interestingly, in-
flammatory bowel disease patients are reported to be at greater
risk of developing atherosclerosis (37, 38) and possibly, peri-
odontal disease (39, 40). Our study concurs with these observa-
tions: in response to the invading microbes, NOD2 loss of

Fig. 5. Serum inflammatory cytokines in NOD2-deficient mice compared with control. The assessment of 11 cytokine expressions was carried out by Milliplex
MAP Mouse-Cytokine/Chemokine Premixed 32plex Immunoassay Kits (in picograms per milliliter). Data are represented as mean ± SE. *P < 0.05; ▾P < 0.01.
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function in mice stimulates TLR2 signaling by up-regulation of
TRAF6 and JNK3, leading to the production of NF-κB and
resulting in the overexpression of serum cytokines, which play an
important role in alveolar bone resorption in periodontitis and
atherosclerosis. The elevated levels of cytokines further sub-
stantiate the role of NOD2 in modulating the P. gingivalis effects
in this murine periodontitis model and atherosclerosis, especially
knowing that NOD2 is expressed in gingival, pulp and peri-
odontal fibroblasts, oral epithelial cells, and vascular endothelial
cells (20, 22–25). Surprisingly, IL-10, an antiinflammatory and
antiatherogenic cytokine produced by macrophages, Th1, and B
cells, was also significantly elevated in NOD2-deficent mice. This
IL-10 elevation may be a response to the important proin-
flammatory process observed in NOD2-deficient animals (41).
Gain of function studies revealed that MDP/NOD2 recruits

RIP2 and counteracts the TLR2 inflammatory signaling pathway
by inhibiting TRAF6 and suppressing IKKs, NF-κB (42) and
JNK3, which leads to a significant reduction of TNF-α protein
levels and possibly, other inflammatory mediators (5). This
reduction may help explain the reduced alveolar bone loss, se-

rum cholesterol level, and atherosclerosis observed after MDP
treatment. Indeed, MDP did not have any effect in modulating
P. gingivalis CFUs; its effect on inflammation may be solely di-
rected on the NF-κB pathway.
A surprising observation in our present study was that MDP

treatment resulted in reduced body weight of mice fed HFD,
with no deleterious effects on SCD-fed animals, suggesting that
the MDP/NOD2 axis may reduce the HFD stimulation of TLRs
through the NF-κB pathway (5) and/or production of endoge-
nous ligands (43).
The present findings show that the NOD2 ligand (MDP) ad-

ministration to ApoE−/− mice reduces experimental atheroscle-
rotic lesions and periodontal bone loss. It should be noted that
MDP or certain derivatives of MDP have been shown to have
adjuvant properties, possibly because activation of NOD2 can
transiently enhance certain immune responses before it exerts
a more dominant inhibitory response. The use of MDP remains
possible given that all MDP preparations do not have these
effects, and these immune responses may be dependent on dose
or route of administration. Furthermore, at all of the concen-

A

D E F

B C

Fig. 6. Effects of MDP treatment on bacterial counts, alveolar bone loss, total cholesterol, ORO staining, and body weight. ApoE−/− mice were i.p. injected
with either MDP or saline (i.p. control) with oral gavage of either P. gingivalis or 2% CMC (sham control). Data are represented as mean ± SE. *P < 0.05; ▾P <
0.01. (A) CFU of P. gingivalis in ApoE−/− mice groups on SCD (CFU × 1,000/mL). (B) Assessment of blood total cholesterol level (milligrams per deciliter). (C)
Assessment of alveolar bone loss by macromorphometrically measuring the distance of CEJ-ABC in ApoE−/− mice fed on SCD (in micrometers). (D) Repre-
sentatives of morphometric en face ORO staining lesions (red) in aorta of ApoE−/− mice fed on SCD. (Magnification: 0.3×.) (E) Assessment of percentage of
ORO-stained atheroma lesions in aorta surface of ApoE−/− mice fed on SCD. (F) Assessment of body weight of ApoE−/− mice fed on HFD. ApoE−/− mice were i.p.
injected with either MDP or saline (i.p. control). Data are represented as mean ± SE. *P < 0.05; ▾P < 0.01.
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trations tested, MDP did not show any overt deleterious effect,
possibly implying that NOD2 activation with MDP may be a safe
way to modulate exaggerated inflammatory responses to chronic
bacterial stimulation. Additionally, MDP may be modulating
diet-associated inflammatory process and should be considered
in therapeutic approaches aimed at reducing HFD-induced
obesity, a major contributor to diabetes and cardiovascular disease.

Material and Methods
Mice and Diets. The Institutional Animal Care and Use Committee of Boston
University approved all animal protocols. Female NOD2−/− and male ApoE−/−

mice were purchased from Jackson Laboratory and bred to generate NOD2
and ApoE double deficient homozygotes (NOD2−/−ApoE−/−). The genotypes
of the strains were confirmed by PCR. The animals weaned at 4 wk of
age were fed SCD containing 0.02% cholesterol and 4.5% (wt/vol) fat
(rodent diet 5001). A 2-wk antibiotic pretreatment was carried out with
Sulfamethoxazole/Trimethoprim (Hi-Tech Pharmacal Co., Inc.) at 850/170
mg per 1 L drinking water followed by a 3-d rest before the experiment.

All in vivo experiments were started with the animals at 8 wk of age.
Twenty NOD2−/−ApoE−/− mice were maintained on SCD, and eighty ApoE−/−

mice were randomly assigned to either a cholate-free HFD (D12492 Research
Diet) or SCD. Because estrogen has been suggested to be cardioprotective in
females (44), only male mice were used in this study.

Bacterial Strain, Dose, Route of Inoculation, and MDP Treatment. P. gingivalis
strain 381 (FDC-381; ATCC), a human isolate, was grown on anaerobic agar
plates as described previously (45). P. gingivalis was administered at a dos-
age and delivery route comparable with the bacteremia encountered in
humans after dental infection, periodontal surgery, scaling, tooth extrac-
tion, or flossing (46–48). Live P. gingivalis was given by oral gavage at a dose
of 109 CFU suspended in 100 μL 2% (wt/vol) carboxymethylcellulose (CMC) in
PBS three times per week for 15 wk to both ApoE−/− and NOD2−/−ApoE−/−mice
fed an SCD, whereas sham-infected control ApoE−/− and NOD2−/−ApoE−/− mice
received uninfectedbroth (2%CMC in PBS). In eachgavage administration, one-
half (50 μL) of the volume was placed down the throat of the mouse, and one-
half (50 μL) was left in its oral cavity. Biweekly, subgingival plaque samples from
the left and right maxillary second molars were collected in each group using
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Fig. 7. RT-PCR analysis of NOD2 signal transduction genes. BMMs from male mice of ApoE−/− and NOD2−/−ApoE−/− strains were incubated with P. gingivalis
and MDP or saline (sham) for 3 h after maturely differentiated. Data are represented as mean ± SE. *P < 0.05; ▾P < 0.01. (A) Quantitative RT-PCR analysis of
inflammatory mediators involved in the TLR2 pathway. Enhanced TLR2 signaling pathway is observed in NOD2-deficient BMMs especially TLR2, TRAF6 and
JNK3 in response to P. gingivalis infection. MDP treatment down-regulated JNK3 RNA expression in P. gingivalis-infected ApoE−/−BMMs. (B) Quantitative RT-
PCR analysis of the mediators involved in the inflammatory NOD2/RIP2 signaling pathway. MDP treatment up-regulated RNA expressions of NOD2 and RIP2
but down-regulated the RNA expressions of IKKβ and NF-κB in P. gingivalis-infected ApoE−/−mouse BMMs. (C) ELISA analysis of TNF-α expression in culture
media of ApoE−/−BMM and NOD2−/−ApoE−/−mouse BMMs. TNF-α was significantly hindered by MDP treatment in the infected ApoE−/−mouse BMMs. (D)
Proposed pivotal role of MDP/NOD2 signaling pathways in P. gingivalis-induced periodontitis/atherosclerosis.
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sterile paper points (Dentsply Maillefer). P. gingivalis colonies were identified
both on the basis of known colony morphology and chemically through the
bioMerieux Rapid ID 32A Identification System. The total CFUs of P. gingivalis on
anaerobic blood agar were counted manually and reported as 1,000 CFUs/mL.

For NOD2 gain-of-function study, the animals were injected three times
per week for 15 wk (1 h before P. gingivalis gavage inoculation) with either
an optimized dose of MDP (200 μg/mouse; InvivoGen) in 100 μL endotoxin-free
water or 100 μL saline (sham).

Animal Grouping and Time Schedule. For NOD2 loss-of-function study, 60 mice
on SCD were randomly assigned to six groups (10 mice/group) by their
genotypes: groups 1 and 2, ApoE−/−0wk and NOD2−/−ApoE−/−0wk controls
euthanized at the inception of the experiment; groups 3 and 4, ApoE−/− and
NOD2−/−ApoE−/− sham controls received 2% CMC/PBS by oral gavage three
times per week for 15 wk; and groups 5 and 6, ApoE−/−Pg and NOD2−/−

ApoE−/−Pg received P. gingivalis oral gavage three times per week for 15 wk.
For NOD2 gain of function by MDP study, 40 ApoE−/− mice fed SCD were
randomly grouped (10 mice/group) for a 15-wk experimental course after
antibiotics pretreatment: group1, ApoE−/−sham controls received oral ga-
vage of 2% CMC/PBS and i.p. injection of saline; group 2, ApoE−/−MDP re-
ceived i.p. injection of MDP and oral gavage of 2% CMC/PBS (three times per
week); group 3, ApoE−/−Pg received P. gingivalis oral gavage and i.p. in-
jection of saline (three times per week); and group 4, ApoE−/−Pg+MDP re-
ceived P. gingivalis oral gavage and i.p. injection of MDP (three times per
week). For MDP treatment in animals without P. gingivalis challenge but
maintained on HFD, 20 ApoE−/− mice were equally divided into two groups:
group 1 (HFD-sham), i.p. injection of saline three times per week for 15 wk;
group 2 (HFD-MDP), i.p. injection of MDP three times per week for 15 wk.
Body weights were measured and recorded weekly. Animal grouping and
experimental time scheduling are illustrated in Fig. 1.

Statistical Analysis. Comparisons of atherosclerotic lesions, alveolar bone loss,
cell counts, and cytokine concentrations among the groups were analyzed,

and statistical significance of multiplicities was evaluated by ANOVA (two-
way) followed by a posthoc Scheffé test. P ≤ 0.05 was considered significant.
Data (n = 10/group) are expressed as mean ± SE. Data capture and data
analyses were performed in a blinded fashion by two independent inves-
tigators. Interexaminer variation was less than 5%.

Tissue Harvesting and Preparation. Details are provided in SI Materials and
Methods.

Culture of BMMs and Treatment. Details are provided in SI Materials
and Methods.

Characterization of Periodontal Inflammation and Tissue Remodeling. Details
are provided in SI Materials and Methods.

Characterization of Periodontal Bone Loss, Osteoclasts, and EP Down-Growth.
Details are provided in SI Materials and Methods.

En Face Preparation and Histomorphometric Quantification of ORO- and
MOMA-2–Stained Lesions. Details are provided in SI Materials and Methods.

Quantification of Serum Total Cholesterol, Chemokines, and Cytokines. Details
are provided in SI Materials and Methods.

Quantitative RT-PCR. Relative RNA expression levels of inflammatory medi-
ators were carried out by qRT-PCR with primers listed in Table S1. Details are
provided in SI Materials and Methods.
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