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SUMMARY

Atherosclerosis is a common cardiovascular disease in the United States. The disease is a leading
cause of illness and death in the United States. Atherosclerosis is the most common cause for heart
attack and stroke. Most commonly, people develop atherosclerosis as a result of diabetes, genetic
risk factors, high blood pressure, a high-fat diet, obesity, high blood cholesterol levels, and
smoking. However a sizable amount of patients suffering from atherosclerosis do not harbor the
classical risk factors. Ongoing infections have been suggested to play a role in this process.
Periodontal disease is perhaps the most common chronic infection in adults with a wide range of
clinical variability and severity. Research in the past decade has shed substantial light on both the
initiating infectious agents and host immunological responses in periodontal disease. Up to 46% of
the general population harbors the microorganism(s) associated with periodontal disease, although
many are able to limit the progression of periodontal disease or even clear the organism(s) if
infected. In the last decade, several epidemiological studies have found an association between
periodontal infection and atherosclerosis. This review focuses on exploring the molecular
consequences of infection by pathogen that exacerbate atherosclerosis, with focus on infection by
the periodontal bacterium Porphyromonas gingivalis as a running example.
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Introduction

Periodontal disease presents with a wide range of clinical variability and severity. Research
in the past decade has shed substantial light on the initiating infectious agents and host
immunological responses in periodontal disease, both of which have been shown to modify
the progression of periodontal disease. Cullinan et al. have shown that up to 46% of the
general population harbor the causative organism(s) of periodontal disease, but many are
able to limit disease progression or even clear the organism(s) if infected (Cullinan et al.,

Address correspondence to: Salomon Amar, DMD, Ph.D, Boston University Medical Center, Henry M. Goldman School of Dental
Medicine, Center for Anti-Inflammatory Therapeutics, 650 Albany Street, X-343, Boston, Massachusetts 02118-2518, T
617-638-4983, F 617-638-4974, samar@bu.edu.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Amar and Engelke

Page 2

2003). Overall, Cullinan et al. suggest a complex multifactorial etiology of periodontal
disease between host ‘immune’ response and environmental factors (Cullinan, et al., 2003).

The characteristics of an individual’s immune response to infectious agents have a major
effect on the severity of periodontal disease (Van Dyke & Sheilesh, 2005). Michalowicz et
al. used a twin study to show that genetic hereditability appears to contribute approximately
50% to the clinical susceptibility of periodontal disease (Michalowicz et al., 2000). In
addition, studies have suggested that dysregulation of innate immunity plays a key role in
the progression of periodontal disease (Slots & Genco, 1984). Specifically, the host immune
response is suppressed upon low-level stimulation of critical pattern recognition receptors,
leading to a muted local immune response, thus enabling periodontal disease-associated
bacteria such as Porphyromonas gingivalis (P. gingivalis) to evade the host immune system
(Muthukuru, Jotwani, & Cutler, 2005; Tanabe & Grenier, 2008).

Epidemiologic evidence has further suggested that the long-term effects of periodontal
disease can be linked to more serious systemic conditions such as cardiovascular disease,
diabetes, and complications of pregnancy (Campus, Salem, Uzzau, Baldoni, & Tonolo,
2005; Chi, Messas, Levine, Graves, & Amar, 2004; Chiang, Kyritsis, Graves, & Amar,
1999; Dasanayake, Boyd, Madianos, Offenbacher, & Hills, 2001; Dasanayake et al., 2003;
Nishimura et al., 2006). Bahekar et al (2007). determined a statistically significant 1.14- to
1.59-fold increase in prevalence of coronary heart disease in patients with periodontitis after
adjusting for risk factors such as smoking, diabetes, alcohol intake, obesity, and blood
pressure (Bahekar, Singh, Saha, Molnar, & Arora, 2007). Recently, Amar et al. have shown
that the presence of a P. gingivalis bacteremia alone, a common complication in patients
with periodontal disease, is not sufficient to exacerbate atherosclerosis; rather, bacteremia
coupled with intra-cellular invasion of endothelial cells by P. gingivalisis required (Amar,
Wu, & Madan, 2009). Upon invasion, endothelial cells activate and upregulate various
adhesion molecules, thus increasing the likelihood of macrophage diapedesis and, when
coupled with exposure to a high fat diet (HFD), subsequent conversion to foam cells thus
furthering atheroma progression (den Dekker, Cheng, Pasterkamp, & Duckers, 2009). In
addition, mature atheroma macrophages display reduced responsiveness from their pattern
recognition receptors, in a fashion similar to that seen in the response to low-level
stimulation of lipopolysaccharide (Muthukuru, et al., 2005; Tanabe & Grenier, 2008).
Lipopolysaccharides induce a similar state of tolerance and dysregulation in endothelial cells
and circulating white blood cells (Epstein, 2002). Both of these mechanisms further
exacerbate the effect of periodontal disease on the progression of atherosclerosis.

Periodontal Disease’s Impact on the Immune Response

Periodontal disease results from an inflammatory response caused by deposits on the teeth of
bacterial biofilm (dental plaque) and its by-products. Periodontal pathogens, such as P.
gingivalis, invade and colonize periodontal sites, evading the local immune response, which
ultimately leads to periodontal destruction furthering periodontal disease’s progression
(Heitman, 2006; Slots & Genco, 1984). It has been shown that P. gingivalisis capable of
invading both oral epithelial cells and aortic endothelial cells (Deshpande, Khan, & Genco,
1998; Njoroge, Genco, Sojar, Hamada, & Genco, 1997), and P. gingivalis has recently been
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detected in both oral and aortic tissues of infected mice (Velsko et al., 2014). Further,
Njoroge et al. have shown that the invasive properties of P. gingivalisare dependent on the
fimbriae (Fim) protein, as demonstrated by the failure of fimA- mutant DPG3 strain of P.
gingivalisto adhere and invade oral epithelial cells (Njoroge, et al., 1997). Taken together,
this demonstrates that in addition to colonizing periodontal sites, P. gingivalis can be found
systemically within the aortic tree, and that P. gingivalisis an invasive species of bacteria
with the Fim protein mediating its adherence and invasive properties.

Immune Response to Microbial Pathogens

The response of a mammalian host to microbial pathogens involves the activation of both
innate and adaptive components of the immune system. An important cellular component of
the innate immune response is the macrophage axis, since macrophages are often among the
“first responders’ to a microbial pathogen. Macrophages are also involved in activating the
adaptive arm of the immune response via antigen-presentation, thus linking the innate
response to adaptive immunity. Therefore, macrophages play a critical role in mounting a
proper immune response and it is important to understand how macrophages detect
pathogens and their by-products (e.g. lipopolysaccharides) as well as the effect of pathogens
on macrophages. Macrophages recognize pathogens by a variety of repetitive motifs,
referred to as pathogen-associated molecular patterns, found commonly on many different
pathogens. Macrophages perform this by expressing a limited number of pattern recognition
receptors found on the macrophage and endothelial cells that bind to the pathogen-
associated molecular patterns on the pathogen and through subsequent intracellular signaling
trigger the inflammatory response (Aderem, 2003; Akira, Uematsu, & Takeuchi, 2006;
Beutler et al., 2006; Medzhitov & Janeway, 2000). Some of these receptor types include
toll-like receptors (TLRs), nucleotide-binding oligomerization domains (NODs), CD14,
complement receptor-3, lectins, and scavenger receptors (Areschoug & Gordon, 2008).

The first major class type of pattern recognition receptor, and the one most capable in
recognition and signaling in association with P. gingivalis exposure, is the TLR family.
TLRs monitor the extracellular environment and phagolysosomal compartments and
recognize pathogen-associated molecular patterns including lipopolysaccharides, flagella,
CpG DNA, oxidized low density lipopeptide, endogenous proteins like heat shock protein
60 (Zuany-Amorim, Hastewell, & Walker, 2002) and bacterial lipoprotein (Medzhitov,
2001). More specifically, activation of TLR-2, widely known to recognize elements of
gram-negative bacteria cell wall components, has been shown to lead to an increase in pro-
inflammatory response (Burns, Bachrach, Shapira, & Nussbaum, 2006). Recently, Aoki et
al. found that proinflammatory response to P. gingivalis Fimbria in macrophages was
suppressed by the introduction of an anti-TLR-2 antibody, suggesting that TLR-2 responds
to lipoproteins or lipopeptides associated with the P. gingivalis Fim proteins already
implicated in macrophage invasion (Aoki, Tabeta, Murakami, Yoshimura, & Yamazaki,
2010). Thus the normal role of TLR-2 is very critical to the detection and clearance of gram-
negative microbial pathogens, such as P. gingivalis.

The second major class of pattern recognition receptors includes soluble cytosolic NOD-like
receptors. NOD-like receptors complement the host defense by providing a second,
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intracellular layer of surveillance. The NOD proteins are soluble cytosolic proteins, which
recognize cell wall fragments from both gram-negative and gram-positive bacteria
(Chamaillard, Girardin, Viala, & Philpott, 2003; Girardin, Hugot, & Sansonetti, 2003;
Inohara, Chamaillard, McDonald, & Nunez, 2005). NOD1 recognizes a specific
peptidoglycan fragment containing diaminopimelic acid, while NOD2 recognizes a muramyl
dipeptide (MDP) fragment of peptidoglycan. Recently, Liu et al. found that even without
TLR activity, NODs detected the presence of P. gingivalisand responded by increasing
proinflammatory response, showing NODs to be an effective mechanism for triggering an
immune response against P. gingivalis infection (J. Liu, Wang, & Ouyang, 2014). TLRs and
NODs are found in both macrophages and endothelial cells, though how these cells initiate a
threat-specific transcriptional response is poorly understood when these detection receptors
are activated. NOD2 expression and unique functions have also been described in other cell
types, including adipocytes, gingival, pulp and periodontal fibroblasts, oral epithelial cells,
and vascular endothelial cells (Hirao et al., 2009; Hosokawa et al., 2010; Oh et al., 2005;
Stroh et al., 2008; Sugawara et al., 2006; L. Tang et al., 2011). However, the precise role of
NOD?2 in chronic inflammatory diseases remains unclear.

Activation of either TLR-2 or NOD1/NOD2 receptors, common with P. gingivalis exposure,
results in the activation of the NF-xb (Asai, Ohyama, Gen, & Ogawa, 2001; J. Liu, et al.,
2014; Wang & Ohura, 2002). This in turn triggers the increased expression of many pro-
inflammatory cytokines, including tumor necrosis factor alpha (TNF-a), Interleukin (IL)-1p,
IL-6 (Geivelis, Turner, Pederson, & Lamberts, 1993; Salvi et al., 1998; Yavuzyilmaz et al.,
1995); chemokines including IL-8, monocyte chemotactic protein-1 (MCP-1), chemokine
(C-C motif) ligand 5 (RANTES) (Emingil, Atilla, & Huseyinov, 2004; Tsai, Ho, & Chen,
1995); C-reactive protein (CRP) (Dasanayake, 2009; Salzberg et al., 2006) and mRNA for
TLRs (Ren, Leung, Darveau, & Jin, 2005). In periodontal disease, this signaling is most
likely to occur in gingival epithelial cells, human gingival fibroblasts, and macrophages
(Asal, et al., 2001; Wang & Ohura, 2002). However, in response to repeated bacteremias P.
gingivalis has been known to trigger TLRs and NOD signaling in both aorta and cardiac
endothelial cells (Deshpande, et al., 1998).

Combined, the TLRs and NODs represent two critical layers of defense to detect pathogens
and modulate the immune response differentially. TLRs detect extracellular presence of P.
gingivalis whereas NODs detect intracellular presence of P. gingivalis, such that activation
of NOD signaling represents a breach of the outer layers of defense for a cell and hence
leads to an enhanced immune response. Park et al. demonstrated that NOD signaling
enhances immune response when challenging mesothelial cells, since in NOD knockout
mice many common pathogen-associated molecular patterns led to slightly reduced pro-
inflammatory cytokines and chemokines levels (Park et al., 2007).

Homotolerance

Lipopolysaccharide is an endotoxin found on the outer membrane of gram-negative bacteria,
such as P. gingivalis, that has been shown to be a potent activator of the innate immune
response, especially of macrophages. Lipopolysaccharide can also be released from dying
gram-negative bacteria, which binds to a plasma lipopolysaccharide-binding protein. The
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combination lipopolysaccharide-lipopolysaccharide-binding protein complex transfers the
lipopolysaccharides to first CD-14 and then to lymphocyte antigen 96 protein (MD-2),
which ultimately activates TLR-4 signaling and triggers an inflammatory response (Cohen,
2002; Raetz, 1990) on macrophages and dendritic cells (Jerala, 2007; J. D. Johnson et al.,
2002; L. L. Johnson & Sayles, 2002).

Pathogens have acquired many ways of avoiding the host immune response. Unexpectedly
Tanabe et al. have recently shown that low-level pre-treatment stimulation with
lipopolysaccharide, 0.01 to 0.1 pug/ml, reduces TNF-a levels in response to subsequent
stronger lipopolysaccharide stimulation, 1 pg/ml, within 24 hrs. of the pre-treatment dosage
of lipopolysaccharide (Tanabe & Grenier, 2008). This process ultimately leads to
macrophage tolerance, as demonstrated by a decreased level of TNF-a (Tanabe & Grenier,
2008). In addition, Dobrovolskaia et al. further characterized the reduced inflammatory
response as “homotolerance,” since cells pre-treated with a specific ligand to a pattern
recognition receptor, e.g. P. gingivalis lipopolysaccharide: TLR-2 activation and
subsequently challenged by the same pattern recognition receptors demonstrated a reduced
level of TNF-a secretion (Dobrovolskaia et al., 2003). “Heterotolerance,” i.e. the overall
reduced immune response, was not observed when pre-treating with a ligand for a pattern
recognition receptor and subsequently challenging with a ligand for a different pattern
recognition receptor, e.g. pre-treatment with P. gingivalis-lipopolysaccharide and challenge
with N-palmitoyl-S-[2,3-bis(palmitoyl)-(2RS)-propyl]-(R)cysteinyl-alanyl-glycine
(Pam3Cys), a synthetic lipopeptide that activates different pattern recognition receptor(s)
(Dobrovolskaia, et al., 2003).

Further work by Muthukuru et al. have shown that similar pre-treatment and subsequent
strong challenge by P. gingivalis lipopolysaccharide specifically demonstrated
homotolerance by reduction of TLR-2 and TLR-4 mRNA levels (Muthukuru, et al., 2005)
suggesting alterations in either the transcription factors present at the TLR promoters or the
TLR genes themselves. The decreased secretion of a critical inflammatory mediator, TNF-a,
was shown by Tanabe et al. to be the effect of a lipopolysaccharide-induced homotolerance
response in macrophages (Tanabe & Grenier, 2008). However, homotolerance was not
observed across the entire spectrum of pro-inflammatory cytokines; e.g. both IL-1 and
matrix metalloproteinase (MMP)-9 showed increased secretion upon low-level pre-treatment
stimulation and subsequent strong lipopolysaccharide stimulation (Tanabe & Grenier, 2008).

Homotolerance can possibly provide some answers regarding the immune tolerance
observed in some periodontal conditions. We suggest that muting of innate immune
response by P. gingivalis enables it to evade the host immune defense mechanism. Based on
varying levels of tolerance across specific macrophage subsets with differential functions,
this appears to be a critical evolutionary feature of P. gingivalis and provides P. gingivalis a
means to avoid the host immune response, thus enabling it to survive and thrive in
periodontal sites (Foey & Crean, 2013). Alternatively, this could also represent a host
protective measure aimed at protection against endotoxin induced septic shock to prevent a
systemic inflammatory response/cytokine release which could potentially be fatal (Biswas &
Lopez-Collazo, 2009).
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Impact of Periodontal Bacteria on Atherosclerosis

Atherosclerosis is now considered to be one manifestation of a state of disordered immunity
in which there is dynamic interaction between endothelial dysfunction (characterized by loss
of normal endothelium-dependent vasodilatation), inflammation, and repeated cycles of
‘wound healing response’ (Michelsen, Doherty, Shah, & Arditi, 2004).

Coronary heart disease is a major cause of morbidity and mortality worldwide. Traditional
risk factors like hypercholesterolemia, smoking and hypertension have failed to fully explain
the incidence of coronary heart disease and recently epidemiological studies have pointed to
links between periodontal disease and coronary heart disease (Epstein, 2002). A possible
role of infection in atherogenesis has been postulated involving multiple pathogens, with
some playing a more predominant role (e.g. P. gingivalis, Chlamydophila pneumoniae), in
which the risk of coronary heart disease relates to the overall aggregate pathogen load, or
“pathogen burden,” that an individual carries (Epstein, 2002). Specifically, Pussinen et al.
concluded that high levels of anti-P. gingivalis IgG antibodies, common in periodontal
disease patients, were associated with coronary heart disease and determined an increased
odds ratio (1.5) after adjusting for various common coronary heart disease risk factors
(Pussinen et al., 2004). Additionally, Tang et al. found that the risk increases with the
severity of periodontitis, such that patients with severe periodontal disease have an increased
odds ratio of 2.0 for developing coronary heart disease (K. Tang, Lin, Wu, & Yan, 2011). In
addition to contributing to the development of atherosclerosis (Epstein, 2002; Epstein, Zhou,
& Zhu, 1999); infection can also trigger plaque rupture and acute thrombotic occlusion, the
major factors responsible for acute myocardial infarction and for sudden death in patients
with coronary heart disease (Epstein, 2002).

It has been hypothesized that a complex relationship between human periodontal disease and
increased risk for acute myocardial infarction exists (Arbes, Slade, & Beck, 1999;
DeStefano, Anda, Kahn, Williamson, & Russell, 1993; Joshipura et al., 1996; Mattila, 1989,
1993; Mattila, Valtonen, Nieminen, & Huttunen, 1995; Nery, Meister, Ellinger, Eslami, &
McNamara, 1987; Umino & Nagao, 1993). Mechanisms are now emerging supporting this
hypothesis, linking transient bacteremias, common in periodontal disease, with endothelial
dysfunction, an event in atherosclerosis development (Amar et al., 2003; Tonetti et al.,
2007). Periodontal infection is known to induce local inflammation, and several studies have
demonstrated that patients with periodontal disease have elevated levels of systemic
inflammatory mediators, such as CRP (Amar, et al., 2003). This inflammation often leads to
gingival ulcerations and local vascular changes, which have the potential to increase the
incidence and severity of transient bacteremias. (Amar, et al., 2003) Recently, Amar et al.
have demonstrated endothelial dysfunction upon repetitive bacteremic exposure, which in
turn exacerbates the development of atherosclerosis and coronary heart disease (Amar, et al.,
2009). Specifically, endothelial cells upregulate cell adhesion molecule, p-selectins and
inter-cellular adhesion molecules (ICAMs) (integrin ligands) in response to bacterial
exposures, as from P. gingivalis, thus increasing the likelihood of monocyte transiting from
the blood compartment to the local tissue compartment (Khlgatian, Nassar, Chou, Gibson, &
Genco, 2002).
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It has been suggested that periodontal disease can lead to persistent low-level bacteremia, an
elevated white cell count, and systemic endotoxemias, which together could affect
endothelial integrity, metabolism of plasma lipoproteins, blood coagulation, and platelet
function (Amar, et al., 2003; Gibson et al., 2004; Hoge & Amar, 2006; J. Kim & Amar,
2006). Recent experimental studies have elucidated how repeated bacteremic exposures of
P. gingivalis lead to endothelial dysfunction, after certain strains of P. gingivalis were found
to have invaded human coronary artery endothelial cells and were detected within
atherosclerotic plaques themselves (Deshpande, et al., 1998; Haraszthy, Zambon, Trevisan,
Zeid, & Genco, 2000; Progulske-Fox et al., 1999). Specifically, P. gingivalis has been
identified by PCR and fluorescence in situ hybridization in atheromatous plaques of patients
suffering from atherosclerosis (Cavrini et al., 2005; Rath, Mukherjee, Kaushik, Sen, &
Kumar, 2014; Velsko, et al., 2014), as well as in the bloodstream after plaque rupture (Ohki
et al., 2012), suggesting that these microorganisms might be metabolically active within the
atheroma.

Further, experimental studies support the hypothesis that local inflammation within the
artery wall also contributes to the acceleration of atherosclerosis in response to endothelial
infection, e.g. by P. gingivalis, which would result in a spectrum of systemic effects,
producing alterations in circulating cytokines, acute-phase reactants, white blood cells, and
responses mediated by the immune system (Epstein, 2002).

The validity of this concept has been demonstrated in a study by Zhu et al. which showed
that only the combination of infection and inflammation led to a greatly increased odds ratio
for coronary heart disease (Zhu, Quyyumi, Norman, Csako, & Epstein, 1999). According to
the study, cytomegalovirus infection led to an increased odds ratio of 1.3 for coronary heart
disease, and elevated C-reactive protein levels, indicative of an ongoing inflammatory
response, led to an increased odds ratio of 2.3, while the two combined produced the
increased odds ratio of 4.3 (Zhu, et al., 1999).. Zhu et al. suggest that infection alone is not
sufficient for development of atherosclerosis, but the combination of both infection and an
inflammatory response leaves the patient susceptible to pro-atherogenic effects (Zhu, et al.,
1999). Several subsequent studies have demonstrated that patients with periodontal disease
have elevated levels of systemic inflammatory mediators (Amabile et al., 2008; Nakajima et
al., 2010; Sun et al., 2009; K. Tang, et al., 2011), specifically circulating C-reactive protein,
a systemic marker of inflammation (Amar, et al., 2003). Still, infection plays a major role in
the development of atherosclerosis. Amar et al. have recently demonstrated that P.
gingivalis infected mice fed a HFD had twice as much of the aorta occupied by
atherosclerotic lesions when compared to non-infected P. gingivalis mice also fed HFD
(Amar, et al., 2009).

Mechanistically, TLRs and NODs, both pattern recognition receptors, are critical in the
detection of various pathogens, including P. gingivalis. (Figure 1) Following detection, the
host immune response provides an increase in inflammatory mediators such as IL-1, TNF-a
and CRP. IL-1 signaling appears to be crucial in P. gingivalis-associated atherogenesis since
IL-1R-deficient animals failed to develop atherosclerosis (Chi, et al., 2004). Studies have
also demonstrated increased vascular risk in individuals with elevated levels of a wide range
of molecules such as IL-6, TNF-a, ICAMs, vascular cell adhesion molecule-1 (VCAM-1)
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(Blake & Ridker, 2002) P-selectin, CRP, fibrinogen, and serum amyloid A (SAA)
(Mahmoudi, Curzen, & Gallagher, 2007).

In addition, the role of TLRs has recently been advocated in periodontal disease, as
evidenced by reduced bone loss in periodontal disease for TLR-2- and TLR-4-deficient mice
(Costalonga, Batas, & Reich, 2009; Hou, Sasaki, & Stashenko, 2000). TLRs have also been
implicated in the development of atherosclerosis based on findings that TLR-2-deficient
animals are rendered less susceptible to P. gingivalis-associated atherogenesis, while
application of a TLR-2 agonist, synthetic diacyl lipopeptide (FSL-1), produced similar levels
of atherogenesis as P. gingivalis in wild-type TLR-2 mice (Madan & Amar, 2008).
Recently, Hayashi et al. found that P. gingivalis-infected TLR-2-deficient mice exhibited
lower levels of inflammatory mediators than infected mice possessing TLR-2 (Hayashi et
al., 2010). This suggests that TLR-2 provides a mechanistic link between periodontal
infection and arterial inflammation, the combination of which leads to a high incidence of
atherosclerosis.

However, not all atherosclerosis can be explained by TLR-2 signaling (Hayashi, et al.,
2010). Given that P. gingivalisis an invasive pathogen, Amar et al. evaluated the role of P.
gingivalis invasion of endothelial cells has on atherosclerosis by hypothesizing that
intracellular invasion of endothelial cells is required to elicit an immune response and the
subsequent development of atherosclerosis (Amar, et al., 2009). Specifically, using an
invasion-deficient strain of P. gingivalis DPG3 or an antibiotic Metronidazole, which
prevents P. gingivalis invasiveness, Amar et al. demonstrated that either treatment
ameliorated the additional atherosclerotic lesion induced by P. gingivalis infection (Amar, et
al., 2009). This result suggests that endothelial invasion by P. gingivalisis required and that
invasion-mediated inflammatory accounts for about half of the atherogenic process (Amar,
et al., 2009).

We propose the following intergraded model of the relationship of chronic P. gingivalis
infection and atherosclerosis; see Figure 1, in which repeated P. gingivalis bacteremia result
in repeated endothelial/macrophage invasion leading to chronic inflammatory state and
ultimately exacerbating atherosclerosis. Many potential mechanisms have been advanced in
the attempt to explain the link between infection and atherosclerosis, including the
modulation of lipid metabolism or infectious agents (Vercellotti, 1998). Chronic infection
results in the chronic inflammation that leads to the production of pro-inflammatory
cytokines which activate endothelial cells, leading to excessive induction of adhesion
molecules, cytokines, growth factors and vasoconstrictors (Chi, et al., 2004).

Immune Response: Role of NOD in Infection-inflammation and

Atherosclerosis

At a molecular level the finding that only invasive pathogens are sufficient to exacerbate
atherosclerosis, demonstrated by Amar et al., implicates intracellular recognition molecules,
e.g. NODs, as a critical drivers in the inflammatory process in both endothelial cells and
macrophages (Amar, et al., 2009).
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Mammals have two closely related NOD family members: NOD1 and NOD?2, as shown in
Figure 2. NODL appears to selectively recognize D-glutamyl-meso-diaminopimelic acid (iE-
DAP) (Chamaillard et al., 2003; Girardin, Boneca, Carneiro, et al., 2003). NOD2 appears to
selectively recognize MDP (Murray, 2005) and its expression is regulated by the pro-
inflammatory cytokines TNF, IL-1B and Interferon-gamma (IFN-y) in human endothelial
cells and macrophages (H. Loppnow, Werdan, & Buerke, 2008). In addition, NOD2 has
been implicated in bacterial recognition and is frequently mutated in people with familial
forms of Crohn’s disease (Girardin et al., 2001; Hugot et al., 2001; N. Inohara, Ogura, Chen,
Muto, & Nunez, 2001; Lesage et al., 2002; Ogura et al., 2001). However, despite similarities
between NOD proteins and other pathogen-associated recognition proteins, there is little
evidence that NOD proteins directly bind to pathogens or their products. This is still a point
of active research.

Data generated using NOD?2 deficient mice show that NOD?2 is involved with the response
to peptidoglycan, and specifically in IL-12 production, pointing to an unexpected role of
NOD?2 in regulating the response to bacterial products (Watanabe, Kitani, Murray, &
Strober, 2004). Peptidoglycan is often considered to be a TLR-2 agonist, raising the question
of how NOD?2 and TLR-2 signaling are linked. It has been demonstrated that macrophages
and dendritic cells from NOD2-deficient mice are impaired in the production of pro-
inflammatory cytokines and nitric oxide following intracellular infection with live, virulent
Mycobacterium tuberculosis (Jo, 2008). The peptidoglycan of M. tuberculosis stimulated the
release of TNF-a and IL-12p40 in a partially NOD2-dependent manner and M. tuberculosis
peptidoglycan required NOD2 for the optimal induction of TNF-a (Jo, 2008; Juarez et al.,
2012). This evidence shows that like TLR-2, NOD2 plays an important role in triggering the
inflammatory immune response to bacterial invasion.

Both NOD2 and TLR-2 are activated by the same bacterial products (peptidoglycan
derivatives) (Girardin, Boneca, Viala, et al., 2003). Recently, the effect of NOD2 activation
on TLR-2-mediated cytokine responses was found to be dependent on MDP activation dose.
A biphasic role of NOD2 was demonstrated in which low ligand stimulation was synergistic
to the inflammatory response while high ligand levels lead to a negative regulation of the
inflammatory response, with all cells remaining viable even after prolonged culture (Borm,
van Bodegraven, Mulder, Kraal, & Bouma, 2008). We tested recently this hypothesis and
investigated the role of NOD2 signaling in atherosclerosis and periodontal bone loss using
an Apolipoprotein E(-/-) (ApoE(-/-)) mouse model based on the proposed role of NOD2 in
inflammation (Yuan et al., 2013). NOD2(—/-)ApoE(-/-) and ApoE(—/-) mice fed a
standard chow diet were given an oral gavage of P. gingivalis for 15 weeks. NOD2(-/
—-)ApoE(-/-) mice exhibited significant 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 MDP to stimulate NOD2
and given an oral gavage of P. gingivalis displayed a reduction of serum inflammatory
cytokines, alveolar bone loss, cholesterol, and atherosclerotic lesions in the aorta and aortic
sinus compared with ApoE(—/-) mice orally challenged but injected with saline. A reduction
in body weight gain was observed in ApoE(-/-) mice fed a HFD and injected with MDP
compared with ApoE(-/-) mice fed a HFD but injected with saline (Yuan, et al., 2013).
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Role of NOD2 in P. gingivalis detection within the endothelium and its
association with Atherosclerosis

More specifically, our data indicates a role of NOD?2 in P. gingivalis infection. Our data,
along with published reports (Y. G. Kim et al., 2008; Moreira & Zamboni, 2012; van Beelen
et al., 2007), indicate that in macrophages and endothelial cells, NOD2 acts as an
intracellular sensor for bacterial infection. Macrophages and endothelial cells regulate
molecules important for leukocyte recruitment in response to a NOD?2 ligand, implicating a
link between this innate pattern recognition receptor and immunity. Finally, since vascular
endothelial cells and macrophages are critical targets for bacterial molecules (such as MDP),
NOD2 may play an important role in recognizing structural patterns of bacterial pathogens
in the endothelium (Oh, et al., 2005). At present we can only speculate about the source or
mechanism of cell entry of MDP or related muropeptides that activate NOD2. One source
might be from phagocytosed bacteria, which have undergone degradation within a
phagocytic vacuole. Macrophages contain intracellular hydrolases that digest peptidoglycan
of intracellular and phagocytosed bacteria, generating MDP among other products
(Johannsen, Wecke, Obal, & Krueger, 1991; Vermeulen & Gray, 1984). However, it is
important to recall that more than two decades ago, studies of Martin et al. (Martin,
Karnovsky, Krueger, Pappenheimer, & Biemann, 1984) provided evidence for accumulation
of muropeptides, which could be derived only from endogenous peptidoglycan.

Moreover, despite appealing similarities between NOD proteins and other pathogen
recognition proteins with leucine-rich repeat, there is little evidence that NOD proteins
directly bind to pathogens or their products. However, it can be said that NOD2 and NOD1
modify the responses of cells to MDP and iE-DAP, respectively (Murray, 2005). The best
chance of understanding NOD functions seems to lie in the dissection of the cellular
responses to MDP and iE-DAP to discern how these intersect the many layers of TLR
signaling. It has been reported that macrophages or mice made insensitive to TLRs by
previous exposure to microbial ligands remained responsive to NOD1 and NOD2
stimulation (Y. G. Kim, et al., 2008). Furthermore, NOD1- and NOD2-mediated signaling
and gene expression are enhanced in TLRs ligand-tolerant macrophages (Y. G. Kim, et al.,
2008). Innate immune responses induced by bacterial infection were shown to rely on
NOD1 and NOD2 and their adaptor serine—threonine kinase RICK: kinase) [also known as
Rip2]. Rip-2 is expressed in macrophages pretreated with TLRs ligands, but not in naive
macrophages. Thus, NOD1 and NOD2 are important for microbial recognition and host
defense after TLR stimulation (Y. G. Kim, et al., 2008) (Figure 2). Indeed, MDP treatment
of bone marrow-derived macrophages incubated with P. gingivalis increased mRNA
expressions of NOD2, TLR- 2, Myeloid differentiation primary response gene-88 (MyD88),
and receptor-interacting protein (Rip)-2 but reduced the expressions of inhibitor of NF-xB
kinase-B, NF-kB, c-Jun N-terminal kinase-3, and TNF-a protein levels compared to control,
highlighting pathways involved in MDP anti-inflammatory effects. (Yuan, et al., 2013)

Overall, we suggest that as endothelial cells become homotolerized by constant and/or
repetitive low-level exposures of P. gingivalis bacteremias, and subsequent TLR expression
levels drop, thus muting TLRs signaling. However, since P. gingivalisis an invasive
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bacteria, pro-inflammatory cytokines are upregulated through NOD1/NOD?2 activation,
which regulates the expression of ICAMs and the MCP-1, two inflammatory mediators
implicated in atherosclerosis. This increases the likelihood of monocyte chemoattraction to
the media-intima vessel space thus increasing the number of macrophages in atheromas and
their subsequent conversion to foam cells under HFD (Harald Loppnow, 2008).

The case for a significant role of NOD2 specifically in inflammatory pathways in
atherosclerosis is supported by recent findings that atherosclerosis is characterized by
significantly increased levels of NOD2 in macrophages and endothelial cells (Liu et al.,
2013). In addition, NOD2 has linked with the production of cytokines implicated in vascular
inflammation (H. Q. Liu et al., 2013). Further, Johansson et al. found that MDP stimulation
increased vascular inflammation and exacerbated atherosclerosis, showing a direct
connection between NOD ligands and atherosclerotic inflammation (Johansson et al., 2014).
Collectively, these data warrant more studies to elucidate further the role of NOD proteins in
atherosclerosis.

Discussion

In this review we have strived to link exposure of P. gingivalis to exacerbations in
periodontal disease through induction of homotolerance. Taken together, we propose an
integrated model, (Figure 3), which links periodontal disease, obesity and atherosclerosis
mechanistically focusing on the dysregulation in the innate immune system induced by
homaotolerance as a primary driver in both periodontal disease and atherosclerosis.

Homotolerance appears to be a mechanism designed to fine-tune the immune system to
ignore a low-level stimulation of a pattern recognition receptor, certainly ideal in areas of
the body with repeated exposure to such a pathogens, e.g. in the lung or colon specifically,
where it can prevent repeated bouts of inflammation or perhaps even sepsis. However, in the
oral cavity it appears P. gingivalis is able to take advantage of this mechanism by using it to
tolerize resident and infiltrating leukocytes and effectively muting any immune response
against it, thus exacerbating periodontal disease. Further understandings of the mechanisms
that generate this homotolerant state are required to fully comprehend how this state is
induced, what are its effects on the immune system, and what pathological conditions it
affects. Findings by Muthukuru et al. showed that certain components of the innate oral
mucosal immune response, most notably TLRs and inflammatory cytokines, may become
tolerized during sustained exposure to bacterial structures such as LPS (Muthukuru, et al.,
2005). This immune malfunction could possibly be caused by alterations of transcription
factors or by epigenetic dysregulation or even by the induction of possible siRNAs to silence
generated TLR mRNAs.

In addition, understanding how low-level stimulation induces tolerance while high-level
stimulation does not would be critical in furthering our understanding of homotolerance.
Specifically, an understanding of where the threshold exists such that too little stimulation
induces tolerance versus too much stimulation induces inflammation is important. How does
the cell make this decision? What is too much stimulation and what is too little stimulation?
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Answers to questions such as these would also be critical in our understanding of
homotolerance.

Ultimately, these understandings can then be translated into better identification of rational
therapeutic designs to better focus targets on key processes of disease progression. The
implications are staggering when thinking of the prevalence of coronary heart disease in
conjunction with our western diet. Further, treatments targeted to homotolerance would be
more of a preventative measure instituted pre-clinically long before the overt debilitating
and potentially fatal affects of coronary heart disease manifest itself in a patient. MDP
activation of NOD2 could be the first candidate to be considered in the treatment of
inflammatory processes affecting atherosclerosis, periodontal bone loss and possibly diet-
induced weight gain.
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Figure 1. Relationship of P. gingivalis I nfection and Atherosclerosis
As the bacterial load of P. gingivalisin the oral cavity increases Periodontal Disease

becomes more severe. However, damage is not just limited to the oral cavity since local
vasculature enables an entry point for bacteria, bacterial by-products, or inflammatory
mediators (e.g. cytokines IL-1 or TNF-a). Bacteremia, common in periodontal disease due
to dental work e.g. cleaning, flossing or surgery, effect both endothelium and macrophages
by inducing homotolerance along the TLR pathway. However, since P. gingivalisis an
invasive bacterium, mediated by its Fim protein, it has the ability to activate the cytosolic
NODs through recognition of MDP, a fragment of peptidoglycan (PGN). In addition,
various bacterial by-products, e.g. Lipopolysaccharide (LPS), can also activate both the
endothelium and macrophages. Further, from the oral cavity a state of local inflammation
exists and immune cells are constantly releasing inflammatory mediators into the
circulation, these mediators, IL-1 or TNF-a, can activate both the endothelium and
macrophages. Finally, activated endothelium and macrophages have been shown to
exacerbate Atherosclerosis when coupled with a HFD.
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Figure 2. A system of pathogen recognition - TL Rsand nucleotide oligomerization domain-2
(NOD2) signaling pathways

Two primary bacterial pathogen sensors involved in P. ginigivalis recognition are the
extracellular TLRs and the intracellular nucleotide oligomerization domain-2 NOD2
receptors. TLRs bind to P. ginigvalis LPS and upon ligand binding recruit a number of
adaptor molecules, e.g. TNF-a Receptor Associated Factor-6 (TRAF-6) and MyD88. This in
turn ultimately triggers the poly ubiquitination, via E1 and E2 ubiquitination, of NF-xB
Essential Modulator (NEMO), also known as Inhibitor of NF-xB kinase-y (IKK-y), which in
turn activates IKK-a and IKK- subunits. IKK-a and IKK-B then phosphorylates Inhibitor
of NF-xB (IxB) and promotes its degradation via the proteasome thus freeing NF-xB. The
intracellular NOD2 receptor is activated upon binding to fragments of PGN, MDP, which
then recruits RIP2, a serine- threonine kinase. The NOD2/RIP2 complex undergoes
oligomerization itself, which enables direct binding to NEMO (IKK-y). NOD2/RIP2/NEMO
complex can then recruit E3-Ligase and promote the polyubiquination of IKK-a and, via a
similar mechanism as TLR signaling, activates NF-xB. Ultimately, both TLRs and NOD2
signaling converge and result in NF-xB translocating into the nucleus and increase
transcription of pro-inflammatory cytokines (e.g. TNF-a, MCP-1, IL-1f, and IL-6).
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Figure 3. Proposed integrated model linking Periodontal Disease, Obesity, and Atherosclerosis
We propose the following integrated model linking Periodontal Disease, Obesity and

Atherosclerosis with a foundation built on a foundation of dysregulated innate immunity due
to the induction of homotolerance. Homotolerance can be induced either by obesity directly
or by exposure to P. gingivalis. However, when obesity is combined with P. gingivalis
exposure, we speculated that exacerbates the overall homotolerant state thus having an
additive effect and further exacerbating Periodontal Disease. We speculate two potential
mechanisms that explain how the long-term consequence of periodontal disease exacerbates
Atherosclerosis. First is the induction of homotolerance through a persistent low-level
bacteremia or perhaps a transient low-level bacteremia induces a tolerant state within the
endothelial cells and macrophages centered on regions of fatty-streaks/atheroma
development. Specifically, this results in reduced expression of TLRs, which then leaves
these cells susceptible to P. gingivalisinvasion and increased adhesion receptor expression
via nucleotide oligomerization domain-2 NOD?2 receptor signaling. Increased adhesion
receptor expression increases the likelihood of macrophages transiting from the blood
compartment to the aterial intima. When coupled with a HFD macrophages will uptake
cholesterol from Low-desnity lipoprotein via the scavenger receptor. Over time this has been
shown to foster conversion of the macrophage to a ‘Foam’ cell and progression of
Atherosclerosis. Secondly, there is a potential for a spiking bactermia during dental
procedures or flossing that could actually overcome the homotolerance and result in a more
traditional inflammatory response and wound healing processes which have been shown to
exacerbate Atherosclerosis.
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