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Figure 1. Schematic overview of potential mechanisms linking periodontal infections and endothelial dysfunction/incipient atherosclerosis.
Vascular endothelial cells are invaded by fimbriated pathogens, e.g., P gingivalis. These pathogens can persist and multiply intracellularly.
Activation of Tolllike receptor 2 (TLR2) by fimbriated bacteria or LPS results in release of pro-inflammatory mediators and up-regulation of cell
adhesion molecules. Monocytes are recruited by a gradient of chemotactic cytokines, such as MCP-1. Antibodies against bacterial heat-shock

proteins, such as HSP60-related GroEL, auto-react with mammalian HSP40 expressed by activated endothelium, resulting in cell destruction.
Further, P. gingivalis induces apoptosis of endothelial cells.

Figure 2. Potential mechanisms linking periodontal infections and fatty-streak formation/plaque maturation. Monocytes activated by periodontal
pathogens chemotactically migrate into the sub-endothelial space, and transform into macrophages and, subsequently, into foam cells after
uptake of oxidized LDL. Apoptosis of LDl-laden macrophages results in accumulation of lipids in the sub-endothelial space. Furthermore,
periodontal pathogens induce smooth-musclecell proliferation in the intima and neo-intima formation. Extracellular matrix build-up and
extravasation of T-cells consummate the formation of a fibrous cap covering the plaque.
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Figure 3. Potential mechanisms linking periodontal infections to mature atherosclerotic plaques and plaque rupture. Pathogen-mediated in-plaque
angiogenesis is a hallmark of plaque organization. Denudation of the fibrous cap and its pro-thrombotic components occurs after endothelial cell
apoptosis mediated by whole periodontal pathogens, or anti-endothelial auto-antibodies. Plaque rupture is induced by pathogen-mediated
extracellular matrix degradation by endothelial cells, plaque macrophages, T-cells, and plasma cells, leading to exposure of pro-thrombotic plaque

components, and subsequent vessel occlusion.

themselves at extra-oral locations. A great many studies have
thus evaluated whether bacteria of oral or periodontal origin are
detectable, retrievable, and cultivable from atherothrombotic
plaques or vascular biopsies. Bacterial DNA from several peri-
odontal pathogens has been detected in human endarterectomy
specimens by PCR (Haraszthy et al., 2000; Stelzel et al., 2002;
Fiehn et al., 2005; Ford et al., 2005; Kozarov et al., 2006;
Padilla et al, 2006; Nakano et al, 2007; Pucar et al., 2007;
Nakano et al., 2008; Gaetti-Jardim et al., 2009), by a combina-
tion of anaerobic culture and subsequent PCR identification
(Padilla et al., 2006), by checkerboard DNA-DNA hybridiza-
tions (Zaremba et al., 2007), or by fluorescence in situ hybrid-
izations (FISH) (Cavrini et al., 2005). Furthermore, viable
A. actinomycetemcomitans and P. gingivalis were recovered and
cultured from human atheromatous plaques originating from a
patient with periodontal disease (Kozarov et al., 2005). Two
studies have so far failed to detect periodontal pathogen DNA in
atheromatous plaques by PCR (Cairo et al., 2004; Romano et
al., 2007), but given the majority of positive studies, it appears
that the assumption that periodontal pathogens may disseminate
through the circulation and localize within atheromatic lesions
is likely correct. It must be recognized, however, that this is
likely not an exclusive property of periodontal pathogens. For
example, Nakano er al. (2006) used PCR and subsequent
sequencing, and identified Streptococcus mutans DNA in 74%
of the investigated atheromatous plaque samples, while DNA

from other species, including periodontal pathogens, was
detected at far lower frequencies and levels. Thus, it appears that
the disruption of the pocket epithelial integrity that occurs in
periodontitis may also provide a point of entry for non-peri-
odontal pathogens, such as the highly prevalent S. mutans in
caries-affected dentitions. A recent study utilizing 16S rRNA
sequencing identified 98 different bacterial species in the periph-
eral blood from 151 individuals with bacteremia; of these, 19
species were novel (Bahrani-Mougeot et al., 2008). Given that
the oral microbiome is comprised of approximately 700 species
(Parahitiyawa et al., 2009), it is highly unlikely that the effects
of periodontal infections on AVD are mediated by the limited
number of periodontal pathogens studied so far.

Bacteria/Bacterial Products and Key
Atherogenesis-promoting Processes

In the following text, we briefly summarize recent findings
describing interactions of oral bacteria and bacterial products
with specific host cells involved in the atherosclerotic process.
The majority of the reviewed studies are primarily in vitro
investigations of the effects of specific mono-infections on cul-
tured host cells. Experimental animal studies and relevant data
from human studies are presented whenever available. A critical
appraisal of the limitations of these studies is offered at the end
of this section.
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Vascular Endothelial Activation

Upon entering the bloodstream, bacteria are rapidly cleared by
host immune cells. To survive and elicit effects at distant sites,
they have evolved several host-evasion strategies that have been
investigated in multiple in vitro studies with P. gingivalis as a
model periodontal pathogen. One such strategy is the ability of
this micro-organism to invade vascular endothelial cells
(Deshpande et al., 1998; Dorn et al., 1999; Progulske-Fox et al.,
1999). Within the endothelial cell, the survival of P. gingivalis
depends on the concurrent activation of autophagy and suppres-
sion of apoptosis, which provides an intracellular niche where the
pathogen can replicate unobstructed by host immune responses.
In fact, repression of autophagy by chemical inhibitors, such as
wortmannin, results in transition of the bacteria to the phagolyso-
some and subsequent degradation (Bélanger et al., 2006).

P. gingivalis’ invasion of endothelial cells is dependent on
fimbriae and a specific hemagglutinin (Takahashi et al., 2006).
Infection of human aortic endothelial cells by the invasive
P. gingivalis strain 381 results in up-regulation of the chemokine
IL-8, adhesion molecules such as ICAM-1, VCAM-1, and
E-selectin, and cyclo-oxygenase-2 (COX-2). In contrast, corre-
sponding expression profiles in cells infected with a non-inva-
sive fimA mutant remain largely unchanged (Chou et al., 2005).
Thus, fimbriae appear to be critical for both the invasive and
pro-atherogenic properties of P. gingivalis. Induction of IL-6 in
vascular endothelial cells has also been shown to be a process
dependent on fimbriae, nuclear factor kappa B (NF-«B), and
meiosis-specific kinase 1, which is regulated by the autocrine
IL-6 signal transducer gp130 (Ho et al., 2009). Again, it should
be noted that in vitro invasion of endothelial cells is not an
exclusive feature of specific periodontal pathogens, since
S. mutans has also been shown to invade human aortic endothe-
lial cells and to persist intracellularly over prolonged periods of
time (Abranches et al., 2009).

Nevertheless, the infection-induced effects on endothelial cells
also show species-specific variation. For example, expression of
the chemokine monocyte chemoattractant protein-1 (MCP-1), an
important regulator of monocyte migration from the vessel lumen
to the sub-endothelial space, was strongly induced in human
umbilical vein endothelial cells after P. gingivalis infection, while
it was minimally up-regulated after infection with 7. forsythia and
virtually unaffected after infection by 7. denticola (Niu and
Kolattukudy, 2009). Induction of MCP-1 expression was attenu-
ated by inhibition of several pathways, including the mitogen-
activated (MAP) kinase, NF-kB, c-Jun N-terminal-kinase (JNK),
and activator-protein 1 (AP-1) pathways (Choi er al, 2005).
P, gingivalis infection resulted in activation of NF-xB and AP-1.

In addition to whole bacteria-endothelial cell interactions,
studies have examined the effects of specific bacterial products
such as microbial proteases and lipopolysaccharide (LPS).
Arginine-specific gingipain, a P. gingivalis-specific protease
(Fitzpatrick et al., 2009), increased the responsiveness of endo-
thelial cells to live P. gingivalis and P. gingivalis LPS, by induc-
ing Weibel-Palade body exocytosis through activation of
protease-activated receptors (PARs). Weibel-Palade bodies are
vesicles in endothelial cells that store vaso-active substances,
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such as angiopoietin-2, which may enhance IL-8 production by
LPS-stimulated cells (Inomata et al, 2007). Another class of
biologically active bacterial products investigated in this context
is outer membrane vesicles (OMVs), i.e., vesicles ‘budding off”
from growing bacterial cells and comprising a protein fraction
and LPS. P, gingivalis OMVs were found to impair growth and
tube formation in human umbilical vein endothelial cells, an
effect mediated by the protein fraction of OMVs, since it was
effectively inhibited by heat inactivation (Bartruff et al., 2005).
In addition, a free-soluble surface material, released by A. acti-
nomycetemcomitans grown either in a biofilm or in a planktonic
form, was found to induce production of several pro-inflamma-
tory cytokines in human whole blood. Interestingly, the effect
was only partially LPS-dependent, as shown in LPS blocking
experiments with polymyxin B, and did not depend on the pres-
ence of A. actinomycetemcomitans toxins, including the cytole-
thal distending toxin, leukotoxin, or peptidoglycan-associated
lipoprotein (Oscarsson et al., 2008). Since both OMVs and free-
soluble surface material are abundantly produced locally in the
plaque biofilm, their potential entry into the circulation may
constitute a significant source of inflammatory stimulants along
with the planktonic bacteria in the bloodstream.

Induction of apoptosis in vascular endothelial cells, a hallmark
of developing endothelial dysfunction (Hotchkiss et al., 2009;
Pober ef al., 2009), is another bacterial strategy of critical impor-
tance in atherogenesis. P. gingivalis gingipains were shown to
induce cell adhesion molecule cleavage, detachment, and apop-
totic cell death in bovine coronary artery endothelial cells (Sheets
et al., 2005, 2006). Given that the effector enzymes in apoptosis
are caspases, a family of cysteine proteases (Pop and Salvesen,
2009), these effects could efficiently be blocked by pre-incuba-
tion with cysteine-protease inhibitors. Interestingly, both gin-
gipains (Sheets et al., 2005, 2006) and whole P. gingivalis (Desta
and Graves, 2007) were also able to induce caspase-independent
programmed cell death, as shown with the irreversible caspase
inhibitor z-VAD-fmk. However, apoptosis in endothelial cells was
strongly dependent on the relative proportion of planktonic patho-
gens to cultured cells, i.e., the multiplicity-of-infection (MOI),
with invasive P. gingivalis consistently inducing apoptosis at MOI
ranging between 500 and 1000, but not at MOI between 50 and
100 (Roth ef al., 2007a).

Conversely, the potential ability of periodontal bacteria or
their products to induce vascular cell proliferation is also rele-
vant in the context of atherogenesis, since smooth-muscle-cell
proliferation results in thickening of the vessel media, and endo-
thelial proliferation is needed for local angiogenesis within
atheromatous plaques. Interestingly, only cell-free products of
P. gingivalis, but not whole bacteria, induced proliferation of
aortic smooth-muscle cells in vitro after pre-incubation with human
plasma (Inaba et al., 2009). Proliferation could not be induced with
live P. gingivalis in the absence of plasma, and was shown to be
dependent on the up-regulation of S100 calcium-binding protein
A9, a hitherto-unrecognized proliferation factor. These findings
are important, since they indicate that the presence of live bac-
teria is seemingly not required for the induction of these prolif-
erative effects that may be mediated by OMVs or free-soluble
surface material. P. gingivalis-mediated proliferation in human
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endothelial cells, including tube formation, and angiogenesis in
matrigel plugs was found to be dependent on activation of the
mitogen-activated extracellular signal-regulated kinase-1 and -2
(ERK1/2) (Koo et al., 2007). Similarly, E. corrodens was found
to possess angiogenic, proliferative, and pro-inflammatory
effects on endothelial cells utilizing a MAPK-dependent mecha-
nism (Yumoto et al., 2007).

Interactions with Monocytes/Tissue Macrophages

Interactions of periodontal bacteria with other host cells that
participate in atherogenesis have included studies involving
monocytes, which are central to the formation of fatty streaks
(see Fig. 2) (Webb and Moore, 2007). Roth et al. (2007b)
observed an increased adhesion of monocytes to human aortic
endothelial cells infected with invasive P. gingivalis when com-
pared with adhesion to non-infected controls, or to cells infected
with a fimbriae-deficient P. gingivalis mutant, mediated by ele-
vated expression of adhesion molecules and chemotactic cyto-
kines in the endothelial cells. Complementing these observations,
infection of monocytes with invasive strains of P gingivalis
enhanced migration and elicited the expression of the pro-
inflammatory cytokines TNF-alpha and IL-6, whereas infection
by the fimbriae-deficient mutant had virtually no effect (Pollreisz
et al., 2010). Likewise, monocyte infection with invasive
P. gingivalis strains promoted enhanced LDL-uptake and foam
cell formation to a greater extent than infection with a non-
invasive fimbriae-deficient mutant (Giacona et al., 2004).
Interestingly, similar experiments with A. actinomycetemcomi-
tans LPS suggest that the presence of whole bacterial cells is not
necessary for these effects. Indeed, LPS-challenged monocyte-
derived macrophages showed enhanced secretion of TNF-alpha
and interleukin-1beta and induction of foam cell formation and
accumulation of LDL. LPS stimulation also decreased mRNA
levels of scavenger receptor B, and ATP-binding cassette trans-
porter-1, i.e., of two receptors that mediate the efflux of choles-
terol from macrophages (Lakio et al., 2006). These results are in
agreement with findings from a recent in vivo study that demon-
strated that sub-acute endotoxinemia resulted in a significantly
impaired reverse cholesterol transport independent of plasma
HDL levels (McGillicuddy et al., 2009).

Pro-thrombotic and Pro-coagulant Effects

Platelets can be activated either by direct interaction of patho-
gens or their products, or indirectly via the vascular endothelium
(Jennings, 2009). Several recent in vitro studies addressed direct
and indirect effects of the model organism P. gingivalis on plate-
let aggregation.

P, gingivalis induces platelet aggregation via a TLR2-
dependent mechanism, since its pro-coagulant properties were
effectively blocked by pre-treatment with a TLR2-blocking
antibody, or by inhibition of the downstream phosphoinositide
3-kinase (PI3-K)/Akt signaling pathway activated by TLR2
(Blair et al., 2009). Platelet aggregation in plasma was shown to
depend on the adhesion molecule Hgp44 and the P. gingivalis
protease Lys-gingipain (Kgp), but not on active Arg-gingipain
(Rgp) (Naito et al., 2006). Importantly, in experiments with an
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MOI below the required threshold to activate platelet aggrega-
tion, P. gingivalis had a sensitizing effect on human platelets,
enhancing epinephrine-induced aggregation. This effect was
attributed to a limited activation of protease-activated receptors
(PARs) on the platelet surface by gingipains, with subsequent
mobilization of Ca*’, leading to a marked coagulant response to
epinephrine binding to the alpha(2) adrenergic receptor (Nylander
et al., 2008).

Evidence of indirect pathogen-induced promotion of a pro-
thrombotic state has been provided in studies of the interactions
of P. gingivalis and vascular endothelial cells and smooth-mus-
cle cells. P. gingivalis gingipains induced hydrolysis of platelet
endothelial cell adhesion molecule 1 (PECAM-1/CD31), sug-
gesting ability to enhance vascular permeability (Yun et al.,
2005). Infection of endothelial cells with invasive P. gingivalis
strains resulted in enhanced tissue factor expression and activity,
suppressed levels of tissue factor inhibitor, decreased levels and
activity of tissue plasminogen activator, and increased plasmin-
ogen activator inhibitor-1 antigen levels (Roth et al., 2006).
Interestingly, these effects were most prominent at later time-
points, suggesting that they are due to downstream intracellular
pathways triggering pro-coagulant mechanisms. In aortic
smooth-muscle cells, whole P. gingivalis, but not P. gingivalis
LPS, induced a pro-thrombotic phenotype by down-regulation
of tissue factor pathway inhibitor (Roth et al., 2009). P. gingivalis
arginine- and lysine-specific gingipains induced degradation of
vascular endothelial cell thrombomodulin in vitro, an observa-
tion corroborated by the reduced expression of thrombomodulin
in the gingival microvascular endothelia of patients with
periodontitis (Inomata et al., 2009).

Recent human in vivo studies support and extend these obser-
vations. A comparison of platelet-activating factor (PAF) levels
in sera and GCF from patients with periodontitis, patients with
coronary heart disease (CHD) without periodontitis, patients
with periodontitis and CHD, and healthy control individuals
showed significantly higher serum and GCF levels in all patient
groups when compared with levels in control individuals (Chen
et al., 2009). In another case-control study (Papapanagiotou
et al., 2009), significantly elevated soluble P-selectin, a marker
of platelet activation, was documented in the plasma of patients
when compared with periodontitis-free control individuals.
Furthermore, platelets from periodontitis patients showed an
increased binding of the glycoprotein IIb-IIIa complex, a direct
measure of platelet activation, which correlated positively with
the extent and severity of periodontitis of the donor. The same
research group (Nicu et al., 2009) stimulated platelets and leu-
kocytes from periodontitis patients and periodontally healthy
control individuals with four oral bacteria (4. actinomycetem-
comitans, P. gingivalis, Tannerella forsythia, and Streptococcus
sanguis) and reported higher platelet expression of P-selectin,
and increased formation of platelet-monocyte complexes in
periodontitis donors. Furthermore, platelet/monocyte complexes
displayed a better ability to bind and phagocytose A. actinomy-
cetemcomitans, suggesting that increased atherothrombosis was
paralleled by enhanced bacterial clearance.

It thus appears that: (i) there is cross-sectional evidence of
increased platelet activation in periodontitis patients; (ii) this
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activation can be attributed to either direct effects of a periodon-
tal “model” organisms on platelets, or indirect, pro-thrombotic
effects on vascular endothelial and smooth-muscle cells; and
(ii1) the pro-thrombotic/pro-coagulant state also appears to serve
as an antimicrobial defense.

Finally, a conceivable alternative pathway by which periodontal
infections may exert pro-thrombotic effects is by means of patho-
gen-mediated apoptosis of vascular endothelial cells, a key event in
the development of endothelial dysfunction, which exposes the
basement membrane and allows for interaction of platelets with
collagen, resulting in local thrombosis (Bombeli et al., 1997).
Activated endothelium by either direct interaction with periodontal
pathogens, or via systemic inflammatory molecules, is known to
express tissue factor (thrombokinase), an important mediator of
thrombin formation (Pober ez al, 2009). However, tissue factor
expressed on vascular endothelium is often ‘encrypted’, ie., is
rendered ineffective by post-translational modification and, thus, is
unable to exert its pro-coagulant function (Bach, 2006). Apoptosis
of endothelial cells can ‘decrypt’ tissue factor by increasing cal-
cium concentrations and proteolytic cleavage and thereby can trig-
ger thrombosis, even when the basement membrane is not
uncovered by endothelial desquamation (Greeno et al., 1996).

It is important to note that thrombosis induction is not an
exclusive feature of periodontal pathogens. In fact, it has
been well-established that other oral bacteria, including
Streptococcus species (Herzberg et al., 2005), can also
induce platelet aggregation.

Oral Bacteria and Atheromatic Plaque Disruption

A role of bacteria and bacterial products is also conceivable in
plaque disruption, one of the final and critically important
events in atherosclerosis that is caused either by rupture of the
fibrous cap of an unstable plaque, leading to exposure of the
pro-thrombotic contents of the plaque, or through plaque ero-
sion by apoptosis, triggering local thrombosis (Virmani et al.,
2006; Libby, 2009; Ward et al., 2009) (see Fig. 3.). These events
result in the clinical presentation of atherosclerotic vascular
disease in the form of a myocardial or cerebrovascular infarc-
tion. Degradation of fibrous caps is mediated by matrix metal-
loproteinases (MMPs) produced within the plaques by
macrophages (Galis et al., 1994; Sukhova et al., 1999). P. gingi-
valis and other periodontal bacteria (Ding et al., 1995), includ-
ing P. intermedia (Guan et al., 2009), have been reported to
induce production of several MMPs in different cell types,
including macrophages and endothelial cells, while at the same
time reducing the expression of the MMP antagonist tissue
inhibitor of MMPs (TIMPs) (Sato et al., 2009). In vitro, P. gin-
givalis was shown to degrade fibrous cap material isolated from
human autopsy plaque samples (Kuramitsu et al., 2001). The
pro-apoptotic effects of periodontal pathogens and their prod-
ucts were discussed above and can also contribute to plaque
erosion.

Last, the reported pro-inflammatory effects of A. actinomy-
cetemcomitans in human mast cells (Oksaharju et al., 2009) may
also be relevant in this context. Although mast cells are uncom-
mon in vascular tissues, they do localize in atherosclerotic
plaques and particularly in shoulder regions of rupture-
prone plaques (Lindstedt ez al., 2007). Activation of this cell
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population and subsequent production of levels of proteases
capable of destabilization of atheromatic plaques correlate with
intra-plaque hemorrhage, endothelial cell and macrophage
apoptosis, and vascular leakage (Bot et al., 2007). In vivo, mast-
cell-deficient mice showed increased collagen content and
fibrous cap development, and decreased atherosclerosis (Sun
et al., 2007). Activation of mast cells may thus be a possible
route of bacterially triggered plaque rupture, although the avail-
able data are sparse.

Activation of Innate Immune Signaling Associated
with Atherosclerosis by Periodontal Bacteria

Accumulating evidence suggests that periodontal pathogens and
their bacterial products may exert pro-atherogenic effects in
vascular endothelial cells via Toll-like receptors (TLRs) and
other pattern recognition receptors (PRRs). These primary
receptors of the innate immune system recognize highly con-
served pathogen-associated molecular patterns (PAMPs).
Activation of TLRs and their downstream signaling pathways
leads to cellular activation and a specific response to microbial
infection. Expression of TLRs is strongly induced in endothelial
cells and macrophages in atherosclerotic lesions (Xu et al.,
2001; Edfeldt et al., 2002), but exposure of in vitro cultured
endothelial cells to laminar flow down-regulated TLR2
(Dunzendorfer et al., 2004). Patients suffering from chronic
inflammatory diseases show higher B-cell expression of TLR2
and TLR4 (Jagannathan et al., 2009), while these receptors are
also induced on monocytes in diabetes (Devaraj et al., 2008).
Deficiency in MyDS88, a central downstream signaling molecule
for most TLRs, was shown to result in decreased atherosclerosis
in vivo (Bjorkbacka et al., 2004). Similarly, deletion of TLR2
(Mullick et al., 2005) and TLR4 (Michelsen et al., 2004) in mice
had an atheroprotective effect, suggesting that agonists of these
receptors play a role in advancing atherosclerosis (Erridge,
2008). However, a recent study utilizing an in vitro model of
atherosclerosis found that only blockade of TLR2, but not of
TLR4, resulted in significantly attenuated levels of inflamma-
tory mediators and tissue-degrading MMPs (Monaco et al.,
2009).

Interestingly, P. gingivalis LPS appears to interact with dif-
ferent TLRs in a cell-type-dependent manner (Kocgozlu et al.,
2009). For example, activation of human vascular endothelial
cells, monocytes, and mouse macrophages by P. gingivalis was
not mediated by TLR4, the typical receptor interacting with LPS
from Gram-negative bacteria, but by TLR2 (Triantafilou et al.,
2007; Hajishengallis et al., 2008). As discussed above, P. gingi-
valis mediates its own uptake as a host defense evasion strategy,
by interacting with TLR2 and the integrins CD11b/CD18
(Harokopakis and Hajishengallis, 2005). In fact, P. gingivalis
fimbriae interacting with human monocytes and mouse macro-
phages induce CXCR4/TLR2 co-association in lipid rafts, i.e.,
cholesterol-enriched micro-domains involved membrane fluid-
ity and cellular trafficking, which in turn inhibit TLR2-mediated
pro-inflammatory and antimicrobial responses. Cholesterol
depletion inhibits pathogen uptake and attenuates pathogen-
induced signaling, suggesting that hypercholesterolemia may
result in accelerated TLR2-mediated atherosclerosis (Wang and
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Hajishengallis, 2008). TLR2 deletion in a mouse model of peri-
odontitis resulted in a significant attenuation of periodontitis-
aggravated atherosclerosis (Liu et al, 2008), supporting a
predominant role for this receptor in atherogenesis.

Stimulation of human aortic endothelial cells by P. gingivalis
fimbriae resulted in increased expression of both TLR2 and
TLR4, resulting in sensitization of these cells to enterococcal
LPS that acts via TLR4 (Yumoto et al., 2005). These observa-
tions suggest the synergistic potential of multiple bacterial
stimuli in eliciting enhanced pro-atherogenic responses in vas-
cular endothelial cells. P. gingivalis LPS stimulation of human
coronary-artery-derived endothelial cells, but not of venous
endothelial cells, resulted in increased expression of TLR2, and
an induction of IL-8 secretion, E-selectin expression, and
increased monocyte adhesion (Erridge er al., 2007; Kocgozlu
et al., 2009). Thus, the selective pathogen-induced expression of
TLR2 in arterial endothelial cells supports its involvement in
atherogenesis.

Autoimmune Responses to Periodontal Bacteria

Molecular mimicry is a term used to describe the possibility
that antibody responses targeted against bacterial antigens can
essentially function as autoimmune responses, due to the high
degree of homology between specific bacterial antigenic pep-
tides and mammalian proteins, and has been considered as a
biologically plausible mechanism linking infection and athero-
sclerotic vascular disease (Wick et al., 1999; Epstein et al.,
2000; Lamb et al., 2003; Rajaiah and Moudgil, 2009). Central
to this notion is a family of highly conserved heat-shock pro-
teins (HSPs) (Fink, 1999), which is expressed on certain bacte-
rial membranes, as well as by eukaryotic cells when exposed to
stress (Polla, 1988). Bacterial HSPs are considered major anti-
genic determinants (Kaufmann, 1990) that elicit antibodies and
specific reactive T-cells (Young and Elliott, 1989) that can
cross-react with host cells expressing homologous molecules,
resulting in auto-aggressive destruction (Mayr ef al., 1999).

The mammalian host-protective heat-shock protein 60
(hHSP60) can be induced in vascular endothelial cells, macro-
phages, and smooth-muscle cells by several pro-atherogenic
stimuli, including bacterial endotoxin, oxidated lipids, inflam-
matory mediators, hypertension, or mechanical shear stress
(Seymour et al., 2007; Galkina and Ley, 2009). Although
hHSP60 is not a trans-membrane protein and is thus seemingly
unreachable by circulating antibodies, it synergizes with mito-
chondrial HSP70 (mtHSP70), which is expressed on the sur-
faces of stressed cells. hHSP60 and mtHSP70 associate within
lipid rafts, resulting in endothelial activation with up-regulation
of adhesion molecules and pro-inflammatory mediators, or in
programmed cell death in endothelial cells (Alard et al., 2009),
and in cytokine production by macrophages (Van Eden et al.,
2007).

A high degree of homology between HSP from C. pneu-
moniae, a pathogen implicated in AVD, and that of human HSPs
has been demonstrated (Kol et al., 1998; Huittinen et al., 2002).
Likewise, high homology was found between the P. gingivalis
HSP60—termed GroEL—and mammalian HSP60 family mem-
bers (Maeda et al., 1994). P. gingivalis GroEL was shown to be
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highly immunogenic, and was recognized by serum antibodies
isolated from patients suffering from periodontal disease (Ford
et al., 2005, 2006).

In comparisons of antibody titers to hHSP60 and GroEL in
patients with atherosclerosis and periodontal disease, systemi-
cally healthy periodontitis patients, and healthy control indi-
viduals, the highest titers for both human and bacterial HSP60
were found in patients with both conditions, followed by the
systemically healthy group with periodontitis, while the control
group showed the lowest antibody levels. In addition, clonal
analysis of the T-cells found both hHSP60- and GroEL-reactive
populations in the circulation of atherosclerosis patients. These
T-cell populations were also found in atherosclerotic plaques in
several patients (Yamazaki et al., 2004).

The effects of auto-antibodies to pathogens were evaluated in
a series of in vivo studies in mice. In ApoE-deficient mice
immunized with intra-peritoneal injections of live P. gingivalis
and/or C. pneumoniae, only P. gingivalis inoculations had a pro-
atherogenic effect. A positive correlation of atherosclerotic
lesion development and anti-GroEL titers was found, as well as
hHSP60 in the lesions themselves (Ford et al., 2007). The pres-
ence of circulating anti-HSP60 auto-antibodies resulted in an
increased expression of P-selectin and von-Willebrand factor
(vWEF), with an altered morphology of endothelial cells in unin-
jured carotid arteries. In a model of injured carotid arteries,
auto-antibodies promoted thrombosis and recruitment of inflam-
matory cells (Dieude et al., 2009).

Interestingly, H. pylori, a gastrointestinal tract pathogen that
expresses HpHSP60, a HSP60 family member similar to GroEL,
was recently found to induce atherosclerosis in mice.
Subcutaneous immunization with HpHSP60, or eradication of
H. pylori infection by the use of antibiotics, resulted in signifi-
cantly reduced atherosclerosis, decline of Th1-immune response,
and reduction of T-cell chemotaxis beyond the endothelium
(Ayada et al., 2009).

Induction of Oxidative Stress by Periodontal
Pathogens—Role of ox-LDL

A potential pathway through which periodontitis may contribute
to atherogenesis is through induction of oxidative stress.
Oxidation of LDL via reactive oxygen species (ROS) is a pre-
requisite for cholesterol uptake by macrophages and the forma-
tion of foam cells (Stoll and Bendszus, 2006; Itabe, 2009), but
also results in several additional pro-atherogenic effects
(Verhoye and Langlois, 2009). Thus, apart from its involvement
in the formation of fatty streaks, ox-LDL also affects the vascu-
lar endothelium both directly and indirectly. Direct effects
include the induction of cellular activation and apoptosis by
interaction with lectin-like oxidized low-density lipoprotein
receptor (LOX-1) (D Li et al., 2002; Ma et al., 2006). Indirect
effects are exerted through down-regulation of the expression of
endothelial nitric oxide synthase (eNOS), which results in
increased production of ROS, ongoing LDL oxidation, and
endothelial dysfunction (Victor et al, 2009). Ox-LDL also
inhibits differentiation and induces apoptosis (D Li et al., 2002;
Ma et al., 2006) of endothelial progenitor cells (EPCs), a sub-
population of bone-marrow-derived stem cells that participates
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in vascular repair (Friedrich et al., 2006; Wassmann et al., 2006;
Zenovich and Taylor, 2008). Low levels of EPCs in the periph-
eral blood were found in states of poor vascular health (Werner
et al., 2007), and were predictive of adverse cardiovascular out-
comes (Werner et al., 2005). Last, it has been established that
ox-LDL up-regulates pro-atherogenic chemokines and adhesion
molecules via the CD40/CD40L pathway (Li et al., 2003) and
triggers IL-6, TNF-alpha, and CRP secretion (Hulthe and
Fagerberg, 2002).

In in vitro studies with P. gingivalis as a model organism,
incubation of whole bacteria with blood resulted in higher levels
of oxidized LDL, increased proportions of apolipoprotein M,
and cleavage of apolipoprotein B-100, a part of the LDL core,
by arginine-specific gingipains (Bengtsson et al., 2008). In addi-
tion, P. gingivalis-modified ox-LDL induced vascular smooth-
muscle-cell proliferation in vitro, suggesting a potential role in
intima-media thickening. Anti-oxidant treatment of endothelial
cells infected with P. gingivalis resulted in an attenuated produc-
tion of MCP-1 (Choi et al., 2005), suggesting an inhibition of
monocyte migration into subendothelial spaces, the site where
oxidation of LDL primarily takes place, likely due to the limited
activity of anti-oxidants outside the vessel lumen (Verhoye and
Langlois, 2009).

In an in vivo setting, higher levels of ROS and oxidative
stress-related genes were found in the aortas of rats with experi-
mental periodontitis (Ekuni et al., 2009a). An intervention with
vitamin C, a potent anti-oxidative agent, resulted in attenuated
oxidative stress, and decreased lipid deposition in the aorta
(Ekuni et al., 2009b).

Periodontal Pathogens in Animal
Models of Atherogenesis

Several studies conducted in ApoE-deficient mice, a mouse
model prone to accelerated atherosclerosis, evaluated the effect of
P. gingivalis infection on atherogenesis. Thus, intravenous injec-
tion of P. gingivalis (L Li et al., 2002), P. gingivalis LPS (Gitlin
and Loftin, 2009), or repeated oral/anal bacterial applications
(Lalla et al., 2003) resulted in enhanced atherosclerosis in infected
animals when compared with uninfected controls. Periodontal
tissue destruction correlated positively with atherosclerotic lesion
formation, serum levels of IL-6 expression, and VCAM-1 expres-
sion in the aorta (Lalla et al., 2003). Consistent with the in vitro
data discussed above, only invasive P. gingivalis, as compared
with a fimbriae-deficient mutant, was able to induce periodontitis,
increase atherogenesis, and trigger up-regulation of Toll-like
receptors TLR2 and TLR4 (Gibson et al., 2004).

P gingivalis-mediated atherosclerosis was prevented by
prior immunization with P. gingivalis (Miyamoto et al., 2006;
Koizumi et al., 2008, 2009). Interestingly, it appeared that pro-
atherogenic changes, i.e., development of atheromatous plaques
in the aortic sinus, were dependent on innate immune responses
occurring early during the course of the infection, rather than on
the establishment of chronic systemic inflammation (Miyamoto
et al., 2006). It must be realized that the above studies tested the
preventive effects of immunization prior to the induction of

Kebschull et al.

J Dent Res 89(9) 2010

periodontitis, and can thus not be extrapolated to represent also
the effects of periodontal therapy on atherogenesis-related
events. In an experimental study that modeled the effects of
periodontal therapy on systemic inflammation and atherosclero-
sis—bearing in mind that mechanical periodontal therapy is not
feasible in mice—systemic doxycycline was found to reduce
atherosclerotic lesion size and pro-atherogenic cytokine produc-
tion in ApoE heterozygotic mice (Madan et al., 2007). In this
context, it is important to note that human periodontal disease is
a chronic infection that is mediated by a biofilm rather than by
planktonic bacteria. Pathogens in a biofilm are largely protected
from antibiotics (del Pozo and Patel, 2007), and disruption of
the dental plaque by mechanical means is considered essential
for the successful management of periodontal disease, and for
any downstream systemic effects (Schaudinn et al., 2009).
Therefore, the reported lack of efficacy of systemic antibiotic
therapy in the secondary prevention of cardiac events (O’Connor
et al., 2003; Cannon et al., 2005; Grayston et al., 2005; Stassen
et al., 2008) should not be interpreted to demonstrate the inabil-
ity of periodontal therapy to reduce the incidence of atheroscle-
rosis-related events, since concomitant mechanical periodontal
therapy was not administered in these studies. In contrast, the
pro-atherogenic changes induced in the mouse model studies
above (Madan et al., 2007) were mediated by repeated injec-
tions of planktonic P. gingivalis, without formation of a dental
plaque biofilm. Therefore, the observed anti-atherogenic effects
of antibiotic monotherapy cannot be readily extrapolated to the
setting of human periodontitis. In addition, the study did not
control for the inherent anti-inflammatory and MMP-inhibiting
(Gu et al., 2010) effects of doxycycline.

Interestingly, treatment of P. gingivalis LPS induced athero-
sclerosis in ApoE” mice with a COX-2 inhibitor increased the
extent of atherosclerotic lesions. This effect could be mediated
by an inhibition of COX-2-dependent prostaglandin E2 expres-
sion by the drug, leading to increased TNF-alpha production and
subsequent increased atherosclerosis (Gitlin and Loftin, 2009).
Similarly unanticipated was the observation that deletion of
IL-6, a major pro-atherogenic cytokine (Schuett et al., 2009),
resulted in a significant increase in lesion size and alterations in
atheromatic plaque composition toward an unstable phenotype
in mice (Madan et al., 2008). These findings underscore the
complexity of the process of atherogenesis and the apparent
redundancy of the atherosclerosis-promoting pathways that
complicate the interpretation of experimental mechanistic stud-
ies.

It should be emphasized that the above studies modeling the
periodontitis/atherosclerosis associations used genetically modi-
fied ApoE-deficient mice on a high-fat, high-cholesterol diet
(‘Western diet’), and the obtained findings may have limited
relevance to the human situation. In contrast, wild-type mice
were shown to be relatively resistant to a plethora of atherogenic
stimuli, and did not develop atherosclerosis within reasonable
time periods (Graves et al., 2008). However, in other animal
models involving pigs, P. gingivalis was shown to induce rapid
atherogenesis, even in normo-cholesterolemic situations
(Brodala et al., 2005). Nevertheless, cost-related issues and,
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more importantly, the possibility to generate knock-out or
knock-in animals make mouse models extremely useful in the
study of specific molecular targets of atherogenesis.

The effects of periodontal pathogens were further studied in
the liver, an organ of central importance for lipid metabolism, and
for the production of acute-phase proteins, such as CRP. Repeated
intravenous injections of live 4. actinomycetemcomitans in mice
resulted in detection of the pathogen in liver tissue, along with
pronounced inflammatory cell infiltration, elevated mRNA levels
for pro-inflammatory genes, and elevated serum amyloid A and
LPS (Hyvarinen et al., 2009). Thus, induction of hepatic inflam-
mation is conceivably another route by which periodontal patho-
gens may contribute to atherogenesis by interfering with lipid
metabolism and promoting systemic inflammation.

Limitations of Available Mechanistic Studies

The majority of the mechanistic studies reviewed above used a
‘model’ periodontal pathogen, in most instances P. gingivalis, to
dissect pathways relevant to the course of a poly-microbial infec-
tion such as periodontitis. Studies that utilized multiple bacterial
stimuli simultaneously, e.g., in a co-infection model of human
aortic endothelial cells with both P. gingivalis and F. nucleatum
(Metzger et al., 2009; Polak et al., 2009), demonstrated a two- to
20-fold increased invasive capacity of P. gingivalis (Saito et al.,
2008), suggesting that inferences based on mono-infections may
not adequately portray the in vivo capabilities of the investigated
pathogens. Furthermore, the selection of the particular strain of
the model organism to be used in experimentation is of impor-
tance. For example, in the case of P. gingivalis, its virulence and
potency to induce a pro-inflammatory host response depend on
the types of fimbriae expressed, with Type II strains such as those
frequently isolated from clinical lesions eliciting significantly
stronger responses than Type I strains, which are most often used
as model organisms (Wang ez al., 2009). In future studies, the use
of artificial biofilms (Thurnheer et al., 2004) incorporating mul-
tiple species rather than of planktonic bacterial cells will provide
the possibility to account for properties ascribed to biofilm-
derived bacterial products such as outer membrane vesicles, and
may further enhance the ability of in vitro systems to model the
in vivo situation. Similar issues arise from the selection of spe-
cific cell lines to be used as the effector targets, the properties of
which may vary widely (Bouis et al., 2001; Staton et al., 2009).
Last, the MOIs used in in vitro studies are likely much higher
than a reasonable pathogen/host cell ratio that may plausibly be
encountered in an in vivo setting. For example, the capacity of
low P. gingivalis inocula to induce pro-inflammatory responses
in human endothelial cells was rather weak in comparison with
the effects of TNF-alpha or interleukin-1 beta at concentrations
commonly measured in serum from periodontal patients (Honda
et al., 2005). Likewise, Roth et al. (2007a) reported a lack of
pro-apoptotic capability of invasive P. gingivalis on vascular
endothelial cells in MOIs lower than 500. However, intracellular
replication has recently been considered as a mechanism through
which a pathogen may reach sufficiently high MOIs in vivo to
exert biologic effects. In fact, P. gingivalis was recently shown to
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exploit its ability for intercellular transmission and conversion
from a latent state of dormancy to a viable state, and thereby to
be able to multiply and persist in vascular tissues (Li et al.,
2008).

CONCLUDING REMARKS

Evidence from observational epidemiologic studies that has
accumulated over the past few years has extended earlier obser-
vations and suggests that periodontal infections are indepen-
dently associated with cardiovascular and cerebrovascular
clinical outcomes. Although the strength of the reported associa-
tions is generally modest, the consistency of the data that have
emerged from geographically and ethnically diverse populations
across a variety of exposure and outcome variables suggests that
the findings cannot be ascribed solely to the effects of confound-
ers. Analysis of limited data from interventional epidemiologic
studies suggests that treatment of periodontal infections results
in lower levels of systemic inflammation and favorable effects
on subclinical markers of atherosclerosis, although analysis of
the data suggests substantial heterogeneity in responses.
However, there are no data available to date suggesting that the
prevention or amelioration of periodontal infections will result
in reduced incidence of cardiovascular or cerebrovascular clini-
cal events. A great many experimental mechanistic in vitro and
in vivo studies have established the plausibility of a link between
periodontal infections and atherogenesis, and have identified
biological pathways by which these effects are mediated. Future
research must expand into the identification of in vivo pathways
in humans that lead to periodontitis-mediated atherogenesis or
result in treatment-induced reduction in atherosclerosis risk.
Ultimately, these findings will pave the way for the conduction
of appropriately designed clinical trials that will determine if
periodontal interventions have a role in the primary or second-
ary prevention of AVD.
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