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Abstract
Despite continuous advances in treatment options, Cardiovascular diseases (CVDs)
remain the leading cause of death worldwide. In recent years, compelling evidences
supporting the influence of an infectious component in the pathogenesis of CVDs are
mounting to increase. The translocation of microbes from the gastrointestinal tract
(GIT) has long been considered a normal phenomenon imperative for the microbial
maturity of the GIT in both healthy humans and diseased individuals. However,
the impact of increased microbial translocation in the clinical complications of
systemic inflammatory diseases and surgically treated individuals has gained more
importance in the past decades. More particularly, its influence on the microbiome
in ‘immunologically privileged’ sites of the human body has been extensively studied
in many systemic diseases. In this review, we analyse the circulating infectious
components in CVDs from a microbiome perspective and confabulate the role of
microbial translocation in maintaining the unstable blood microbiome and its influence
in CVDs. We also hypothesise a strong association between microbial translocation
and the presence of infectious circulating agents and discuss the markers of microbial
translocation, which can be used in the prognosis of CVDs.
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Introduction
Cardiovascular diseases (CVDs) remain the leading cause
of death globally. Over the last century, cardiovascular disease
(CVD) has burgeoned from a less impact disease to a leading
cause of death and disability. By 2020, CVDs are projected to
surpass infectious diseases as the leading cause of mortality
and the number of deaths is estimated to reach 23.3 million by
2030 [1]. Blood is normally considered a sterile environment
in healthy individuals [2]. But, it has been reported earlier that
blood might contain microbes or their components even in
healthier individuals [3,4]. After the initiation of studies on the
human microbiome in the year 2008, microbes were identified to
be a part of the normal healthy human system, outnumbering the
human cells [5,6]. More interestingly, microbes were identified in
the circulation in many chronic inflammatory diseases like cancer,
rheumatism, liver diseases, kidney diseases, bowel diseases and
cardiac diseases [7-12].
More particularly, microbes in circulation were found to
play a major role in the pathogenesis of these diseases [11,13].
In cardiac diseases, it has been studied that metabolism of
phosphatidylcholine by gut microbiota increases CVD risk [14,15].
Similarly, gut microbial metabolism of carnitine has been reported
to promote atherosclerosis [16]. Increased level of plasma
trimethyl amino oxide (TMAO) is associated with atherosclerotic
burden and poor prognosis of peripheral artery disease [17,18].
Thus, a growing body of evidence supports the concept that
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microbiome;

systemic inflammation induced by microbial components plays
an important role in the clinical complications of CVDs [19,20].

The assumption that blood was a sterile environment for years
was questioned by studies over the past decades reporting the
presence of microbial component even in physiologically healthy
individuals [3,4]. The availability of methods has made possible
the detection of microorganisms which were not easily culturable
earlier. Recent studies have brought sharply into focus microbes
present in humans in the unculturable form and their state of
dormancy [21,22]. These microbes or their products thereof,
might be viable or dormant but their components do essentially
play a significant role in immune regulation, increasing the
susceptibility or resistance of the individual to various diseases.
Nikkari et al. [3] speculated that there might be a normal
population of bacterial DNA in healthy human circulation.
The evidence for the presence of blood bacterial microbiome
in systemic diseases originated for the first time when Amar et al.
[23] described the presence of microbiota in the circulation of a
large population prone to obesity and diabetes [23]. It was found
that as the population developed diabetes, the bacterial profile in
their circulation varied largely, indicating that dysbiosis in tissue
microbiota is associated with the onset of diabetes. Li et al. [4
detected the presence of a large number of bacterial and viral
elements in the plasma of HIV-infected population as compared
to healthy individuals [4]. Later, Amar et al. [24] described that
dysbiosis in blood microbiota is associated with the onset of CVDs
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[24]. Rajendhran et al. [25] described a contrasting circulating
microbiome profile in CVD population as compared to healthy
individuals [25]. Interestingly, in all these studies, members of the
phylum Proteobacteria were found to dominate the circulating
bacterial population in CVD and diabetes. However, these studies
were observational in nature and thus cannot demonstrate the
causative role played by blood microbiota in these diseases. In
the subsequent year, the same group described the presence
of bacterial and viral elements in circulation by profiling the
circulating DNA in CVD patients [26]. Recently, Lluch et al. [27]
profiled a novel tissue microbiota for the first time in the tissue
samples of healthy mice using an optimized 16S rRNA gene
analysis pipeline [27]. The circulating virome was first studied
in HIV-infected patients. Retroviruses were found to dominate
the virome population in the circulation of HIV-AIDS patients
as compared to eukaryotic viruses in healthy individulas [4,28].
However, in CVD patients, bacteriophages were found to be the
predominant circulating viral flora [26]. Nevertheless, it cannot
be ruled out that these bacteriophage sequences could be part of
the circulating bacterial nucleic acid signatures.
The solid immunological barrier of the intestine is maintained
by the intact microbial flora, the intestinal mucosal cells and
a normal functioning immune system [29]. The increased
movement of microbes and their products across the intestinal
barrier to circulation results in microbial translocation. In chronic
inflammatory diseases, these microbial components are not
efficiently cleared by the reticuloendothelial system (RES) of
spleen. This evokes a strong immune response from the system
induced by circulating microbial components, responsible for the
pathogenesis of these diseases. In addition, other studies have
also reported the translocation of microbial components from
the buccal cavity to circulation in oral diseases [30,31]. Bacterial
and viral products are released into circulation through the
microvasculature that provides blood supply to the oral tract. In
addition, surgical and non-surgical treatments to the diseases of
teeth and oral cavity have also been reported to result in elevated
levels of circulating bacterial products, leading to systemic
immune activation [32,33]. The activated immune response forms
the basis for the pathogenesis of cardiac diseases.
Increased circulating immune response and their effects have
been studied in many heart diseases, including atherosclerosis,
arteriosclerosis, coronary heart disease (CHD), rheumatic heart
disease (RHD) and other valvular diseases, cardiac ischemia,
cardiac cachexia, heart failure, myocardial infarction (MI)
and endocarditis [10,34-37]. Besides the classical risk factors
of these diseases, studies over the past three decades have
focused on the influence of a strong infectious component and
inflammatory response on the pathogenesis and clinical sequelae
of these diseases [24,38,39]. However, the disease complications
are largely dependent on the extent of vascular infection by
circulating infectious products leading to chronicity of the
disease [40,41]. Microbial products, such as lipopolysaccharides
(LPS), lipoteichoic acids (LTA), peptidoglycans, nucleic acids and
flagellins in circulation have been reported to provoke a strong
host immune response [42-45].
However, microbial products from the buccal cavity and gut
are normally released into the circulation in healthy individuals
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which gets cleared off by the RES of liver. Microbes were detected
in circulation after daily procedures like tooth brushing and
mastication of food in the oral cavity [38,46]. Similarly, bacteria
were detected in circulation after food intake and this process of
translocation of bacterial products across the intestinal barrier
into blood stream is considered a normal phenomenon essential
for microbial maturity of the intestine [47,48]. This has led to a
burgeoning interest in the mode of release of bacteria and viruses
into circulation and the role of these microbial components in the
pathogenesis of many systemic diseases.

In particular, the chronicity of certain cardiac diseases is
strongly linked to dental procedures. Also, both surgical and
non-surgical dental procedures lead to the release of microbial
products in the circulation along the dental microvasculature.
Similarly, surgical procedures in the liver (resection), kidney
(hemodialysis), heart (coronary artery bypass graft) and stomach
(peritoneal dialysis) induce extensive release of microbial products
from gut into circulation [10,49-51]. Bacteremia induced by gutblood barrier dysfunction is commonly reported in chronic kidney
disease (CKD), congestive heart failure (CHF), atherosclerosis,
cirrhosis, obstructive jaundice, acute pancreatitis and end stage
renal disease (ESRD) patients [51-56]. Similarly, bacteremia due
to oral diseases such as periodontitis, endodontis, pulpitis and
pulpotomy has been more widely reported in CVDs [46,57,58].
Intestinal microbial translocation has been extensively studied in
HIV-infected patients and has been linked to CVDs, diabetes and
tuberculosis [59-61]. Most notably, microbial translocation has
been reported to be the primary reason for cardiovascular risk in
HIV-infected patients [62, 63].
Bacterial LPS and their host receptors, CD14 are predominantly
responsible for host immune activation [63]. Increased plaque
burden in HIV-infected patients has been shown to be the
primary reason for HIV-associated atherosclerosis [59]. It was
recently studied that peptidoglycans released from the gut
microbiota has the potential to enhance systemic immunity by
stimulating neutrophils in the bone marrow [44]. LPS, released
by Gram negative bacteria, acts on macrophages and monocytes
to release cytokines, interleukins and chemokines and activates
the complement system, thereby, evoking a strong circulating
inflammatory response [64,65]. Increased circulating LPS levels
activate both innate and adaptive branches of the immune system.
The classical risk factors of CVD such as smoking, hypertension,
hypercholesterolemia can trigger endothelial activation by
expression of endothelial cell adhesion molecules, leading to
the adhesion of monocytes to the inner arterial walls [66]. They
cause polyclonal stimulation of B cells and induce macrophage
activation.

LPS have been reported to be present in the dental tubules of
infected root canals [67,68]. In another study, it was shown that
the myocardial tissue itself synthesizes TNFα on exposure to LPS
[69]. LPS in circulation also causes platelet activation [70] and
induces dilation of resistant arteries [71]. LPS on interaction with
LDL influences lipoprotein metabolism, and thereby promotes
atherosclerosis [72]. The microbial products in the circulation
are recognized by Toll-like receptors (TLRs) of the innate immune
system present on the cell surfaces or on intracellular vesicles.
Serum CD14 (sCD14) is expressed primarily by monocytes and
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binds to bacterial LPS in the presence of LPS binding protein (LBP).
In end stage heart failure patients awaiting heart transplantation
or assist devices, increased production of LPS stimulated TNFα
has been reported [69]. LPS or LTA released during acute infection
might activate plaque cells. LPS in dental plaques can infiltrate
gingiva and elicit a systemic LPS specific antibody response
[32,73]. LPS interacts with lipoproteins to produce modified
lipoproteins contributing to local or distant infections resulting in
the inflammatory process in atherosclerosis [74]. Bacterial DNA
acts on the vascular and dendritic cells to release chemokines and
cytokines through interaction with TLR9 [75].

Coronary blood flow is influenced primarily by endothelial cell
mediated factors, metabolites and neurohormonal mechanisms.
Coronary atherosclerosis is caused due to the deposition of lipid
containing molecules in the tunica-intima of coronary arteries
resulting in atherosclerotic lesion or plaque or atheroma.
Atheroma formation involves a complex set of mechanisms,
involving, endothelial dysfunction, lipoprotein deposition, lipid
oxidation in arterial walls, infiltration by inflammatory cells,
smooth muscle cell (SMC) proliferation and matrix deposition.
Endothelial dysfunction is the initial step in atherosclerosis
resulting from exposure to reactive oxygen species (ROS) caused
by smoking, or due to the effects of individual or a combination
of risk factors like LDL, hypertension, infectious agents etc.
Endothelial dysfunction results in the increased permeability to
lipoproteins, increased expression of inflammatory molecules,
adhesion molecules and release of chemotactic factors that
attract inflammatory cells like monocytes, macrophages and
lymphocytes and facilitate their migration into the arterial walls
resulting in fatty streak.
Macrophages containing LDL form foamy cells. As more
foamy cells, smooth muscle cells (SMCs) and inflammatory cells
accumulate in the arterial wall, the fatty streak tends to grow in
size to form a fibrous cap surrounding a lipid core resulting in
atheroma or plaque formation. As the plaque grows in size, large
enough to interfere with the blood flow; it pushes its way along
the arterial lumen resulting in ischemia and angina. Angina may
result due to MI, myocardial ischemia, arrhythmias, coronary
artery disease (CAD), myocardial necrosis and heart failure.
CAD results due to the narrowing of arterial lumen because
of both atherosclerotic and non-atherosclerotic causes. Nonatherosclerotic causes include coronary dissection, coronary
artery spasm, coronary embolism and microcirculation
abnormalities, triggered by tobacco abuse, emotional stress
and cocaine abuse. However, coronary embolism may also be
caused by infected mitral or aortic valves, resulting in infective
endocarditis (IE). The goal of CVD treatment through drugs is to
lower the LDL levels to less than 100 mg/dl and increase the HDL
levels to more than 40 mg/dl. Surgical procedures for coronary
artery revascularization, viz., cardiopulmonary bypass (CPB) and
percutaneous coronary interventions (PCI) result in systemic
inflammatory response syndrome (SIRS). SIRS is caused due to
inflammation because of exposure to bacterial endotoxins leading
to leukocyte and endothelial cell activation resulting in the release
of cytokines, chemokines and complement factors.
Most of the cardiac valvular problems result in IE. Endocarditis
is the inflammation of the inner endocardium of the heart and
the diagnosis is established by demonstrating microorganisms
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in valvular vegetation or intracardiac abscess and by
echocardiographic evidence. The formation of a sterile fibrinplatelet thrombus at the endothelial disruption site is the initiating
event. Subsequently, bacteremia followed by repetitive thrombus
formation leads to the development of valvular vegetation. The
bacterial vegetation grows in size, sheds organisms, fragments
and embolizes. Infective valvular vegetation results in localized
tissue destruction leading to valvular regurgitation, pericarditis
and the formation of paravalvular abscesses. Commonly reported
entry sites of bacteria in cardiac infections include the root canals
and gums in dental infections, and dental procedures, surgical
procedures in the oral cavity, indwelling intravenous catheters,
intravenous drug abuse, and infections of the skin, lungs,
intestine and urinary tract [37,52,76-81]. Most of the congenital
heart diseases (CHD) which are initially non-infectious, may turn
infectious, most notably, co-arctation of aorta, valvular septal
defects (VSDs), valvular stenosis, valvular regurgitation, aortic
and pulmonary atresia.

Dormant blood microbiome in healthy individuals

Microbes or their components, therein, were identified in the
circulation of healthy individuals in recent years [4,82], albeit,
earlier, blood was considered an immunologically privileged
environment of the body [2,83]. The evidence for the presence of
microbes in anatomically privileged compartments such as blood
has thrown light on their impact on host immune surveillance,
and possibly, for an earlier uncharacterized role in underlying
systemic diseases like CVDs. Very few studies have reported the
presence of bacteria in healthy circulation. The most significant
of these is the detection of intracellular bacterial L-forms or
pleomorphic forms in clinically healthy human blood [84,85].
Some of the rare reports recognize that bacteria could survive
intracellularly both inside white blood cells [2] and erythrocytes
[86]. Interestingly, there is evidence that a large variety of
bacteria can invade erythrocytes. Tedeschi et al. [87] showed the
presence of Corynebacteria like forms inside human red blood
cells by electron microscopic studies [87]. It was later; bacteria
were detected in healthy human blood by amplification of the
prokaryotic 16S rDNA gene [3,88]. The availability of sequencing
and microscopic methods have made possible the detection of
microbial components in healthy circulation [27,84,89,90].
The microbial components may remain dormant in circulation
for years, either in the viable or non-viable state [21,22,91]. But,
they were detected in meager amounts in the blood [85,88]. Nonproliferating or not immediately culturable bacterial forms have
been identified in many recent studies [93,94]. The dormancy of
microbes is either due to viable but non-culturable state or the
bacterial persistence state. This dormant state enables microbes
to evade the host immune system. In addition, earlier studies have
reported that the dormant state of microbes plays a significant
role in causing disease and providing them the ability to tolerate
antibiotic treatment [95,96]. More recently, viruses were also
identified in the circulation of healthy individuals [97,98].

The detection of circulating non-proliferating microbes or
their products were mainly possible because of sequence-based
methods using small subunit ribosomal RNA, applied widely
in clinical microbiology [99]. Microbial components in blood
were also identified by the detection of bacterial LPS [100] or
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peptidoglycans [101] in the circulation of healthy individuals.
Dormant bacteria in circulation can resuscitate during disease
conditions and shed cell wall components such as LPS and
peptidoglycans. Even if these cells are not viable (capable of
replication), their nucleic acids can produce systemic effects
by acting on cells and induce disease [102,103]. The genetic
material of non-viable bacterial cells plays a vital role in many
disease conditions by acting on host cells. Nevertheless, the
source of bacterial and viral elements in the circulation of healthy
individuals remains elusive. However, several investigations
performed earlier assert that bacteria can translocate from the
oral tract and intestine to blood in ‘healthy’ humans [29,48,92].
The source of microbes in circulation is mostly gut or oral tract,
released during tooth cleaning and gentle mastication from
the buccal cavity or during a normal phenomenon of bacterial
translocation from the intestine.

Circulating microbiome in CVDs

In cardiac diseases, it has been reported that dysbiosis in the
blood microbial communities could be reason for the clinical
complications of CVDs [24]. Altered microbial components in
blood (atopobiosis) have been identified to be the main reason
for cardiovascular complications. Cardiac diseases are considered
non-communicable and non-infectious. But, several reports over
the past decades identify infectious components to be involved in
the circulatory system of cardiac patients [12,104-106]. In recent
years, low-grade chronic inflammation and bacteria or viruses
involved in inflammatory processes have been proposed as strong
factors associated with atherosclerosis and CVD events [107-109].
In particular, recent reports identify dysbiosis or atopobiosis
of circulating microbiota in cardiac patients and this could be
responsible for the onset of cardiovascular pathogenesis [24,25].
Interestingly, similar studies also demonstrate the association of
blood microbiota with the onset of diabetes [23,60].

The evidence for the presence of blood bacterial microbiome
in systemic diseases originated for the first time when Amar et al.
[23] described the presence of microbiota in the circulation of a
large population prone to obesity and diabetes [23]. It was found
that as the population developed diabetes, the bacterial profile in
their circulation varied largely, indicating that dysbiosis in tissue
microbiota is associated with the onset of diabetes. Li et al. [4]
detected the presence of a large number of bacterial and viral
elements in the plasma of HIV-infected population [4]. Later, Amar
et al. [24] described that dysbiosis in blood microbiota is associated
with the onset of CVDs [24]. Rajendhran et al. [25] described a
contrasting circulating microbiome profile in CVD population as
compared to healthy individuals [25]. Interestingly, in all these
studies, members of the phylum Proteobacteria were found to
dominate the circulating bacterial population in CVD, diabetes and
HIV patients. However, these studies were observational in nature
and thus cannot demonstrate the causative role played by blood
microbiota in these diseases. In the subsequent year, the same
group described the presence of bacterial and viral elements in
circulation by profiling the circulating DNA in CVD patients [26].
Recently, Lluch et al. [27] profiled a novel tissue microbiota for the
first time in the tissue samples of healthy mice using an optimized
16S rRNA gene analysis pipeline [27]. The circulating virome was
first studied in HIV-infected patients. Retroviruses were found to
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dominate the virome population in the circulation of HIV-AIDS
patients as compared to eukaryotic viruses in healthy individulas
[4,28]. However, in CVD patients, bacteriophages were found to
be the predominant circulating viral flora [26]. Nevertheless, it
cannot be ruled out that these bacteriophage sequences could be
part of the circulating bacterial nucleic acid signatures.
Bacterial and viral organisms in atherosclerotic plaques
have also been studied earlier [108]. Dental infections provide
a favorable background for the formation of atherosclerosis
[76,110]. When microbes or their products gain access to the
circulation, they bind to oxidized lipids and act as inflammatory
stimuli causing vascular cell injury. In an earlier study, increased
fibrinogen levels were found to be associated with Chlamydia
pneumoniae infection in CAD patients [111].

Inflammation due to Infection in CVDs

In CVDs, such as atherosclerosis, inflammation is triggered
by a number of factors. For example, atherogenic lipid particles
infiltrate the tunica intima layer of coronary arteries and activate
the inner endothelial cells. This in turn, stimulates the increased
expression of adhesion and pro-inflammatory molecules, which
attracts inflammatory cells [71]. Macrophages then take up lipids
and form foam cells, which accumulates in huge amounts in these
sites and contribute to the development of atheroma. Many T-cell
populations migrate to these areas, leading to the formation
of atherosclerotic plaque. The pathogenicity is aggravated by
the presence of microorganisms in the vicinity of plaques, by
eliciting immune response to antigenic stimulus. This may lead
to the disruption and rupture of plaques, leading to leakage of
the prothrombotic plaque core in circulation resulting in the
formation of thrombus. The matrix metalloproteases (MMPs)
lyse the plaque wall, disrupting the plaque core and facilitating
the metastasis of plaques to other sites in the coronary arteries,
thereby, aggravating the clinical complications. This chronic
inflammatory process in the coronary arterial wall leads to
collagen deposition, fibrosis and thickening of the arteries at the
sites of inflammation [112].

The Toll-like receptors (TLRs) recognize conserved motifs
on pathogens called pathogen associated molecular patterns
(PAMPs) which include LPS of Gram negative organisms, teichoic
acids of Gram positive organisms, glycolipids of mycobacterium
and viral nucleic acids. Many exogenous PAMPs may be ligands
for receptors in atherosclerosis. C. pneumoniae, P. gingivalis and
CMV are ligands implicated in atherosclerotic plaques [113,114].
These bacterial and viral agents have been associated with an
increased risk of atherosclerosis [115,116]. In addition, TLRs
also recognize the molecular patterns of endogenous host
material released during tissue damage called damage associated
molecular patterns (DAMPs). The most extensively studied TLR
is TLR-2, activated by the peptidoglycan cell wall component of
Gram positive bacteria, followed by TLR-4, which recognizes
LPS and TLR-9, which recognizes bacterial DNA. However, other
bacterial products, such as, lipoproteins and heat shock protein
60, could stimulate different TLRs. TLR-2 and TLR-4 have most
extensively been studied in animal models of atherosclerosis.
Furthermore, it was found that low-grade endotoxemia inhibited
cholesterol transport in mice in vivo [117], implicating that TLRs
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in atherosclerosis can promote lipid uptake leading to foam cell
formation and atherosclerotic lesion development. Cholesterol
crystals can activate NLRP3 inflammasome in human and murine
macrophages suggesting that these signals may be endogenous
danger signals in atherosclerosis [118,119]. TLR-2 and TLR-4 have
been best characterized in atherosclerosis and these receptors
have been ascribed proatherogenic roles and thus inhibition
of these receptors and their downstream molecules is the most
recognized prospect for therapeutics using Pattern Recognition
Receptors (PRRs). High mobility group box 1 elements (HMGB1)
have earlier been proposed as mediators of vascular inflammation
[120]. HMGB1 is being released by necrotic cells and macrophages
or monocytes in response to external stimuli by bacterial end
products.

However, vascular cells in vitro were found to show little or no
response to TLR ligands on atheromatous tissues [121]. Cytokines
and other proinflammatory agents generated at nonvascular sites
can be released into circulation and taken up by vessel walls.
Internalization of bacteria into cells, mediated by lipid rafts takes
place by usurping the autophagic pathway [122]. Bacterial invasion
into the vascular endothelial cells may trigger apoptosis of these
cells. Most of these microbial components which gets internalized
localizes within autophagosomes and thereby prevent autophagy
or the formation of autophagolysosomes. Internalization of many
bacteria can produce a ‘privileged niche’, where they persist in a
dormant state evading host immune surveillance [123]. Certain
bacteria also invade nonprofessional phagocytic endothelial cells.
Cell to cell contact between the infected and host cells increases
the rate of bacterial transmission through the transcellular route
[124].
Bacteria or their components also contribute to plaque
destabilization and rupture, leading to the release of prothrombotic
plaque core in circulation and thrombus formation [125]. This is
due to bacteria dependent release of MMPs with the accompanying
suppression of tissue inhibitors of metalloproteases [TIMPs] [112,
126]. Periodontal pathogens in atheromatous plaques activate
macrophages to recognize modified LDLs by molecular mimicry,
leading to foam cell formation and progression of atheromas
[127]. In earlier studies, it was demonstrated that IgG antibody
levels against P. gingivalis had a stronger association with carotid
intima-media thickening [128,129]. Pussinen et al. [130] found
that elevated serum antibodies were associated with edentulous
and concurrent CHD [130]. Bacterial contact with the vascular
endothelia and subsequent invasion and activation of the vascular
endothelia may result in leukocyte recruitment to the infection
site.

Bacteria can also get disseminated into circulation through
the microvasculature following tooth cleaning and other dental
procedures [32]. Upon internalization into endothelial cells, a
limited number of bacteria are able to persist inside host cells for a
longer time period, activating the host tissue and proinflammatory
cascade. Within 24 to 72 hours of internalization, the bacterium
switches to a dormant state, in order to persist. However, upon
fusion with phagolysosomes, some bacteria can escape from
the dormant state, egress into extracellular space and invade
adjacent host cells, thereby perpetuating persistent low grade
inflammation [131]. The presence of a variety of pathogens in
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atheromatous tissues underlies this mechanism of bacterial
persistence in tissues and authenticates the infection exacerbated
model of atherogenesis [132]. Two parallel avenues which exist
for metastatic pathogen dissemination include bacteremia and
leukocyte mediated systemic spread of bacteria. Thus, microbes
or their products which gets translocated persist in circulation
and attaches to vascular endothelial cells to initiate TLR signaling
induced inflammatory cascade [45].
Endothelial cells play a predominant role in maintaining
proper cardiovascular function through the production of factors
that modulate vasodilation, inflammation, thrombosis and cellular
proliferation in vascular cells [133]. The first step in the formation
of atherosclerotic plaques is increased levels of circulating low
density lipoproteins (LDL) which infiltrates through the tunica
intima vascular layer and is being taken up by macrophages and
scavenger cells. More triglycerides are converted into LDL in the
liver which gets transported to other tissues. More amounts of
oxidized LDL are produced in response to increased release of
proinflammatory particles [134,135]. Normally, the intimal layer
of the vascular cells is impermeable and so leucocytes cannot
adhere. Proatherogenic factors like dyslipidemia (increased LDL
levels), smoking, hypertension and diabetes can cause endothelial
dysfunction. Higher levels of circulating oxidized LDL proteins
were found in cigarette smokers, obese people, diabetic patients
and people with insulin resistance [136,137]. Endothelial
dysfunction leads to decreased vasodilation and deterioration
of the proinflammatory and procoagulatory milieu allowing the
LDL particles to enter the sub endothelial layer. Inside endothelial
cells, LDL gets oxidized due to excessive free radical production.
Oxidized LDL creates a procoagulant on the inner endothelial
surface of the heart tissue leading to MI. Monocytes differentiate
into macrophages and ingest oxidized LDL to form foam cells,
resulting in the formation of fatty streak. Fatty streak contains
oxidized LDL, lipid laden macrophages, aggregated platelets and
vascular SMCs. As the fatty streak increases in size, foam cells die
releasing their contents. This attracts more immune competent
cells and expands the lipid rich necrotic core. This in turn,
stimulates the increased expression of adhesion and inflammatory
molecules (ECAM and VCAM), which attracts monocytes and
lymphocytes [71]. Experimental evidences have shown that
oxidized lipids induce expression of adhesion molecules on
endothelial cells [138,139]. Vascular SMCs migrate to the intimal
surface to form a fibrous cap resulting in atheroma. The atheroma
expands to form a stable or unstable plaque. Stable plaques, when
clinically silent may lead to Angina pectoris. When a vulnerable or
unstable plaque ruptures, the highly thrombogenic necrotic core
on contact with blood forms thrombotic clot. Thrombus occludes
a coronary artery at the infected or inflamed site to develop into
an acute coronary syndrome. Oxidized lipoproteins have earlier
been isolated from artery plaques in vitro [72]. Atherosclerosis is
an intricate disease characterized by progressive accumulation
and deposition of lipids, cells and extracellular matrix leading to
plaque formation.

A strong correlation has been reported between C. pneumoniae
infection and severity of atherosclerosis [140]. Melnick et al.
[141] showed the presence of Cytomegalovirus (CMV) DNA in
the arterial specimens of more than 76% of atherosclerosis
patients who underwent vascular surgery [141]. Seropositivity
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for HCV shows a positive association with carotid artery plaque
and carotid intima-media thickening, independent of other risk
factors for atherosclerosis [142]. Similarly, Herpes virus infection
was reported to increase the accumulation of cholesterol and
cholesteryl ester in cultured arterial smooth muscle cells [143].
Nakano et al. [144] reported the isolation of Streptococcus
mutans from extirpated heart valves and atheromatous plaque
specimens after surgery [144]. Koren et al. [145] detected
key bacterial members of dental plaque in atherosclerotic
plaques and identified a core “signature” species in the plaque
microbiome which was found to vary among individuals [145].
Various periodontopathogenic bacteria such as Tannerella
forsythia, Fusobacterium nucleatum, Prevotella intermedia,
Porphyromonas gingivalis, Prevotella nigrescens and Actinobacillus
actinomycetemcomitans have been detected in the atheromatous
plaques in the coronary arteries of atherosclerosis patients,
suggesting a strong relationship between periodontitis and
atherosclerosis [146,147]. Different routes of bacterial delivery to
the inflammatory site in vascular cells results in the formation of
atheromas [148].
CAD results due to accumulation of atheromatous
plaques within the coronary artery walls of myocardium and
encompasses a range of diseases that result from atheromatous
change in coronary vessels. CAD and stroke are caused due to
atherosclerotic plaque formation. Non-atherosclerotic causes
of CAD include coronary artery spasm, coronary anomalies,
coronary embolism, coronary dissection, myocardial bridging,
anemia, tachycardia and ventricular hypertrophy, triggered by
tobacco usage, cocaine abuse, emotional stress etc. MI is mostly
caused due to a vulnerable plaque in circulation, which on
interaction with blood cells forms a stable thrombotic clot, the
process being called Thrombosis. The thrombotic clot, when
blocks the coronary artery, obstructing blood flow, results in MI.
Unlike CAD or atherosclerosis, the coronary thrombotic clot in
MI remains more stable after detachment and might not contain
any infectious agents. The thrombotic clot in blood circulation to
brain might result in Stroke.

Lipoprotein A, which is implicated in MI, inhibits plasminogen
activation leading to the accumulation of fibrin clots on the
endothelial surface [149]. Many cells, including platelets,
endothelial cells, activated monocytes, macrophages, and SMCs
are involved in the atherosclerotic plaques formation [150].
Endothelial injury can be because of bacterial inflammatory
stimuli. Following this, the endothelial cells release a series of
proinflammatory molecules such as chemokines, cytokines and cell
adhesion molecules leading to the activation of SMCs, triggering
endothelial cell death programs and vessel occlusion because of
platelet aggregation and thrombus formation [151]. Activated
leukocytes in the endothelial space continue the inflammatory
cycle through the synthesis of pro-inflammatory molecules
which degrade the surrounding extracellular matrix leading to
further infection [152]. When blood flow is not restored, it might
result in myocardial ischemia, and finally leading to myocardial
necrosis. Acute MI causes stasis of intracardiac blood increasing
the thrombus size in the setting of a hypercoagulable state. Left
ventricular thrombosis is more common in MI and might result in
purulent pericarditis or myocardial abscess. Atherosis leading to
plaque formation in peripheral blood vessels supplying blood to
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other organs might result in arteriosclerosis.

Coronary artery disease (CAD) is caused by the accumulation
of atheromatous plaques within the walls of coronary arteries of
the myocardium. Several studies have shown the presence of C.
pneumoniae signatures in CAD patients, indicating the association
of C. pneumoniae infection with CAD [153,154]. Experimental
inoculation of C. pneumoniae in coronary artery has been found to
increase lipid accumulation and stimulate inflammatory response
in mice [155]. Presence of C. pneumoniae in carotid arteries
has been reported to elevate interleukin-6 (IL-6) in plaques
and CRP level in the serum of carotid endarterectomy patients
[156]. Ishihara et al. [156] reported higher detection rates of P.
gingivalis, A. actinomycetemcomitans, B. forsythus, T. denticola and
C. rectus in the coronary artery plaques of CAD patients [157]. A
few periodontal pathogens have been shown to invade coronary
artery tissues [158]. They also found a positive correlation in the
detection rate of bacterial DNA in coronary stenotic plaque and
dental plaque samples. M. pneumoniae seropositivity was found to
be more prevalent in patients with CAD than without CAD (14%
versus 6%, p < 0.01) [159]. H. pylori has also been more often
detected in CAD patients [160]. Viral infections, such as CMV and
HCV have also been reported to be associated with the risk of CAD
[161,162].
Valvular heart disease (VHD), characterized by a damage
or defect in the mitral, aortic, tricuspid or pulmonary valves
may be congenital or acquired. Aortic valve degeneration is the
most frequently reported [163,164]. Common abnormalities
of VHD include mitral stenosis, mitral and aortic regurgitation.
VHD resulting from rheumatic fever due to Group A Streptococci
infection is referred to as rheumatic heart disease (RHD) [165].
Pathogenesis of RHD is mediated by autoimmune mechanisms
induced by Streptococcal components, such as, the M proteins and
group A carbohydrate. Streptococcal antigens immunologically
mimic heart antigens [166]. Antibodies that cross react with
Streptococcal antigens and human proteins stimulate adhesion
molecules leading to chronic inflammation and increased cellular
infiltration. CD14+ cells that cross react with heart tissue and
Streptococcal antigens increase inflammation of heart lesions. A
large number of monocytes that infiltrate valvular lesions produce
inflammatory cytokines and the imbalance between these cells
and T-helper cells in the valves contribute to the maintenance
and progression of rheumatic valvular lesions. Several M-protein
epitopes in Streptococcus species can induce cross reactive
responses against human proteins [167]. The incidence of VHD
is commonly a result of untreated streptococcal infections
developing into acute rheumatic fever. In addition, VHD can also be
caused by transient bacteremia which in turn is caused by trauma
to mucosal surfaces densely populated with microbes. When
untreated, bacteremia could progress into infective endocarditis,
which may cause permanent damage to one or more heart valves.
Angina pectoris or chest pain is a common clinical
complication of IHD. Obstruction of coronary arteries due to
atherosclerotic or non-atherosclerotic causes may result in IHD.
CAD, MI or atherosclerotic diseases may result in IHDs, most
notably, myocardial ischemia. Myocardial ischemia is the result
of an imbalance between oxygenated blood supply and demand.
Continuous stress for a longer time period may precipitate
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myocardial ischemia. Coronary vasospasms can occur in the
absence of Atherosclerosis. On the other hand, some patients
may develop a transient increase in the degree of coronary artery
obstruction as a result of platelet aggregation and thrombus
formation.
Endocarditis is the inflammation of the inner endocardial wall
or equivalent prosthetic heart surfaces due to inflammation or
infection. In infective endocarditis (IE), heart valves do not receive
sufficient blood supply. As a result, immune responses cannot be
elicited from the heart valves via blood stream. Microbes that
manage to reach the endocardium persist in the inflamed tissue
and forms large vegetation leading to chronic inflammation. Most
of the endocarditis cases are the result of bacterial infections
and 50% of them were due to Staphylococci and Streptococci.
Endocarditis cases due to fungal and viral infections have rarely
been reported earlier. The vegetation formed by these infectious
agents is comprised of a large inner layer of platelets, fibrin,
erythrocytes, leukocytes, a middle layer of bacteria and an outer
layer of fibrin. In endocarditis, pathogens colonize the innate
valves or the endothelial valve lesions. Inflamed endothelia
produce proinflammatory cytokines, integrins and certain tissue
factors. These factors, in turn, attract fibronectin, monocytes
and platelets to the inflamed site. Bacteria adhering to these
sites further activate the inflammatory cascade by invading
endothelium, causing apoptosis and endothelial damage. In
addition, they also embed themselves and evade host immune
defenses [168,169].
Bacteria deploy a wide range of virulence strategies, including,
adherence to host cells, biofilm formation, host cell invasion,
aggression and intracellular persistence. Upon adherence, bacteria
can proliferate and form biofilms, which provides many advantages
for the bacteria including strong adherence, nutrition, immune
evasion and antibiotic tolerance. Endothelial cell adhesion is a
prerequisite for host cell invasion and intracellular persistence.
Pathogenicity of endocarditis includes valve colonization and
vegetation maturation. Spontaneous deposition of platelet-fibrin
aggregates on abnormal and inflamed endothelia, combined with
a hypercoagulable state results in the formation of nonbacterial
thrombotic endocarditis (NBTE). Increasing age, malignancy,
disseminated intravascular coagulation (DIC), uremia, VHD, and
intravascular catheters are predisposing factors of NBTE [170].
Abnormal immune functions and bacteremia might contribute to
early valvular colonization [171].

The valvular endothelium is generally resistant to infection.
However, mechanical lesions of the endothelium expose the
underlying extracellular matrix proteins, leading to local
inflammation, and deposition of fibrin and platelets. This forms a
NBTE complex, prone to bacterial colonization. Mechanical valve
lesions promote infection by all pathogens. During bacteremia,
blood flow through a narrowed valvular orifice deposits bacteria
at a site near the orifice, injuring the endothelium. Thrombotic
material is deposited at the same site leading to the formation of
bacterial or infective endocarditis. Endothelial trauma or lesions
are caused by turbulent blood flow due to cardiac abnormalities.
Valve scarring and calcification in rheumatic carditis or valve
sclerosis in geriatric patients may also result in endothelial
lesions. Interventional therapies during coronary angioplasty or
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CABG, by prosthetic valve replacement or indwelling catheters
may also cause endothelial cell lesions.

However, IE may occur without any identifiable pre-existing
lesions. Local inflammation, which occurs in some cases, triggers
endothelial cells to express a wide variety of molecules including
integrins. β1 integrins, for example, bind circulating fibronectin to
the endothelial valvular surfaces. Thus, fibronectin bound by the
activated endothelia provides an adhesive surface to the circulating
bacteria. Inflammation and coagulation are very closely related.
Tissue factor, which plays a major role in coagulation, is released
from the monocytes and endothelial cells by stimulation of IL1, which in itself is produced due to endothelial injury. In turn,
endothelial cells and monocytes produce cytokines and integrins
that favour the formation of NBTE and attachment of circulating
bacteria. Once attached, microbes further maintain this vicious
cycle that promotes vegetation growth in which they are secured
from host defenses. The mode of infection by microbes may vary
according to the infecting species.
CHD includes co-arctation of aorta, total and partial pulmonary
venous connections, valvular leaflets, patent ductus arteriosus and
septal defects. The most known complication is the obstruction
of blood flow due to hypoxia or syncope. Congestive heart failure
(CHF) is mostly the end stage of cardiac disease resulting due
to severe damage to inner organs like kidney, liver etc. or heart
muscle. However, CHF may also result as a later complication of
surgical procedures like CABG and PCI. CHF results in cases of end
stage renal disease (ESRD), acute renal injury, acute lung injury,
liver cirrhosis, bile duct obstruction, bowel injury or intestinal
reperfusion etc. Earlier evidences demonstrate the involvement
of infectious components in heart failure [53]. In particular,
circulating endotoxemia due to gut bacterial translocation has
been widely studied in heart failure [37,69]. Pericarditis or
pericardial abscesses involving the pericardial fluid is a strong
proponent of cardiomyopathy. Pericardial thickening may result
in constrictive pericarditis and restrictive cardiomyopathy.
However, bacterial and viral infections of the pericardium due to
thoracic surgery, or, as a complication of infective endocarditis or
systemic bacteremia or contagious pleural, pulmonary infections
may also result in pericarditis. Constrictive pericarditis due to
thickening, fibrosis and calcification of the pericardium, encases
the heart in a solid, non-compliant envelope.

Microbial Translocation Across the Intestinal Barrier
in CVDs
The GIT functions as an effective immunological barrier
against intraluminal pathogens from entering the circulation
[172]. The intestinal barrier is maintained by a well-balanced
microflora, intact mucosa and a proper functioning immune
system. The Peyer’s patches in the intestinal crypts, along with
lymphocytes and macrophages form the innate immune defense
system of the intestine [172]. The intestine also maintains a
stable ecological balance to prevent bacterial overgrowth and
subsequent translocation. When one or more of these protective
mechanisms are impaired, viable microbes or their products may
traverse this barrier and spread to the mesenteric lymph nodes or
other organs through lymphatic drainage and circulation resulting
in microbial translocation. However, this process was also known
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to occur in the healthy human intestine [173,174] and appears to
begin early in life [47]. The microbial products in circulation will
be cleared off regularly by the RES of liver [175,176]. However,
the dormant microbes or their components are known to persist
in circulation in diseased conditions. The enterocytes are held
together by tight junctions. The movement of bacteria occurs
either through the transcellular route involving enterocytes or
the paracellular route involving tight junctions. On the other
hand, the movement of bacterial products takes place in between
enterocytes through the paracellular route [29]. The movement
of bacteria and viruses from the gut to other parts of the human
body involves a complex immunological process [92,98,177]. The
most known source of entry of microbes into the circulation from
the gut is by direct cellular uptake through the activation of NOD1
receptors in M cells overlaying the Peyer’s patches by damage to
the gut epithelial cells [178,179].

only if they survive translocation through the lamina propria and
are not removed by host immune mechanisms. Macrophages
are important effector cells in the defense against translocation.
Receptor dependent internalization of pathogenic particles
takes place by binding to the complement C3 or Fc receptors or
both, inducing phagocytosis. The capacity of liver to clear these
particles is dependent on the number of particles that bind to
these receptors. Extensive movement of bacteria is seen in case of
intestinal wall damage which may occur due to ischemia, trauma,
hypothermia, presence of vasoactive agents etc [191].

The maintenance of normal epithelial cell structure prevents
the transepithelial migration of microbial particles from the
gut lumen and the tight junctions prevent movement through
the paracellular route [182]. Bacteria initially adhere to the
enterocytes and bind to receptors on the cell membrane and
this allows them to reach the basal membrane. The intestinal
lymphatic drainage carries the bacteria to mesenteric lymph
nodes from where they spread to other tissues through circulation
[183]. Bacterial components gain access to systemic circulation
via the enteric venous system to the portal vein or following
lymphatic drainage from the intestine. Some of the biologically
harmful effects of LPS include intravascular coagulation [184],
hemodynamic disturbances [185], metabolic derangemements
[186], coronary artery revascularizartion [187], vascular
endothelial damage [188] and cholestasis [189]. In addition, in
other studies, suppression of cellular immunity and increased
protein degradation from gut were seen [49]. Protein loss from
the gut has been reported in CHD patients and may contribute to
cardiac cachexia [190]. The gut epithelial cells which endocytose
the bacteria are considered non-professional phagocytes.
Portal vein endotoxemia of gut origin is considered a normal
physiological phenomenon [9]. Interestingly, earlier studies have
reported the translocation of microbes through enterocytes by a
mechanism different from classical phagocytosis and exocytosis.

In a study by Sato et al. [60], Gram positive anaerobic intestinal
bacteria were isolated from the systemic circulation of Type 2
diabetic patients suggesting the movement of bacteria from gut
to blood stream [60]. LPS from Gram negative bacteria binds to
LDL and influences lipoprotein metabolism, thereby contributing
to the development of atherosclerosis [192,193]. LPS induces
endothelial cell damage [194,195] or exerts stress on the vascular
cell surface to stimulate excessive production and release of
superoxide anions [20,196] resulting in LDL oxidation [197].
Oxidized LDL leads to atherosclerosis and the release of cytokines
such as, IL-1 and TNFα from macrophages stimulate their
transformation into foam cells [134,135].

It has been studied earlier that, in the normal human gut,
bacterial outer membrane fragments are constantly shed into
the circulation during replication and circulating endotoxins
are present without any harmful effects [173,174]. Circulating
endotoxemia has been reported earlier in cardiac patients [10],
albeit, it has been frequently reported in gut diseases such as the
bowel disease and liver disease [55,180]. Many immunological
mechanisms support the concept that gut leakage is primarily
responsible for the higher levels of circulating microbial
components [181]. These microbial components accumulate
in the fatty acids of arterial walls leading to the degradation of
vascular endothelium in CVDs.

Subsequently, the uptake of microbial components from the
circulation takes place by the endothelial and kupffer cells of
liver through both receptor dependent and receptor independent
endocytic mechanisms. The translocating bacteria can be cultured
from the mesenteric lymph nodes and other extra-intestinal sites

However, bacterial translocation from gut is controlled by
its own flora by a process called colonic resistance. The normal
intestinal anaerobic flora acts as a control mechanism in
regulating the translocation of enterobacteria. Anaerobic bacteria
are not readily taken up by enterocytes and stay attached to
the epithelial receptors. This is proved by the finding that the
translocation of anaerobic bacteria is facilitated in conditions
of extensive histological damage to the intestinal epithelium,
and thereby damage to the receptor sites [180]. Facultative
intracellular bacteria translocate more readily than extracellular
bacteria. Bacteria, such as Salmonella and Listeria can survive
and replicate inside host blood cells. Hence, it has been studied
that bacterial translocation is promoted by increased intestinal
permeability, impaired host defense and bacterial over growth.
Changes in intestinal permeability are caused by the loss of tight
junction integrity or by cell wall injury at villous tips. These
mechanisms can act synergistically to promote translocation and
systemic spread of bacteria to cause sepsis.

Microbial translocation is normally assessed in blood by the
measurement of bacterial products such as, LPS [34], bacterial
DNA or RNA fragments [54,198], serum CD14 levels [199], LBP
levels [200], intestinal fatty acid binding protein (i-FABP) levels
[201], endotoxin core antibodies and antiflagellin antibodies
[200,202]. An alternative method used to assess microbial
translocation is the detection and quantification of 16S rDNA gene
in plasma [54]. In many studies, bacterial 16S rDNA gene was used
as a marker of microbial translocation in HIV-infected patients
[63,65]. Bacterial translocation occurs spontaneously when the
intestinal barrier is compromised and the translocated microbial
components activate plasma protein cascades, macrophages and
neutrophils to release monokines and proteins.
LBP synthesized by liver is is a marker of atherosclerosis.
However, LBP levels only reflect Gram negative bacterial infection
and not Gram positive bacterial translocation, which is a major
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drawback in the assessment of MT in CVDs. However, presence
of peptidoglycans in circulation has not been reported in CVDs,
although, it has been reported in studies on hemorrhagic shock
[203]. Most of the bacteria detected in blood are Gram negative
and facultative anaerobes. Obligate anaerobes are not taken up
by enterocytes and stay attached to the receptor sites on the
epithelium [204].

Viral translocation across the intestinal barrier

While there are too many reports on the translocation of
bacteria from gut, reports on viral translocation from the gut are
relatively less and there are no reports in CVDs. More particularly,
there are more reports on phagemia (presence of bacteriophages
in circulation) than viremia (viruses in circulation). While
bacterial movement to blood has been detected in healthy people,
with a frequency of 5% of the assayed population [205], there are
no reports on viral translocation from gut in healthy individuals
as on date. However, viruses and phages have been reported in
the circulation of healthy individuals earlier [89,90]. Although,
there are some reports on viral translocation in certain diseases,
there is only one report on viral translocation in CVDs [206].
HIV translocates through the epithelium via M-cells, epithelial
cells and dendritic cells to disseminate to systemic sites [207].
Evidently, phage translocation in diseased individuals will be
much higher than in healthy individuals, as the intestinal barrier
in diseased individuals is much more permeable to microbes than
in healthy individuals. In an experiment on viral translocation
in CVDs, influenza virus inoculated through the intra-tracheal
route in Apo-E deficient mice, was detected in aortic plaques by
quantitative PCR, immunohistochemistry and viral culture [206].
Phages in the gut interact with enterocytes and Gut associated
lymphoid tissue (GALT), an immunological network comprising
majority of T-cells and a significant B-cell compartment
[208]. Phages may translocate through the enterocytes which
constitutively express key elements for antigen processing and
production of exosomes. These cells also express CD41a and CD61,
which may be implicated in binding T4 phages [209]. In a study on
phage therapy, it was found that dendritic cells phagocytose T4
phages rapidly and abundantly in contrast to bacteria, and phages
inhibit phagocytosis of subsequently provided bacterial particles
[210]. Therefore, phages could limit bacterial translocation by
directly eliminating sensitive bacteria and gut inflammation, but
increasing circulating bacterial components. It is also known
that phages can interact with CD40/CD40 ligand system which is
believed to play a major role in inflammatory reactions involving
the GIT [211]. Many potent biological activities mediated through
this pathway are exerted by activated platelets, including the ability
to induce metastasis and angiogenesis [212]. These functions are
implicated in atherosclerosis, diabetes and inflammatory bowel
diseases. T4 phages on adhesion with human platelets inhibit
their ability to interact with fibrinogen [213]. Thus, phage passage
across the intestinal lumen is determined by a number of factors,
viz., phage concentration and specific sequences within the phage
capsid which interact with the enterocyte receptors, and phages
interacting with dendritic cells.

Bacterial Translocation from the Oral Cavity

The other main source of entry of microbes into the circulation
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of cardiac patients is from the oral tract. Most studies have
reported a strong influence of periodontal disease on CVD
[214,215]. Transient bacteremia can occur in patients with
chronic oral infections for years. Bacteria have been detected
in blood after tooth brushing, tooth extraction and periodontal
surgery [77]. Oral infections like dental caries lead to destruction
of enamel, root surfaces of teeth, dentin and the components of
periodontium. It was found that oral biofilms contain atleast 400
different bacterial species creating a highly organized microbial
ecological system to perpetuate infection [77]. Translocation
through the oral route has been reported in many studies earlier
[39, 132,216,217].
Dental caries is usually formed by the initial infection of
Streptococci, which are the early colonizers of the biofilm.
Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis,
Tannerella forsythia and Treponema denticola are other significant
colonizers identified in the oral cavity of periodontal disease
patients. These organisms which form biofilms on tooth surface
continuously shed microbial products, virulent components and
metabolites. This invokes the host to produce a dense infiltrate of
inflammatory cells and a variety of cytokines resulting in platelet
aggregation and adhesion, cholesterol deposition and formation
of lipid laden cells in the periodontal cells. The bacterial species
release a surface protein called platelet aggregation associated
protein which induces the aggregation of platelets released
through injured capillaries. Bacteremia due to these infections can
contribute to the risk of acute thromboembolic events associated
with atherosclerosis and MI.
Oral bioﬁlms have an organized structure, engrossed with
bacteria in a matrix of salivary glycoproteins and extracellular
polysaccharides. Periodontal diseases which includes
Periodontitis and Gingivitis may affect one or more of the
periodontal tissues supporting the tooth viz., the alveolar bone,
periodontal ligament, cementum, and gingiva [218]. Periodontal
infection is initiated by speciﬁc invasive oral aerobic and anaerobic
bacteria that colonize dental plaque bioﬁlms on the root surface
of teeth. Periodontitis is characterized by a host inflammatory
response against microbes and their products in dental plaques
[219]. Helicobacter pylori have been detected in subgingival
plaques of periodontal disease patients. Most of the organisms
which are oral commensals when introduced into the circulation
may become pathogenic. Streptococcus viridans has been more
often implicated in endocarditis [220,221]. Inflammation plays
an important role in atherothrombogenesis and its clinical
complications, the potential causes of chronic inflammation,
being infection with various bacterial agents [222,223].

In oral diseases, there is a fundamental shift in microbial
communities was found to correlate with the intensity of disease
progression [145]. P. gingivalis, in particular, is well studied to
cause dysbiosis in oral disease [224,225]. Bacteria are not capable
of directly invading oral tissues. The loss of epithelial integrity
within the periodontal pockets due to inflammation facilitates
bacterial translocation and induces bacteremia [38,226].
Bacterial infections in endodontis have also been implicated in
CVDs [58,73,227,228]. Various dental procedures and routine
oral hygiene efforts may lead to the entry of bacterial products
into bloodstream; therefore bacterial products triggering a
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systemic immune response may form the basis for the link
between periodontitis and coronary heart disease [31,229,230].
Various dental procedures, daily oral hygiene efforts and gentle
mastication may lead to the translocation of bacteria or bacterial
products from the oral cavity into blood stream and these bacterial
components may lead to CVDs. Therefore, bacterial antigens and
endotoxins in circulation triggering a systemic inflammatory
response may represent the relation between oral infections and
CVD. Common oral bacteria detected in atheromatous plaques
include A. actinomycetemcomitans, T. forsythia, P. gingivalis, P.
intermedia, E. corrodens and T. denticola [224, 231].
In 1994, Debelian observed that human periodontal and
endodontic infections were associated with complex microﬂoras;
approximately, 350 bacterial species were identiﬁed in marginal
periodontitis and other 150 species were found in apical
periodontitis [232]. The proximity of microﬂora present in
root canal and periapical tissues to the bloodstream can cause
transient bacteremia during clinical dental procedures viz.,
tooth extraction, periodontal and endodontic treatments. It
is thus evident that both endodontic surgical procedures and
non-surgical instrumentation of root canals during endodontic
treatments can produce a transient bacteremia.

Movement of bacteria to the circulation in Periodontitis

Oral cavity contains a plethora of microbes, predominantly
bacteria. Oral diseases result in the inflammation of supportive
structures of teeth, including gums and alveolar bone. Plaque
accumulation on tooth surface leads to bacterial infection in the
periodontium. Intact crevicular epithelium of the gingival sulcus
is non-permeable to bacteria. But it is permeable to bacterial
antigens, metabolites and enzymes. A highly evolved interaction
between bacteria and host leads to bacterial colonization of
the gingival crevice by evading host defences and damage the
crevicular epithelial barrier and integrity. Bacteria colonize the
gingival sulcus by causing direct damage to Polymorphonuclear
leukocytes (PMNLs) and macrophages, reduce PMN chemotaxis,
modulate cytokines viz., IL-1 to 10, IFN and TNFα, degrade
fibrin and alter lymphocyte function. They damage the epithelial
barrier by releasing volatile Sulphur compounds and oral thiols,
cause putrefaction and lead to oxygen deprivation, increasing
oral and sulcar epithelial damage and induce disaggregation of
proteoglycans and glycoproteins in the extracellular matrix.
They cause tissue damage by releasing hydrolytic enzymes
such as, hyaluronidases, chondroitinases, neuraminidases,
phospholipases, alkaline phosphatases etc. and proteolytic
enzymes such as proteases, collagenases, cysteine proteases,
gelatinases, trypsin like proteases etc. They degrade tissues by
the release of leucotoxins and LPS; stimulate inflammation by
activation of the complement system, destructs soft tissues by
the production of ROS, lysozymes and collagen resulting in ECM
destruction and extirpates alveolar bone by regulating bone
activation and osteoclastic function in bone resorption. Bacteria
cause indirect tissue damage by plaque intrusion, monocyte
activation, and ligament and bone destruction. Bacterial antigens
from plaques stimulate monocyte activation to produce high
concentrations of tissue cytokines. They also stimulate matrix

metalloproteases (MMPs), osteoclastic activity and alveolar bone
destruction. The bacterial compounds impair oxygen utilization
by host cells, react with cellular proteins, interfere with collagen
maturation, increase collagen solubility, decrease DNA synthesis
and proline transport and reduce the protein content of fibroblasts.

Relationship between bacteria, inflammatory cells and
bone resorption

Bacteria release LPS which activates inflammatory cells
resulting in the release of cytokines and local factors. These factors
can act directly on osteoclasts to stimulate their activity as well as
pre-osteoclasts to increase the pool of bone resorbing cells. The
bacterial cells and inflammatory components may act directly on
osteoblasts or their progenitors, resulting in decreased number of
functional cells. It also results in bone loss and connective tissue
attachment.

Initial lesions during first 2 weeks after plaque
accumulation:

Vascular changes include dilation of arterioles, capillaries and
venules, increased hydrostatic pressure, increased intracellular
gap between endothelial cells and increased permeability of
vessels, release of fluid and protein exudates from tissues and
increased gingival crevicular fluid. Inflammatory reactions
include migration of leukocytes from blood vessels, increased
neutrophil population in gingival sulcus, junctional epithelium
and connective tissues, acute inflammation with reddening and
bleeding of tissues.

Early lesions
accumulation

during

second

week

of

plaque

Vascular changes include more number of dilated vessels and
enhancement of local effects. Inflammatory reactions include
increased neutrophils and lymphocytes, shift in cell population
with an increase in the number of lymphocytes and macrophages
and persistence of acute chronic inflammation. Reddening,
swollen and bleeding of tissues with increased number of reteprocesses formation in junctional epithelium and degeneration of
fibroblasts was seen.

Established lesions formed 3 to 4 weeks following
plaque accumulation

Inflammatory reactions include features of chronic
inflammation with increased lymphocyte population, B-cell
maturation into plasma cells, more collagen loss and extension of
deeper epithelial rete-processes. Red and swollen tissues are seen
as in chronic gingivitis.

Advanced lesions

Inflammatory reactions include chronic inflammation, collagen
loss, marked bone and attachment loss, mobility and tooth loss
and formation of abscess. Infection sites include supragingival
plaque area, root surface, radicular cementum or dentine, pocket
lining and soft tissues within the pocket wall. Some bacteria also
interfere with the normal host defense mechanism by inhibiting
the action of phagocytic cells [219]. Advanced lesions cause
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degradation of collagen by MMPs 1 and 8 secreted by connective
tissue fibroblasts. This leads to bone resorption by subgingival
bacteria and bacterial components like LPS, LTA and Gram positive
surface associated material.

Entry of bacteria from the periodontium into blood
stream

Some of the supragingival plaque flora and subgingival
flora invade cementum and radicular dentine and move to the
microvasculature and enter the systemic circulation.

Movement of bacteria to the circulation in Endodontis

Apical periodontitis or pulpal inflammation is the late
consequence of an endodontic infection caused by the persistence
of coronal caries in the root canal system of teeth leading to
the accumulation of bacterial plaque. It is characterized by the
presence of bacteria in association with viruses and fungi in the
root canals or endodontium of the diseased teeth organized in
a biofilm, as a result of pulpal infection or a deep carious lesion
[233]. The pathogenesis of this disease is due to a non-specific
inflammatory process and a specific host immune reaction in the
periapical tissues in response to infection from the endodontium.
With time, this causes reabsorption of the periapical bone, its
substitution with the inflammatory tissue and the formation of
a periapical lesion. Clinical symptoms associated with different
stages of apical periodontitis are represented by swelling of
soft tissues, presence of sinus tract, pain to tooth percussion
and palpation of the periapical area. Despite having a different
etiology and pathogenesis, periodontal disease and endodontis
share a common microbiota, often anaerobic Gram negative
bacteria [67,234] and are accompanied by elevated systemic
cytokine levels [235,236].
Three possible metastatic pathways were considered
responsible for the consequences of oral infections on CVD:
metastatic spread of infection from oral cavity resulting from
a transient bacteremia; metastatic injury by circulating oral
microbial toxins and metastatic inﬂammation arising from an
immune response to oral microorganisms [237]. The chronic
activity of bacteria, their toxins, enzymes and metabolites, followed
by the host immune response, leads to a progressive failure of
periodontal attachment and premature loss of teeth. CRP has
been detected in the gingival crevicular fluid in endodontis cases.
However, it is not known whether CRP originates from serum or is
synthesized in the extra-hepatic local tissues [238,239].

Furthermore, clinical procedures performed by dentists on
the teeth and periodontium, along with brushing daily produces
a transient bacteremia and may cause a secondary infection
in a distant tissue or organ, including arteries. Patients with
unfinished root canal treatment (RCT) in endodontic infections
were reported to have higher incidence of CHD [58,240]. RCTs
were normally performed to disinfect the microbial flora in the
pulp, thereby, eliminating the microorganisms from the root canal
system. Unfinished RCTs can create dead space aiding bacterial
growth which can spread to other body sites. The root canal flora
of teeth with intact crowns and necrotic pulps is dominated by
obligate anaerobes [241]. An unfinished RCT with dead space can
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increase the risk of microflora contamination in the root canals
over time and this leads to the progression of inflammation to
periapical tissues, resulting in apical periodontitis [68,242]. The
host tries to confine and restrict the infectious elements to the
pulp. However, when unbalanced, as in RCT, this induces an acute
spread of infection. A reasonable mechanism is that the infectious
processes associated with the root canal system may not only
cause localized symptoms in the oral cavity but also extend to
other organs through systemic circulation.

The bacteria in the inflamed pulp and periapical granulomatous
tissues can elevate inflammatory mediators and cytokines like
IL-6 and IL-2 [243-245]. In another study by Garrado et al. [246], it
was found that CRP was produced in apical lesions of endodontic
origin in response to IL-6 release and its action on effector organs
[246]. This low grade chronic inflammation for years, might
lead to low grade infection and contribute to the development
of atherosclerosis and CVD because these mediators can induce
endothelial dysfunction [13,235].

Bacterial Translocation from the Oral Cavity in CVDs

The association between dental infections and MI was
reported for the first time in 1989 [247]. People with heart
problems or coagulation abnormalities and those with artificial
joints are found to be vulnerable to oral infections [248,249].
An acute episode of any infectious disease may play a vital role
in precipitating a cardiovascular event without being involved
in the progression of atherosclerosis. Damaged endothelia also
trigger platelet aggregation and initiate thrombus formation at
the injured site, resulting in vessel occlusion [151]. In carotid
atherosclerosis, tunica intima-media thickening was found to
increase with higher levels of circulating periodontal bacteria
[129]. Beck and Offenbacher, [129] and Beck et al. [129] reported
increased circulating antibody levels to periodontal microbes in
coronary heart disease and subclinical atherosclerosis patients
[128,250]. Spahr et al. [251] found that increased circulating
pathogen burden was related positively to coronary heart
disease [251]. C. pneumoniae, a pathogen commonly linked with
atherosclerosis is able to spread from the respiratory tract to
other tissues via circulation [252]. Periodontal bacteria, such
as, A. actinomycetemcomitans and its components have been
identified in circulation and these bacteria could have access to the
circulation through bleeding periodontal pockets [31]. Both these
bacteria have been detected in human atherosclerotic plaques
[147,253,254]. Tooth loss was well correlated with increased
coronary risk, in particular, among subjects with a positive
history of oral disease. However, it is known that in VHD patients
, a transient bacteremia may persist leading to IE and myocardial
or cerebral infarction. Patients with one or two unfinished RCTs
have a higher risk of CVD incidence than patients with three or
more unfinished RCTs. In two studies performed earlier, it was
found that the number of endodontic lesions was significantly
associated with the diagnosis of CHD [255,256]. Additionally,
in another study, it was found that dental patients with MI had
a higher number of radiographic apical lesions compared with
patients without MI [73]. Bacteremia was elicited in 31-54% of
RCT patients [257,258].
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Though, there are differences in CVDs of periodontal or
endodontic origin, there are similarities regarding common
existing microbiota, predominantly, Gram negative bacteria
[234,259] and systemic cytokine levels in circulation [236]. Thus,
chronic oral inflammation is a strong risk factor for heart diseases.
Dental procedures are more often implicated in the etiology of IE
[260,261]. Bacteremia of dental origin is more often implicated
in IE. There are increasing evidences that exposure to bacteremia
is significantly higher due to cumulative daily procedures such
as tooth cleaning and mastication than due to surgical dental
procedures [262]. The most important complication of IE is heart
failure resulting due to the direct effects of proliferating bacterial
vegetation on heart values. Embolism of vegetation fragments can
damage organs and tissues including the brain, lungs, coronary
arteries and spleen [263]. Herpes Simplex virus-1 and 2, Epstein
Barr virus, Varicella Zoster virus, Human Herpes virus-7, human
CMV and human Papilloma virus were detected in very few cases
of endodontic pathosis [57,264].

Viral translocation from the buccal cavity

There are no reports on viral translocation from the oral tract
in healthy individuals as on date. However, viruses identified
in the oral tract were detected in the circulation of healthy
individuals [233]. Viruses have been implicated more frequently
in oral disease associated CVDs and the majority of them were
Herpes viruses. Cytomegalovirus (CMV) infection was identified
more often in arteriosclerosis after cardiac transplantation [161].

Pathogenesis of circulating microbial components in
CVDs
Effect of circulating LPS on the vascular endothelia

Circulating microbial components accumulate in fatty acids of
arterial walls leading to the degradation of vascular endothelium
in CVDs. Some of the biologically harmful effects of LPS include
intravascular coagulation [184], hemodynamic disturbances
[185], metabolic derangemements [186], coronary artery
revascularizartion [187], vascular endothelial damage [188] and
cholestasis [189]. It has been demonstrated that LPS derived
from A. actinomycetemcomitans and C. pneumoniae transforms
macrophages into lipid laden foam cells in vitro [265,266]. LPS on
interaction with endothelial cells induces endothelial cell damage
through oxidative stress by the production of superoxide ions.
LDL gets oxidized on interaction with these superoxide ions and
the oxidized LDL gets deposited on damaged endothelial cells.
This can elicit an inflammatory response as demonstrated by
increased concentrations of inflammatory markers, such as serum
amyloid A (SAA), CRP and TNFα [36,267]. The foam cell formation
of arterial macrophages is attributable to reduced cholesterol
transport by binding to high density lipoproteins [HDL]. During
inflammation, there is an alteration in the amount of cellular
surface components involved in reverse cholesterol transport.
Thus, inflammation promotes lipid accumulation and formation
of foam cells. Under pathophysiological conditions, the vascular
endothelial functions are compromised impairing vasodilation
regulated by endothelial Nitric oxide synthase (eNOS) activity
inhibited by HDL. However, during inflammation, the amount of
HDL is decreased resulting in the impairment of vasodilation.
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Inflammatory mediators also enhance monocyte adhesion by
inducing adhesion molecules, such as intercellular adhesion
molecule (ICAM), vascular cell adhesion molecule (VCAM) and
E-selectin [42,268,269]. In another study, a higher frequency of
ICAM-1 expression was observed in H. pylori positive plaques
[270]. Both periodontitis and C. pneumoniae have been known
to increase the concentration of endothelial dysfunction markers
in circulation [271,272,273]. Earlier studies have shown that C.
pneumoniae infection is associated with increased expression of
cell adhesion molecules [41,274,275].
Macrophage cholesterol disturbance, both influx and efflux is
essential for atherogenesis. Inflammation alters HDL composition
drastically [276-278]. Wang et al. [14] demonstrated that
metabolism of phospholipid associated molecules by the gut
bacteria promotes atherosclerosis [14]. They also observed that
increased plasma TMAO levels in Apo-E deficient mice correlated
positively with atheroma burden. Translocation of bacteria from
the buccal cavity to circulation in CVDs occurs due to periodontal
infections or because of dental procedures and tooth cleaning
[33,46,279]. Infection in atherosclerosis may promote vessel wall
injury initiated by oxidized lipids, smoking derived oxidants and
hypertension or diabetic glycoxidized molecules. Macrophages
and T-cells infiltrate atherosclerotic lesions and localize in the
region where atheroma grows leading to more deposition of
fibrous tissues in the lesions. Vascular SMCs synthesize the
extracellular matrix responsible for plaque maturation [280].
Human atheromata express increased concentrations of IL-18
and its receptor subunits [281]. Plaque rupture and the following
thrombotic conditions commonly cause the most dreaded acute
complications of atherosclerosis.

Release of microbial components such as, LPS into the
circulation involves indirect influence of microbes over the
development and progression of atherosclerosis. MMP9 contributes to plaque rupture by dysregulation of the
extracellular matrix during the complication of atherothrombosis
[282]. Inflammation occurs during all stages of atherosclerosis
from initiation of lesion to progression and destabilization. In
addition, inflammation regulates both the solid state thrombotic
potential of the plaque and the antifibrinolytic capacity of blood
[283]. Aortic stiffness is positively correlated with circulating
MMP-9 levels, suggesting its role in the development of systolic
hypertension [284]. Patients with stable CAD have higher levels
of MMP-9 than healthy individuals [285]. Serum MMP-9 levels
are positively correlated with circulating LDL concentrations and
negatively correlated with HDL concentrations [286]. Plasma
MMP-9 levels were increased two to three fold compared to
normal during acute coronary syndromes, indicating an active
role of MMP-9 in plaque rupture [287,288]. Bacterial infections
may precipitate an acute thrombus event on a vulnerable plaque;
leading to acute MI. Microbial products in the circulation may
cause thrombocytosis, platelet aggregation, increased fibrinogen
and stimulation of proinflammatory cytokines [40,289].
Inflammation at nonvascular sites such as oral cavity
can induce chronic inflammation within the arterial walls.
Proinflammatory cytokines and other factors that are generated
from the oral tract in oral diseases can be released into the
circulation and taken up into the walls of arteries. Tooth loss has
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been associated with an increased risk of CAD and Stroke [290].
Another indirect mechanism is the formation of dysfunctional
HDL because of inflammation [291]. Vascular cells also generate
ROS in response to stress, which is seen in viral infections such as
CMV. Deshpande et al. [1998] studied the invasion of bovine and
human aortic endothelial cells by P. gingivalis [292]. Haraszthy
et al. [2000] examined 50 human specimens obtained during
carotid endarterectomy for the presence of C. pneumoniae, CMV
and bacterial 16S rRNA using PCR assays [293]. Kuramitsu et
al. [294] demonstrated that several properties in P. gingivalis
could act as mediators of LDL oxidation, foam cell formation and
atherosclerotic plaque rupture [294].

Earlier studies show that LPS from E. coli stimulate the
expression of endothelial cell adhesion molecules and subsequent
adherence of leukocytes to the endothelia [295,296] and are the
classical activators of cytokine production in atheroma [297,298].
Further, LPS are known to induce intravascular coagulation and
lower HDL levels [299]. LPS levels may be influenced by the
concentration of LPS transporters, antibodies, HDL, and other
immunogenic, microbiological and physiological variables [300].
In the same study, it was also found that TLR-4 and its adapter
protein may play a role in the production of MMP-1 and 3.
HMGB1 is being released by the necrotic cells and macrophages
or monocytes in response to external stimuli by bacterial LPS.
HMGB1 elements have earlier been reported to be higher in
atherosclerotic patients [301] and it has also been studied that
endothelial cell activation leads to the release of HMGB1 elements
[302]. HMGB1 is expressed in human atherosclerotic SMCs [303].

A number of key signaling pathways have been studied
in atherosclerosis [304]. Expression of TLRs is found to be
increased in diseased arteries compared to healthy vessels during
atherogenesis [305]. TLRs have been studied as the main source
of plaque activation in atherosclerosis lesions earlier [305].
Expression of TLRs has been best characterized in monocytes and
dendritic cells. Recruitment of monocytes into atherosclerotic
plaques occurs in proportional to plaque size [306]. Kaplan et al.
[64] studied T-cell activation and senescence to predict carotid
artery disease in HIV-infected patients [62]. Pattern recognition
receptors (PRRs), which include Toll-like receptors (TLRs), RIG-1
like receptors (RLRs) and NOD-like receptors (NLRs), have been
implicated in the initiation and progression of atherosclerosis
[307,308].
Bacteria invade the vascular tissue and localize themselves in
the intracellular environment. The ability of a bacterium to invade
tissues is an important virulence property since it provides
a secure environment with access to the host proteins and
substrates; protection from host’s humoral and cellular immune
response; and a means for persistence which is very essential for
the survival of a pathogen. Injury to the vascular endothelium
leads to the development of atherosclerosis, since it involves both
the innate and adaptive immune systems. This inflammatory
process leads to endothelial activation, release of growth
factor, monocyte adhesion and migration while maturing into
macrophages, followed by foam cell formation and proliferation of
smooth muscle cells. Certain bacteria have also evolved to invade
non-professional phagocytic cells. Successful bacterial invasion
occurs in five stages viz., attachment, internalization, trafficking,
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persistence and exit out of the cell. Internalization of a bacterium
also results in different cellular responses. Internalized bacteria
can remain in a dormant state or multiply, resulting in persistent
infection. Finally, intracellular bacteria exits out of the cell either
by host cell lysis [309], or egresses by controlling the host cell
process [310], or by both [311].

Effect of circulating peptidoglycans on vascular
endothelia

NOD2 recognizes peptidoglycans of Gram positive bacteria and
stimulates immune reaction. Oxidative damage to the intestine is
exacerbated by the synthesis of cytokines, in particular, TNFα,
ILs and NO [312]. TLR-2 expression is increased on circulating
monocytes in atherosclerotic disease patients [313,314].
Earlier findings also suggest that TLR-2 may promote plaque
vulnerability and rupture [315]. Circulating monocytes in mice
with atherosclerosis have also been known to exhibit increased
expression of TLR-2 and TLR-4 [43].

Effect of circulating microbial nucleic acids on vascular
endothelia

Bacterial DNA in blood might include both viable and nonviable bacteria and may reflect clinical outcome due to the
presence of bacterial products in blood. Ono et al. [316] studied
52 surgical patients for bacterial translocation by bacterial DNA
detection in blood [316]. Bacterial DNA associated inflammatory
response was found to be directly proportional to the serum
concentrations of bacterial DNA, implying the role of bacterial
DNA translocation in immune response [65,75]. Also, the binding
of TLR-2, TLR-4 and TLR-9 on macrophages was found to promote
lipid uptake and foam cell formation [149,307]. On the other
hand, TLR-3 has been studied to protect the host from arterial
injury and atherosclerosis. TLR-3 activation using the synthetic
ligand poly (I: C) leads to decreased neointima formation in mice
studies [66].
Viruses known to infect heart tissue include adenoviruses,
Coxsackie viruses, Hepatitis A virus (HAV) and Herpes simplex
viruses (HSV). Adenoviruses viruses are a major cause of acute
respiratory infections, conjunctivitis and other illnesses. Marek’s
disease virus (MDV) has been recognized for some time as a causal
agent of atherosclerosis in chickens [317]. In a study on 391
patients referred for chest pain or other evidence of myocardial
ischemia, Zhu et al. [318] found that 52% of patients had IgG
antibodies for HAV [318]. The actual prevalence of CAD was
74% in HAV seropositive patients and 52% in HAV seronegative
patients (P < 0.0001). The association remained significant after
controlling other cardiovascular risk factors and HAV might
contribute to CAD by eliciting a chronic inflammatory response.
HSV1 and 2 have been detected in human atherosclerotic plaques
earlier. CMV, a member of the Herpes virus family, can infect
individuals but does not cause any symptoms. Studies have shown
both positive and negative associations of CMV with CAD.
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