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Abstract
Atherosclerotic cardiovascular diseases, chronic inflammatory diseases of multifactorial etiology, are the leading cause of death worldwide. In the last decade, more infectious agents, labeled as “infectious burden”, rather than any single pathogen, have been showed to contribute to the development of atherosclerosis through different mechanisms. Some microorganisms [such as Chlamydia pneumonia (C. pneumoniae), human cytomegalovirus, etc.] may act directly on the arterial wall contributing to endothelial dysfunction, foam cell formation, smooth muscle cell proliferation, platelet aggregation as well as cytokine, reactive oxygen specie, growth factor, and cellular adhesion molecule production. Others [such as Helicobacter pylori (H. pylori), influenza virus, etc.] may induce a systemic inflammation which in turn may damage the vascular wall (e.g., by cytokines and proteases). Moreover, another indirect mechanism by which some infectious agents (such as H. pylori, C. pneumoniae, periodontal pathogens, etc.) may play a role in the pathogenesis of atherosclerosis is molecular mimicry. Given the complexity of the mechanisms by which each microorganism may contribute to atherosclerosis, defining the interplay of more infectious agents is far more difficult because the pro-atherogenic effect of each pathogen might be amplified. Clearly, continued research and a greater awareness will be helpful to improve our knowledge on the complex interaction between the infectious burden and atherosclerosis.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Several studies support the hypothesis that the infectious burden (IB) may be more involved in the pathogenesis of atherosclerosis than any single pathogen. However, because of the complexity of the interplay of more infectious agents in the host and the limitations of the methods available for the assessment of IB, the role of IB in the pathogenesis of atherosclerosis may have been underestimated.
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INTRODUCTION
Atherosclerosis, a chronic inflammatory disease of multifactorial etiology, may be considered as a multistage process, starting from the endothelial injury to the fibrous cap and thrombus formation in the advanced plaque. Key process in the development of atherosclerosis is low density lipoprotein (LDL) oxidation and accumulation in vascular cells, promoting foam cell formation as well as increased secretion of mediators of inflammation, such as interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-α[1]. The inflammatory state, in turn, can induce oxidative stress by enhancing the production of reactive oxygen species (ROS) in the vascular wall[1], contributing to the progression and destabilization of atherosclerotic plaque and consequently to cardiovascular diseases (CVDs). It is well known that CVDs are the leading cause of death worldwide, accounting for approximately 17.3 million deaths per year[2].

Current opinion is that increased incidence of CVDs is probably the result of a high prevalence of both traditional risk factors such as hypertension, dyslipidemia, etc. and nontraditional risk factors including inflammation, oxidative stress, and infectious agents[3]. In the last decade, infectious agents have acquired a growing importance, since they are able to induce inflammation and/or oxidative stress[4].

More recently, several studies have provided evidence that more infectious agents, for example, Chlamydia pneumonia (C. pneumoniae), Helicobacter pylori (H. pylori), human cytomegalovirus (HCMV), Herpes simplex virus (HSV), labeled as “infectious burden” (IB), rather than any single pathogen, may be involved in the development of atherosclerosis and the subsequent cardiovascular events.

EVIDENCE LINKING INFECTIOUS BURDEN WITH ATHEROSCLEROSIS
Zhu et al.[5] were the first to show the association between increasing risk of coronary artery disease (CAD) and increasing number of infectious agents including C. pneumoniae, H. pylori, HCMV, HSV-1 and 2, and hepatitis A virus (HAV). Indeed, the prevalence of CAD was 48%, 69% and 85% in individuals with seropositivity to ≤ 2 pathogens, to 3 or 4 pathogens and to 5 pathogens respectively. Since then, several serological studies found a prospective relation between increasing number of infectious agents (HSV-1 and 2, HCMV, Epstein Barr virus, EBV, Haemophilus influenzae, C. pneumoniae, Mycoplasma pneumoniae, and H. pylori) and CVD outcomes[6-8]. At the same time, serological assessments demonstrated the association between increasing number of infectious agents (C. pneumoniae, H. pylori, M. pneumoniae, H. influenzae, HCMV, EBV, HSV-1 and 2) and progression of atherosclerosis[9,10]. Again, cross-sectional and case-control studies confirmed the relationship between the seropositivity to C. pneumoniae, H. pylori, HAV, HCMV, HSV-1 and 2, and atherosclerosis[11,12]. 

The evidence for a direct contribution of IB in the pathogenesis of atherosclerosis is based on the simultaneous detection of two pathogens in the atherosclerotic plaque (C. pneumoniae and H. pylori or M. pneumoniae and C. pneumoniae or C. pneumoniae and HCMV)[13-15]. Better yet is the evidence for a synergistic effect of C. pneumoniae and H. pylori, M. pneumoniae and C. pneumoniae, HCMV and C. pneumoniae in initiating or aggravating atherosclerosis in several animal models[16-18]. Similarly, there are some data showing the synergistic effect of the co-infection with C. pneumoniae and HCMV on the expression of atherogenic factors including IL-6, IL-8 and basic fibroblast growth factor in vascular smooth muscle cells (VSMCs) involved in advanced plaque formation[19]. Also seropositivity for both C. pneumoniae and HCMV infections was found to be associated with premature myocardial infarction even after adjustment for coronary risk factors and socioeconomic status[20].

Interestingly, the significant association between the increasing number of infectious agents together with elevated IL-6, C-reactive protein (CRP), and fibrinogen levels, and CAD prevalence, supports the hypothesis that inflammation may be one pathway by which more infectious agents and CVDs are linked[5,8,12].

The involvement of IB in the pathogenesis of atherosclerosis is expected since numerous infectious agents have been shown to play a role in the development and progression of atherosclerosis[4].
C. pneumoniae, an obligate intracellular bacterium, is responsible for respiratory infections such as sinusitis, pharyngitis and pneumonia. Exposure to C. pneumoniae is extremely common and epidemiological studies indicate that anti-C. pneumoniae antibody prevalence is 50% by the age of 20 and increases with increasing age[21]. C. pneumoniae is characterized by the ability to systematically disseminate from the lungs through peripheral blood mononuclear cells (PBMCs) and to localize in several extrapulmonary tissues[22-25]. In recent years, it has been demonstrated that C. pneumoniae, in response to several stress conditions (iron or essential amino acid starvation, interferon (IFN)-γ or antibiotic treatment), can generate a persistent form during its developmental cycle[26-29]. Chlamydial persistent form may endure for a long time inside host cells since it is more suited to evade the host immune response and is more difficult to eradicate with antibiotics, leading to a chronic inflammatory state[26]. 

Cumulative evidence on the involvement of C. pneumoniae and atherosclerosis has been provided by seroepidemiological studies[30-32], C. pneumoniae DNA detection in the atherosclerotic plaque[31-33], the isolation of viable bacteria from the atheroma[4,32] and in vivo studies, demonstrating that C. pneumoniae infection may accelerate the progression of atherosclerotic lesion in animal models[4,31,34]. Lastly, in vitro studies have evidenced that C. pneumoniae is able to multiply within vascular cells, such as macrophages, endothelial cells, SMCs and platelets, and to induce chronic inflammation through the elicitation of inflammatory cytokines (e.g., IL-6, IL-1β and TNF-α)[31,32,35]. Furthermore, once inside the vascular tissue, C. pneumoniae has been shown to induce the production of reactive oxygen species (ROS) leading to oxidative stress, which contributes to LDL oxidation and accumulation within vascular cells and to foam cell formation[36].

Periodontal pathogens, such as Porphyromonas gingivalis (P. gingivalis), Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans), Tannerella forsythia (T. forsythia), Prevotella intermedia, Fusobacterium nucleatum (F. nucleatum), Treponema denticola, Campylobacter rectus, Streptococcus sanguis, and Streptococcus mutans, are responsible of a complex group of chronic oral inflammatory diseases like periodontitis or gingivitis. Over the last years, different lines of evidence have supported the role of periodontal bacteria in cardiovascular diseases. First of all, it has been demonstrated that oral bacteria can disseminate in the blood stream causing bacteriemia[37] and localize in vascular wall. Indeed, DNA, RNA and antigens of a variety of oral bacterial species (e.g., P. gingivalis, A. actinomycetemcomitans, T. forsythia and F. nucleatum) have been detected in atherosclerotic plaques[4]. More importantly, evidence of live P. gingivalis and A. actinomycetemcomitans in the atheroma[38], supports the direct involvement of these pathogens in the pathogenesis of atherosclerosis. Moreover, in vivo studies have shown the ability of P. gingivalis to accelerate atherosclerosis in murine models[4,39] and to induce aortic and coronary lesions in both normocholesterolemic and hypercholesterolemic pigs[40]. In vitro studies have demonstrated that periodontal pathogens are able to infect endothelial cells, SMCs and macrophages, eliciting the production of proinflammatory cytokines and chemokines (e.g., IL-6 and monocyte chemoattractant protein (MCP)-1) and the formation of foam cells, hence contributing to atherosclerosis[41,42].
H. pylori, a common cause of chronic gastritis as well as a risk factor for gastric cancer, is widespread in the general population. In the last decade, it has been considered as a possible risk factor for atherosclerosis, since H. pylori DNA has been found in the atherosclerotic plaque[4,14]. Several seroepidemiological studies have confirmed a relationship between H. pylori and atherosclerosis although others have failed to demonstrate such an association[43-46]. Controversial are data showing the ability of H. pylori to accelerate the atherosclerotic lesion development in mouse models[4]. However, H. pylori may also contribute to the systemic inflammation underlying atherosclerosis through the elicitation of acute-phase reactants (e.g., CRP) and inflammatory cytokines (e.g., IL-6)[47].

Other bacteria, such as M. pneumoniae, have been proposed as possible pathogens in atherosclerosis with controversial results. Several seroepidemiological studies have found the association between CVDs and M. pneumoniae[48,49]. Furthermore, an in vivo study has demonstrated that M. pneumoniae infection aggravated atherosclerosis in hypercholesterolemic mice[18]. However, pathological studies have not supported the association between this microorganism and atherosclerosis, since M. pneumoniae DNA has been detected in atherosclerotic tissues as well as in healthy vessels[4].

Lifelong persistent infection with HCMV has been also associated with atherosclerosis. HCMV was first detected in human atheromatous tissue by Benditt and coworkers in 1983[50]. Experimental data have shown the ability of HCMV to infect the human vascular wall, resulting in altered function of the endothelium[51]. Furthermore, both antigen and nucleic acid sequence of HCMV have been detected in SMCs from carotid artery plaques[52-54].

In addition, HCMV DNA has been more often detected in arterial samples from patients with atherosclerosis than in control subjects[55]. Similarly, higher prevalence as well as higher titer of HCMV antibody have been observed in patients undergoing vascular surgery for atherosclerosis than in control subjects[56]. In addition, a meta-analysis study has reported a significant increased coronary heart disease risk for patients infected with HCMV[57]. 

Recently it has been suggested that HSV-2, but not HSV-1, was associated with premature CVD[58]. Consistent with a potential relationship between HSV-2 and CVD, Raza-Ahmad et al[59] previously examined coronary arteries specimens of patients undergoing coronary artery bypass grafting and found 45% of them positive for HSV-2 and only 1% positive for HSV-1. Likewise, a large cross sectional study linked HSV-2 to hypertension, but it did not find any association with HSV-1. The reasons of the association with HSV-2 and not with HSV-1 are unclear. 

There is also evidence supporting the role of influenza as a trigger for cardiovascular events[60]. However, data are debated. Some authors think that influenza (A and B) seropositivity is not a predictor of risk for CAD. Others propose that influenza virus might play a role in atherogenesis or atherothrombosis and that influenza vaccination might reduce the risk of recurrent myocardial infarction[60,61]. Recently, a correlation between influenza B virus infection and acute myocardial infarction has been reported[62].

Although there have been positive associations of antibody titers or viral antigens of the hepatitis viruses with CVD[63-65], many recent studies have reported no association. Zhu et al[63] has suggested a causal role for HAV infection in atherogenesis, on the basis of a significantly higher prevalence of CAD among subjects living in the Washington, DC, area who had serum IgG antibodies to HAV. The same research group has reported a high relative hazard for myocardial infarction or death among individuals positive for IgG antibodies to HAV. However, some authors believe that epidemiological evidence argues against a significant role for HAV infection in atherogenesis, since in countries where HAV infection is far less frequent, such as  northern European countries and Australia, the incidence of cardiovascular diseases is remarkably higher than that detected in countries showing an high HAV infection prevalence[66].

Several studies have also investigated the association of atherosclerosis with hepatitis C virus (HCV) infection, with conflicting results. Some studies have reported that the presence of antibody against HCV was associated with an increased risk of carotid artery plaque in the general population[65]. In addition, positive-strand HCV RNA has been detected in carotid plaque tissues from anti-HCV antibody-positive patients but it was not detected in anti-HCV antibody-negative patients[67,68]. Furthermore, multivariate logistic regression analysis has showed that HCV core protein positivity was an independent predictor of carotid plaque, supporting the possible link between persistent HCV infection and carotid atherosclerosis in subjects without severe liver dysfunction[69]. Patients with chronic HCV infection are known to develop not only hepatitis, but also various metabolic disorders[70,71]. Indeed, HCV affects both glucose and lipid metabolism. Recent population-based studies have demonstrated hypolipidemia in subjects with chronic HCV infection[72,73]. Although altered lipid metabolism is linked to atherosclerosis, the effect of HCV on atherosclerosis remains controversial[73-75]. A systematic review published by Roed et al[76] has suggested an increased risk of CAD in HCV infected individuals. Recently, a study has revealed that chronic HCV infection was associated with increased insulin resistance and with mild atherosclerosis, thus underlining the complexity of this association[77].

A growing body of literature reports that human immunodeficiency virus (HIV) infected patients suffer from an elevated risk for both subclinical atherosclerotic disease and CVD events than uninfected individuals[78-81]. However, the results of a meta-analysis as well as a number of independent studies have questioned this association[82,83]. Furthermore, antiretroviral therapy (ART) has been shown to have independent effects on lesion development in several experimental studies, and some compounds, such as protease inhibitors, are associated with lipodystrophy, central adiposity, hyperlipidaemia, and endothelial dysfunction, all recognized risk factors for CVD[84-86]. However, the risk of CVD associated with HIV infection is not fully accounted for by the effects of antiretrovirals in these studies. Indeed, other papers have suggested that direct HIV infection of endothelial cells could contribute to atherosclerosis by causing endothelial dysfunction[87]. Furthermore, Hsue et al[88] have shown that increased atherosclerosis can occur in the absence of ART in HIV-infected patients. Recently, Desvarieux et al89] have further emphasized the role of HIV in atherosclerosis, reporting the preponderent association of HIV infection (rather than ART) with increased atherosclerosis in never smokers, thus also determining the validity of the relationship independent of this important confounder. 

POSSIBLE MECHANISMS UNDERLYING INFECTIOUS BURDEN RELATED TO ATHEROSCLEROSIS
A substantial body of evidence supports the hypothesis that more infectious agents rather than a single pathogen may contribute to atherosclerosis through different mechanisms (Figure 1). Some microorganisms, such as A. actinomycetemcomitans, may act directly on the arterial wall contributing to endothelial dysfunction, foam cell formation, SMC proliferation, platelet aggregation and cytokine production[4,41]. Otherwise, microorganisms, such as H. pylori, may induce a systemic inflammation which in turn may damage the vascular wall (e.g., by cytokines and proteases). Indeed, many observational studies have reported the association of the seropositivity to H. pylori with a sensitive marker of systemic inflammation and even predictor of acute cardiovascular events such as CRP[90,91].
Furthermore, there are also infectious agents, such as C. pneumoniae and P. gingivalis, that may contribute to atherosclerosis by both direct and indirect mechanisms. As a direct effect, these microorganisms have been shown to infect macrophages, SMCs and endothelial cells inducing the production of ROS, cytokines (IL-6, IL-1β and TNF-α, etc.), growth factors (basic fibroblast growth factor, bFGF, tumor growth factor (TGF)-β, etc.) and cellular adhesion molecules (vascular cell adhesion molecule-1, VCAM-1, intercellular adhesion molecule-1, ICAM-1, endothelial-leukocyte adhesion molecule-1, ELAM-1, etc.), all responsible for the typical pathological changes of the atherosclerotic plaque[36,41,42]. On the other hand, C. pneumoniae and P. gingivalis can contribute to atherosclerosis indirectly by inducing systemic inflammation[92,93]. Indeed, circulating cytokines (IL-6) and acute phase proteins (serum amyloid A), produced in response to systemic infection of animal models with C. pneumoniae or P. gingivalis, have been associated with the progression and destabilization of atherosclerotic lesions[94,95]. Also, in human, increases in circulating CRP levels and P. gingivalis or C. pneumoniae antibody levels have been associated with an increased risk of CAD[4,96].

Another indirect mechanism by which infectious agents play a role in the pathogenesis of atherosclerosis is molecular mimicry. There is evidence that the humoral immune response against the heat shock proteins (HSPs) found in C. pneumoniae, H. pylori and P. gingivalis, may cross-react with human HSPs in vascular cells, initiating an autoimmune process, responsible for vascular endothelial injury[97-99]. In fact, antibody levels against HSPs have been associated with early and advanced atherosclerosis[100]. In addition, in vivo studies have also confirmed that the T-cell immune response against HSP, derived from H. pylori, C. pneumoniae and P. gingivalis, could promote atherogenesis[101-103].

As far as concern viral agents, data supporting a direct effect of these agents on the pathogenesis of atherosclerosis are usually weak; infections with viruses are more likely to have an indirect effect on the initiation and progression of atherosclerosis.

Relative to HCMV, it has been observed that SMCs isolated from atherosclerotic coronary lesions, harbor HCMV DNA sequences and express immediate early proteins, such as IE84, one of the immediate early proteins of the virus that binds and inhibits p53[104]. Inhibition of p53 by the virus is held responsible for the enhanced proliferation of SMCs and impaired apoptosis, either of which may contribute to restenosis[104].     Furthermore, persistent infection of HCMV in endothelial cells leads to dysfunction of these cells and activates proinflammatory signaling pathways, which promote enhanced proliferation and migration of monocytes and SMCs into intima of the vascular wall as well as lipid accumulation and expansion of the atherosclerotic lesion[105,106].

The precise mechanism by which influenza virus infection contributes to atherosclerosis is unclear, however inflammation and coagulopathy seem to be key factors. Specifically, the potential mechanisms may include: (1) antigenic cross-reactivity; (2) an increase in pro-inflammatory and prothrombotic cytokines, such as IL-2, IL-6, IL-10 and IL-18; (3) pronounced expression of inflammatory cytokines by infected monocytes and reduced clotting time; (4) increased trafficking of macrophages into the arterial wall; and (5) induction of procoagulant activity in infected endothelial cells, reduced clotting time, and increased expression of tissue factor[60,62]. Repeated influenza virus infection may injure vascular endothelial cells and initiate the inflammatory response that is required to accelerate and enhance the development of atherosclerosis.

It has been suggested that influenza virus may trigger the destabilization of already present vulnerable plaques. Naghavi et al[107] have showed that inoculation of influenza virus A in atherosclerotic apolipoprotein E-deficient mice led to a marked increase in inflammation and thrombosis in plaques but not in normal area. Influenza virus infection may cause the production of IL-2, IL-6, IL-10, IL-18, IFN-γ and TNF-α, which induces endothelial cells to release endothelin (ET)-1, sICAM-1 and sVCAM-1. These inflammatory cytokines may trigger the destabilization of existing vulnerable plaques and lead to an acute myocardial infarction without being involved in the development or progression of atherosclerosis[108]. 

As stated before, the role of HCV in atherosclerosis is widely debated. A role of chronic inflammation in atherogenesis has been suggested[109] because chronic HCV infection has been associated with vasculitis and mixed cryoglobulinemia, which may cause vascular injury as well as cerebrovascular damage[110]. Concentrations of sICAM-1 have been reported to be higher in HCV patients than in control subjects[111], and Cacoub et al[112] have reported a possible association of anti-endothelial cell autoantibodies, commonly observed in HCV patients but not in other viral diseases, with vasculitis. However, a recent paper has demonstrated a favorable effect of HCV on atherosclerosis[77] probably due to the alteration in lipid parameters of the subjects with chronic HCV infection caused by the progression of liver disease and partly by a metabolic process associated with HCV replication.

Several papers have reported that atherosclerosis is consistently higher among the HIV positive patients, with or without treatment. Recently Shrestha et al[113] have postulated three key sequential biological processes that lead to accelerate progression of atherosclerosis: (1) inflammation leads to the recruitment of monocytes; (2) monocytes migrate to the endothelium and differentiate to macrophages and foam cells; and (3) apoptosis of foam cells leads to plaque development through calcium-dependent endoplasmic reticulum stress. The HIV itself, or together with treatment, affects this progression by increasing inflammation, promoting the transformation of monocytes, and increasing apoptosis trough ER stress and an imbalance of calcium.

Given the complexity of the mechanisms by which each microorganism may play a role in the pathogenesis of atherosclerosis, defining the interplay of more infectious agents is far more difficult because the pro-atherogenic effect of each pathogen might be amplified.

ASSESSMENT OF INFECTIOUS BURDEN RELATED TO ATHEROSCLEROSIS
The main unanswered question is the definition of IB. Several infectious agents, such as C. pneumoniae, H. influenzae, H. pylori, M. pneumoniae, HCMV, HSV, EBV, and HAV, etc. have been proposed as constituting the IB related to atherosclerosis, but, to date, there is no consensus both on the number and on which microorganisms should be considered.

The majority of the infectious agents involved in the IB are widespread, as evidenced from the high prevalence of antibodies in the general population; more than half of the world population is seropositive, for example, to C. pneumoniae, H. pylori, HCMV and HSV. Again, HSV, HCMV, C. pneumoniae and H. pylori infections could be acquired early in life, and persist over time. The situation is further complicated by the fact that the infectious agents involved in IB are responsible for persistent infection (e.g., HIV and C. pneumoniae), repeated infection (e.g., influenza virus), latent infection followed by life-long reactivation (e.g., HSV and HCMV) or chronic infection (e.g., HBV, HCV and, H. pylori). 

Nowadays, the assessment of the IB related to atherosclerosis is based mainly on serological methods. The main limitations of serology are to define whether the antibody response reflects a past or chronic infection and to identify the differences in seropositivity between patients and general population, especially if seropositivity is common. In addition, serological diagnostic methods are not appropriate for the detection of novel or rare pathogens. Lastly, most serological assays are designed for diagnostic testing in clinical settings, and not for the assessment of the burden of infections acquired through life. Notably, most of the infectious agents involved in the IB, such as C. pneumoniae, H. pylori, HSV, and HCMV, can cause asymptomatic infections that are not routinely investigated. As a result, these undiagnosed infections, if left untreated, can contribute to the development of severe complications, including CVDs. 

Other technical obstacles in the assessment of the IB related to atherosclerosis include difficulties in obtaining atherosclerotic plaques and in isolating and culturing certain infectious agents. Indeed, atherosclerotic plaques are obtained too late during the course of the disease to be of clinical use.

Another intriguing issue is the interaction of more infectious agents with host factors, such as age, gender, ethnicity, and other concomitant infections or clinical conditions that may impair the host immune system, thus potentially modifying the establishment, progression and outcome of the infection. Moreover, genome-wide association studies (GWAS) have now convincingly shown that the susceptibility to an infection as well as the diverse outcomes (such as the resolution of infection, the clinical deterioration to severe disease, or the progression from acute infection to persistent infection) can be, at least, partly explained by genetic variation[114]. In this regard, a recent study has showed that IL-6 gene polymorphisms appear to influence the susceptibility to the atherogenic effect of more infectious agents including C. pneumoniae, CMV, H. pylori, and HSV-1[115].

CONCLUSION
Based on the extent of the issues previously described, the role of the IB in the pathogenesis of atherosclerosis may have been substantially underestimated, so that the true impact of IB is likely to be much greater than it is currently recognized. 

Different approaches could be taken to address the problem; one possibility may be to conceive a well-designed protocol that includes the number and the type of infectious agents, the antibody response (IgG and/or IgA) as well as the monitoring of antibody titer, atherosclerotic biological markers and cytokines. The latter are particularly critical in chronic viral infections, such as HIV infection, in which two monocytes surface markers (CD11b and chemokine (C-X-C motif) receptor (CXCR)-1) have been proposed as predictors of CVD[116]. 

Clearly, continued research and a better awareness of this problem will be helpful to improve our knowledge on the complex interaction between IB and atherosclerosis.
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Figure 1 Schematic representation of transversal artery section. Possible etiopathogenetic mechanisms of the infectious agents in atherosclerotic plaque development.


