
Updating the relationship of Chlamydia pneumoniae  
with atherosclerotic cardiovascular diseases:  
a systematic review of reviews 
Simone Filardo1,*, Marisa Di Pietro1,*, Silvio Romano2, Rosa Sessa1

1 Department of Public Health and Infectious Diseases, University of Rome “Sapienza”, Rome, Italy;
2 Department of Life, Health and Environmental Sciences, University of L’Aquila, L’Aquila, Italy;
* These Authors contributed equally to the manuscript.

INTRODUCTION

Chlamydia pneumoniae is typically responsible for 
infections of the lower respiratory tract in humans, 
causing 10-20% of all cases of community-acquired 
pneumonia. Infection with C. pneumoniae is wide-
spread globally, and is frequently asymptomatic, sel-
dom manifesting with mild to moderate symptoms; a 
respiratory infection by C. pneumoniae can develop 
at a young age, and could be followed by persistence, 
as highlighted by epidemiological studies, observing 
a 50% prevalence of anti-chlamydia antibodies by the 
age of 20 and 80% by the age of 60 to 70 (Gautam and 
Krawiec, 2024; Grayston, 2000; Grayston et al., 2015).
C. pneumoniae, an obligate intracellular pathogen, 
possesses a peculiar growth cycle compared to all oth-
er bacteria, and consists of a biphasic form: the extra-
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cellular elementary body (EB), capable of invading 
host cells, and the intracellular reticulate body (RB), 
actively multiplying within the host cell cytoplasm 
(Abdelrahman and Belland, 2005; Gitsels et al., 2019). 
In addition to the typical EB and RB, a third form, 
non-infectious and unable to replicate in the intra-
cellular milieu, named persistent form, has long been 
considered a critical factor for chronic infections due 
to its ability to remain viable within the host cell for a 
prolonged time. As a consequence, chlamydial persis-
tent forms can evade the defences of the host immune 
system and are intrinsically resistant to antibiotics, 
leading to a chronic inflammatory response (Di Pie-
tro et al., 2019; Kozusnik et al., 2024; Panzetta et al., 
2018). Numerous in vitro studies have described dif-
ferent models of persistence over the years, including 
exposure to interferon gamma (IFN)-γ or antibiotics 
(e.g., penicillin and amoxicillin), nutrient deprivation 
(e.g., lack of essential amino-acids or iron), as well 
as coinfections with Herpes Simplex Virus type 2 or 
Toxoplasma gondii (Campbell and Rosenfeld, 2014; 
Panzetta et al., 2018).
C. pneumoniae can resist the damaging effect of re-
active oxygen species (ROS), thriving in a wide ar-
ray of different host cells, including monocytes/
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SUMMARY

Chlamydia pneumoniae is the etiologic agent of respiratory tract infections in humans, including 
community-acquired pneumonia, and has been associated with atherosclerotic cardiovascular dis-
eases. The present systematic review of reviews aimed at answering important questions on the 
involvement of C. pneumoniae in the pathogenesis of atherosclerosis, its cellular and molecular 
mechanisms, and whether there is evidence of a causal relationship. The databases PubMed/Med-
line, Scopus, and Web of Science were searched for all review articles published from 2003 to the 
end of 2023. A total of 27 reviews, systematic reviews, and systematic reviews with metanalysis were 
included. Overall, current evidence suggests that C. pneumoniae is a biologically plausible candidate 
for the causation of atherosclerosis, albeit not all the 4 Koch postulates are fulfilled; oxidative stress 
and inflammation are the most likely pathogenic mechanisms mediated by C. pneumoniae. However, 
it is still unclear how the persistent form, responsible for chronic inflammation, fits into this etio-
pathogenetic scenario. In the future, the newly-designed transformation systems for the genomic 
manipulation of C. pneumoniae will surely help expand our knowledge on the role of this pathogen 
in atherogenesis.
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macrophages, lymphocytes, vascular smooth muscle 
cells (VSMCs), and endothelial cells (Gaydos, 2000; J 
M Kern et al., 2009a; Sessa et al., 2009a).
Over the years, several studies have suggested the in-
volvement of C. pneumoniae in the etiopathogenesis 
of atherosclerosis, the leading cause of death with 
over 17 million deaths per year worldwide, and the 
main pathological process underlying cardiovascu-
lar diseases (Mendis et al., 2011). Atherosclerosis is 
a chronic disease characterized by an increased in-
flammatory state within the arterial vessel, whose 
development is a continuous process that starts from 
the injury of the endothelium and ends with the for-
mation of the advanced plaque. Subsequent erosion 
or rupture of atherosclerotic plaques triggers cardio-
vascular events that can potentially be fatal.
Saikku and colleagues, in 1988 (Saikku et al., 1988), 
suggested, for the first time, that C. pneumoniae could 
represent a potential cardiovascular risk factor, as 
evidenced by the higher prevalence of anti-C. pneu-
moniae antibodies in patients undergoing acute my-
ocardial infarction and chronic heart disease (68%), 
in comparison to controls (17%). Kuo and colleagues 
also provided evidence that C. pneumoniae could be 
observed in atherosclerotic coronary plaque tissue 
biopsies by electron microscopy and immunohisto-
chemistry (Kuo et al., 1993). In the following years, 
more studies, including original papers and narrative 
reviews, as well as systematic reviews and metanaly-
sis, analysed the role of C. pneumoniae in the patho-
genesis of atherosclerotic cardiovascular diseases.
Articles published in the last 20 years were includ-
ed in this systematic review of reviews, aimed at an-
swering the following questions: 
1)	 is there evidence of the involvement of C. pneu-

moniae in the pathogenesis of atherosclerosis? 
2)	 is there evidence of the cellular and molecular 

mechanisms by which C. pneumoniae may con-
tribute to the atherosclerotic process? 

3)	 is there evidence of a causal relationship between 
C. pneumoniae and atherosclerosis? 

MATERIAL AND METHODS

Selection Protocol and Search Strategy
The protocol of this systematic review of reviews was 
registered in the International Prospective Register 
of Systematic Reviews (PROSPERO) with the follow-
ing registration ID: CRD42024565581, and was de-
vised in accordance with the most recent Preferred 
Reporting Items for Systematic Review and Me-
ta-Analysis (PRISMA) statement (Aromataris et al., 
2015); Zotero citation management software (RRID: 
SCR_013784) was employed to remove any dupli-
cates, as well as to organize and select the literature 
records.
The literature search was performed from 2nd to 9th 

March 2024 in three different databases of interna-
tional scientific importance, namely PubMed, Web 
of Science, and Scopus. Suitable studies were select-
ed through the following search strategy: (Chlamyd-
ia pneumoniae) AND ((cardio*) OR (vascular*) OR 
(atheros*) OR (aort*) OR (myocard*) OR (coron*)). 
Truncation filters (*) were introduced to represent 
any combination of letters. Two independent review-
ers (SF, MDP) performed the search, read the titles 
and the abstracts of all the selected articles. During 
this multi-step exclusion process, disagreements on 
the studies were discussed until a consensus was 
reached. The process was supervised by other in-
vestigators (RS, SR), and, finally, the PRISMA flow 
chart diagram was used for summarizing the selec-
tion steps.

Eligibility criteria and exclusion criteria
Only narrative reviews, systematic reviews, and sys-
tematic reviews with meta-analyses, focusing on C. 
pneumoniae and atherosclerotic cardiovascular dis-
ease association, were identified from 1st January 
2003 to 31st December 2023. 
The exclusion criteria were narrative reviews, sys-
tematic reviews with meta-analyses that (a) had no 
full text available or was not written in English, and 
(b) investigated the association between multiple 
bacteria (bacterial burden) or virus and atheroscle-
rotic cardiovascular diseases or atherosclerosis. Con-
ference abstracts and the systematic review with me-
ta-analyses of diagnostic trials were also excluded.

Data extraction
The following information was extracted by two au-
thors (SF, MDP) independently from all of the arti-
cles included in this systematic review of reviews: 
authors, country, year of publication, journal, type 
of review (i.e., narrative review, systematic review, 
systematic review with meta-analysis), aim of the re-
view, conclusions of the authors.

RESULTS

Study Selection and Characteristics
After searching the designated databases, 1199 arti-
cles published in the last twenty years (2003-2023) 
were retrieved. A total of 111 reviews, systematic re-
views, and systematic reviews with metanalysis were 
initially obtained. 27 reviews were further screened 
and included in the systematic review only after con-
sidering the inclusion and the exclusion criteria; the 
remaining articles were excluded due to their not be-
ing relevant to the systematic review or not contain-
ing a large section dealing with the aforementioned 
topics. 
Figure 1 reports the search strategy and the flow di-
agram of the articles selected for this review. Table 1 
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reports the principal characteristics of the review ar-
ticles contained in this systematic review. 
Supplementary Table S1 provide brief extracts from 
the aim of the study and the main discussion and 
conclusion of each review article. Briefly, evidence 
from sero-epidemiological and pathological studies, 

in vitro and in vivo studies, as well as human clinical 
trials, were considered by the included articles. Fur-
thermore, data on the potential molecular and cel-
lular mechanisms underlying the contribution of C. 
pneumoniae in the atherosclerotic process were also 
retrieved. 

Figure 1
PRISMA flow diagram.

Table 1 - List of the reviews included in the present systematic review.

# References PMID Country Year of 
publication

Journal Type of Review

1 (Campbell  
and Kuo, 2003)

PMID: 12652454 USA 2003 Semin Respir 
Infect.

Narrative review

2 (Higgins et al., 
2003)

PMID 12630585 USA 2003 Expert Rev 
Cardiovasc Ther.

Narrative review

3 (Higgins, 2003) PMID 15030265 USA 2003 Mayo Clin Proc.  Narrative review

4 (Hirono  
and Pierce, 2003)

PMID 12841348 USA 2003 Mol Cell Biochem. Narrative review

5 (Muhlestein, 2003) PMID: 14624138 USA 2003 Curr Opin Lipidol. Narrative review

6 (Lindholt et al., 
2003)

PMID: 12570733 Denmark 2003 Curr Drug Targets 
Infect Disord. 

Narrative review

7 (Kuo and 
Campbell, 2003)

PMID: 12456307 USA 2003 Front Biosci.  Narrative review

8 (Anderson and 
Muhlestein, 2004)

PMID: 15061624 UTAH 2004 Tex Heart Inst J. Narrative review

Continue >>>
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DISCUSSION

Atherosclerosis is a well-known pathological process 
that starts with the injury of the endothelial tissue, 
accompanied by the oxidation and accumulation of 
low-density lipoprotein (LDL) into vascular cells. 
This, in turn, activates the pro-inflammatory cas-
cade [interleukin (IL)-1, IL-6 and tumour necrosis 
factor (TNF)-α], consequently inducing the prolifer-
ation of VSMCs. These complex pathological mech-
anisms spark a series of events that include the for-
mation of foam cells from monocytes/macrophages, 
followed by the development of the fibrous cap and 
the thrombus. Henceforth, advanced plaque occurs, 

leading to cardiovascular diseases, including coro-
nary heart disease, stroke, and peripheral vascular 
disease.
Several risk factors for atherosclerosis have been 
identified, including traditional ones such as hyper-
tension, diabetes, dyslipidaemia, and smoking, and 
non-traditional ones including inflammation and 
oxidative stress, that can be triggered by infectious 
agents, such as C. pneumoniae (Di Pietro et al., 2009; 
Gaydos, 2000; Madaudo et al., 2024). Over the last 
decades, numerous studies have investigated the in-
volvement of C. pneumoniae in the pathogenesis of 
atherosclerotic cardiovascular diseases. From 1988 
to 2023, a total of approximately 1800 papers were 

# References PMID Country Year of 
publication

Journal Type of Review

9 (Belland et al., 
2004)

PMID: 14706098 USA 2004 Cell Microbiol. Narrative review

10 (Campbell  
and Kuo, 2004)

PMID: 15035006 USA 2004 Nat Rev Microbiol.  Narrative review

11 (Tsirpanlis,  
2004)

PMID: 15114030 Greece 2004 Kidney Blood Press 
Res

Narrative review

12 (Andraws et al., 
2005)

PMID: 15928286 USA 2005 JAMA. Systematic review 
and meta-analysis

13 (de Kruif et al., 
2005)

PMID: 15639470 The Netherlands 2005 Cardiovasc Res. Systematic review

14 (Ieven and 
Hoymans, 2005)

PMID: 15634945 Belgium 2005 J. Clin. Microbiol. Narrative review

15 (Liu and Waters, 
2005)

PMID: 15991152 USA 2005 Prog Cardiovasc 
Dis.

Narrative review

16 (Mussa et al., 
2006)

PMID: 16765261 USA 2006 J Vasc Surg Narrative review

17 (Stassen et al., 
2008)

PMID: 18276989 The Netherlands 2008 Pharmacol Rep.  Narrative review

18 (Jan Marco Kern 
et al., 2009)

PMID: 19589286 Austria 2009 FEMS Immunol 
Med Microbiol. 

Narrative review

19 (J M Kern et al., 
2009b)

PMID: 19281565 Austria 2009 Clin Microbiol 
Infect.

Narrative review

20 (Sessa et al., 
2009a)

PMID: 19220338 Italy 2009 Int J Immunopathol 
Pharmacol.

Narrative review

21 (Di Pietro et al., 
2009)

PMID: 19309547 Italy 2009  J Biol Regul 
Homeost Agents.

Narrative review

22 (Chen et al.,  
2013)

PMID: 24261578 China 2013 BMC Neurology Systematic review 
and meta-analysis

23 (Di Pietro et al., 
2013a)

PMID: 23877837 Italy 2013 Int J Mol Sci.  Narrative review

24 (Campbell and 
Rosenfeld, 2014)

PMID: 24711989 USA 2014 Front Cell Infect 
Microbiol.

Narrative review

25 (Di Pietro et al., 
2014)

PMID: 25561227 Italy 2014/2015 Int J Mol Sci.  Narrative review

26 (Khoshbayan  
et al., 2021)

PMID: 33609645 Iran 2021 Microb Pathog. Narrative review

27 (Keikha and 
Karbalaei, 2022)

PMID: 35592534 Iran 2022 New Microbes  
New Infect

Systematic review 
and meta-analysis

Continue >>>
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published, with the peak in the number of published 
articles per year reached from 1999 to 2006.
This systematic review summarized the current ex-
isting evidence on C. pneumoniae relationship with 
atherosclerotic cardiovascular diseases from pub-
lished narrative reviews and systematic review with 
metanalysis to better understand its role in athero-
genesis.

Is there evidence of the involvement  
of C. pneumoniae in the pathogenesis  
of atherosclerosis?
Several pieces of research suggested the involvement 
of C. pneumoniae in atherogenesis, mainly in vitro and 
in vivo studies. In vitro studies evidenced the ability 
of C. pneumoniae to contribute to several phases of 
the atherosclerotic process, such as foam cell forma-
tion, VSMCs proliferation and migration, and plate-
let activation and aggregation, leading to advanced 
plaque formation, rupture, and consequent acute 
cardiovascular events (Belland et al., 2004; Campbell 
and Kuo, 2004, 2003; Higgins, 2003; Jan Marco Kern 
et al., 2009; Kuo and Campbell, 2003; Mussa et al., 
2006; Sessa et al., 2009a; Tsirpanlis, 2004).
In vivo studies have shown the ability of C. pneu-
moniae to disseminate from the lungs to the vascu-
lar tissue, probably via peripheral blood monocytes 
in which it has found a way of surviving (de Kruif 
et al., 2005; Hirono and Pierce, 2003). Also, differ-
ent etiopathogenetic properties of C. pneumoniae, 
underlying its involvement in atherogenesis, have 
been demonstrated in animal models: for example, 
C. pneumoniae is able to initiate atherosclerosis in 
rabbits receiving a regular diet, and to accelerate the 
progression of atherosclerotic lesions in mice receiv-
ing a high-fat diet (de Kruif et al., 2005; Khoshbayan 
et al., 2021). Enhanced endothelial dysfunction and 
lipid accumulation in the aortic sinus, typical chang-
es associated with early and advanced plaques, were 
observed in different mouse and rabbit models (de 
Kruif et al., 2005; Khoshbayan et al., 2021; Mussa et 
al., 2006).
Over the years, further evidence came from numer-
ous observational studies showing an association be-
tween anti-C. pneumoniae antibodies and cardiovas-
cular diseases, or by the detection of chlamydial DNA 
in tissue biopsies from atherosclerotic lesions in cor-
onary and carotid arteries, as well as in the aneurysm 
of abdominal aorta, but not in healthy arteries (Sessa 
et al., 2009b). Sero-epidemiologic studies have also 
shown that chronic C. pneumoniae infection appears 
to be associated with dyslipidaemia, an altered serum 
lipid profile characterized by increased triglycerides 
and decreased high-density lipoproteins, considered 
to increase the risk of atherosclerosis (Sessa et al., 
1999). Furthermore, in diabetic patients, the pres-
ence of C. pneumoniae may accelerate the develop-

ment of atherosclerotic plaques (Rizzo et al., 2012).
A metanalysis, published in 2013, demonstrated a 
significant correlation between C. pneumoniae infec-
tion, expressed as anti-C. pneumoniae IgG and IgA 
or the presence of chlamydial DNA in atherosclerotic 
plaques, and cerebrovascular diseases, via case-con-
trol studies (Chen et al., 2013). By including similar 
study types, a further metanalysis evidenced the re-
lationship between C. pneumoniae infection and the 
occurrence of ischemic stroke (OR: 2.14; CI: 1.9–2.3) 
(Keikha and Karbalaei, 2022). However, prospective 
studies, able to investigate temporal relations and the 
causal relationship between C. pneumoniae infection 
and atherosclerosis, provided inconclusive evidence 
(Chen et al., 2013; Watson and Alp, 2008).
In this scenario, several key issues have emerged, 
such as the presence of pre-existing IgG antibodies in 
a large part of the population, and the focal detection 
of C. pneumoniae in vascular tissues, making it more 
difficult to study the role of this respiratory patho-
gen in atherogenesis (Ieven and Hoymans, 2005; J M 
Kern et al., 2009b; Lindholt et al., 2003; Sessa et al., 
2009a). 
The multifactorial aetiology of atherosclerosis may 
also have significantly impacted the heterogeneity in 
the outcomes of the studies linking C. pneumoniae to 
cardiovascular diseases. For example, environmental 
factors, such as diet and lifestyle, as well as individ-
ual genetic predisposition to chronic diseases, may 
contribute to a higher risk of developing atheroscle-
rotic cardiovascular diseases as compared to the gen-
eral population, hiding the impact of C. pneumoniae 
infection in these subjects. Lastly, some genetic pol-
ymorphisms have been shown to be significantly as-
sociated with C. pneumoniae infection and chlamyd-
ia-mediated atherosclerosis, including the C(-260)>T 
polymorphism in the CD14 promoter gene and al-
terations of the IL8 gene (IL8−251A>T polymorphic 
genotype) (Almeida et al., 2019; Eng et al., 2003). In 
particular, the C(-260)>T polymorphism appeared to 
modulate individual susceptibility to C. pneumoniae 
infection, increasing the odds ratio to 2.08, and the 
IL8−251A>T polymorphism was mostly associat-
ed with valvopathies and a previous exposure to C. 
pneumoniae (Almeida et al., 2019; Eng et al., 2003).

Is there evidence of the cellular and molecular 
mechanisms by which C. pneumoniae may 
contribute to the atherosclerotic process?
Numerous evidence in the literature has suggested 
that oxidative stress and inflammation may be the 
most likely pathogenetic mechanisms employed by 
C. pneumoniae for contributing to either early or 
late stages of the atherosclerotic process in all vas-
cular cells (Di Pietro et al., 2014, 2013b; Filardo et 
al., 2021; Khoshbayan et al., 2021). In particular, in 
vitro findings have demonstrated that C. pneumoniae 
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activated, in endothelial cells, nicotinamide adenine 
dinucleotide phosphate oxidase (NOX-1, NOX-4, 
and p22phox), and cyclooxygenase-2 (COX-2), at the 
same time limiting antioxidant enzymes, including 
catalase, superoxide dismutase 1 and thioredoxin-1, 
thus contributing to ROS production and, conse-
quently, to endothelial dysfunction (Kreutmayer et 
al., 2013). A similar outcome has also been observed 
after exposure to the heat shock protein-60 (cHSP60) 
of C. pneumoniae, by decreasing endothelial nitric 
oxide synthase (eNOS) expression and nitric oxide 
(NO) production through several regulatory mecha-
nisms: for example, interference of eNOS trafficking 
from the Golgi apparatus to the plasma membrane, 
mitogen-activated protein kinase (MAPK) activation, 
and increased oxidative stress (Chen et al., 2009; Mu-
eller and Wolf, 2015). In macrophages, C. pneumoni-
ae was able to induce the generation of ROS via the 
activation of NOX and cytochrome c oxidase by the 
binding to CD14 receptors and Ca2+ influx signalling 
(Azenabor et al., 2005), leading to LDL oxidation fol-
lowed by foam-cell formation. In platelets, Chlamyd-
ia lipopolysaccharide can trigger PKC activity and, 
in turn, phosphorylates proteins involved in shape 
change and ROS production, including NO synthase 
and lipoxygenase (Di Pietro et al., 2014; Kälvegren 
et al., 2005), resulting in platelet aggregation. In 
VSMCs, recent evidence has shown that C. pneumo-
niae-mediated increase in ROS production did not 
depend on NOX activation, but on mitochondrial 
dysfunction, favouring chlamydial persistence; high-
er levels of mitochondrial ROS, in turn, activated 
the expression of JunB Proto-Oncogene (JunB) and 
FBJ osteosarcoma oncogene-related antigen 1 (Fra-
1), promoting VSMCs migration and the following 
atherosclerotic lesion formation (Zhao et al., 2022).
Regarding inflammation, C. pneumoniae was able to 
trigger and sustain, in macrophages, platelets, en-
dothelial cells, and VSMCs, an increased production 
of pro-inflammatory cytokines (IL-6, IL-8, IL-17A, 
and TNF-α), chemokines (monocytes chemoattract 
protein), and adhesion molecules (endothelial-leuko-
cyte adhesion molecule; intercellular adhesion mole-
cule; and vascular cell adhesion molecule), involved 
in the initiation, progression, and destabilization 
of the atherosclerotic plaque (Belland et al., 2004; 
Campbell and Kuo, 2004; Jan Marco Kern et al., 
2009; Khoshbayan et al., 2021; Stassen et al., 2008).
C. pneumoniae could also contribute to chronic in-
flammation in the arterial wall via the development 
of chlamydial persistent forms. This hypothesis was 
supported by the detection of C. pneumoniae anti-
gens and/or DNA in atherosclerotic tissue biopsies, 
without the isolation of the organism (Campbell and 
Rosenfeld, 2014). Over the years, to confirm this 
pathogenetic theory, a large number of studies have 
been performed in the attempt to identify specific 
biomarkers for C. pneumoniae persistent form. In 

this regard, transcription analyses of different genes 
involved in early and late chlamydial developmen-
tal cycle have been carried out; among them, most 
studies evaluated the early genes ompA and groEL, 
encoding for the chlamydial major outer membrane 
protein and the heat shock protein-60, respectively, 
as well as the late genes hctA and hctB, encoding for 
proteins involved in the DNA condensation required 
for RB to EB differentiation, although they failed to 
reveal a transcriptional profile common to the differ-
ent persistence models (Di Pietro et al., 2012; Panzet-
ta et al., 2018).
Of great pathological relevance are several immune 
evasion mechanisms of C. pneumoniae, resulting in a 
chronic infection that is known to contribute to the 
atherosclerotic process. First, several studies have 
demonstrated that C. pneumoniae can survive in 
monocytes/macrophages by maintaining a relatively 
high antioxidant to oxidant ratio, thereby abrogat-
ing the bacteria-killing effect of ROS (Azenabor et 
al., 2006). Second, in macrophages as well as in neu-
trophil granulocytes, C. pneumoniae was able to suc-
cessfully escape from apoptosis, a programmed cell 
death considered an important defence mechanism 
against invading pathogens, via the inhibition of pro-
caspase-3 as well as the increased expression of the 
antiapoptotic interleukin (IL)-8 and NFkB (Carratelli 
et al., 2002; J. Kern et al., 2009; van Zandbergen et al., 
2004). Lastly, C. pneumoniae was evidenced to kill 
activated human T cells by inducing apoptotic and 
inflammasome cell death pathways via the activation 
of caspase 1, 8, 9, and IL-1β production, respectively 
(Olivares-Zavaleta et al., 2011).
To date, other atherogenic cellular and molecular 
mechanisms mediated by C. pneumoniae have been 
demonstrated: 
1)	 enhanced foam cell formation by suppressing 

cholesterol efflux (downregulating the ATP bind-
ing cassette transporters ABCA1 and ABCG1) and 
by increasing the uptake of ox-LDL (upregulating 
the scavenger receptor A1) in macrophages (Di 
Pietro et al., 2013a; Wu et al., 2021); 

2)	 C. pneumoniae invasion of VSMCs with their 
consequent migration and acceleration of ather-
osclerosis through the crosstalk between toll-like 
receptor 2 and C-X-C chemokine receptor type 4 
(Khoshbayan et al., 2021); 

3)	 the interplay between inflammation, oxidative 
stress, and C. pneumoniae-activated immune 
cells, alongside dyslipidaemia, resulting in the ac-
cumulation of intracellular cholesterol, foam cell 
formation and acceleration of the atherosclerot-
ic process (Di Pietro et al., 2019; Stassen et al., 
2008); 

4)	 the secretion of several growth factors, such as 
the platelet-derived growth factor and the basic 
fibroblast growth factor in endothelial cells and 
VSMCs, as well as metalloproteinases (MMP-3, 
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MMP-10, MMP-12) in monocytes/ macrophages, 
involved in plaque progression and destabilization 
(Belland et al., 2004; Campbell and Kuo, 2004). 
Lastly, C. pneumoniae may also contribute to ath-
erosclerotic cardiovascular diseases by acting on 
systemic inflammation; indeed, a meta-analysis 
showed significantly higher levels of high sensi-
tivity C-reactive protein, IL-6, and fibrinogen in 
C. pneumoniae IgA seropositive compared to se-
ronegative atherosclerotic patients (Filardo et al., 
2015).

Is there evidence of a causal relationship 
between C. pneumoniae and atherosclerosis  
or cardiovascular diseases?
Today, there is no causal relationship between C. 
pneumoniae and atherosclerosis or cardiovascular 
diseases; the 4 traditional criteria in Koch postulates 
are not entirely fulfilled since C. pneumoniae was 
not found in all cases of disease and was not isolat-
ed from the diseased host. Furthermore, few in vivo 
studies have demonstrated the development of ather-
osclerotic disease as well as the presence of C. pneu-
moniae in the vascular wall following its inoculation 
into healthy rabbits or mice (Liu and Waters, 2005).
A further issue that could have hidden the role of C. 
pneumoniae in atherosclerosis is the etiopathoge-
netic contribution of the “infectious burden.” This 
consists of the simultaneous presence of C. pneumo-
niae alongside other pathogens, including Helicobac-
ter pylori, human cytomegalovirus, influenza virus 
and periodontal pathogens, that could contribute to 
the pathogenesis of atherosclerosis (Higgins, 2003; 
Rosenfeld and Campbell, 2011; Sessa et al., 2014) 
through overlapping mechanisms. Those include the 
production of cytokines, ROS, growth factors, and 
cellular adhesion molecules (Dengler et al., 2000; 
Rahbar and Söderberg-Nauclér, 2005; Speir et al., 
1994), the induction of systemic inflammation that, 
in turn, may damage the vascular wall (Jackson et al., 
2009; Madjid et al., 2003), and molecular mimicry, 
that may play a role in the pathogenesis of athero-
sclerosis (Choi et al., 2011; Kreutmayer et al., 2013; 
Okada et al., 2007). Furthermore, recent studies ev-
idenced SARS-CoV-2/C. pneumoniae coinfection in 
COVID-19 patients (de Kruif et al., 2005; Frutos et 
al., 2022; Oliva et al., 2020), opening an interesting 
pathophysiological scenario in the etiopathogenesis 
of atherosclerotic cardiovascular diseases; C. pneu-
moniae, acquired early in life, may contribute to the 
cytokine storm observed in severe COVID-19 disease 
due to its ability to induce local and systemic chronic 
inflammation (Costela-Ruiz et al., 2020). Additional-
ly, the oxidative mechanisms related to C. pneumo-
niae may be involved in severe COVID-19 disease. 
These hypotheses may be supported by evidence that 
SARS-CoV-2 and C. pneumoniae share some cellular 
and molecular pathways in endothelial dysfunction, 

thrombus formation, and ROS and proinflammatory 
cytokine production (Filardo et al., 2021). 
The absence of causality between C. pneumoniae 
infection and atherogenesis was also supported by 
the failure of human clinical antibiotic trials that 
attempted to demonstrate that anti-chlamydial an-
tibiotics could prevent coronary heart disease, as 
evidenced by systematic reviews with metanalysis 
(Andraws et al., 2005; Baker and Couch, 2007). These 
treatment failures must be taken with caution con-
sidering that all subjects enrolled in the antibiotic 
trials had advanced disease and C. pneumoniae is 
well known to cause asymptomatic infections early 
in life. As a result, antibiotic treatment may be too 
late to produce significant clinical effects. Lastly, 
these negative results from clinical trials may also 
be related to other factors, such as the refractoriness 
of chlamydial chronic infection to antibiotics related 
to the presence of persistent forms as evidenced by 
in vivo studies (Campbell and Rosenfeld, 2014; Jan 
Marco Kern et al., 2009).
Given the failure of the human anti-microbial trials, 
alternative strategies for the treatment of C. pneu-
moniae and related atherosclerotic events have been 
proposed: for example, antioxidant compounds, re-
ducing ROS production or enhancing antioxidant 
defence systems, novel antibiotics, or other mol-
ecules directly targeting chlamydial intracellular 
mechanisms.
As antioxidants, polyphenol compounds, such as 
curcumin and resveratrol, have been described as 
potential inhibitors of NOX-mediated ROS produc-
tion in the vascular wall. Furthermore, COX-2 inhib-
itors such as ibuprofen and diclofenac reduced C. 
pneumoniae-induced ROS production in monocytes 
(Mouithys-Mickalad et al., 2004). Other investiga-
tors have focused their attention on lipid lowering 
drugs such as statins (coenzyme A reductase inhib-
itors), capable of antioxidant activity alongside the 
reduction of LDL levels (Antonopoulos et al., 2012). 
Among the substances able to mimic the biochemi-
cal activity of SOD, an antioxidant defence system, 
Mn (III) tetrakis (4-benzoic acid) porphyrin chloride 
(MnTBAP) ,was able to stimulate NOS activity in en-
dothelial cells, reducing ROS levels and increasing 
NO bioavailability (Chen et al., 2009). Similarly, oth-
er free radical scavengers, such as sesamol, were also 
effective in inhibiting the C. pneumoniae-mediated 
proliferation of VSMCs (Fukuoka et al., 2004).
As a novel antibiotic approach, a recent study has 
shown that muraymycin D2 and its derivatives, in-
hibitor of MraY, a peptide involved in the biosynthe-
sis pathway of peptidoglycan, possess the ability to 
eradicate persisting chlamydial forms in vitro, poten-
tially reducing the risk of chronic sequelae like ather-
osclerosis (Löckener et al., 2024). Besides the several 
treatments against C. pneumoniae and related ath-
erosclerotic events, a different approach may be to 



S. Filardo, M. Di Pietro, S. Romano, et al.224

prevent chlamydial infection via the development of 
an effective vaccine. However, the complexity of C. 
pneumoniae and its multi-stage life cycle, alongside 
the host-pathogen interaction and the multiple im-
mune correlates of protection, has, thus far, hindered 
research on this topic (Puolakkainen, 2009). Numer-
ous different chlamydial epitopes have been consid-
ered as potential targets for vaccine strategies, such 
as, for example, components of the type III secretion 
system, as well as surface proteins. Subsequently, 
more potential targets have been designed through 
genome-based approaches and in silico methodolo-
gies, although, to date, the issue of a C. pneumoni-
ae vaccine has not yet been resolved (Puolakkainen, 
2009).

CONCLUSIONS

Overall, the available evidence suggests that C. pneu-
moniae is a biologically plausible candidate for the 
causation of atherosclerosis, since the disappointing 
results of antibiotic trials in humans do not fully ex-
clude that C. pneumoniae may possess a role in the 
development and/or progression of atherosclerosis 
and, hence, in cardiovascular diseases.
Clearly, the difficulties in isolating, culturing, and ge-
netic manipulation of C. pneumoniae have impaired 
the progression of research; today, an important un-
solved concern is the persistence state into the host 
cell as a potential survival strategy of C. pneumoniae 
in the arterial wall. For years, several research teams 
worldwide have attempted to shed light on the fac-
tors responsible for the onset and maintenance of 
Chlamydiae persistent forms, focusing on their spe-
cific transcriptional profiles.
In the future, the newly designed transformation 
systems based on engineered plasmids absorption 
by the chlamydial cell, for the insertion of foreign 
DNA sequences, as well as novel transposon sys-
tems, will surely help expand our knowledge on the 
cellular and molecular mechanisms involved in C. 
pneumoniae infection (Shima et al., 2018; Yanatori 
et al., 2021). In particular, these systems will be able 
to precisely explore the temporal dynamics, the role, 
as well as the functions, of the countless genes that 
are differentially expressed during the phases of the 
chlamydial growth cycle, contributing to discover 
the elusive mechanisms leading to persistent forms. 
Furthermore, deciphering the functions of the essen-
tial genes underlying host-cell interactions will most 
likely provide novel targets for the development of an 
effective vaccine towards Chlamydiae. 
Lastly, 16S RNA sequencing and high-throughput se-
quencing and bioinformatics analyses will allow bet-
ter identification of the bacteria that may potential-
ly play a role during human atherosclerotic plaque 
development, providing a more detailed view of the 
“infectious burden.”
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