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Background: Cardiovascular diseases (CVDs) are the leading cause of death worldwide. Vital organs like the
heart are affected by the occlusion of blood vessels due to atherosclerotic plaque formation. However, the
role of infectious agents has always been an essential subject of investigation. This study investigated the
presence of microorganisms, including nanobacteria, in atherosclerotic plaques removed from human
carotid arteries by microbiological and metagenomic examination.
Methods: Atheroma plaque samples were obtained from 20 patients with carotid artery stenosis who had
atherectomy by surgery or percutaneous intervention. Nanobacteria were grown by culturing homogenates
of the atheroma plaques. Whole genome sequencing was done for samples. Because of the high percentage
of Toxoplasma gondii (T. gondii) DNA, PCR investigation was applied to detect T. gondii DNA in the samples.
Results: A molecular analysis of nanobacteria revealed them to be made of human proteins, supporting the
theory that they are not living organisms. According to sequencing results, samples showed that more than
50 % of the metagenomic sequences belonged to Toxoplasma gondii. PCR investigation indicated that T.
gondii DNA was positive in 8 (40 %) of 20 plaques.
Conclusions: Further evidence regarding the role of T. gondii in the etiology of plaque formation may help
determine the strategy for prevention and treatment of infections in preventing atheroma plaque formation
in the future.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health
Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/li-
censes/by-nc-nd/4.0/).
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1. Introduction

CVDs including coronary heart, rheumatic heart, and cere-
brovascular diseases, are the leading cause of death worldwide [1].
In 2019, 18.6 million people died of cardiovascular diseases [2].
Atherosclerosis has a significant role in the development of all these
diseases [3]. Atherosclerosis is defined as a thickening of the arterial
wall due to the accumulation of cholesterol, cellular waste products,
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macrophages, calcium salts, and other substances. The progression
of atherosclerosis leads to plaque formation, which restricts blood
flow [4]. Various mechanisms for plaque formation have been pro-
posed. In general, it is considered a chronic inflammatory event [5].
One theory suggests that inflammatory events are triggered by au-
toimmune diseases [6]. However, microbial agents are also con-
sidered one of the leading causes [7]. Although inflammation
causing atherosclerosis is regarded as a sterile reaction independent
of microbial agents, recent studies have highlighted the possible
effects of several microbial agents [8], which have been the subject
of a limited number of studies, some showing conflicting results. The
potential role of a few organisms such as Helicobacter pylori, Chla-
mydia pneumoniae, Mycoplasma pneumoniae, and the Herpes virus
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family in atherosclerotic disease has been suggested [9], [10], [11],
[12]. In one study, Helicobacter pylori and C. pneumoniae DNA were
identified by PCR in specific carotid artery atherosclerotic plaques
[13]. Two other studies identified anti-Toxoplasma gondii im-
munoglobulin G (IgG) antibodies with a higher incidence in patients
with atherosclerosis [14], [15]. The development of new methodol-
ogies, such as epigenetic analysis using next-generation sequencing
(NGS), for detecting microbial agents continues to contribute to the
identification of unknown pathogens [16]. As emerging pathogens or
agents of atherosclerosis, nanobacteria have been proposed as can-
didate agents capable of forming appetite-coating calcium phos-
phate precipitates [16], [17], [18]. Nanobacteria may be responsible
for pathological calcifications in kidney and dental pulp stones,
along with heart valve and arterial calcifications [ 19]. However, other
studies have questioned the microbiological origin of nanobacteria,
suggesting that they are formed by the biomineralization of natural
molecules.

The main goal of this research was to determine the role of mi-
croorganisms, including nanobacteria, in the inflammation process
that occurs during the development of atherosclerosis. Many studies
have focused on the role of various infectious agents but approaches
such as whole genome sequencing, which can cover all possible
microorganisms, have remained very limited. This study aimed to
investigate the presence of microorganisms and nanobacteria by
microbiological culture and genomic examination of atherosclerotic
plaques.

2. Materials and methods
2.1. Sample collection and study design

This study included 20 samples (labelled as A1-A20) of atheroma
plaques from patients who underwent atherectomy by surgery or
percutaneous intervention. All the plaques included in this study
were obtained from the carotid artery of patients. Risk factors for
atherosclerosis including gender, smoking status, hypertension,
coronary artery disease, diabetes mellitus and dyslipidemia were
recorded for each patient in this study (Table 1).

Ethical approval for the study was received from University
ethics committee. All patients signed an informed consent form to
permit using the biological samples and information related to this
study.

The samples with a minimum size of 3 mm obtained from each
patient were distributed into four tubes. The first tube contained the
DNA/RNA shield solution (Zymo Research, USA), the second con-
tained thioglycollate broth together with 1.0-mm-sized zirconium
microbeads, the third contained only thioglycollate broth, and the
fourth tube was empty. The tubes were transferred to the laboratory
at room temperature.

Table 1
Clinical characteristics of patients with respect to T. gondii DNA positivity.

Patients that were T. gondii PCR result on atheroma

plaques:
Parameters Positive (n = 8) Negative (n = 12)
Mean Age 69.25 73.0
Mean Age + Std Dev. 69.25 + 3.97 73.0 + 495
Sex
Female 2 (25 %) 2(12 %)
Male 6 (75 %) 10 (83 %)
Smoking Habit 5 (62,5 %) 4 (33 %)
Hypertension 6 (75 %) 7 (58 %)
Coronary Artery Disease 3 (375 %) 8 (66 %)
Diabetes Mellitus 5 (62,5 %) 7 (58 %)
Dyslipidemia 4 (50 %) 7 (58 %)
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2.2. Sample preparation and culture

2.2.1. Culture of aerobic and anaerobic microorganisms from atheroma
plaques

The atheroma plaque collected in the thioglycollate medium was
incubated at 37 °C. Samples were incubated for two weeks until
turbidity, indicating growth, was observed. If turbidity was not ob-
served, aliquots of the medium were inoculated in two sheep blood
agar (SBA) plates, one to eosin methylene blue agar (EMB),
Sabouraud dextrose agar (SDA), Lowenstein-Jensen agar, and TK SLC
rapid mycobacterial culture medium (TiBO, Turkiye). One SBA plate
was incubated under aerobic and the other under anaerobic condi-
tions. All plates were incubated at 37 °C for one week except SBA
which was incubated for two weeks. If growth occurred, smears
were prepared from the colonies, Gram-stained, and observed by
microscopy. The species of the isolated organisms were determined
using MALDI-TOF-MS (Bruker, USA).

2.2.2. Culture and analysis of nanobacteria

The microcentrifuge tube containing the atheroma plaque
sample, microbeads, and thioglycollate medium was placed in a
Mini-Beadbeater (Biospec, USA) and homogenized by shaking for
1 min. Then, 400 pl of sterile water was added and pipetted to reduce
viscosity and eliminate foam. The contents were transferred to a
fresh microcentrifuge tube and centrifuged at 5000xg for 2 min. The
supernatant was then filtered through a sterile, 0.22 nm pore-sized
filter to eliminate any possible bacteria and inoculated into serum-
free Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo
Fisher Scientific, USA) in T25 sterile tissue culture flasks (Corning,
USA). The flasks were incubated for 4-8 weeks under mammalian
cell culture conditions (37 °C; 5 % CO-). The control group contained
only the culture medium.

When precipitates were observed in the culture flasks by in-
verted microscopy, they were scraped from the flasks and the col-
lected samples were dropped onto the piece of petri dish. After
drying the samples, they were analysed both for morphology and
chemical composition using Quattro S SEM (Thermo Scientific, USA)
with attached EDAX Energy-dispersive spectroscopy (EDS) analyser
(AMETEK, USA) (Fig. 1 A).

20 atheroma plaques that were cultured in T25 flasks at different
times for nanobacteria were scraped and pellets with the suspension
were collected into each tube. The samples were mixed with 4x
protein loading buffer (0,5 M pH 6.8 Tris-HCI, 20 % SDS, 99 % glycerol,
0.005% bromophenol blue, 355mM of 2-mercaptoethanol, 1M
NaOH) and heated at 95 °C for 3 min in a heater. Then nanobacterial
homogenates were run on 10 % SDS-PAGE gel and macromolecules
were detected by silver staining. Their susceptibility to proteinase K,
DNAse I, and RNAse was determined before loading on the SDS-PAGE
gel. Due to their susceptibility to proteinase K and resistance to
nucleases, these proteins were further analyzed by Q-TOF-LC-MS
and identified by accessing human and microorganism protein data
banks. Due to the high amount of albumin in the Q-TOF-LC-MS re-
sults, BSA was also incubated with DMEM with the same conditions
applied to atheroma plaques to observe if this would result in na-
nobacteria formations.

2.3. Whole genome sequencing analysis of atheroma plaques

For isolating genetic material, a 5-mm tissue slice was placed in
2 mL of DNA/RNA shield reagent and was ground with the help of a
pestle and mortar. The suspension was collected into a 2 mL cen-
trifuge tube and homogenized using a syringe. DNA was isolated
from each sample using a DNA purification kit (GeneMark, China).
DNA from samples A1, A2, A3, A6, A8, and A9; and from samples A7,
Al1, A12, A14, A15, A18, and A19 were pooled into two tubes as
Group 1 (G1) and Group 2 (G2). Whole genome sequencing of these
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Fig.1. (A) SEM images and EDS analysis of sediment from a culture flask showing nanobacteria-like structures. (B) SEM images and EDS analysis of incubated BSA show the same

structures. Bars: A: 1pum; B: 3 pm.

two samples was performed (Eurofins Genomics, Germany). Raw
sequencing data is processed using fastp (version 0.20.0) software to
remove poor quality bases (below Phred Quality 20 were removed)
using the sliding window approach. Adapters and reads shorter than
30bp were also removed by using the same software. MetaPhlAn
(version 3.0.7) which relies on unique clade-specific marker genes
identified from ~17,000 reference genomes (~13,500 bacterial and
archaeal, ~3500 viral, and ~110 eukaryotic) were used for the
taxonomic profiling. Unclassified reads were subjected to
KrakenUniq (version 0.5.8). Kraken classifies reads by breaking each
read into overlapping k-mers. Each k-mer is mapped to the lowest
common ancestor (LCA) of the genomes containing that k-mer in a
precomputed reference database. For each read, a classification tree
is found by pruning the taxonomy and only retaining taxa (including
ancestors) associated with k-mers in that read. Each node is
weighted by the number of k-mers mapped to the node, and the
path from root to leaf with the highest sum of weights is used to
classify the read. KrakenUniq computes the number of unique k-
mers observed for each taxon, which allows it to filter more false
positives. Read counts of input samples observed at various taxa
levels (Phylum, Genus, and Species) are collected and normalized by
using the rarefy function implemented in the vegan bioconductor
package (version 2.5.7) to compare species abundances. Rarefied
read counts enable better comparisons of operational taxonomic
unit (OTU) profiles between samples with different sample sizes.
Abundance measured by the percentage of OTU assigned reads from
various taxonomic levels is determined. As metagenomic analysis
indicated the presence of T. gondii DNA, further evidence was ob-
tained by nested PCR specific to this organism.

2.4. Nested PCR for detecting T. gondii in atheroma plaque samples

Based on human whole genome sequencing, a high proportion of
T. gondii DNA sequences were identified in the G1 and G2 sample
pools. To obtain direct evidence for the presence of these organisms,
two specific primers, 5-CTGCAGGGAGGAAGACGAAAGTTG-3" as

forward and 5-CGCTGCAGACACAGTGCATCTGGATT-3,” as reverse
primers, were used to amplify DNA from the individual samples in
the first round of PCR. For nested PCR, 5-GTGCTTGGAGCCACAGA
AGG-3' as forward and 5-CTCCTCCTCCCTTCGTCCAA-3" as reverse
primers were designed and used to amplify a 323-bp product. A
ready-to-use PCR Master Mix II Kit (GeneMark, China) was used. The
program was: initial denaturation at 95 °C for 1 min; 45 cycles of
95 °Cfor 20, 60 °C for 30 s, and 72 °C for 45 s; 72 °C for 2 min as final
extension. PCR products were analyzed on 1.2 % agarose gel. T. gondii
DNA grown in mouse peritoneum was used as a positive control, and
sterile deionized water was used as a negative control.

2.5. Statistical Analysis

The study data were statistically analyzed using R programming
language (version 4.3.3.) was used for all statistical analysis. Fisher’s
exact test was performed to observe a significance between meta-
data variables and T. gondii.

3. Results
3.1. Microorganism culture analysis

Among all cultured samples, growth of specimen A14 was ob-
served in only one SBA plate under anaerobic conditions. Gram
staining of the isolate showed Gram-negative coccobacilli and was
identified as Cutibacterium acnes by MALDI-TOF analysis.

3.2. Nanobacterial analysis

When sediment was observed in DMEM media by inverted mi-
croscopy, it was analyzed by SEM. SEM revealed spherical structures
with sizes ranging from 80 to 900 nm in all samples. These spherical
structures with a diameter of 195.4 - 311.3 nm are seen in Fig. 1 A. In
addition, elemental analyses (C, N, O, Mg, As, P, S, Ca, Si, Al) of the
samples were made. Compared to other elements, a high percentage
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Fig. 2. (A) The list of proteins identified from nanobacteria by LC-QTOF-MS. (B) SDS-PAGE separated proteins obtained from sample A2. The molecular weights of proteins
corresponding to human proteins determined by LC-QTOF-MS are indicated next to the electrophoresis gel. (Lane M: protein marker, A2: nanobacterial proteins cultured from

atheroma plaque, MW: molecular weight).

of carbon (C: 52.2 %), nitrogen (N: 14 %), and oxygen (O: 33 %) was
detected. DNA extraction was done from cultured atheroma plaque
samples for molecular analysis. It revealed the absence of any nu-
cleic acids. Also, SDS-PAGE and silver staining analysis showed the
presence of molecules with molecular weights (MWs) ranging from
10 to 250 kDa. All samples revealed the same banding patterns. The
molecules were wholly digested by proteinase K but not by DNAse I
and RNAse, indicating they were of protein origin. The nature of
these proteins was analyzed by LC-QTOF-MS. The identified patterns
were screened using microorganisms and human data banks. All the
proteins were identified as human in origin, with albumin being the
most abundant (Fig. 2 A). One of the atheroma plaque samples (A2)
that was run at SDS-PAGE was compared with LC-QTOF-MS data
resulting in the corresponding proteins with molecular sizes of 70,
55, 42, 30 and 29kD. Based on the table shown in Fig. 2 A, we pre-
dicted that nanobacteria are formed of human proteins, mostly al-
bumin. To test this hypothesis, we incubated bovine serum albumin
(BSA) with DMEM medium free of FBS. The same spherical struc-
tures as in atheroma plaque samples were observed by SEM. Also,
elemental analysis showed similar proportions for carbon, nitrogen,
oxygen and the other atoms (Fig. 1B). When we analyzed BSA used in
this experiment by SDS PAGE we observed that BSA was not pure but
contained several other proteins.

3.3. Whole genome sequencing analysis

G1 and G2 were subjected to whole genome sequencing.
Sequences belonging to the human genome were eliminated, and
those belonging to the metagenome were revealed. In the analysis
run, the heatmap and bar graphs representing taxonomic abundance
at the species level were formed to compare species richness from
all samples (Fig. 3). The results showed that more than 50 % of se-
quences belonged to T. gondii.

3.4. PCR-based detection of T. gondii in patients

As metagenome analysis of pooled samples indicated the pre-
sence of T. gondii, to obtain more concrete direct evidence, the
presence of the DNA of this parasite in individual atheroma plaque
samples was investigated by nucleic acid amplification using specific
primers for T. gondii by PCR. A 323-bp product belonging to T. gondii

DNA was obtained from eight samples: A3, A4, A12, A14, A15, A17,
A18, and A19 among the 20 atheroma plaques by nested PCR (Fig. 4).
In conclusion, T. gondii DNA was positive in 8 (40 %) of 20 patients.

4. Discussion

Cardiovascular pathologies are responsible for several clinical
conditions that lead to death due to occlusion of the arteries of vital
organs [1], [3]. Microorganisms are among the factors that are sus-
pected to play a role in atheroma plaque formations. Although sev-
eral microorganisms like Helicobacter pylori, Chlamydia pneumoniae,
Mycoplasma pneumoniae were claimed to cause atheroma plaque
formation, further studies are required to make a strong relation
between these organisms and plaque formation.

This study aimed to investigate the possible role of any type of
microorganisms in atheroma plaque formation by metagenomic
analyses of whole DNA obtained from these plaques. For this pur-
pose, plaque samples from the carotid arteries of 20 patients were
inoculated into various culture media and incubated under aerobic
and anaerobic conditions to grow any culturable microorganisms.
Growth was observed in only one sample identified as Cutibacterium
acnes, a Gram-positive anaerobic organism. C. acnes is an opportu-
nistic pathogen that can infect the damaged endothelium of blood
vessels and endocardium. Additionally, C. acnes is the second most
common pathogen after coagulase-negative Staphylococci isolated
from infected internal cerebral ventricular bypasses, which indicates
frequent bacteraemia of this organism [20], [21]. There is an ongoing
debate regarding whether the isolation of C. acnes strains from tis-
sues other than the skin is an actual infection or contamination. In
this study, C. acnes was identified in only one of the 20 patients, and
metagenomic analysis indicated no DNA sequences belonging to this
organism in atheroma plaque, making it unlikely to be responsible
for atheroma plaque formation. From all of the atheroma plaque
samples, it was possible to grow nanobacteria. Nanobacteria, which
are formations smaller than bacteria, have been the subject of many
discussions regarding whether they are living organisms or not, and
have also been proposed as candidate agents for atheroma plaque
formation [16], [17], [18]. It is suggested that nanobacteria may be
responsible for pathological calcifications in kidney and dental pulp
stones, as well as heart valve calcifications and arterial calcifications
[22]. However, other studies have questioned the microbiological
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origin of these particles, suggesting that nanobacteria are formed by
the biomineralization of natural molecules. To investigate if nano-
bacteria may cause the formation of atheroma plaques, the plaques
were cultured in DMEM, where nanobacteria can grow. Growth was
observed in all samples within a 1-2-month period, as described in
the literature [23]. SEM analysis of these formations showed nano-
bacteria-like structures ranging in size from 80 to 900 nm (Fig. 1), as
defined previously [24]. The susceptibility of the molecules from
these formations to Proteinase K and resistance to DNAse I and
RNAse indicated their proteinaceous nature, identified as human
proteins by LC-QTOF-MS. The samples were scanned in human,
bacterial, and viral databases, and only human proteins were iden-
tified. A high albumin level was detected based on the same band
patterns and MW as albumin detected using SDS-PAGE (Fig. 2). To
test the hypothesis that nanobacteria are made of human proteins,
mostly albumin, we incubated BSA with DMEM medium and ob-
tained similar nanobacterial structures. When we analyzed the BSA
used in this experiment it turned out to contain several other pro-
teins which also may play a role in the formation of nanobacteria.
Accumulation of nanobacteria formation may contribute to
atheroma plaque formation, however, it may be proposed that

nanobacteria are not the etiological factors that start the plaque
formation.

Whole genome sequencing and metagenomic analysis of the
pooled plaque samples indicated the presence of T. gondii DNA as a
large proportion of all DNA. No DNA sequence belonging to
Helicobacter pylori, Chlamydia pneumoniae and Mycoplasma pneu-
moniae was identified. To have more concrete direct evidence for the
presence of T. gondii, we did further analysis of individual samples by
nested PCR and identified T. gondii DNA in 8 out of 20 atheroma
plaques. Therefore, we concluded T. gondii may be an important
etiological factor leading to atheroma plaque formation.

As a limitation of the study, it was not possible to include vas-
cular samples without atheroma plaque formations as negative
controls. Although atheroma plaque formation mechanism is not
expected to be different in other types of arteries, it will be good to
include atheroma plaques from other arteries especially from cor-
onary and cerebral regions, in further studies.

In one study, the seroprevalence of anti-T. gondii im-
munoglobulin G (IgG) antibodies were investigated in athero-
sclerotic patients by ELISA and showed that anti-T. gondii IgG was
present in; 63-1% of patients with atherosclerosis compared to
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46.2 % of non-atherosclerotic individuals [14], [15]. We have de-
termined that gender, hypertension, coronary artery disease, dia-
betes mellitus and dyslipidemia categorical variables had no
relationship with T. gondii presence (p-value > 0.05). Additionally,
the drugs, antiaggregants, statins and beta-blockers that were used
by most of the patients did not affect the presence of T. gondii in
atheroma plaques. The mean age of patients who needed carotid
atheroma plaque removal was 71.5 which indicates the chronic
nature of the pathology. Although it is hard to conclude because of
the low number of patients included in this study, among smokers
we identified T. gondii in 5 out of 8 patients (62.5 %), however in 4
out of 12 patients (33 %) in non-smokers. Smoking is known to be a
key factor for speeding the development of atherosclerosis which
may make vascular endothelium more susceptible to T. gondii in-
fection.

T. gondii occurs worldwide. It is a very invasive parasite and can
infect cells within seconds when it comes into contact. Once it in-
fects people it can stay lifelong in the body. It is the second most
frequent foodborne infection in the United States [25]. It causes
congenital infections which lead to serious malformations and often
death of the fetus. It can cause encephalitis, myocarditis and pneu-
monitis in immunocompromised patients. It causes asymptomatic
chronic infection in healthy people [26], [27]. Its probable role in
vascular infections and atheroma plaque formation has not been
investigated so far. This is the first study with direct evidence of the
presence of T. gondii in atheroma plaques.

If further evidence is obtained about the role of T. gondii in
atheroma plaque formation this may change the current classical
prevention and treatment strategies of atherosclerosis complica-
tions. The presence of T. gondii infection in patients with atheroma
plaques may be detected by PCR from blood samples if free parasites
or their DNA may be found in blood. Although the probability of
finding T. gondii in blood samples can be expected to be low it may
be worth it to do a study to determine the presence of T. gondii in
patients with atheroma plaques. It is more probable to detect T.
gondii DNA in atheroma plaques. However, it requires an invasive
procedure to obtain a biopsy sample from atheroma plaques which
cannot be performed because of the high risk of complications.
Therefore, further evidence for the relation between T. gondii and
atheroma plaque formations can be obtained by similar studies on
extracted atheroma plaques or autopsy samples. If strong evidence
for the relation between T. gondii and atheroma plaque formation is
identified, this may change the strategies for prevention and treat-
ment of arteriosclerosis.

Prevention measures against T. gondii for seronegative pregnant
women and patients with weak immune systems are well-estab-
lished. Since atherosclerosis is a worldwide common health problem
it may be important to use all these prevention measures for all
communities. The cysts in the meat can be killed by heating the
meat to at least over 67 °C. Hands, all meat-cutting tools, boards and
other materials should be washed with soap and water before and
after handling meat. Cats are the main reservoir of T. gondii in nature
[25,26]. It is important to pay attention to hygiene when cleaning
cats’ faeces sandbox for the people who have cats at home. When
gardening, gloves should definitely be worn. Raw eggs and un-
pasteurized milk should not be consumed, and vegetables and fruits
should be washed thoroughly before eating [28]. T. gondii infections
can be treated with medication using drugs for which their safety is
already established. Patients are usually given medications such as
pyrimethamine for treatment. In addition, antibiotics such as sul-
fadiazine, clindamycin, and azithromycin can be used to treat the
infection.

In this study among 20 atheroma samples, we detected T. gondii
DNA in 8 samples. The detection of DNA is strong evidence for in-
fection of this parasite in vascular tissue. Therefore, it may play an
important role in the formation of atheroma plaques and vascular

Journal of Infection and Public Health 17 (2024) 102539

occlusion. It is not possible to predict if T. gondii invades vascular
tissue before or after atheroma plaque formation. Even if it is not the
primary etiological cause of plaque formation it may play an im-
portant role in creating inflammation and growth of the plaque. If
further evidence can be obtained by further studies including a
larger number of patients, prevention or treatment of atheroma
plaque formation may become possible. Especially in patients di-
agnosed with atheroma plaques and vascular occlusion, treatment of
T. gondii infection may prevent progression of the disease and even
ameliorate blood flow by subsiding the inflammation and down-
sizing of atheroma plaques.
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