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Comparison of thrombus, gut, and oral
microbiomes in Korean patients with ST-elevation
myocardial infarction: a case–control study
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Abstract
ST-segment elevation myocardial infarction (STEMI) is characterized by thrombotic coronary artery occlusions caused
by atherosclerotic plaque rupture. The gut microbiome potentially contributes to the pathogenesis of coronary artery
diseases. This study investigated the microbial diversity and composition of coronary thrombi in STEMI patients and
the composition of the thrombus microbiome relative to that of the oral and gut microbiomes. A case–control study
was performed with 22 STEMI patients and 20 age- and sex-matched healthy controls. Coronary thrombi were
acquired from STEMI patients via manual thrombus aspiration during primary coronary intervention. Oral swab and
stool samples were collected from both groups, and 16S rRNA sequencing and metagenomic microbiome analyses
were performed. Microbial DNA was detected in 4 of 22 coronary thrombi. Proteobacteria (p) and Bacteroidetes (p)
were the most abundant phyla. The oral and gut microbiomes significantly differed between patients and healthy
controls. The patient group presented microbial dysbiosis, as follows: a higher relative abundance of Proteobacteria
(p) and Enterobacteriaceae (f) in the gut microbiome and a lower abundance of Firmicutes (p) and Haemophilus (g) in
the oral microbiome. Furthermore, 4 significantly abundant genera were observed in the coronary thrombus in the
patients: Escherichia, 1.25%; Parabacteroides, 0.25%; Christensenella, 0.0%; and Bacteroides, 7.48%. The present results
indicate that the relative abundance of the gut and oral microbiomes was correlated with that of the thrombus
microbiome.

Introduction
ST-segment elevation myocardial infarction (STEMI) is

a catastrophic condition that is associated with high
mortality rates and a substantial risk of complications1.
Atherosclerotic plaques typically progress over years or
decades2. However, thrombotic cascades of STEMI occur
without warning. Plaque rupture has been proposed as a
key mechanism underlying coronary thrombosis3. Accu-
mulating evidence has linked local and systemic

inflammation with plaque rupture. Inflammatory cells are
observed at the site of ruptured plaques. Systemic
inflammatory reactions reportedly cause plaque inflam-
mation, leading to thinning of the fibrous cap and acute
plaque rupture.
The human microbiome significantly contributes to host

metabolism4. Dysbiosis of the microbial ecosystem is
associated with various human diseases, including cardi-
ovascular diseases5. The intestinal microbiota is associated
with major cardiovascular risk factors, such as hyperten-
sion, diabetes, dyslipidemia, and obesity6–8. Previous stu-
dies have reported the role of intestinal microbiota-derived
physiological modulators (e.g., short-chain fatty acids) and
pathogenic mediators (e.g., trimethylamine N-oxide) in
host susceptibility to cardiovascular diseases. However,
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details regarding the association between microbiomes
and acute thrombotic conditions, such as STEMI, remain
elusive.
Previous studies have reported the presence of bacterial

signatures in coronary thrombi9–11. Other studies have
reported that gut microbe-derived proatherosclerotic
metabolites, such as trimethylamine-N-oxide, are poten-
tially associated with cardiovascular disease12,13. However,
no studies have focused on the association between the
thrombus microbiome and host microbial ecology in its
entirety. Recent advancements in next-generation sequen-
cing have provided detailed insights into the human
microbiome with unprecedented resolution14. Further-
more, metagenomics has helped identify diverse microbial
communities and profile highly complex networks15.
This study aimed to investigate (1) the coronary

thrombus microbiome and (2) its composition relative to
the gut and oral microbiomes of STEMI patients relative
to those of healthy individuals.

Materials and methods
The data supporting the present results are available

from the corresponding author upon reasonable request.

Study design, subjects, and samples
Our case–control study enrolled 22 STEMI patients and

20 age-matched and sex-matched healthy controls. Patients
were enrolled at Seoul National University, Bundang Hos-
pital. Inclusion criteria for the patient group were as follows:
(i) ECG criteria of at least 1mm in 2 or more standard leads
or at least 2mm in 2 or more contiguous precordial leads of
ST-segment elevation or new left bundle-branch block;
and (ii) angiographically proven coronary thrombi. The
exclusion criteria for patients were as follows: (i) other
identifiable etiologies of coronary thrombi (e.g., coronary
vasospasm and systemic thromboembolism); and (ii) evi-
dent active infection during admission. Control subjects
were enrolled voluntarily through poster advertisements
among those undergoing routine health checks at the same
institution. Twenty controls with no previous history of
cardiovascular disease and no evidence of active infection
were matched 1:1 to each patient by age (by 5 years) and
sex. All study subjects were ethnic Koreans. Oral swab and
stool samples were collected from both groups (AccuBuccal
and AccuStool collection kits, AccuGene, Incheon, Korea).
This study was approved by the local institutional review
board (B-1801-444-301). Informed consent was obtained
from all study participants in accordance with the tenets of
the Declaration of Helsinki.

Sample collection, DNA extraction, and pyrosequencing
Coronary thrombi were acquired from STEMI patients

using manual thrombus aspiration during primary cor-
onary intervention (Supplementary Fig. 1). Oral swab and

stool samples were collected from both groups using
dedicated kits (AccuBuccal and AccuStool collection kit,
AccuGene). The samples were immediately frozen at
−20 °C and stored at −70 °C within 24 h. Bacterial DNA
was extracted from these samples.

DNA extraction and quantification
DNA was extracted using a DNeasy PowerSoil Kit

(Qiagen, Hilden, Germany) in accordance with the man-
ufacturer’s instructions. Extracted DNA was quantified
using Quant-IT PicoGreen (Invitrogen, CA, USA).

Library construction and sequencing
The sequencing library was prepared using Illumina 16S

Metagenomic Sequencing Library protocols to amplify
the V3 and V4 regions. Input gDNA (2 ng) was amplified
via PCR with 1× reaction buffer, 1 nM dNTP mix, 500 nM
each of the universal F/R PCR primers, and 2.5 U of
Herculase II fusion DNA polymerase (Agilent Technolo-
gies, Santa Clara, CA, USA) with the following cycling
conditions: 3 min at 95 °C for heat activation, followed by
25 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C,
and a final 5-min extension at 72 °C. The universal primer
pair with Illumina adapter overhang sequences used for
initial amplification was as follows: V3-F: 5′-TCGTC
GGCAGCGTCAGATGTGTATAAGAGACAGCCTACG
GGNGGCWGCAG-3′ and V4-R: 5′-GTCTCGTGGGCT
CGGAGATGTGTATAAGAGACAGGACTACHVGGGT
ATCTAATCC-3′. The first PCR product was purified with
AMPure beads (Agencourt Bioscience, Beverly, MA, USA).
Following purification, 10 µL of the first PCR product was
PCR amplified for final library construction containing the
index using NexteraXT Indexed Primer. The cycle for the
second PCR was the same as that for the first PCR, except
for using 10 cycles. The PCR product was purified using
AMPure beads. The final purified product was then
quantified using qPCR in accordance with the qPCR
Quantification Protocol Guide (KAPA Library Quantifi-
cation kits for Illumina Sequencing Platforms) and quali-
fied using a TapeStation D1000 ScreenTape (Agilent
Technologies, Waldbronn, Germany). Paired-end (2 ×
300 bp) sequencing was performed by Macrogen (Seoul,
Korea) using the MiSeq™ platform (Illumina, San Diego,
CA, USA)

Preprocessing, clustering, and taxonomic assignment
Raw paired-end 16S rDNA reads (V3-V4 region) were

merged into consensus fragments via FLASH (version
1.2.11)16. Filtered reads were clustered at 97% identity
using CD-HIT-OTU17 by identifying chimeric reads and
eliminating low-quality, ambiguous, and short (<400 bp)
reads. The remaining representative reads were clustered
using a greedy algorithm into operational taxonomic
units (OTUs).
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Taxonomic assignment was conducted via BLAST (ver-
sion 2.4.0)18. Microbial community analyses, such as alpha-
diversity and beta-diversity analyses and principal coordi-
nate analyses, were performed using quantitative insights
into microbial ecology (QIIME v1.0) software19. Alpha-
diversity was evaluated using the Chao1, Shannon and
inverse Simpson indices. Beta-diversity was assessed via
principal coordinate analysis (PCoA) based on weighted
UniFrac distance metrics. Normality was tested using Sha-
piro-Wilk’s test, and differences in relative abundance were
assessed using Student’s t-test or Wilcoxon rank sum test,
as appropriate. The false discovery rate (FDR) was used to
correct for multiple hypothesis testing20. Linear dis-
criminant analysis (LDA) effect size (LEfSe) was used to
discover metagenomic biomarkers through class compar-
ison, tests for biological consistency, and effect size esti-
mation21. Heatmap and PCoA analyses were used to
visualize differentially abundant functional categories (LDA
score ≥2.0). Analysis of similarities (ANOSIM) was per-
formed to compare the matrix of rank dissimilarity. Func-
tional gene enrichment analysis was performed through
phylogenetic investigation of communities by reconstruct-
ing unobserved states (PICRUSt), which provides propor-
tional contributions of KEGG categories of each sample22,23.

Results
Microbial diversity
Coronary thrombi were harvested from 22 STEMI

patients. Their mean age was 59.4 years, and 91% were
male. While oral swab samples were collected from all
patients, only 20 patients provided stool samples. Oral
swab and stool samples were collected from 20 age-
matched and sex-matched controls who were free of car-
diovascular disease. The baseline characteristics of the
patients are shown in Table 1.
16S rRNA genes were detected in 4 of 22 coronary

thrombi. The remaining 18 samples did not pass quality
control analysis owing to multiple peaks or inadequate
DNA. The microbial composition of the thrombi varied
widely across individuals. Proteobacteria (p) and Bacter-
oidetes (p) were the most abundant phyla among the
detected microbes (Fig. 1). We found 244 species from 188
genera, 100 families, 50 orders, 26 classes, and 11 phyla
among the thrombus samples. Supplementary Fig. 2 shows
the bacterial composition of the oral and stool samples of
the patient and control groups.
First, microbial diversity was measured. The alpha-

diversity of the stool microbiome, defined as the number
of species present within each sample, did not differ sig-
nificantly between groups (stool sample: P= 0.820 by the
Shannon index, P= 0.799 by the inverse Simpson index;
oral sample: P= 0.075 by the Shannon index, P= 0.299 by
the inverse Simpson index) (Supplementary Fig. 3). How-
ever, the oral microbiome of STEMI patients displayed

significantly higher alpha-diversity than that of the control
subjects (P= 0.032, P= 0.032, P= 0.075, and P= 0.299 for
each index).

Differences in microbial composition between STEMI
patients and healthy controls
The oral and gut microbiomes of the patient and control

groups significantly differed. Figure 2 displays the general
landscape of the microbial composition of all samples at
the genus level. Furthermore, taxonomic assignments at
the other levels (phylum, class, order, family, and species)
are also shown in Supplementary Fig. 4. Supplementary
Fig. 5 displays a comparison among the oral, stool, and
thrombus microbiota side-by-side among the 4 patients
among whom the thrombus microbiome was detected.
High-dimensional class comparisons were performed
for taxa displaying a significantly different abundance
between the STEMI and control groups (Fig. 3). LEfSe
screened 81 clades from the gut microbiome. The patient
group displayed dysbiosis of the gut microbiota. The
prevalence of Proteobacteria (p) and Enterobacteriaceae

Table 1 Profile of the study population.

Characteristics STEMI

(N= 22)

Control

(N= 20)

Age (in years) 59.4 ± 11.4 59.7 ± 11.8

Male sex 20 (90.9%) 18 (90.0%)

Hypertension 13 (59.1%)

Diabetes 6 (27.3%)

Dyslipidemia 3 (13.6%)

Smoking

Current smoker 10 (45.4%)

Former smoker 6 (27.3%)

Never smoker 6 (27.3%)

History of stroke 0 (0.0%)

Family history of premature

coronary disease

4 (18.2%)

Killip class

I 19 (86.4%)

II 0 (0.0%)

III 1 (4.5%)

IV 2 (0.9%)

Coronary disease extent

1-vessel disease 10 (45.5%)

2-vessel disease 7 (31.8%)

3-vessel disease 5 (13.6%)

*STEMI denotes ST-elevation myocardial infarction
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(f) was significantly higher in the patients than in the
controls (18.8% vs. 6.1% [P= 0.010]; and 14.0% vs. 2.0%
[P= 0.001]), while that of Firmicutes (p) and Lactoba-
cillales (o) was significantly lower (40.9% vs. 56.4% [P=
0.006]; and 1.7% vs. 3.5% [P= 0.008])24. Short-chain fatty
acid (SCFA)-producing bacteria displayed a lower abun-
dance (Prevotella (g), 0.38% vs. 11.4% [P= 0.004]; Lach-
nospiraceae (f), 4.2% vs. 5.0%; [P= 0.013]); Eubacterium
rectale (s), 0.84% vs. 4.66 [P= 0.003]; Lactobacillales (o),
1.7% vs. 3.5% [P= 0.009]; and Bifidobacterium (g) 0.8% vs.
2.4% [P= 0.024])25.

Based on a LDA threshold score of 2.0, a total of 99
clades were screened from the oral sample. The relative
abundance of Porphyromonas gingivalis(s) did not differ
significantly (2.9% vs. 1.8% [P= 0.695]). The oral micro-
biota in the patient group also showed dysbiosis. Firmi-
cutes (p) (34.9% vs. 48.2% [P= 0.031]) and Haemophilus
(g) (5.8% vs. 12.4% [P= 0.028]) were significantly deple-
ted, while lipopolysaccharide (LPS)-producing bacteria
displayed a higher prevalence (Bacteroidetes (p), 19.6% vs.
11.0% [P= 0.010], and Bacteroides (g) (0.86% vs. 0.05%
[P < 0.001]).

Coronary thrombus microbiome

Fig. 1 Coronary thrombus microbiome. Krona chart of the bacteria represented by 16S rRNA sequences recovered from coronary thrombi.
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We assessed the relationships among bacterial commu-
nities from their beta-diversity to generate PCoA plots.
OTUs of the thrombus microbiome relative to those of the
gut and oral microbiomes displayed different clustering
between groups (Fig. 4), suggesting phylogenetic closeness
between microbial communities within each group. Supple-
mentary Fig. 6 displays the OTUs of both the stool and oral
microbiomes. Furthermore, PCoA for the patients with the
thrombus microbiome and the matched controls is indicated
in Supplementary Fig. 7.
Differences in the relative abundance of taxa between

the patient and control groups were compared. Escher-
ichia (g) (10.3% vs. 1.46%, false discovery rate [FDR]
adjusted P-value= 0.029), Parabacteroides (g) (3.23% vs.
0.62%, FDR-adjusted P= 0.029), and Christensenella (g)
(0.67% vs. 0.17%, FDR-adjusted P= 0.029) were sig-
nificantly enriched among the gut microbiome con-
stituents in the patient group, while Lactobacillus (g) was
significantly less abundant (1.12% vs. 2.54%, FDR-adjusted
P= 0.029) (Supplementary Table 1). Bacteroides (g) dis-
played a significantly higher abundance among the oral
microbiome in the patient group (0.86% vs. 0.03%, FDR-
adjusted P= 0.007) (Supplementary Table 2). The relative
abundances of Escherichia (g), Parabacteroides (g),
Christensenella (g), and Bacteroides (g) in the coronary
thrombus microbiome were 1.25%, 0.25%, 0.0%, and
7.48%, respectively.
The thrombus microbiome was assessed relative to the

gut and oral microbiomes via heatmaps based on OTU
abundance (Fig. 5). Thirty-seven representative features
were selected at the species level based on the LEfSe of the

gut microbiome, and 39 species were selected from the
oral microbiome. The relative abundance of the thrombus
microbiome was also plotted via the heatmap. Taxonomic
communities displayed differential abundance between the
patient and control groups at each site. Figure 5b visually
shows that the thrombus microbiome exhibited a taxo-
nomic distribution that was similar to that of the oral
microbiome of STEMI patients (Fig. 5b). Supplementary
Fig. 8 displays a side-by-side comparison of the relative
abundance of the 4 individual patients with thrombus
samples. ANOSIM corroborated that the dissimilarity
between the stool and thrombus samples was larger than
that between the oral and thrombus samples (unweighted
R= 0.444 and 0.2916, respectively) (Supplementary Fig. 9).

Different metabolic pathways of microbial communities
between STEMI and control subjects
Bacterial gene functions were predicted via 16S rRNA

gene-based microbial compositions using the PICRUSt
algorithm to make inferences from KEGG annotated
databases. The STEMI and control groups exhibited sig-
nificant differences among the 41 KEGG pathways
(Fig. 6). The stool microbiome displayed differences in cell
growth and death, signal transduction, replication and
repair, translation, infectious diseases, energy metabolism,
enzyme families, lipid metabolism, nucleotide metabo-
lism, xenobiotic biodegradation and metabolism, cellular
processes and signaling, and metabolism. The oral
microbiome displayed differences in cell motility, mem-
brane transport, signal transduction, signaling molecules
and interaction, replication and repair, translation, cancer,

Fig. 2 Relative abundance of microbiome at the genus level. Bar plot showing relative abundance at the genus level in the stool, oral, and
thrombus microbiomes of STEMI patients and control groups.
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Kwun et al. Experimental & Molecular Medicine (2020) 52:2069–2079 2074

Official journal of the Korean Society for Biochemistry and Molecular Biology



neurodegenerative diseases, amino acid metabolism, bio-
synthesis of other secondary metabolites, energy meta-
bolism, enzyme families, metabolism of other amino
acids, nucleotide metabolism, circulatory system, envir-
onmental adaptation, immune system, and cellular pro-
cesses and signaling.

Discussion
Numerous diverse microbial species reside in various

tissues of the human body, including the skin, oral
mucosa, and gastrointestinal tract. Imbalances in the

microbiota are associated with various human diseases
that affect regions beyond the local anatomic site, such as
neurologic and cardiovascular disorders4. Efforts have
been made to define microbial components of the human
genetic and metabolic landscape in order to better
understand the underlying pathophysiology and develop
novel therapeutic strategies26.
The current study comprehensively analyzed the

thrombus, gut, and oral microbiomes of STEMI patients
relative to those of age-matched and sex-matched healthy
controls. The study indicated substantial differences in

Fig. 4 Beta-diversity of the thrombus microbiome using principal coordinate analysis. a the gut microbiome and b the oral microbiome.

(b) Thrombus and oral microbiome
STEMIControlThrombus

(a) Thrombus and gut microbiome
STEMI Control Thrombus

Fig. 5 Heatmap of the selected most differentially abundant features at the species level. Relative abundance ratios of selected biomarkers are
depicted for: a stool and thrombus and b oral swab and thrombus. Blue represents lower abundance, white represents intermediate abundance, and
red represents the highest abundance.
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the composition and function of the stool and oral
microbiomes between the two groups. Furthermore, 4 of
22 coronary thrombi acquired from STEMI patients were

positive for bacteria. Microbes that were significantly
abundant in the oral and stool microbiomes were also
significantly abundant in that of the coronary thrombus.

Fig. 6 Metabolic implication. Different metabolic pathways of microbial communities between the: a gut microbiome and b oral microbiome
groups using the PICRUSt algorithm. The STEMI patients and control groups exhibited significant differences among the 41 KEGG pathways.
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Previous studies have reported an association between
various infectious agents and human atherosclerotic dis-
eases. Previous studies have reported the pathogenic role
of Chlamydia pneumoniae and cytomegalovirus in
atherosclerotic progression27–29. Such reports have led to
interventional studies based on the hypothesis that anti-
biotic therapy may help prevent atherosclerosis. However,
randomized trials using macrolide antibiotic therapies
have failed to provide benefits in preventing future car-
diovascular events30–33.
The presence of microbial DNA in coronary thrombi

has been demonstrated previously. Studies using targeted
sequencing via PCR have detected periodontal bacteria,
such as Viridans streptococci9,10. Hansen et al. performed
next-generation sequencing, which demonstrated a rela-
tively high abundance of Pseudomonas aeruginosa DNA.
Furthermore, they confirmed the presence of whole and
intact bacteria as biofilm microcolonies in selected
thrombi11. Advancements in next-generation sequencing
and metagenomic analysis have facilitated the analysis of
microbiomes in carotid and coronary atherosclerotic
plaques34–36. Koren et al. reported that bacteria present in
atherosclerotic plaques may have originated in the oral
cavity and gut microbiota37.
The present results indicate that microbial dysbiosis

may be the mechanism underlying acute myocardial
infarction. This study reports an increased abundance of
Proteobacteria (p) and Enterobacteriaceae (f) among
STEMI patients. The phylum Proteobacteria normally
constitutes a minor proportion of the natural human gut
flora. Recent studies have suggested that an increased
prevalence of Proteobacteria, frequently observed in
metabolic disorders, represents gut dysbiosis24. Jie et al.
reported that the abundance of Enterobacteriaceae (f)
among patients with atherosclerotic cardiovascular dis-
ease is higher than that among healthy controls38. A lower
abundance of SCFA-producing bacteria and a higher
abundance of LPS-producing bacteria were concurrent
with previous reports5,39,40.
This study comprehensively analyzed the thrombus, gut,

and oral microbiomes of STEMI patients. Koren et al.
performed a metagenomic analysis to survey the bacterial
diversity of atherosclerotic plaques and oral and gut
samples of patients undergoing carotid endarterectomy37.
The present results differ from those of Koren since we
enrolled STEMI patients at an active phase and acquired
coronary thrombus. STEMI results from plaque rupture,
which marks a very specific event of chronic athero-
sclerotic changes lasting years or decades. The difference
in the study designs led to a significant difference in study
findings. While Koren et al. reported that the patients’
microbiota was similar to that of control subjects, this
study reports marked differences in the microbiota
between the patient and control groups. We assume that

these differences in the results were observed because we
enrolled patients with acute-stage STEMI. Technically,
more extensive sequencing with higher resolution was
performed in this study.
One major study limitation was that microbial DNA

was detected only in 4 of 22 thrombus samples. However,
this fact does not indicate that microbial DNA was not
present in the remaining 18 samples. The samples did not
pass quality control analysis after library construction
owing to multiple peaks and low concentrations. Thrombi
used herein were usually small fragments acquired during
primary coronary interventions (Supplementary Fig. 1).
These thrombi varied widely in weight and composition,
such as platelet-rich and fibrin-rich thrombi, across clin-
ical situations. Such variables were not obtained in this
study and should be considered in future studies.
A clinical implication of the current study is that

microbes surrounding the human body may play a role in
plaque rupture and ultimately contribute to fatal cardio-
vascular diseases, such as acute myocardial infarction.
However, because this was a case–control study, we were
only able to assess relationships rather than to infer causal
relationships. Stool and oral swab samples were collected
during admission for post-myocardial infarction, which
limits temporality. Zhou et al. recently reported that
intestinal permeability increased following myocardial
infarction, leading to higher microbial richness and
diversity in the systemic microbiome of STEMI patients,
where >12% of post-STEMI blood bacteria were domi-
nated by intestinal microbiota constituents (Lactobacillus,
Bacteroides, and Streptococcus)41. Furthermore, they
linked adverse outcomes of myocardial infarction to the
translocation of intestinal microbiota into systemic
circulation.
This study demonstrated that microbial communities

were present in human coronary thrombi and that these
communities were correlated with those in the gut and oral
microbiomes. Future studies are needed to further identify
the clinical implications of these findings and to apply them
to develop novel therapeutic strategies. For example, the
role of the gut and tumor microbiomes is being actively
investigated by oncologists. Studies have confirmed the
presence of bacteria in tumors, suggesting that these bac-
teria mediate the tumor response to chemotherapy and
immunotherapy among cancer patients42,43. Other studies
have reported that the commensal microbiota has an
impact on the future risk of cancer44,45.
The current study detected bacterial DNA in the cor-

onary thrombi of STEMI patients. The gut and oral
microbiomes of these patients displayed significant dif-
ferences compared with those of age-matched and sex-
matched controls. The relative abundance of the gut and
oral microbiomes was correlated with that of the throm-
bus microbiome. Our findings indicate that commensal
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microbiota may play a role in plaque rupture and
thrombus formation in acute myocardial infarction.

Acknowledgements
This work was supported by the Basic Science Research Program through the
National Research Foundation of Korea (grant number 2019R1C1C1006611)
and the Korean Society of Interventional Cardiology [2017-1].

Author details
1Cardiovascular Center, Seoul National University Bundang Hospital,
Seongnam-si, Korea. 2Department of Internal Medicine, Seoul National
University College of Medicine, Seoul, Korea. 3Department of Periodontology,
Section of Dentistry, Seoul National University Bundang Hospital, Seongnam-si,
Korea. 4Department of Internal Medicine, Kyungpook National University
School of Medicine, Daegu, Korea

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information accompanies this paper at https://doi.org/
10.1038/s12276-020-00543-1.

Received: 7 August 2020 Revised: 29 October 2020 Accepted: 3 November
2020.
Published online: 18 December 2020

References
1. Anderson, J. L. & Morrow, D. A. Acute myocardial infarction. N. Engl. J. Med.

376, 2053–2064, https://doi.org/10.1056/NEJMra1606915 (2017).
2. Crea, F. & Liuzzo, G. Pathogenesis of acute coronary syndromes. J. Am. Coll.

Cardiol. 61, 1–11, https://doi.org/10.1016/j.jacc.2012.07.064 (2013).
3. Libby, P. Mechanisms of acute coronary syndromes and their implications for

therapy. N. Engl. J. Med. 368, 2004–2013, https://doi.org/10.1056/
NEJMra1216063 (2013).

4. Lynch, S. V. & Pedersen, O. The human intestinal microbiome in health and
disease. N. Engl. J. Med. 375, 2369–2379, https://doi.org/10.1056/
NEJMra1600266 (2016).

5. Tang, W. H. W., Backhed, F., Landmesser, U. & Hazen, S. L. Intestinal microbiota
in cardiovascular health and disease: JACC State-of-the-Art Review. J. Am. Coll.
Cardiol. 73, 2089–2105, https://doi.org/10.1016/j.jacc.2019.03.024 (2019).

6. Kelly, T. N. et al. Gut microbiome associates with lifetime cardiovascular disease
risk profile among bogalusa heart study participants. Circulation Res. 119,
956–964 (2016).

7. Fu, J. et al. The gut microbiome contributes to a substantial proportion of the
variation in blood lipids. Circulation Res. 117, 817–824 (2015).

8. Qin, J. et al. A metagenome-wide association study of gut microbiota in type
2 diabetes. Nature 490, 55–60 (2012).

9. Ohki, T. et al. Detection of periodontal bacteria in thrombi of patients with
acute myocardial infarction by polymerase chain reaction. Am. Heart J. 163,
164–167, https://doi.org/10.1016/j.ahj.2011.10.012 (2012).

10. Pessi, T. et al. Bacterial signatures in thrombus aspirates of patients with
myocardial infarction. Circulation 127, e1211–e1216, https://doi.org/10.1161/
CIRCULATIONAHA.112.001254 (2013).

11. Hansen, G. M. et al. Pseudomonas aeruginosa microcolonies in coronary
thrombi from patients with ST-segment elevation myocardial infarction. PLoS
One 11, e0168771, https://doi.org/10.1371/journal.pone.0168771 (2016).

12. Koeth, R. A. et al. Intestinal microbiota metabolism of L-carnitine, a nutrient in
red meat, promotes atherosclerosis. Nat. Med. 19, 576–585, https://doi.org/
10.1038/nm.3145 (2013).

13. Troseid, M. et al. Microbiota-dependent metabolite trimethylamine-N-oxide is
associated with disease severity and survival of patients with chronic heart
failure. J. Intern. Med. 277, 717–726, https://doi.org/10.1111/joim.12328 (2015).

14. Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J. & Segata, N. Shotgun
metagenomics, from sampling to analysis. Nat. Biotechnol. 35, 833–844,
https://doi.org/10.1038/nbt.3935 (2017).

15. Hamady, M. & Knight, R. Microbial community profiling for human micro-
biome projects: tools, techniques, and challenges. Genome Res. 19, 1141–1152,
https://doi.org/10.1101/gr.085464.108 (2009).

16. Magoc, T. & Salzberg, S. L. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics 27, 2957–2963, https://doi.org/
10.1093/bioinformatics/btr507 (2011).

17. Li, W., Fu, L., Niu, B., Wu, S. & Wooley, J. Ultrafast clustering algorithms for
metagenomic sequence analysis. Brief. Bioinform. 13, 656–668, https://doi.org/
10.1093/bib/bbs035 (2012).

18. Zhang, Z., Schwartz, S., Wagner, L. & Miller, W. A greedy algorithm for aligning
DNA sequences. J. Comput. Biol. 7, 203–214, https://doi.org/10.1089/
10665270050081478 (2000).

19. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods. 7, 335–336 (2010).

20. Benjamini, Y., Drai, D., Elmer, G., Kafkafi, N. & Golani, I. Controlling the false
discovery rate in behavior genetics research.Behav. Brain Res. 125, 279–284
(2001).

21. Segata, N. et al. Metagenomic biomarker discovery and explanation.Genome
Biol. 12, R60 (2011).

22. Langille, M. G. et al. Predictive functional profiling of microbial com-
munities using 16S rRNA marker gene sequences.Nat. Biotechnol. 31,
814–821 (2013).

23. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 28, 27–30 (2000).

24. Shin, N. R., Whon, T. W. & Bae, J. W. Proteobacteria: microbial signature of
dysbiosis in gut microbiota. Trends Biotechnol. 33, 496–503, https://doi.org/
10.1016/j.tibtech.2015.06.011 (2015).

25. Koh, A., De Vadder, F., Kovatcheva-Datchary, P. & Bäckhed, F. From dietary fiber
to host physiology: short-chain fatty acids as key bacterial metabolites. Cell
165, 1332–1345 (2016).

26. Human Microbiome Project Consortium Structure, function and diversity of
the healthy human microbiome. Nature 486, 207–214, https://doi.org/
10.1038/nature11234 (2012).

27. Libby, P., Egan, D. & Skarlatos, S. Roles of infectious agents in atherosclerosis
and restenosis: an assessment of the evidence and need for future research.
Circulation 96, 4095–4103 (1997).

28. Chiu, B., Viira, E., Tucker, W. & Fong, I. Chlamydia pneumoniae, cytomegalovirus,
and herpes simplex virus in atherosclerosis of the carotid artery. Circulation 96,
2144–2148 (1997).

29. Jackson, L. A. et al. Specificity of detection of Chlamydia pneumoniae in car-
diovascular atheroma: evaluation of the innocent bystander hypothesis. Am. J.
Pathol. 150, 1785 (1997).

30. Gupta, S. et al. Elevated Chlamydia pneumoniae antibodies, cardiovascular
events, and azithromycin in male survivors of myocardial infarction. Circulation
96, 404–407 (1997).

31. Gurfinkel, E. et al. Treatment with the antibiotic roxithromycin in patients with
acute non-Q-wave coronary syndromes. The final report of the ROXIS Study.
Eur. Heart J. 20, 121–127 (1999).

32. O’Connor, C. M. et al. Azithromycin for the secondary prevention of coronary
heart disease events: the WIZARD study: a randomized controlled trial. JAMA
290, 1459–1466 (2003).

33. Grayston, J. T. et al. Azithromycin for the secondary prevention of coronary
events. N. Engl. J. Med. 352, 1637–1645 (2005).

34. Mitra, S. et al. In silico analyses of metagenomes from human atherosclerotic
plaque samples. Microbiome 3, 1–14 (2015).

35. Ziganshina, E. E. et al. Bacterial communities associated with atherosclerotic
plaques from Russian individuals with atherosclerosis. PLoS One 11, e0164836
(2016).

36. Jonsson, A. L. et al. Bacterial profile in human atherosclerotic plaques. Ather-
osclerosis 263, 177–183 (2017).

37. Koren, O. et al. Human oral, gut, and plaque microbiota in patients with
atherosclerosis. Proc. Natl. Acad. Sci. 108, 4592–4598 (2011).

38. Jie, Z. et al. The gut microbiome in atherosclerotic cardiovascular disease. Nat.
Commun. 8, 1–12 (2017).

39. Ohira, H., Tsutsui, W. & Fujioka, Y. Are short chain fatty acids in gut microbiota
defensive players for inflammation and atherosclerosis? J. Atheroscler. Thromb.
24, 660–672, https://doi.org/10.5551/jat.RV17006 (2017).

Kwun et al. Experimental & Molecular Medicine (2020) 52:2069–2079 2078

Official journal of the Korean Society for Biochemistry and Molecular Biology

https://doi.org/10.1038/s12276-020-00543-1
https://doi.org/10.1038/s12276-020-00543-1
https://doi.org/10.1056/NEJMra1606915
https://doi.org/10.1016/j.jacc.2012.07.064
https://doi.org/10.1056/NEJMra1216063
https://doi.org/10.1056/NEJMra1216063
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.1016/j.jacc.2019.03.024
https://doi.org/10.1016/j.ahj.2011.10.012
https://doi.org/10.1161/CIRCULATIONAHA.112.001254
https://doi.org/10.1161/CIRCULATIONAHA.112.001254
https://doi.org/10.1371/journal.pone.0168771
https://doi.org/10.1038/nm.3145
https://doi.org/10.1038/nm.3145
https://doi.org/10.1111/joim.12328
https://doi.org/10.1038/nbt.3935
https://doi.org/10.1101/gr.085464.108
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bib/bbs035
https://doi.org/10.1093/bib/bbs035
https://doi.org/10.1089/10665270050081478
https://doi.org/10.1089/10665270050081478
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1038/nature11234
https://doi.org/10.1038/nature11234
https://doi.org/10.5551/jat.RV17006


40. Sandek, A. et al. Studies on bacterial endotoxin and intestinal absorption
function in patients with chronic heart failure. Int. J. Cardiol. 157, 80–85,
https://doi.org/10.1016/j.ijcard.2010.12.016 (2012).

41. Zhou, X. et al. Gut-dependent microbial translocation induces inflammation
and cardiovascular events after ST-elevation myocardial infarction. Microbiome
6, 66, https://doi.org/10.1186/s40168-018-0441-4 (2018).

42. Geller, L. T. et al. Potential role of intratumor bacteria in mediating tumor
resistance to the chemotherapeutic drug gemcitabine. Science 357,
1156–1160, https://doi.org/10.1126/science.aah5043 (2017).

43. Riquelme, E. et al. Tumor microbiome diversity and composition influence
pancreatic cancer outcomes. Cell 178, 795–806 e712, https://doi.org/10.1016/j.
cell.2019.07.008 (2019).

44. Fan, X. et al. Human oral microbiome and prospective risk for pancreatic
cancer: a population-based nested case–control study. Gut 67, 120–127,
https://doi.org/10.1136/gutjnl-2016-312580 (2018).

45. Jin, C. et al. Commensal microbiota promote lung cancer development via γδ
T cells. Cell 176, 998–1013 e1016, https://doi.org/10.1016/j.cell.2018.12.040
(2019).

Kwun et al. Experimental & Molecular Medicine (2020) 52:2069–2079 2079

Official journal of the Korean Society for Biochemistry and Molecular Biology

https://doi.org/10.1016/j.ijcard.2010.12.016
https://doi.org/10.1186/s40168-018-0441-4
https://doi.org/10.1126/science.aah5043
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1136/gutjnl-2016-312580
https://doi.org/10.1016/j.cell.2018.12.040

	Comparison of thrombus, gut, and oral microbiomes in Korean patients with ST-elevation myocardial infarction: a case&#x02013;nobreakcontrol study
	Introduction
	Materials and methods
	Study design, subjects, and samples
	Sample collection, DNA extraction, and pyrosequencing
	DNA extraction and quantification
	Library construction and sequencing
	Preprocessing, clustering, and taxonomic assignment

	Results
	Microbial diversity
	Differences in microbial composition between STEMI patients and healthy controls
	Different metabolic pathways of microbial communities between STEMI and control subjects

	Discussion
	Acknowledgements




