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Aims: Oral bacteria have been reported to be associated with the pathogenesis of atherosclerosis; however, the
relationship between the oral microbiota and atherosclerosis remains unclear. The present study aimed to
investigate whether or not salivary microbiota of patients with atherosclerotic cardiovascular disease (ACVD)
differs from that of subjects without ACVD, and to characterize the salivary microbiota of patients with ACVD.

Methods: This study included 43 patients with ACVD and 86 age- and sex-matched non-ACVD individuals.
16S rRNA metagenomic analysis were performed using DNA isolated from the saliva samples of the participants.
To select unique operational taxonomic unit (OTU) sets of ACVD, we conducted the random forest algorithm in
machine learning, followed by confirmation via 10-fold cross-validation

Results: There was no difference in richness or evenness between the ACVD and non-ACVD groups (alpha
diversity; observed OTU index, p=0.503; Shannon’s index, p=0.478). However, significant differences were
found in the overall salivary microbiota structure (beta diversity; unweighted UniFrac distances, p=0.001;
weighted UniFrac distances, p=0.001). The Actinobacteria phylum was highly abundant in patients with ACVD,
while the Bacteroidetes phylum was less abundant. The random forest classifier identified 43 OTUs as an
optimal marker set of ACVD. In a 10-fold cross validation using the validation data, an area under the curve
(AUC) of 0.933 (95% CI, 0.855-1.000) was obtained.

Conclusions: The salivary microbiota in patients with ACVD was distinct from that of non-ACVD individuals,
indicating that the salivary microbiota may be related to ACVD.

Key words: Oral microbiota, Saliva, Atherosclerosis, 16S rRNA metagenomic analysis

intravenous periodontal pathogens, such as
Porphyromonas  gingivalis, have shown enhanced
development of atherosclerosis™ ©. It is possible that

Introduction

Growing evidence suggests that oral health plays

an important role in the pathogenesis of
atherosclerotic cardiovascular disease (ACVD). Several
species of oral bacteria that cause periodontitis and
dental caries have been found in atherosclerotic
plaques'™. Animal models infected by oral or

the bacteria from the oral cavity might invade the
bloodstream, translocate to the blood vessel, cause
inflammation, and increase the risk of ACVD?.
Epidemiological evidence suggests that periodontal
disease, an oral infectious disease, occurs in response

Address for correspondence: Nahoko Kato-Kogoe, Department of Dentistry and Oral Surgery, Osaka Medical College, 2-7 Daigaku-machi, Takatsuki City, Osaka

569-8686, Japan  E-mail: nahoko.kogoe@ompu.ac.jp

Received: September 15, 2020  Accepted for publication: January 12, 2021

Copyright©2022 Japan Atherosclerosis Society

This article is distributed under the terms of the latest version of CC BY-NC-SA defined by the Creative Commons Attribution License.

403



Kato-Kogoe et al.

to the presence of specific bacteria in the oral cavity
that are associated with ACVD® ?. The causal
mechanism underlying the association between these
two disease conditions is not yet clearly elucidated;
periodontopathic bacterial infection and the
subsequent inflammatory response are speculated to
play a role in the pathogenesis of ACVD'?. These
findings indicate that the oral microbial environment
might contribute to the development of ACVD.

More than 700 species of bacteria exist in the
human oral cavity and constitute the oral
microbiota'" 2. Current advances in molecular
methods have revealed that the oral microbiota plays
an important role in the human microbial community
and health status'”. Emerging evidence has shown
alterations in the oral microbiota of patients with
various diseases. Moreover, the microbiota has been
identified as a potential diagnostic and prognostic
biomarker for some diseases''?. Although past cross-
sectional studies have identified individual oral
bacterial species associated with ACVDV", no
studies have been conducted to identify a group of
bacteria closely associated with ACVD from the oral
microbiota as a whole. There are several lines of
evidence suggesting that the gut microbiota plays a
role in ACVD development. The gut microbiota
might influence atherosclerosis through activation of
the immune system, the alteration of cholesterol
metabolism, and production of bacterial metabolites
such as Trimethylamine N-oxide (TMAO), which
contribute to atherosclerosis by increasing foam cell
formation in macrophages, decreasing reverse
cholesterol transport, and enhancing platelet
hyperreactivity?” ?. In addition, several studies
indicate that the gut microbiota may be affected by
oral bacteria, leading to dysbiosis?**%. These
observations suggest that oral microbiota could be

linked to ACVD.

Aim

In the present study, we compared the salivary
bacterial diversity and composition in patients with
ACVD with those in the age- and sex-matched control
subjects, using bacterial 16S ribosomal RNA (16S
rRNA) gene sequencing. Furthermore, a group of
bacteria was utilized to distinguish patients with
ACVD from control subjects through machine
learning techniques. The aim of the present study was
to investigate whether or not salivary microbiota of
patients with ACVD differ from that of subjects
without ACVD, and to characterize the salivary
microbiota of patients with ACVD.
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Methods

Participants

This study was conducted in accordance with the
Helsinki Declaration and its latest amendments and
was approved by the Ethics Committee of Osaka
Medical College, Takatsuki city, Japan (approval no.
2145). Written informed consent was obtained from
all participants.

Study participants included 129 Japanese
individuals, including 43 patients with ACVD (72.1%
male) between 63-86 years of age (mean 74) and 86
age- and sex-matched non-ACVD control subjects.
The exclusion criteria in both groups were as follows:
participants with ongoing infectious diseases,
autoimmune diseases, renal or hepatic failure, under
current treatment of cancer, as well as use of
antibiotics within one month of sample collection.
The ACVD group included patients diagnosed with
coronary artery disease (CAD), abdominal aortic
aneurysm (AAA), and/or peripheral artery disease
(PAD) at the Department of Cardiology of Osaka
Medical College Hospital, Takatsuki city, Japan
between December 2017 and August 2019. The
exclusion criteria were acute coronary syndrome,
inflammatory aortic aneurysm, and critical limb
ischemia, neither of which can be considered a chronic
pathological condition associated with atherosclerosis.
The number of patients with each diagnosis is shown
using Venn diagrams in Fig.1. For the non-ACVD
control group, we sampled 86 age- and sex-matched
control subjects (ratio 1:2, age difference within 3
year) from 277 community-dwelling individuals who
participated in the Takatsuki study from March 2018
to November 2019, after excluding individuals with
self-reported medical history for coronary or other
vascular diseases. Medical history and information
about medication were collected from the medical
records for patients with ACVD and from a
questionnaire for non-ACVD subjects.

Oral Sample Collection and Oral Examination

Saliva samples were collected from participants
in the morning (at least 2 h after brushing or
consumption of meals) by the cotton swab method, as
previously described®’ using the saliva collection
system SalivaBio® Oral Swab and Swab Storage Tube
(Salimetrics, State College, PA, USA) prior to oral
examination. The samples were immediately frozen
after collection and stored at =80C prior to DNA
extraction.

All participants were subjected to a full-mouth
clinical examination by certified dentists. Their
periodontal condition was evaluated by measuring the
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Fig.1. Venn diagrams of the group of patients with ACVD

The patients with ACVD in this study included 26 patients with
coronary artery disease (CAD), 12 with peripheral artery disease
(PAD), and 23 with abdominal aortic aneurysm (AAA) patients.
The unscaled Venn diagrams show sets of patients in the study.
There were 26 patients with both CAD and PAD, 12 patients with
both CAD and AAA, and one patient with both PAD and AAA. In
addition, nine patients only had CAD, and six patients only had
PAD, and 10 patients only had AAA, making a total of 43 patients.

periodontal pocket depth (PPD) and by bleeding on
probing (BOP) at six sites for all teeth; the periodontal
inflammation surface area (PISA), a periodontal
parameter that quantifies the amount of inflamed
periodontal tissue?”, was also calculated. A diagnosis
of periodontitis was made following the recent
diagnostic criteria for periodontal diseases based on
the World Workshop on the Classification of
Periodontal and Peri-Implant Diseases and
Conditions®.

DNA Extraction, 16S rRNA Sequencing, and
Taxonomic Classification

For DNA extraction, briefly, a total of 500 pL of
sample, including 30 pL of the saliva sample and 470
pL of detergent reagent No. 10 (Kurabo Industries
Ltd., Osaka, Japan) was transferred into a 2.0 mL
tube. The samples were homogenized with 0.1 mm
glass beads using a homogenizer, Disruptor Genie
(Scientific Industries Inc., Bohemia, NY, USA), for 90
s. Bacterial genomic DNA from the homogenized
samples was extracted using GENE PREP STAR
PI-480 (Kurabo Industries Ltd.) according to the
manufacturer’s instructions.

The V1-V2 region of the 16S rRNA gene was
amplified for 25 cycles with KAPA HiFi Hot Start
Ready Mix (Roche, Basel, Switzerland) using the

primer set 27Fmod: 5'-TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAGAGRGTTTGATYMTGG
CTCAG-3" and 338R: 5'-GTCTCGTGGGCTCGG
AGATGTGTATAAGAGACAGTGCTGCCTCCCG
TAGGAGT-3".

Each library was prepared in accordance with the
16S metagenomic sequencing library preparation
protocol (Illumina, CA, San Diego, USA). DNA was
sequenced with 500 cycles using a MiSeq Reagent Kit
v2 (Illumina). An average of 37,251 sequence reads
with 250 bp paired-ends were denoised and quality
filtered using DADA2 in Quantitative Insights Into
Microbial Ecology 2 (QIIME2) version 2020.02 9.
After quality filtering, 3,893,333 sequences were
obtained with a mean of 30,181 sequences per sample
(min: 11,867; max: 66,936). A rarefaction minimum
depth cut-off was chosen at 10,000, and this retained
all the samples for downstream analysis?”. The
processed sequences were clustered into operational
taxonomic units (OTUs) and defined according to a
similarity cut-off of 97%. Representative sequences for
each OTU were assigned against the curated Silva 132
reference database.

Statistical Analysis

For characteristics of the participants, categorical
variables were presented using frequency counts, and
intergroup comparisons were analyzed using Fisher’s
exact tests or Mann—Whitney U tests. Continuous
parametric data were compared using Student’s #tests.
The statistical software JMP pro 15.1.0 (SAS Institute
Inc., Cary, NC, USA) was used for database
construction and data analysis. A p-value <0.05 was
considered significant.

The within-subject alpha diversity of bacterial
communities was assessed by Shannon’s index and the
observed OTU index, and it was compared between
groups using the Kruskal-Wallis test. The between-
subjects beta diversity was assessed based on the Bray-
Curtis dissimilarity and the unweighted and weighted
UniFrac distance metrics®” Y. To visualize the global
differences in the microbiome structure in the UniFrac
analysis, we performed Principal Coordinate Analysis
(PCoA). The significance of compositional differences
between groups was assessed by permutational
multivariate analysis of variance (PERMANOVA)3?.
QIIME2 was used for these analyses.

The linear discriminant analysis (LDA) effect size
(LEfSe) algorithm was used to detect differentially
abundant genera among the two groups®. All analyses
were run with LEfSe’s a parameter for pairwise tests
set to 0.05 and the threshold of the logarithmic score
for LDA analysis set to 3.0. To characterize specific
microbiota of ACVD patients, a model to predict
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Table 1. Baseline characteristics and laboratory data of the study population (z=129)

Variables ACVD (n=43) Non-ACVD (7 =86) p value
Characteristic
Age (years) 74.4%5.0 75.0£4.8 0.527
Sex (male, %) 72.1 69.8 0.840
BMI (kg/m?) 23.6+2.5 22728 0.075
Never smoker (%) 25.6 53.5 0.004
Ex-smoker (%) 60.5 41.9
Current smoker (%) 14.0 4.7
Dyslipidemia (%)’ 51.2 29.1 0.020
Hypertension (%)* 58.1 45.4 0.194
Diabetes (%)° 34.9 15.1 0.013
Oral conditions
Number of teeth 19.3£6.5 23.6£5.7 <0.001
Denture wearing (%) 69.8 31.4 <0.001
Severe periodontitis (%) 30.2 30.2 0.638
PISA (cm?) 296.5474.7 163.2+184.8 0.039
Medications
Anti-diabetes drug (%) 27.9 8.1 0.007
Statin (%) 65.1 11.6 <0.001
ACE-I/ARB (%) 53.5 15.1 <0.001
Beta-blocker (%) 34.9 1.2 <0.001
Calcium channel blocker (%) 58.1 17.4 <0.001
PPI/H2 blocker (%) 48.8 4.7 <0.001
Anti-coagulant (%) 9.3 2.3 0.095
Anti-platelet (%) 65.1 4.7 <0.001
Laboratory data
HDL-C (mg/dL) 53.3%15.7 66.6+16.9 <0.001
LDL-C (mg/dL) 107.5%36.9 117.1x27.1 0.150
TG (mg/dL) 153.3+75.8 90.8+62.2 <0.001
HbA1lc (NGSP, %) 6.1x0.8 5.8%£0.6 0.024
CRP (mg/dL) 0.55+1.46 0.05+0.08 <0.001

Results are expressed as the mean = SD or percentage. p values are the results of comparisons against the non-ACVD group using

Mann—Whitney U test, Student’s #test, or Fisher’s exact test.

TDyslipidemia is defined as LDL-C > 140 mg/dl, triglycerides > 150 mg/dl or use of anti-dyslipidemic drugs.
Hypertension is defined as blood pressure >140/90 mmHg or use of anti-hypertensive drugs.
Diabetes is defined as HbAlc >6.5 % (NGSP) or use of oral anti-diabetic drugs or insulin therapy.

PISA, periodontal inflamed surface area;

ACVD based on microbial composition at the genus
level was constructed using the Random Forest
package in R version 3.3.1. The predictive power of
the model was evaluated by a 10-fold cross-validation
using 70% of the data as training data and 30% as
validation data. Following model construction, the
variable importance in the projection (VIP) of each
genus was calculated and the candidate genera were
selected to reflect the differences between the groups.
A p-value of less than 0.01 was considered significant.
The receiver operating characteristic curve (ROC) and
area under the ROC curves (AUCs) of the predictive

model were calculated.
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Results

Characteristics of the Participants

The characteristics, medications, laboratory data,
and oral condition of the participants in the ACVD
and non-ACVD groups are summarized in Table 1.
Nearly 70.5% of the participants were male with a
mean age of 75 y. The distribution of smoking habits
in the following three categories: non-smoker,
ex-smoker and current smoker, indicated statistical
significance (»p=0.004). The percentage of current
smokers was not different between the ACVD and
non-ACVD groups (p=0.083). There was no
significant difference in body mass index (BMI) or the
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percentage of patients with hypertension between the
ACVD and non-ACVD groups. The proportions of
background medication between the two groups
indicated statistical significance (Table 1). Oral
conditions of the participants such as the number of
teeth, denture usage, and PISA were significantly
different between the two groups.

Microbiota Composition

Salivary bacteria with a relative abundance of at
least 0.1% in both groups were classified into 11
phyla, 18 classes, 37 orders, 71 families, and 144
genera. The predominant bacteria (>5% of the total
sequences in either group) at the phylum level
included Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, and Fusobacteria, which comprised
94.99% and 94.73% of the oral microbiota in ACVD
and non-ACVD groups, respectively (Fig.2A). At the
genus level, the ACVD group was characterized by
136 genera, of which 22 were absent in the non-
ACVD group, while the non-ACVD group included
124 genera, out of which 10 were absent in the
ACVD group (Supplemental Table 1). A total of 39
genera were present in at least 50% of subjects in both
groups, of which 37 were common to both the groups.
The predominant bacteria at the genus level included
Streptococcus with a mean relative abundance of
20.16% and 15.45%, and Prevotella7 with a mean
relative abundance of 9.28% and 13.01% in the
ACVD and non-ACVD groups, respectively. The 20
most abundant genera in the ACVD and non-ACVD
groups accounted for 82.92% and 84.87%,
respectively, of the total genera abundance in the two

groups (Fig. 2B, Supplemental Table 2).

Microbial Diversity in ACVD Patients and Non-
ACVD Subjects

As shown in Fig.3A, no statistically significant
differences were observed between the ACVD and
non-ACVD groups in terms of alpha diversity
(observed OTUs, p=0.503; Shannon’s index,
p=0.478).

PCoA of the unweighted and weighted UniFrac
distance metric-based results revealed that although
the salivary microbiota showed an interindividual
difference, the saliva samples differed between the two
groups in 3D space (Fig.3B, Fig.3C). This
compositional variation that distinguished the ACVD
and non-ACVD groups was verified by
PERMANOVA based on the UniFrac data (999
permutations, p=0.001), showing that the bacterial
communities of each group were more similar to each
other than to the bacterial communities of the other

group. PERMANOVA on Bray-Curtis metrics based

on relative abundances of bacterial genera also revealed
the difference between the two groups (999
permutations, p=0.001).

This difference between the ACVD and non-
ACVD groups was retained when the ACVD group
was first categorized into three sub-groups, i.e.,
patients with CAD, AAA, or PAD, and then compared
with age- and sex-matched non-ACVD control
subjects, respectively (Supplemental Fig.1A). There
was no difference among the CAD, AAA, and PAD
groups (Supplemental Fig.1B and C). The
differences between the ACVD and non-ACVD
groups were also retained when current smokers or
subjects with poorly controlled diabetes mellitus were
excluded from either group (Supplemental Fig.2 and
3). The difference between the ACVD and non-
ACVD groups was significant even when the
comparison was limited to those with 20 or more
teeth or those who were not taking certain

medications (Supplemental Fig. 4 and 5).

Linear Discriminant Analysis Effect Size (LEfSe)

The cladogram in Fig.4A represents the
significantly different taxa between the two groups,
with a hierarchy reflecting the taxonomic rank from
phylum to genus. We found that the ACVD group
was associated with a significantly higher abundance
of Actinobacteria and lower abundance of
Bacteroidetes at the phylum level over four orders of
magnitude. At the genus level, LEfSe demonstrated
increased abundance of Streprococcus, Rothia, and
Halomonas and decreased abundance of Prevotella,
Prevotella7, and Porphyromonas in the ACVD group
compared with that in the non-ACVD group
(Fig.4B). These results revealed the presence of
specific bacteria in the saliva of patients with ACVD
and non-ACVD subjects.

Random Forest (RF) Predictive Models

The RF model identified 43 oral microbiota
OTUs (Fig.5A) that distinguished individuals with
ACVD from non-ACVD controls. Principal
component analysis (Fig.5B) illustrated that the two
groups were distinct from each other. In the 10-fold
cross validation with the train-test set, the mean=*
standard deviation of the AUC was 0.899+0.099.
Using the validation data, an AUC of 0.933 (95% CI,
0.855-1.000) was obtained, suggesting that the genera
identified for the microbial signature of the patients

with ACVD were robust.

Discussion

In the present study, we compared the salivary
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Fig.2. Taxonomic composition of saliva microbiota in patients with ACVD and non-ACVD subjects

Vertical bar plot showing the relative abundance of bacterial phyla (A) and genus (B) in each sample.

(A) Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Fusobacteria were the five most abundant phyla in all the subjects
comprising 94.99% and 94.72% of the total bacterial communities in patients with ACVD and non-ACVD subjects, respectively.

(B) Bar plot of the 20 most abundant genera in patients with ACVD and non-ACVD subjects, revealing that the majority of genera in the
“top 20” groups were common in all the subjects with the overall dominance of Streptococcus (blue) and Prevotella7 (orange).

microbiota from patients with ACVD with age- and
sex-matched non-ACVD individuals using 16S rRNA
sequencing analysis. Our data demonstrated that the
salivary microbiota in patients with ACVD is distinct
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from that in the non-ACVD subjects. In addition, we
identified a set of bacterial genera that efficiently
distinguished the patients with ACVD from the
controls. These data indicate the potentiality of the
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Fig.3. Alpha and Beta diversity of the ACVD and non-ACVD salivary microbiota

(A) Observed operational taxonomic unit (OTU) index and Shannon index of the patients with ACVD (7=43, red) compared with those of
the non-ACVD subjects (7=86, green). p values from Wilcoxon rank-sum test are shown.

(B) Unweighted UniFrac distances.

(C) Weighted UniFrac distances.

Principal coordinate analysis (PCoA) plot for the samples from 43 ACVD (red) and 86 non-ACVD (green) subjects. Box plots represent
UniFrac distances to non-ACVD subjects from patients with ACVD (red columns) and non-ACVD subjects (green columns). *»<0.05
compared between groups from PERMANOVA, 999 permutations.

salivary microbiota as an ACVD biomarker. with a relative abundance of at least 0.1% were

The overall microbial composition of the oral classified into 136 genera in the ACVD group and
cavity in both groups was consistent with that of into 124 genera in the non-ACVD group; however,
previous findings*>. At the genus level, oral bacteria alpha diversity, and evenness and richness of the
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Fig.4. The differentially abundant bacterial genera between the ACVD and non-ACVD groups as identified by linear discriminant
analysis effect size (LEfSe)

(A) Cladogram of the differentially abundant bacterial taxa where each layer represents different taxonomy. The enriched taxa in ACVD

salivary microbiome are represented in the cladogram. The central point represents the root of the tree (Bacteria), and each ring represents the

next lower taxonomic level (phylum to genus: p, phylum; ¢, class; o, order; f, family; g, genus). The diameter of each circle represents the

relative abundance of the taxon.
(B) Histogram of the linear discriminant analysis (LDA) scores for differentially abundant bacterial taxa between patients with ACVD and

non-ACVD subjects.
LDA score > 3.0 are shown. Red color represents significantly abundant taxa in the ACVD group when compared to those in the non-ACVD

group. Green color represents the significantly abundant taxa in the non-ACVD group.
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Fig.5. Random forest (RF) predictive models
(A) Variable importance plot of the 43 OTUs selected as the optimal marker set.
Following the construction of the RF model, the variable importance in the projection (VIP) of each genus was calculated to select candidate

genera that reflected the difference between the two groups. p<0.01 was considered significant.
(B) Principal component analysis of subjects based on the set of OTUs used to train the RF classifier. The centroids and 90% confidence
ellipse for each group are shown. The large circle and triangle represent the mean points of the distribution of the ACVD and non-ACVD

groups, respectively. Numbers in parentheses indicate the proportion of variance. Dim; dimension
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microbial community did not differ between the
ACVD and non-ACVD groups. These results were
consistent with the results from previous studies® '¥.
Beta diversity showed a significant difference between
the two groups and revealed a separation of the groups
across components of variation, which was contrary to
the results from previous studies® '¥. We hypothesize
that the inconsistency was caused by the differences in
the backgrounds of the participants, such as ethnicity,
food-related culture, etc.

Our LEfSe analyses revealed notable distinctive
features in the ACVD and non-ACVD groups. We
observed a dominance of the bacterial genera
Prevotella, Prevotella7, and Porphyromonas in the non-
ACVD group. In the ACVD group, Streptococcus,
Rothia, Halomonas, and Corynebacterium were over-
represented. In a previous study, the genera
Streptococcus, Rothia, and Corynebacterium were
detected in both the oral cavity and the atherosclerotic
plaques of the same patients who underwent carotid
endarterectomy for minor ischemic stroke or transient
ischemic attack®. Therefore, our study corroborated
the possibility of these bacterial genera being related
with ACVD. The genus Rothia is an oral commensal;
Rothia mucilaginosa has recently been reported to be
abundantly present in the buccal and tongue
microbiome of smokers®%®). Since smoking has been
recognized as an important factor affecting oral
condition, periodontal disease status, and oral
microbiota®”, the frequency and duration of smoking
should also be taken into consideration while
evaluating the salivary microbiota of patients with
ACVD. Interestingly, these findings regarding the oral
cavity were partially consistent with another study on
ACVD-associated gut microbiota characterized by a
relative reduction in Prevorella and enrichment of
Streptococcus™®. Similar to previous studies reporting
that the gut microbiome plays a role in ACVD?" 2V,
our study suggested that the oral microbiota could
also be involved in the pathogenesis of ACVD.

Recent reports have shown the potential of
salivary microbiota profiles for screening various
diseases such as rheumatoid arthritis*”, primary
sclerosing cholangitis'”, pancreatic cancer®”, lung
cancer', and colorectal cancer'®. The oral
microbiota-based classifiers have been created to
distinguish patients from control subjects via RF
models through machine learning in several diseases'* 9.
To examine the bacterial community characteristics of
salivary microbiota of patients with ACVD, we
developed an RF model and identified 43 genera that
efficiently distinguished the patients with ACVD and
non-ACVD subjects. The set of 43 bacteria in the
saliva had a high AUC value of 0.933, suggesting that
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the salivary microbiota of the ACVD patients were
unique and may be different from that of non-ACVD
subjects. Our results suggest that an entire oral
commensal microbiota, rather than a single
atherosclerosis-associated bacterium, is associated with
ACVD. The growth or the expression of pathogenic
factors of a single atherosclerosis-associated bacterium
may be regulated by synergistic or antagonistic
interactions with surrounding symbiotic bacteria.
Furthermore, even bacteria without pathogenic factors
may be involved in the inhibition or promotion of
ACVD pathogenesis through interactions with related
bacteria. In the case of gastric cancer, commensal
gastric microbes have been found to interact with
Helicobacter pylori and regulate its pathogenicity and
carcinogenicity®. Thus, the association between
salivary microbiota and ACVD requires further
investigation.

Although the results of this study have revealed
novel microbial determinants of ACVD, our study has
the following limitations: First, because of the cross-
sectional nature of our data, no inference can be made
about a causal relationship between oral microbiota
and ACVD. Thus, the next crucial step is to
investigate whether the oral microbiota is causally
linked to ACVD in a longitudinal setting. Second, all
study participants in our study were Japanese elderly
individuals living around Takatsuki city and it is
possible that the oral microbial association results for
ACVD may not be extrapolated to other populations.
As the background of participants, such as age, race,
and food-related culture have been associated with
changes in the oral microbiota* %, evaluation of the
oral microbiota profile in each setting is necessary.
Third, the design of this study does not allow us to
match the background medication between the
ACVD and non-ACVD groups. Another recent study
showed that medication could affect the composition
of the gut microbiota in ACVD*; so, the possible
effect of drug use on the oral microbiota should be
explored in intervention trials with larger cohorts.
Lastly, to elucidate the bacterial environment and
microbiota changes that affect the pathogenesis of
ACVD in detail, not only 16S rRNA metagenomic
analysis, but also complex analysis methods such as
shotgun sequencing or various omics analyses should
be performed. Nevertheless, the present study is a
preliminary pilot project with a limited sample size
and more extensive studies are required to confirm
these observations as well as to thoroughly investigate
the causal relationships between ACVD and salivary
microbiota.
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Conclusion

In summary, we investigated the composition
and diversity of the salivary microbiota to distinguish
patients with ACVD from non-ACVD subjects. The
salivary microbiota could potentially serve as an
ACVD marker. As the oral microbiota may be
involved in the development of ACVD, further
elucidation of the mechanisms underlying the
condition could lead to medications or lifestyle

changes for reducing the risk of ACVD.
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Supplemental Table 1. Bacterial genus found only in ACVD or non-ACVD group

ACVD group non-ACVD group
Genus Genus
Halomonas Unidentified genus in [ Lentimicrobiaceae
Delftia Desulfovibrio
Uncultured bacterium in o_Bacteroidales; [~ p-2534-18B5 gut group Alysiella
Cutibacterium Moraxella
Prevotella 9 Chryseobacterium
Anaerobacillus Streprobacillus
Stenotrophomonas Clostridiales bacterium canine oral taxon 260
Gracilibacteria bacterium oral taxon 871 Candidatus Tammella
Pseudomonas Acinetobacter
Staphylococcus Faecalibacterium
Family XIII AD3011 group
Peproniphilus

Uncultured bacterium in o_Izimaplasmatales
Lachnospiraceae NK4A136 group

Wolinella

Bacillus

Microbacterium

Jonquetella

Alphaproteobacteria bacterium canine oral taxon 081
Novosphingobium

Endobacter

Pelospora

Supplemental Table 2. The 20 most abundant genera in ACVD and non-ACVD group

ACVD group non-ACVD group
Genus Mean relative Genus Mean relative
abundance (%) abundance (%)
Streptococcus 20.16 Streptococcus 15.45
Prevotella 7 9.22 Prevotella 7 13.01
Neisseria 7.31 Neisseria 7.95
Actinomyces 7.00 Porphyromonas 6.84
Veillonella 6.28 Veillonella 6.53
Rothia 5.98 Prevotella 6.31
Porphyromonas 5.09 Actinomyces 5.63
Halomonas 3.35 Fusobacterium 3.79
Fusobacterium 3.07 Haemophilus 3.03
Haemophilus 2.39 Rothia 2.81
Prevotella 2.03 Capnocytophaga 1.71
Leptotrichia 1.70 Gemella 1.66
Gemella 1.57 Prevotella 6 1.65
Lautropia 1.56 Campylobacter 1.50
Campylobacter 1.54 Alloprevotella 1.41
Capnocytophaga 1.52 Leptotrichia 1.38
Corynebacterium 0.84 Peprostreptococcus 1.22
Prevotella 6 0.79 TM7 phylum sp. oral clone DRO34 1.12
Alloprevotella 0.78 Candidatus Saccharimonas 1.02
Selenomonas 3 0.73 Parvimonas 0.86
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Supplemental Fig. 1. Beta diversities of the salivary microbiotas of the ACVD sub-groups and non-ACVD group

(A) Weighted UniFrac distances of the ACVD sub-groups and non-ACVD control groups.

PCoA plot for the samples from 26 coronary artery disease (CAD; blue), 23 abdominal aortic aneurysm ( AAA; pink), and 12 peripheral
artery disease (PAD; purple) patients, and their corresponding 52, 46, and 46 age- and sex-matched non-ACVD control subjects (green),
respectively. Box plots represent the UniFrac distances from the CAD (blue columns), AAA (pink columns), or PAD (purple colums) patients
to the non-ACVD control subjects. *»p<0.01, compared between groups by using PERMANOVA with 999 permutations.

Unweighted (B) and Weighted (C) UniFrac distances of the ACVD sub-group with CAD, AAA, or PAD are shown.

Principal coordinate analysis (PCoA) plot for the samples from 9 CAD (blue), 10 AAA (pink), and 6 PAD (purple) patients. Box plots
represent the UniFrac distances of the sub-groups, CAD, AAA, and PAD. n.s.: not significant, compared between groups by using
PERMANOVA with 999 permutations.
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Supplemental Fig. 2. Beta diversities of the salivary microbiotas of the non-smokers in the ACVD or non-ACVD group

Unweighted (A) and Weighted (B) UniFrac distances are shown.

Principal coordinate analysis (PCoA) plot for the samples from 37 ACVD (red) and 73 age- and sex-matched non-ACVD (green) subjects
excluding current smokers. Box plots represent the UniFrac distances from the ACVD (red columns) or non-ACVD (green columns) subjects
to non-ACVD subjects. *p<0.01, compared between groups by using PERMANOVA with 999 permutations.
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Supplemental Fig.3. Beta diversities of the salivary microbiotas of the ACVD or non-ACVD subjects excluding those with
diabetes mellitus

Unweighted (A) and Weighted (B) UniFrac distances are shown.

Principal coordinate analysis (PCoA) plot for the samples from 30 ACVD (red) and 59 age- and sex-matched non-ACVD (green) patients

excluding non-controlled diabetes patients (FBS <109 mg/dl and HbAlc [NGSP] <6.5%). Box plots represent UniFrac distances from the

patients with ACVD (red columns) and non-ACVD (green columns) patients to non-ACVD patients. *»<0.01, compared between groups

by using PERMANOVA with 999 permutations.
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Supplemental Fig.4. Beta diversities of the salivary microbiotas of the ACVD and non-ACVD subjects excluding those with fewer
than 20 teeth

Unweighted (A) and weighted (B) UniFrac distances are shown. A principal coordinate analysis (PCoA) plot for the samples from 25 ACVD
(red) and 50 age- and sex-matched non-ACVD (green) patients excluding those with fewer than 20 teeth is shown. Box plots represent
UniFrac distances from the patients with ACVD (red columns) and non-ACVD (green columns) patients to non-ACVD patients. *p<0.01,
based on a comparison between groups by PERMANOVA with 999 permutations.
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Supplemental Fig.5. Weighted UniFrac distances of the salivary microbiotas of the ACVD and non-ACVD subjects excluding
those taking each specific medication

Box plots represent weighted UniFrac distances of samples from patients of ACVD (red) and age- and sex-matched non-ACVD (green)

groups excluding those taking (A) anti-diabetes drugs, (B) statins, (C) ACE-I/ARBs, (D) beta-blockers, (E) calcium channel blockers, (F) PPI/
H2 blockers, (G) anti-coagulants, and (H) anti-platelet medication. *»<0.01, based on a comparison between groups by PERMANOVA
with 999 permutations.
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