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ABSTRACT

Background. Cardiovascular disease, which is mainly caused by coronary atheroscle-
rosis, is one of the leading causes of death and disability worldwide. Gut microbiota
likely play an important role in coronary atherosclerosis. This study aims to investigate
the microbiota profile of adults with coronary atherosclerosis to provide a theoretical
basis for future research.
Methods. Fecal samples were collected from 35 adult patients diagnosed with coronary
atherosclerosis and 32 healthy adults in Nanjing, China, and the V3-V4 region of 16S
rDNA genes was sequenced using high-throughput sequencing. Differences in alpha
diversity, beta diversity, and gut microbiota composition between the two groups were
then compared.
Results. A beta diversity analysis revealed significant differences between adults with
coronary atherosclerosis and controls, but there was no statistical difference in alpha
diversity between the two groups. There were also differences in the composition of
the gut microbiota between the two groups. The genera, Megamonas, Streptococcus,
Veillonella, Ruminococcus_torques_group, Prevotella_2, Tyzzerella_4, were identified as
potential biomarkers for coronary atherosclerosis.
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. Cardiovascular diseases are associated with high rates of morbidity and mortality as
DOI 10.7717/peerj.15245

well as immense and increasing healthcare costs (Benjamin et al., 2018; World Health

;%3(3];)[))’“9*“1 Organization, 2020). Atherosclerosis, the leading cause of heart disease and stroke, accounts
ong et for approximately 50% of all cardiovascular deaths (Sanchez-Rodriguez et al., 2020). The
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accumulation of foam cells within the lipid-rich subendothelial space of the affected artery;
macrophages engulf a large amount of lipoproteins under the endothelium to form foam
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cells, then accumulate as a characteristic ‘fatty streak,” leading to a greater likelihood of
plaque rupture and blood vessel occlusion (Maguire, Pearce ¢ Xiao, 2019). Endothelial
dysfunction, chronic inflammation, hyperglycemia, and oxidative stress can all affect the
development of atherosclerosis (Katakami, 2018). Atherosclerosis happens over time and is
associated with long-term and accumulative exposure to the causal changeable risk factors.

The gut microbiome is one of the richest microbial environments in the human body. It
is estimated that the number of human gut microbiota is more than 10 times the number
of human cells. Although there have been significant advances in this research area, the
complexity of this ecosystem means there is still much that is unknown. Alterations in
bacterial composition and the metabolic compounds produced by these bacteria have
been associated with the pathogenesis of many metabolic and inflammatory diseases,
such as obesity (Crovesy, Masterson ¢» Rosado, 2020), type 2 diabetes (Yang et al., 2021),
nonalcoholic fatty liver disease (Kolodziejczyk et al., 2019), inflammatory bowel disease
(Khan et al., 2019), and rheumatic disease (Zhong et al., 2018). Intestinal bacteria play
an important role in regulating metabolism and inflammation in the body. There
may also be a close association between intestinal bacteria and the development of
coronary atherosclerosis because atherosclerosis is both a metabolic disorder and a chronic
inflammatory disorder (Nazarian-Samani, Sewell & Rafieian-Kopaei, 20205 Poznyak et al.,
2022).

Accumulating evidence has linked gut microbiota to coronary atherosclerosis. Tuomisto
et al. (2019), in an autopsy study of male patients, found several bacteria that were present in
both the coronary plaque and the feces, indicating that bacteria present in the plaque could
be of intestinal origin. Nakajima et al. (2022) found several kinds of intestinal bacteria that
were related to vulnerable plaque features in patients with cardiovascular diseases. Another
study found that mice gavaged with feces from myocardial infarction patients developed
intensive arterial stiffness (Liu ef al., 2020). These studies all indicate a close relationship
between intestinal bacteria and atherosclerosis. However, only a few studies have examined
intestinal bacteria in Chinese adults with coronary atherosclerosis (Hu et al., 2021; Jie et al.,
2017). The identification of a disease-associated gut microbial composition for coronary
atherosclerosis is the first step in developing related strategies for early diagnosis and
treatment. In this study, we focused on identifying the distinctive profile of gut microbiota
in Chinese adults with coronary atherosclerosis through 16S rDNA sequencing in fecal
samples.

MATERIALS AND METHODS

Sample collection
This study was approved by the Clinical Research Ethical Committee of Zhongda Hospital
Affiliated with Southeast University (Grant No. 2021ZDSYLL147-P01). All participants
voluntarily agreed to participate in the study and signed informed consent forms.

Adults with coronary atherosclerosis were enrolled in the study if they exhibited >
30% stenosis in at least one coronary artery indicated by coronary angiography; healthy
adults were enrolled in the study as controls if they were free of atherosclerosis by medical
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examination. Subjects were excluded if they had gastrointestinal dysfunction, recent
diarrhea, a history of ulcerative colitis, Crohn’s disease or other gastrointestinal diseases,
diabetes, tumors, or had taken antibiotics, probiotics, or herbal medicines within one
month prior to fecal sample collection.

A total of 67 participants were recruited from Zhongda Hospital between September
2021 and December 2021: 35 participants in the coronary atherosclerosis group and 32
individuals in the control group. Fecal samples were collected from the participants between
8 and 9 am and stored in sterile fecal collection tubes, which were then placed in ice boxes
and immediately transferred to a —80 °C refrigerator for storage.

DNA extraction, PCR amplification, and 16S rDNA gene sequencing
Microbial DNA was extracted from the feces using a stool DNA kit (Tiangen Biotech,
Beijing, China) using the steps outlined by the manufacturer. The V3-V4 region of 16S
rDNA genes was amplified by PCR with the 338F (5'-ACTCCTACGGGAGGCAGCA-3')
and 806R (5'-GGACTACHVGGGTWTCTAAT-3') primers (Caporaso et al., 2011; Huws et
al., 2007). The reaction system consisted of 50 ng of template DNA, 0.3 1 of each primer
(10 pM), 2 ul of ANTPs (2 mM each), 5 pl of KOD FX Neo Buffer, 0.2 ul of KOD FX
Neo, and double distilled H,O, for a total volume of 10 pl (TOYOBO, Osaka, Japan). The
amplification procedure was as follows: initial denaturation at 95 °C for 5 min, followed
by denaturation at 95 °C for 30 s, annealing at 50 °C for 30 s, and extension at 72 °C for
40 s. This procedure was repeated for 25 cycles, followed by a final extension at 72 °C for
7 min.

The PCR products were then amplified by the second-round tailed PCR to add indices
and adapter sequences. In the second round of PCR amplification, we used 10 pul of 2x Q5®
High-Fidelity Master Mix, 2.5 ul 2 uM of each primer (MPPI-a and MPPI-b), and 5 ul
of the first-round amplification product. This second round of amplification was simpler
than the first and included: initial 30 s denaturation at 98 °C, 10 cycles of denaturation at
98 °C for 10 s, annealing at 65 °C for 30 s, an extension at 72 °C for 30 s, and finally an
extension at 72 °C for 5 min.

The amplified products were purified and recovered using 1.8% agarose gel
electrophoresis. The sequencing was performed using Illumina’s Novaseq 6000 platform
with Biomarker Technologies Co., Ltd. (Beijing, China) providing the sequencing service.

Sequence data processing

The raw reads obtained from sequencing were filtered using Trimmomatic version 0.33
software (Bolger, Lohse ¢ Usadel, 2014), then the primer sequences were identified and
removed using Cutadapt version 1.9.1 to obtain clean reads without primer sequences
(Martin, 2011). The clean reads from each sample were then spliced with a minimum
overlap length of 10bp, minimum similarity within overlapping region of 90%, and a
maximum mismatch of 5 bp using USEARCH version 10.0 (Edgar, 2013). Next, the
chimeric sequences were identified and removed to obtain the final effective reads using
UCHIME version 4.2 (Edgar et al., 2011). The high-quality reads generated from these
steps were then used in the following analysis.
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Table 1 Age and gender distribution of case and control groups.

Variables Case Control P value
Age (mean £SD, years) 59.7 £ 8.4 58.6 £11.6 0.667
Gender
Male 19 (54.3%) 16 (50%) 0.726
Female 16 (45.7%) 16 (50%)
Total 35 32

OTU cluster and species annotation

The qualified sequences with more than 97% similarity thresholds were allocated to one
operational taxonomic unit (OTU) using USEARCH (version 10.0) (Edgar, 2013). The
taxonomy annotation of the OTUs was performed based on the naive Bayes classifier in
QIIME2 using the SILVA database (release 138.1) with a confidence threshold of 70%
(Quast et al., 2013).

Diversity and LEfSe analysis

Alpha diversity, reflecting the species richness of individual sample and the species diversity,
was evaluated in this study by the ACE, Chaol, Simpson, and Shannon indices. Beta
diversity, which measures the difference in community composition, was evaluated using
the unweighted uniFrac distance matrix, and a principal coordinate analysis (PCoA)

of unweighted uniFrac distance was plotted. An analysis of similarities (Anosim) was
performed to test the beta diversity separations. Potential microbial biomarkers were
identified through a linear discriminant analysis effect size (LEfSe) analysis with an alpha
value of 0.05 and an effect size threshold of 2. These analyses were performed using the
BMK Cloud (http:/www.biocloud.net).

Statistical analysis

Differences in the categorical variables between the two groups were determined using the
chi-square test. Differences in the numerical variables conforming to normal distribution
and equal variance between the coronary atherosclerosis and control samples were assessed
using the ¢ test, and the results were displayed as mean + standard deviation (SD). The data
were analyzed using SPSS 25.0 software. P < 0.05 was considered statistically significant.

RESULTS
Study participants

Overall, 67 samples were collected from 35 adults with coronary atherosclerosis and 32

healthy controls. There were no significant differences in age or sex between the two groups
(P > 0.05; Table 1).

Microbial diversity

A total of 4,866,283 effective reads were generated. An average of 72,631 effective reads
were generated per sample with 45,914 effective reads being the smallest number generated
from a single sample (Table 2).
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Table 2 Diversity evaluation of gut microbiota in two groups.

Group Effective reads Coverage OTU ACE Chaol Simpson Shannon
mean, min ~max mean, min ~max mean = SD mean + SD mean + SD mean + SD mean = SD
Case 72799, 45914~105299 0.9994, 0.9988~0.9996 244.8 + 30.6 279.8 +28.3 282.1 +29.0 0.9+£0.1 4.5+0.7
Control 72448, 55904~76791 0.9994, 0.9991~0.9996 228.3 £28.7 275.9 +30.3 275.3 +34.3 0.9+0.1 4.5+0.6
A B
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Figure 1 Rarefaction curve and Shannon curve. (A) the rarefaction curve of each sample; (B) the Shan-
non curve of each sample. Case, adult with coronary atherosclerosis; Con, healthy control.
Full-size Gl DOL: 10.7717/peerj.15245/fig-1

The rarefaction curve (Fig. 1A) and Shannon index curve (Fig. 1B) were flat, indicating
that the sequencing depth was sufficient to detect the majority of microbial species in the
samples.

The results of the t test on the OTU counts of the two groups showed that the
coronary atherosclerosis group contained a greater number of OTUs than the control
group (P =0.027; Table 2).

The differences in each index of alpha diversity between the two groups are shown
below in Table 2. There were no significant differences in the ACE, Chaol, Simpson, and
Shannon indices observed by the ¢ test.

The PCoA based on the abundance of OTUs revealed differences in the microbial
composition of the coronary atherosclerosis group and the healthy control group (Fig. 2A),
and the Anosim results indicated significant differences in gut microbiota between the two
groups (Fig. 2B).

Dominant microbiome in fecal samples
At the phylum level, the top 10 phyla were: Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, Fusobacteria, Verrucomicrobia, Tenericutes, Patescibacteria, Cyanobacteria,
and Synergistetes (Fig. 3A). An increase in the abundance of Firmicutes (56.25% vs 49.93%,
P =0.070) and a decrease in the abundance of Bacteroidetes were observed in the coronary
atherosclerosis group (33.98% vs 39.59%, P = 0.061), but these differences did not reach
statistical significance. Among the top 10 phyla, the phyla with significant differences
between the two groups were Cyanobacteria and Patescibacteria.

At the family level, the top 10 families were: Bacteroidaceae, Ruminococcaceae,
Lachnospiraceae, Veillonellaceae, Prevotellaceae, Enterobacteriaceae, Acidaminococcaceae,
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Figure 2 Comparison of beta diversity between the case and control groups. (A) Principal coordinate
analysis (PCoA) of unweighted Unifrac distances between the two groups; dots represent samples; (B) the
groups indicated significant differences in similarity as examined by Anosim. Case, coronary atherosclero-
sis group; Control, healthy control group.

Full-size & DOLI: 10.7717/peer;j.15245/fig-2
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Figure 3 Dominant microbiota in stool samples. The cylindrical accumulation map at the (A) phylum,
(B) family, and (C) genus level. The relative abundance of the 10 most abundant bacteria in participants.
Case, coronary atherosclerosis group; Control, healthy control group.

Full-size Gl DOI: 10.7717/peerj.15245/fig-3

Tannerellaceae, Bifidobacteriaceae, and Streptococcaceae (Fig. 3B). There were no statistically
significant differences in these top 10 families between the two groups.

At the genus level, the top 10 genera were: Bacteroides, Faecalibacterium, Prevotella_9,
uncultured_bacterium_f_Lachnospiraceae, Megamonas, Subdoligranulum, Parabacteroides,
Phascolarctobacterium, Roseburia, and Escherichia-Shigella (Fig. 3C). Among the top 10
genera, the only genus that differed significantly between the two groups was Megamonas,
which was more abundant in the coronary atherosclerosis group (6.45% vs 1.10%,

P =0.042).

Differences in gut microbial taxa

The microbial communities that contributed most to the differences between the two
groups were examined by LEfSe analysis. The taxa with a P value <0.05 and absolute
LDA (logl0) scores >2 were the only ones considered significant. Eighteen bacterial
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Figure 4 Taxonomic differences between the case and control groups. (A) Differences in the gut mi-
crobiota in the case and control groups were tested by LEfSe analysis; (B) the phylogenetic distribution of
microbial lineages associated with the two groups, indicated by cladogram. The levels represent phylum,
class, order, family, and genus from the inner to outer rings. Case, coronary atherosclerosis group; Con-
trol, healthy control group.
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species were enriched in the fecal samples of the coronary atherosclerosis group, and 32
were enriched in the control group. The abundance of several genera was notably higher
in the coronary atherosclerosis group, including: Megamonas, Streptococcus, Veillonella,
Ruminococcus_torques_group, ¢ uncultured_bacterium_f Enterobacteriaceae, Prevotella_2,
Tyzzerella_4, Lachnospiraceae_AC2044_group, ¢ uncultured_bacterium_o_Rhodospirillales,
Barnesiella, g uncultured_bacterium_f_Muribaculaceae, Faecalitalea, and Anaeroglobus. The
genera that were abundant in the control group were: Bifidobacterium, Ruminococcus_1,
Candidatus_Bacilloplasma, Mitsuokella, Ruminococcaceae_UCG_014, Hungatella,
Lactovum, ZOR0006, Dysgonomonas, Candidatus_Hepatoplasma, Fournierella, Ruminococ-
caceae_UCG_009, Acinetobacter, Desulfovibrio, and g uncultured_bacterium_o_Chloroplast

(Fig. 4).

DISCUSSION

Gut microbiota play a significant role in human physiology and pathology (Clemente et al.,
2012). For instance, gut microbiota are involved in securing nutrients and metabolizing
undigested food, as well as boosting the immune system and inhibiting inflammation (A/
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Bander et al., 2020; Chow et al., 2010; Gill et al., 2006). An imbalance in the composition of
the gut microbial community, known as dysbiosis, is a potential driver of heart disease,
through what has been termed the ‘gut-heart axis.” Dysbiosis in the gut microbiome
may contribute to coronary atherosclerosis by triggering systemic inflammation, altering
metabolite production, and translocating from the gut to plaque (Tousoulis et al., 2022). For
this study, high-throughput technologies were applied to uncover a detailed composition
of the gut microbiota associated with coronary atherosclerosis.

Firmicutes and Bacteroidetes are the dominant phyla of the healthy gut microbiome.
Some changes occur to the abundance of these phyla, mainly in the form of an elevated
Firmicutes-to-Bacteroidetes ratio, in some conditions of metabolic dysregulation, which
may be because of the role Firmicutes plays in energy metabolism and calorie absorption
(Di Pierro, 2021; Indiani et al., 2018; Rinninella et al., 2019). Szabo et al. (2021) found that
the Firmicutes-to-Bacteroidetes ratio was greater in people with high carotid intima-media
thickness. An animal study found an association between the size of atherosclerotic lesions
and the Firmicutes-to-Bacteroidetes ratio (Wang et al., 2021). Likewise, our study found that
coronary atherosclerosis was accompanied by an increase in the abundance of Firmicutes
and a decrease in the abundance of Bacteroidetes, in agreement with the majority of existing
studies (Ramirez-Macias et al., 2022; Szabo et al., 2021; Wang et al., 2021).

Comparing gut microbiota at the genus level between the two groups, we found that
Megamonas, Streptococcus, Veillonella were significantly more abundant in the coronary
atherosclerosis group than in the control group. Short-chain fatty acids (SCFAs) are
crucial to the wide-ranging regulatory role of gut microbiota. The main SCFAs are acetate,
propionate, and butyrate. Perry et al. (2016) suggested that the increased acetate production
that occurs when the gut microbiota are exposed to calorically dense nutrients may increase
ghrelin and insulin secretion, promote hyperphagia and energy storage as fat, and thereby
promote obesity, hyperlipidemia, fatty liver disease, and insulin resistance. Tirosh et al.
(2019) found that propionate in the diet was related to insulin resistance and obesity.
Individual SCFAs affect atherosclerosis differently (Yao, Chen ¢ Xu, 2022). Acetate acts
as a substrate for cholesterol and promotes cholesterol synthesis. Conversely, propionate
alleviates atherosclerosis by reducing vascular inflammation and lipogenesis (Conterno et
al., 2011). The metabolic products of Megamonas in the intestine are acetate and propionate.
Megamonas abundance is correlated with obesity, and is considered to be characteristic
of Asian populations (Kieler et al., 2017; Yachida et al., 2019). In this study, there was
a significant increase in the relative abundance of Megamonas found in the coronary
atherosclerosis group compared to controls, and Megamonas was the key biomarker
species screened by the LEfSe analysis. In addition to Megamonas, Veillonella is capable of
fermenting amino acids, and many amino acids can become SCFAs (Dai, Wu ¢ Zhu, 2011;
Neis, Dejong & Rensen, 2015). An increased abundance of Veillonella has been associated
with obesity and obesity-related inflammation (Aranaz et al., 2021), insulin resistance
(Moreno-Indias et al., 2016), and nonalcoholic fatty liver disease (Zhang et al., 2019).
Zhang et al. (2019) reported that the abundance of Veillonella was higher in patients with
coronary atherosclerotic heart disease than in healthy controls. Additionally, Veillonella
was found to be associated with coronary heart disease and identified as a commensal
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bacteria in atherosclerotic plaque and fecal samples (Chen et al., 2021). Streptococcus, like
Veillonella, was also found in a majority of atherosclerotic plaque samples (Koren et al.,
2011), and the abundance of Streptococcus increased in the gut microbiome of individuals
with atherosclerotic cardiovascular disease (Jie et al., 2017). Consistently, our coronary
atherosclerosis group showed a significant increase in the relative abundance of Veillonella
and Streptococcus. These results suggest that the microbial species with an increased
abundance in the atherosclerosis group affect plaque formation in atherosclerosis, likely
through the production of SCFAs.

Our study also found that Ruminococcus_1 was less abundant in the coronary
atherosclerosis group compared with the control group. Butyrate-producing species in
the intestine are predominantly found in the Firmicutes phylum, and most specifically
the Ruminococcaceae family. Ruminococcus_1, belonging to the Ruminococcaceae family,
is one kind of butyrate-producing bacteria. Butyrate could lower the blood lipid level and
up-regulate occludin expression, resulting in reduced inflammation (Mao et al., 2019).
Inflammation is the common basis for physiological and pathological changes during the
initiation and progression of atherosclerosis (Libby, Ridker ¢ Hansson, 2011; Ross, 1999). A
healthy plasma cholesterol level is also vital to cardiovascular health (Ference et al., 2018).
Ruminococcus_1 is involved in converting cholesterol to bile acids, and could help decrease
cholesterol in the serum (Huang et al., 2019).

Bifidobacterium is an important intestinal probiotic that colonizes the intestinal mucus
layer and is associated with health benefits in diseases such as type 2 diabetes (Gurung
et al., 2020) and inflammatory bowel disease (Coqueiro et al., 2019). Bifidobacterium
strengthens the intestinal mucus layer through autophagy and calcium signaling pathways,
which is the mechanism behind the health benefits associated with it (Engevik et al.,
2019). Bifidobacterium also plays a protective role in maintaining gut barrier functions
and reducing systemic inflammation, and is thereby able to reduce the incidence of
atherosclerotic cardiovascular disease (Van den Munckhof et al., 2018). Excessive plasma
trimethylamine-N-oxide (TMAQO), an intestinal metabolite, promotes the development of
atherosclerosis (Gregory et al., 2015). Bifidobacterium can reduce plasma TMAO, which may
also be a way it is able to reduce the risk of atherosclerosis (Wang et al., 2022). In line with
these studies, our LEfSe analysis indicated that bacteria of five discriminant clades (phylum
Actinobacteria, class Actinobacteria, order Bifidobacteriales, family Bifidobacteriaceae, and
genus Bifidobacterium) were enriched in the control group. In summary, compared to
the control group, most of the significantly reduced bacteria in the atherosclerosis group
were probiotic bacteria in the intestine, which are essential to maintaining the intestinal
barrier and to reducing systematic inflammation. The decreased abundance of these
probiotic bacteria is accompanied by a series of preclinical and pathophysiological changes
of atherosclerosis.

There are some limitations of this study. First, the sample size of this study is small, so
the findings of this study should be validated in a larger sample. In addition, many risk
factors, such as lipid levels, were not measured and so the associations between risk factors
and intestinal bacteria were also not analyzed.
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CONCLUSIONS

Our study compared the alpha diversity, beta diversity, and microbial composition

of the gut microbiome of adults with coronary atherosclerosis and healthy controls

by measuring 16S rDNA from fecal samples. Alpha diversity did not differ between

the coronary atherosclerosis group and the control group. Intergroup variation in
community structure by beta diversity analysis demonstrated a separation between the two
groups. At the genus classification level, the coronary atherosclerosis group exhibited a
predominance of Megamonas, Streptococcus, Veillonella, Ruminococcus_torques_group, and
Prevotella_2, Tyzzerella_4, while the abundance of Bifidobacterium, Ruminococcus_1, and
Candidatus_Bacilloplasma was significantly lower in adults with coronary atherosclerosis.
Our study demonstrated that adults with coronary atherosclerosis have characteristic
gut microbiota, extending our knowledge of the association between gut microbiota and
coronary atherosclerosis in China. These findings provide a theoretical basis for further
study on the pathological mechanisms of coronary atherosclerosis, which could lead

to individualized, targeted, intestinal microbial therapy with the goal of rehabilitating
coronary atherosclerosis patients.

ACKNOWLEDGEMENTS

We are grateful to Weitao Shen and Yue Li for their advice and help.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

The authors received no funding for this work.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Yu Dong and Rui Xu conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

e Xiaowei Chen conceived and designed the experiments, prepared figures and/or tables,
and approved the final draft.

e Chuanli Yang, Fei Jiang, Yan Shen, Qiong Li and Fujin Fang analyzed the data, prepared
figures and/or tables, and approved the final draft.

e Yongjun Li performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

e Xiaobing Shen conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

Dong et al. (2023), PeerdJ, DOI 10.7717/peerj.15245 10/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.15245

Peer

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Clinical Research Ethical Committee of Zhongda Hospital Affiliated to Southeast
University granted Ethical approval to carry out the study within its facilities (Grant No.
2021ZDSYLL147-P01).

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:
The 16S rDNA sequences described here are accessible via SRA accession numbers
SAMN30930040 to SAMN30930106.
Sequences are available for review at https:/doi.org/10.6084/m9.figshare.20936605.v3.

Data Availability
The following information was supplied regarding data availability:
The data is available at NCBI: SAMN30930040 to SAMN30930106; PRJINA881485.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.15245#supplemental-information.

REFERENCES

Al Bander Z, Nitert MD, Mousa A, Naderpoor N. 2020. The gut microbiota and
inflammation: an overview. International Journal of Environmental Research and
Public Health 17:7618 DOI 10.3390/ijerph17207618.

Aranaz P, Ramos-Lopez O, Cuevas-Sierra A, Martinez JA, Milagro FI, Riezu-Boj JI.
2021. A predictive regression model of the obesity-related inflammatory status based
on gut microbiota composition. International Journal of Obesity 45:2261-2268
DOI 10.1038/s41366-021-00904-4.

Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang AR, Cheng S, Chiuve
SE, Cushman M, Delling FN, Deo R, de Ferranti SD, Ferguson JF, Fornage M,
Gillespie C, Isasi CR, Jimenez MC, Jordan LC, Judd SE, Lackland D, Lichtman JH,
Lisabeth L, Liu S, Longenecker CT, Lutsey PL, Mackey JS, Matchar DB, Matsushita
K, Mussolino ME, Nasir K, O’Flaherty M, Palaniappan LP, Pandey A, Pandey DK,
Reeves M]J, Ritchey MD, Rodriguez CJ, Roth GA, Rosamond WD, Sampson UKA,
Satou GM, Shah SH, Spartano NL, Tirschwell DL, Tsao CW, Voeks JH, Willey JZ,
Wilkins JT, Wu JHY, Alger HM, Wong SS, Muntner P, Amer Heart Assoc Council
E. 2018. Heart disease and stroke statistics-2018 update a report from the American
Heart Association. Circulation 137:E67-E492 DOI 10.1161/cir.0000000000000558.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30:2114-2120 DOI 10.1093/bioinformatics/btul70.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh
PJ, Fierer N, Knight R. 2011. Global patterns of 16S rRNA diversity at a depth of

Dong et al. (2023), PeerJ, DOI 10.7717/peerj.15245 11/16


https://peerj.com
https://www.ncbi.nlm.nih.gov/sra?term=SAMN30930040
https://www.ncbi.nlm.nih.gov/sra?term=SAMN30930106
https://doi.org/10.6084/m9.figshare.20936605.v3
https://www.ncbi.nlm.nih.gov/sra?term=SAMN30930040
https://www.ncbi.nlm.nih.gov/sra?term=SAMN30930106
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA881485
http://dx.doi.org/10.7717/peerj.15245#supplemental-information
http://dx.doi.org/10.7717/peerj.15245#supplemental-information
http://dx.doi.org/10.3390/ijerph17207618
http://dx.doi.org/10.1038/s41366-021-00904-4
http://dx.doi.org/10.1161/cir.0000000000000558
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.7717/peerj.15245

Peer

millions of sequences per sample. Proceedings of the National Academy of Sciences of
the United States of America 108(Suppl 1):4516—4522 DOI 10.1073/pnas.1000080107.

Chen L, Ishigami T, Doi H, Arakawa K, Tamura K. 2021. The types and proportions of
commensal microbiota have a predictive value in coronary heart disease. Journal of
Clinical Medicine 10:3120 DOI 10.3390/jcm10143120.

Chow J, Lee SM, Shen Y, Khosravi A, Mazmanian SK. 2010. Host-bacterial symbiosis in
health and disease. Advances in Immunology 107:243-274
DOI10.1016/B978-0-12-381300-8.00008-3.

Clemente JC, Ursell LK, Parfrey LW, Knight R. 2012. The impact of the gut microbiota
on human health: an integrative view. Cell 148:1258-1270
DOI 10.1016/j.cell.2012.01.035.

Conterno L, Fava F, Viola R, Tuohy KM. 2011. Obesity and the gut microbiota: does up-
regulating colonic fermentation protect against obesity and metabolic disease? Genes
¢ Nutrition 6:241-260 DOI 10.1007/s12263-011-0230-1.

Coqueiro AY, Raizel R, Bonvini A, Tirapegui J, Rogero MM. 2019. Probiotics for
inflammatory bowel diseases: a promising adjuvant treatment. International Journal
of Food Sciences and Nutrition 70:20-29 DOI 10.1080/09637486.2018.1477123.

Crovesy L, Masterson D, Rosado EL. 2020. Profile of the gut microbiota of adults with
obesity: a systematic review. European Journal of Clinical Nutrition 74:1251-1262
DOI 10.1038/541430-020-0607-6.

Dai Z-L, Wu G, Zhu W-Y. 2011. Amino acid metabolism in intestinal bacteria: links
between gut ecology and host health. FBL 16:1768—1786 DOT 10.2741/3820.

Di Pierro F. 2021. Gut microbiota parameters potentially useful in clinical perspective.
Microorganisms 9:2402 DOI 10.3390/microorganisms9112402.

Edgar RC. 2013. UPARSE: highly accurate OTU sequences from microbial amplicon
reads. Nature Methods 10:996-998 DOI 10.1038/nmeth.2604.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. 2011. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics 27:2194-2200
DOI 10.1093/bioinformatics/btr381.

Engevik MA, Luk B, Chang-Graham AL, Hall A, Herrmann B, Ruan W, Endres BT,

Shi Z, Garey KW, Hyser JM, Versalovic J. 2019. Bifidobacterium dentium fortifies
the intestinal mucus layer via autophagy and calcium signaling pathways. mBio
10:e01087-19 DOI 10.1128/mBi0.01087-19.

Ference BA, Graham I, Tokgozoglu L, Catapano AL. 2018. Impact of lipids on cardio-
vascular health JACC health promotion series. Journal of the American College of
Cardiology 72:1141-1156 DOI 10.1016/j.jacc.2018.06.046.

Gill SR, Pop M, De Boy RT, Eckburg PB, Turnbaugh PJ, Samuel BS, Gordon JI, Relman
DA, Fraser-Liggett CM, Nelson KE. 2006. Metagenomic analysis of the human distal
gut microbiome. Science 312:1355-1359 DOI 10.1126/science.1124234.

Gregory JC, Buffa JA, Org E, Wang Z, Levison BS, Zhu W, Wagner MA, Bennett BJ,

Li L, Di Donato JA, Lusis AJ, Hazen SL. 2015. Transmission of atherosclerosis
susceptibility with gut microbial transplantation. Journal of Biological Chemistry
290:5647-5660 DOI 10.1074/jbc.M114.618249.

Dong et al. (2023), PeerJ, DOI 10.7717/peerj.15245 12/16


https://peerj.com
http://dx.doi.org/10.1073/pnas.1000080107
http://dx.doi.org/10.3390/jcm10143120
http://dx.doi.org/10.1016/B978-0-12-381300-8.00008-3
http://dx.doi.org/10.1016/j.cell.2012.01.035
http://dx.doi.org/10.1007/s12263-011-0230-1
http://dx.doi.org/10.1080/09637486.2018.1477123
http://dx.doi.org/10.1038/s41430-020-0607-6
http://dx.doi.org/10.2741/3820
http://dx.doi.org/10.3390/microorganisms9112402
http://dx.doi.org/10.1038/nmeth.2604
http://dx.doi.org/10.1093/bioinformatics/btr381
http://dx.doi.org/10.1128/mBio.01087-19
http://dx.doi.org/10.1016/j.jacc.2018.06.046
http://dx.doi.org/10.1126/science.1124234
http://dx.doi.org/10.1074/jbc.M114.618249
http://dx.doi.org/10.7717/peerj.15245

Peer

Gurung M, Li Z, You H, Rodrigues R, Jump DB, Morgun A, Shulzhenko N. 2020. Role
of gut microbiota in type 2 diabetes pathophysiology. Ebiomedicine 51:102590
DOI 10.1016/j.ebiom.2019.11.051.

Hu]J-L, Yao Z-F, Tang M-N, Tang C, Zhao X-F, Su X, Lu D-B, Li Q-R, Wang Z-S, Yan
Y, Wang Z. 2021. Gut microbiota community shift with severity of coronary artery
disease. Engineering 7:1715-1724 DOI 10.1016/j.eng.2020.05.025.

Huang S, Pang D, Li X, You L, Zhao Z, Cheung PC-K, Zhang M, Liu D. 2019. A
sulfated polysaccharide from Gracilaria Lemaneiformis regulates cholesterol
and bile acid metabolism in high-fat diet mice. Food ¢ Function 10:3224-3236
DOI 10.1039/c9f000263d.

Huws SA, Edwards JE, Kim EJ, Scollan ND. 2007. Specificity and sensitivity of
eubacterial primers utilized for molecular profiling of bacteria within com-
plex microbial ecosystems. Journal of Microbiological Methods 70:565-569
DOI 10.1016/j.mimet.2007.06.013.

Indiani C, Rizzardi KF, Castelo PM, Ferraz LFC, Darrieux M, Parisotto TM. 2018.
Childhood obesity and firmicutes/bacteroidetes ratio in the gut microbiota: a
systematic review. Childhood Obesity 14:501-509 DOI 10.1089/chi.2018.0040.

Jie Z, Xia H, Zhong SL, Feng Q, Li S, Liang S, Zhong H, Liu Z, Gao Y, Zhao H, Zhang
D,SuZ,FangZ,Lan Z,LiJ, Xiao L,LiJ, LiR, Li X, Li F, Ren H, Huang Y, Peng Y,
Li G, Wen B, Dong B, Chen JY, Geng QS, Zhang ZW, Yang H, Wang J, Wang J,
Zhang X, Madsen L, Brix S, Ning G, Xu X, Liu X, Hou Y, Jia H, He K, Kristiansen
K. 2017. The gut microbiome in atherosclerotic cardiovascular disease. Nature
Communications 8:845 DOI 10.1038/s41467-017-00900-1.

Katakami N. 2018. Mechanism of development of atherosclerosis and cardiovascular
disease in diabetes mellitus. Journal of Atherosclerosis and Thrombosis 25:27-39
DOI 10.5551/jat.RV17014.

Khan I, Ullah N, Zha L, Bai Y, Khan A, Zhao T, Che T, Zhang C. 2019. Alter-
ation of gut microbiota in inflammatory bowel disease (IBD): cause or con-
sequence? IBD treatment targeting the gut microbiome. Pathogens 8:126
DOI 10.3390/pathogens8030126.

Kieler IN, Shamzir Kamal S, Vitger AD, Nielsen DS, Lauridsen C, Bjornvad CR.
2017. Gut microbiota composition may relate to weight loss rate in obese pet dogs.
Veterinary Medicine and Science 3:252-262 DOI 10.1002/vms3.80.

Kolodziejczyk AA, Zheng D, Shibolet O, Elinav E. 2019. The role of the microbiome in
NAFLD and NASH. Embo Molecular Medicine 11:€9302
DOI10.15252/emmm.201809302.

Koren O, Spor A, Felin ], Fak F, Stombaugh J, Tremaroli V, Behre CJ, Knight R,
Fagerberg B, Ley RE, Backhed F. 2011. Human oral, gut, and plaque microbiota in
patients with atherosclerosis. Proceedings of the National Academy of Sciences of the
United States of America 108:4592—4598 DOI 10.1073/pnas.1011383107.

Libby P, Ridker PM, Hansson GK. 2011. Progress and challenges in translating the
biology of atherosclerosis. Nature 473:317-325 DOI 10.1038/naturel10146.

Dong et al. (2023), PeerJ, DOI 10.7717/peerj.15245 13/16


https://peerj.com
http://dx.doi.org/10.1016/j.ebiom.2019.11.051
http://dx.doi.org/10.1016/j.eng.2020.05.025
http://dx.doi.org/10.1039/c9fo00263d
http://dx.doi.org/10.1016/j.mimet.2007.06.013
http://dx.doi.org/10.1089/chi.2018.0040
http://dx.doi.org/10.1038/s41467-017-00900-1
http://dx.doi.org/10.5551/jat.RV17014
http://dx.doi.org/10.3390/pathogens8030126
http://dx.doi.org/10.1002/vms3.80
http://dx.doi.org/10.15252/emmm.201809302
http://dx.doi.org/10.1073/pnas.1011383107
http://dx.doi.org/10.1038/nature10146
http://dx.doi.org/10.7717/peerj.15245

Peer

Liu H, Tian R, Wang H, Feng S, Li H, Xiao Y, Luan X, Zhang Z, Shi N, Niu H, ZhangS.
2020. Gut microbiota from coronary artery disease patients contributes to vascular
dysfunction in mice by regulating bile acid metabolism and immune activation.
Journal of Translational Medicine 18:382 DOI 10.1186/s12967-020-02539-x.

Maguire EM, Pearce SWA, Xiao Q. 2019. Foam cell formation: a new target for fighting
atherosclerosis and cardiovascular disease. Vascular Pharmacology 112:54-71
DOI 10.1016/j.vph.2018.08.002.

Mao Z, Ren Y, Zhang Q, Dong S, Han K, Feng G, Wu H, Zhao Y. 2019. Glycated fish
protein supplementation modulated gut microbiota composition and reduced
inflammation but increased accumulation of advanced glycation end products in
high-fat diet fed rats. Food & Function 10:3439-3451 DOI 10.1039/c9f000599d.

Martin M. 2011. Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnetjournal 17:10-12.

Moreno-Indias I, Sinchez-Alcoholado L, Garcia-Fuentes E, Cardona F, Queipo-Ortuiio
MI, Tinahones FJ. 2016. Insulin resistance is associated with specific gut microbiota
in appendix samples from morbidly obese patients. American Journal of Translational
Research 8:5672-5684.

Nakajima A, Mitomo S, Yuki H, Araki M, Seegers LM, McNulty I, Lee H, Kuter D,
Ishibashi M, Kobayashi K, Dijkstra J, Onishi H, Yabushita H, Matsuoka S,
Kawamoto H, Watanabe Y, Tanaka K, Chou S, Naganuma T, Okutsu M, Tahara
S, Kurita N, Nakamura S, Das S, Nakamura S, Jang I-K. 2022. Gut microbiota
and coronary plaque characteristics. Journal of the American Heart Association
11:e026036 DOI 10.1161/jaha.122.026036.

Nazarian-Samani Z, Sewell RDE, Rafieian-Kopaei M. 2020. Inflammasome signaling
and other factors implicated in atherosclerosis development and progression. Cur-
rent Pharmaceutical Design 26:2583-2590 DOI 10.2174/1381612826666200504115045.

Neis EPJG, Dejong CHC, Rensen SS. 2015. The role of microbial amino acid metabolism
in host metabolism. Nutrients 7:2930-2946 DOI 10.3390/nu7042930.

Perry R], Peng L, Barry NA, Cline GW, Zhang D, Cardone RL, Petersen KF, Kibbey RG,
Goodman AL, Shulman GI. 2016. Acetate mediates a microbiome-brain-beta-cell
axis to promote metabolic syndrome. Nature 534:213—+ DOI 10.1038/nature18309.

Poznyak AV, Litvinova L, Poggio P, Orekhov AN, Melnichenko AA. 2022. Familial
hypercholesterolaemia as a predisposing factor for atherosclerosis. Biomedicines
10:2639 DOI 10.3390/biomedicines10102639.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Gloeck-
ner FO. 2013. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Research 41:D590-D596
DOI 10.1093/nar/gks1219.

Ramirez-Macias I, Orenes-Pinero E, Camelo-Castillo A, Rivera-Caravaca JM, Lopez-
Garcia C, Marin F. 2022. Novel insights in the relationship of gut microbiota
and coronary artery diseases. Critical Reviews in Food Science and Nutrition
62:3738-3750 DOI 10.1080/10408398.2020.1868397.

Dong et al. (2023), PeerJ, DOI 10.7717/peerj.15245 14/16


https://peerj.com
http://dx.doi.org/10.1186/s12967-020-02539-x
http://dx.doi.org/10.1016/j.vph.2018.08.002
http://dx.doi.org/10.1039/c9fo00599d
http://dx.doi.org/10.1161/jaha.122.026036
http://dx.doi.org/10.2174/1381612826666200504115045
http://dx.doi.org/10.3390/nu7042930
http://dx.doi.org/10.1038/nature18309
http://dx.doi.org/10.3390/biomedicines10102639
http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.1080/10408398.2020.1868397
http://dx.doi.org/10.7717/peerj.15245

Peer

Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, Gasbarrini A,

Mele MC. 2019. What is the healthy gut microbiota composition? A changing
ecosystem across age, environment, diet, and diseases. Microorganisms 7:14
DOI 10.3390/microorganisms7010014.

Ross R. 1999. Atherosclerosis—an inflammatory disease. New England Journal of Medicine
340:115-126 DOI 10.1056/nejm199901143400207.

Sanchez-Rodriguez E, Egea-Zorrilla A, Plaza-Diaz J, Aragon-Vela J, Munoz-Quezada
S, Tercedor-Sanchez L, Abadia-Molina F. 2020. The gut microbiota and its im-
plication in the development of atherosclerosis and related cardiovascular diseases.
Nutrients 12:605 DOI 10.3390/nu12030605.

Szabo H, Hernyes A, Piroska M, Ligeti B, Fussy P, Zoldi L, Galyasz S, Makra N,

Szabo D, Tarnoki AD, Tarnoki DL. 2021. Association between gut micro-
bial diversity and carotid intima-media thickness. Medicina-Lithuania 57195
DOI 10.3390/medicina57030195.

Tirosh A, Calay ES, Tuncman G, Claiborn KC, Inouye KE, Eguchi K, Alcala M, Rathaus
M, Hollander KS, Ron I, Livne R, Heianza Y, Qi L, Shai I, Garg R, Hotamisligil
GS. 2019. The short-chain fatty acid propionate increases glucagon and FABP4
production, impairing insulin action in mice and humans. Science Translational
Medicine 11:eaav0120 DOI 10.1126/scitranslmed.aav0120.

Tousoulis D, Guzik T, Padro T, Duncker DJ, De Luca G, Eringa E, Vavlukis M,
Antonopoulos AS, Katsimichas T, Cenko E, Djordjevic-Dikic A, Fleming I,
Manfrini O, Trifunovic D, Antoniades C, Crea F. 2022. Mechanisms, therapeutic
implications, and methodological challenges of gut microbiota and cardiovas-
cular diseases: a position paper by the ESC Working Group on Coronary Patho-
physiology and Microcirculation. Cardiovascular Research 118(16):3171-3182
DOI 10.1093/cvr/cvac057.

Tuomisto S, Huhtala H, Martiskainen M, Goebeler S, Lehtimaki T, Karhunen PJ. 2019.
Age-dependent association of gut bacteria with coronary atherosclerosis: Tampere
Sudden Death Study. PLOS ONE 14:0221345 DOI 10.1371/journal.pone.0221345.

Van den Munckhof ICL, Kurilshikov A, Horst Rter, Riksen NP, Joosten LAB, Zher-
nakova A, Fu J, Keating ST, Netea MG, de Graaf ], Rutten JHW. 2018. Role of gut
microbiota in chronic low-grade inflammation as potential driver for atherosclerotic
cardiovascular disease: a systematic review of human studies. Obesity Reviews
19:1719-1734 DOT 10.1111/0br.12750.

WangJ, Shan S, Lyu A, Wan Y, Zhang J. 2021. Helianthus annuus L. alleviates high-
fat diet induced atherosclerosis by regulating intestinal microbiota, inhibiting
inflammation and restraining oxidative stress. American Journal of Chinese Medicine
49:1683-1701 DOI 10.1142/50192415x21500798.

Wang Q, Guo M, Liu Y, Xu M, Shi L, Li X, Zhao J, Zhang H, Wang G, Chen W. 2022.
Bifidobacterium breve and Bifidobacterium longum attenuate choline-induced
plasma trimethylamine n-oxide production by modulating gut microbiota in mice.
Nutrients 14:122 DOI 10.3390/nu14061222.

Dong et al. (2023), PeerJ, DOI 10.7717/peerj.15245 15/16


https://peerj.com
http://dx.doi.org/10.3390/microorganisms7010014
http://dx.doi.org/10.1056/nejm199901143400207
http://dx.doi.org/10.3390/nu12030605
http://dx.doi.org/10.3390/medicina57030195
http://dx.doi.org/10.1126/scitranslmed.aav0120
http://dx.doi.org/10.1093/cvr/cvac057
http://dx.doi.org/10.1371/journal.pone.0221345
http://dx.doi.org/10.1111/obr.12750
http://dx.doi.org/10.1142/s0192415x21500798
http://dx.doi.org/10.3390/nu14061222
http://dx.doi.org/10.7717/peerj.15245

Peer

World Health Organization. 2020. The top 10 causes of death. Available at https://www.
who.int/en/news-room/fact-sheets/detail/the-top- 10-causes-of-death (accessed on 8
Decemember 2022).

Yachida S, Mizutani S, Shiroma H, Shiba S, Nakajima T, Sakamoto T, Watanabe
H, Masuda K, Nishimoto Y, Kubo M, Hosoda F, Rokutan H, Matsumoto M,
Takamaru H, Yamada M, Matsuda T, Iwasaki M, Yamaji T, Yachida T, Soga T,
Kurokawa K, Toyoda A, Ogura Y, Hayashi T, Hatakeyama M, Nakagama H, Saito
Y, Fukuda S, Shibata T, Yamada T. 2019. Metagenomic and metabolomic analyses
reveal distinct stage-specific phenotypes of the gut microbiota in colorectal cancer.
Nature Medicine 25:968-976 DOI 10.1038/s41591-019-0458-7.

Yang G, Wei ], Liu P, Zhang Q, Tian Y, Hou G, Meng L, Xin Y, Jiang X. 2021. Role of
the gut microbiota in type 2 diabetes and related diseases. Metabolism-Clinical and
Experimental 117:154712 DOI 10.1016/j.metabol.2021.154712.

Yao J, Chen Y, Xu M. 2022. The critical role of short-chain fatty acids in health and
disease: a subtle focus on cardiovascular disease-NLRP3 inflammasome-angiogenesis
axis. Clinical Immunology 238:109013 DOI 10.1016/j.clim.2022.109013.

Zhang Y, Xu J, Wang X, Ren X, Liu Y. 2019. Changes of intestinal bacterial microbiota
in coronary heart disease complicated with nonalcoholic fatty liver disease. BMC
Genomics 20:862 DOI 10.1186/s12864-019-6251-7.

Zhong D, Wu C, Zeng X, Wang Q. 2018. The role of gut microbiota in the pathogenesis
of rheumatic diseases. Clinical Rheumatology 37:25-34
DOI 10.1007/s10067-017-3821-4.

Dong et al. (2023), PeerJ, DOI 10.7717/peerj.15245 16/16


https://peerj.com
https://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/en/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://dx.doi.org/10.1038/s41591-019-0458-7
http://dx.doi.org/10.1016/j.metabol.2021.154712
http://dx.doi.org/10.1016/j.clim.2022.109013
http://dx.doi.org/10.1186/s12864-019-6251-7
http://dx.doi.org/10.1007/s10067-017-3821-4
http://dx.doi.org/10.7717/peerj.15245

