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Acute coronary syndrome (ACS) is a predominant cause of mortality, and the
prompt and precise identification of this condition is crucial to minimize its
impact. Recent research indicates that gut microbiota is associated with the
onset, progression, and treatment of ACS. To investigate its role, we sequenced
the gut microbiota of 38 ACS patients before and after percutaneous coronary
intervention and statin therapy at three time points, examining differential
species and metabolic pathways. We observed a decrease in the abundance
of Parabacteroides, Escherichia, and Blautia in patients after treatment and
an increase in the abundance of Gemalla, Klebsiella variicola, Klebsiella
pneumoniae, and others. Two pathways related to sugar degradation were
more abundant in patients before treatment, possibly correlated with
disorders of sugar metabolism and risk factors, such as hyperglycemia, insulin
resistance, and insufficient insulin secretion. Additionally, seven pathways
related to the biosynthesis of vitamin K2 and its homolog were reduced after
treatment, suggesting that ACS patients may gradually recover after therapy.
The gut microbiota of patients treated with different statins exhibited notable
differences after treatment. Rosuvastatin appeared to promote the growth of
anti-inflammatory bacteria while reducing pro-inflammatory bacteria, whereas
atorvastatin may have mixed effects on pro-inflammatory and anti-inflammatory
bacteria while increasing the abundance of Bacteroides. Our research will
provide valuable insights and enhance comprehension of ACS, leading to better
patient diagnosis and therapy.
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Introduction

Acute Coronary Syndrome, a subcategory of coronary artery disease, is characterized by
frequently presented syndromes, including angina, myocardial infarction, or sudden cardiac
death (Sanchis-Gomar et al., 2016; Kimura et al., 2019; Ralapanawa and Sivakanesan, 2021).
With global modernization, the prevalence of ACS has reached a pandemic level (Ruff and
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Braunwald, 2011). According to the Report on Cardiovascular Health
and Diseases in China (2021), the mortality rate of coronary artery
disease and acute myocardial infarction has almost doubled in the past
decade, with the total prevalence continuously growing nationwide
(Hu, 2022). It is also the third leading cause of mortality worldwide
and is associated with 17.8 million deaths every year (Brown et al.,
2020), constituting an increasing public health burden. Common
approaches for treating ACS include surgery, antiplatelet and
antianginal medications, as well as risk factor management (Braun
et al,, 2018). The prognosis of ACS is considered dynamic and
complicated to determine, as it is associated with heart function, blood
biomarkers level, risk factors, etc. (Xu and Yang, 2020).

Recent studies have highlighted the involvement of gut
microbiome in ACS development. Some evidence suggests that
trimethylamine N-oxide (TMAO) in serum, a metabolite produced
by gut microbiome from certain dietary nutrients, is linked to ACS
onset and coronary atherosclerotic plaque burden (Li et al., 2017,
2019a; Gao et al., 2020). ACS can also be accompanied by specific
alterations in gut microbial composition, notably the increasing ratio
of Firmicutes/Bacteroidetes and the increasing abundance of
Firmicutes, Proteobacteria, Gammaproteobacteria, and Aerococcaceae
(Alhmoud et al., 2019; Gao et al., 2020; Tascanov et al., 2020; Sawicka-
Smiarowska et al., 2021). Another study shows that patients with
symptomatic atherosclerosis had an increase in the abundance of
genus Collinsella, while controls had an increase in Eubacterium and
Roseburia (Ramirez-Macias et al., 2022). In addition, by modulating
gut microbiome composition and metabolism, the Mediterranean diet
has a potential effect in primary and secondary prevention of ACS
because it contains more antioxidants, nitrate, and fibre as well as less
saturated/trans fatty acids, sodium, and phosphate (Foscolou et al.,
2019; Fernandez et al.,, 2021; Kouvari et al., 2022; Ramirez-Macias
etal., 2022). However, most previous studies used 16S rRNA amplicon
sequencing to profile the bacterial community, which can result in
limited taxonomic resolution and unreliable functional potential
inferences (Heidrich and Beule, 2022). Moreover, there is a lack of
studies investigating how the gut microbiome alters after common
ACS treatments.

Shotgun metagenomic sequencing allows researchers to sequence
thousands of organisms in parallel and detect very low abundance
members of the microbial community (Durazzi et al., 2021). To
address the gap mentioned above, we conducted metagenomic
sequencing on the gut microbiome of 38 patients with acute coronary
syndrome and an equal number of healthy controls who were family
members. We analyzed the possible association between microbial

TABLE 1 Clinical indicators at various time points during treatment.

Clinical indicators

10.3389/fmicb.2024.1369478

composition and ACS prognosis stages before treatment, one and two
months after treatment. We observed community-wide differences in
metagenomic composition as treatment progressed and identified
with

species-specific and functional pathways associations

these differences.

Results

ACS cohort characteristics and quality
control of sequencing data

In this study, we enrolled 38 patients (age: 54.55+0.9561 years)
diagnosed with various types of ACS, including 8 with unstable
angina, 19 with ST-elevation myocardial infarctions (STEMI), 9 with
non-ST-elevation myocardial infarction (NSTEMI) and 2 without
clear classification (Supplementary Table SI). Patients with left
ventricular systolic dysfunction (ejection fraction <50%) were
excluded (Table 1). We collected clinical information on the patients’
serum lipid profile and serum myocardial enzyme spectrum.
We detected the cTnT index in 35 patients, with 23 patients having a
result higher than 0.5, which indicates myocardial infarction
(Supplementary Table S1). The levels of triglycerides, cholesterol
(Chol; p<0.0001), high-density lipoprotein (HDL; p <0.0001), and
low-density lipoprotein (LDL) in patients one month after treatment
(ACS-postl) and two months after treatment (ACS-post2) were lower
than before treatment (ACS-pre) (Table 1).

We collected a total of 147 stool samples, including 38 from
ACS-pre, 38 from ACS-post1, 33 from ACS-post2, and 38 from healthy
controls who were family members of patients with evenly distributed
ages (50.05+ 1.64 years; Supplementary Table S1). The healthy group
consisted of the patients’ partners, ensuring that both cohorts shared
similar living areas and diets. After performing quality control and host
sequence decontamination, we retained 139 samples, filtering out 1
from control and 7 from patients (1 from ACS-pre, 5 from ACS-postl,
and 1 from ACS-post2). After filtering, the mean number of reads per
sample was 77.53 million pairs (Supplementary Figure S1).

Alterations in gut microbiota among the
four groups

We calculated a-diversity (Shannon index) and found no
significant difference between the different groups (Figure 1A).

ACS patients (n = 38)

ACS-postl

ACS-post2

TG (0-1.7mmol/L) 1.68 £ 0.91 1.37+£0.89 1.37 £ 0.65 0.2169
Chol (0-5.18 mmol/L) 5.09 +1.08 3.85+1.18 3.60 +1.03 6.341x107°
HDL (1.29-1.55mmol/L) 1.09 £0.26 1.08 £ 0.26 1.08 +0.26 0.991
LDL (0-3.37 mmol/L) 3.32+£0.87 2.17 £0.80 1.90 £ 0.80 3.575x107°

Values are presented as mean + SD. All p-values are from the ¢-test.

M, male; E, female; TG, triglycerides; Chol, cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ALB, albumin; Cr, Creatinine; ¢TnT, cardiac troponin T; BNP, B-type

natriuretic peptides; EF, ejection fraction; HbA1lc, hemoglobin Alc.

The normal value range of the indicator is in brackets (*p <0.05, **p <0.01, and **¥p <0.001).
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Alterations in gut microbiota among the four groups. (A) a-diversity (Shannon index) among the four groups was analyzed at the phylum, genus and species

levels. (B) Constrained Principal Coordinates Analysis (CPCoA) of Euclidean distance on all samples based on species level. PERMANOVA test was used to
detect the independent effects of clinical features on microbial community (Euclidean distance). (C) Correlation of clinical indicators and gut microbiota.
R-square statistics were presented on each cell. Clinical features included subject, age, sex, TG, triglycerides; Chol, cholesterol; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; ALB, albumin; Cr, Creatinine; cTnT, cardiac troponin T; BNP, B-type natriuretic peptides; HbAlc, hemoglobin Alc.
(D) Relative abundance of gut microbiota on phylum, genus, and species levels in ACS patients at three time points. (E) Venn diagram on species level in
individuals from various stages. (F) Biomarkers of ACS patients at different stages of treatment (LDA score threshold >2). (G) Differential species between
healthy controls and ACS patients before treatment (*adjust p<0.05, **adjust p<0.01, and ***adjust p<0.001, t-test, Benjamini—-Hochberg FDR).
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We conducted Constrained Principal Coordinates Analysis (CPCoA)
based on Euclidean distance and observed obvious separation between
before and after treatment, as well as between controls and patients
(Figure 1B). The ¢TnT index explained 5.6 and 8.0% of the variation
in the relative abundance at species and genus levels, respectively
(p<0.05; Figure 1C).

To identify differences in gut microbiota between patients
before and after treatment, we analyzed the microbiota composition
and found that the dominant gut microbiota and their abundances
were similar across the three stages of treatment (Figure 1D). The
dominant phyla were Bacteroidetes, Firmicutes, and Proteobacteria,
with the Firmicutes/Bacteroidetes ratio increasing after
treatment (ACS-pre: 0.19, ACS-postl: 0.23, ACS-post2: 0.22;
Supplementary Table S4). The most common bacterial genera were
Bacteroides, Prevotella, and Alistipes, and the most common
bacterial species were Bacteroides vulgatus, Prevotella copri, and
Bacteroides stercoris in the gut of ACS patients before and after
treatment (Figure 1D). The shared microbial species among
patients in different stages of treatment accounted for 63.78% of
the proportion, with 71.57, 73.67, and 76.32% of gut microbial
species shared between ACS-pre and ACS-postl, ACS-pre and
ACS-post2, and ACS-postl and ACS-post2,
(Figure 1E).

respectively

When identifying biomarkers with the potential to distinguish
therapy phases using LEFSe, we obtained 23 differential bacteria,
including six genera and five species that were significantly more
abundant in ACS-pre: Escherichia (p =0.004), Blautia (p =0.006),
Klebsiella (p=0.013), Campylobacter (p=0.015), Atopobium
(p=0.027), Citrobacter (p=0.021), Klebsiella quasipneumoniae
(p=0.003), Escherichia coli (p=0.003), Citrobacter portucalensis
(p=0.011), Ruminococcus gnavus (p =0.014), and Parabacteroides
distasonis (p=0.028). The genus Gemalla (p=0.018), species
Klebsiella variicola (p=0.007), and Klebsiella pneumoniae
(p=0.018) were significantly more abundant in ACS-post2, while
the class Epsilonproteobacteria (p =0.016) was significantly more
abundant in ACS-postl (Figure 1F; Supplementary Table S5).
Furthermore, we compared the three groups pairwise, revealing
additional significant The
abundances of Parabacteroides (p =0.036), Kluyvera (p =0.030),
(p=0.044), Coprobacillus  (p=0.041),
Proteobacteria (p=0.034), and Gammaproteobacteria (p =0.004)
were significantly lower one month after treatment than before

bacteria differences. relative

Ruthenibacterium

treatment. The relative abundances of Sellimonas (p =0.047) and
Actinobacteria (p=0.046) were significantly higher 2 months
than
Supplementary Table S5). Based on the results of species diversity

after treatment before treatment (Figure 1F;
and differential species, it can be inferred that there was little
change in the composition of gut microbiota between patients
after one month of treatment and after two months of treatment.

The comparison between controls and patients revealed
that could be

ACS. We observed a significant increase in the relative abundance

significant species changes driven by
of Anaerotruncus colihominis (p=0.0163), Cloacibacillus evryensis
(p=0.021), and Fretibacterium fastidiosum (p=0.033), while a
decrease in Gordonibacter pamelaeae (p=0.037), Eubacterium
eligens (p=0.027), Blautia hansenii (p =0.032), and Romboutsia
(p=0.025) in ACS-pre (Figure 1G;

Supplementary Table S5).

ilealis patients
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Gut microbial functions vary with
treatment phases

The gut microbiota of ACS patients participated in 556 metabolic
pathways. The richness of functional pathways in ACS patients decreased
after treatment but gradually restored thereafter (Figure 2A). The top
abundant pathways (Supplementary Figure S2) included dTDP-B-L-
(DTDPRHAMSYN-PWY),
ribonucleotides biosynthesis (PWY-7219), conversion from glucose to
pyruvate (PWY-1042), uridine monophosphate (UMP) biosynthesis
(PWY-5686), adenine and adenosine salvage III (PWY-6609).

We identified 28 pathways with statistically significant differences

rhamnose  biosynthesis adenosine

(p<0.05; Figure 2B; Supplementary Table S9). Amino acid metabolisms,
such as valine (VALSYN-PWY), histidine (HISTSYN-PWY), and
isoleucine (ILEUSYN-PWY) biosynthesis, had significantly increased
relative abundances in ACS patients after treatment. Two pathways
related to sugar degradation were more statistically abundant in patients
before than after treatment, including glucose (GLYCOLYSIS-E-D) and
xylitol degradation (PWY-6901). Pathways related to sugar molecule
biosynthesis were impaired after treatment, namely GLUCONEO-PWY
and PWY-6385.
were separately involved in the biosynthesis of menaquinol-8,

Seven pathways reduced after treatment
menaquinol-9, menaquinol-11, menaquinol-12, menaquinol-13,
demethylmenaquinol-8, and demethylmenaquinol-9, which are

important for the biosynthesis of vitamin K2 and its homolog.

Alterations in gut microbiota affected by
drugs

With different stages of treatment, there were more significant
differences in gut microbial alpha (Shannon) diversity between
patients using two different drugs, rosuvastatin (R) and atorvastatin
(A) (Figure 3A). Principal Coordinates Analysis (PCoA) by Bray
Curtis distance of patients’ intestinal microorganisms also showed the
same trend (Figure 3B). After treatment with rosuvastatin, there were
significant changes in the relative abundances of six genera and nine
species between ACS-pre and ACS-post (Figure 3C). These changes
included increases in the abundances of Gordonibacter, Coprococcus,
Faecalibacterium, and Fusicatenibacter, and decreases in the
abundance of Escherichia and Parabacteroides. The relative abundances
of specific species also showed significant alterations: Gordonibacter
pamelaeae, Prevotella bivia, Parabacteroides distasonis, Ruminococcus
gnavus, Faecalibacterium prausnitzii, Megasphaera micronuciformis,
Veillonella infantium, Veillonella parvula, and Fusicatenibacter
saccharivorans. After treatment with atorvastatin, there were
significant changes in the relative abundances of four genera and four
species (Figure 4D). Furthermore, we also analyzed the differences
between different microbiota at three treatment stages (Figure 4).
Before treatment, there were 7 significantly different bacteria between
groups A and R: Tannerellaceae (family); Parabacteroides (genus);
Alistipes finegoldii, Parabacteroides distasonis, Eubacterium hallii,
Coprococcus eutactus (species) (Figure 4A). After 1month of
treatment, there were 5 significantly different species between the two
groups, namely: Actinomycetales (order); Actinomycetaceae (family);
Actinomyces, Phascolarctobacterium (genus); Bacteroides dorei
(species) (Figure 4B). After 2months of treatment, there were 16
significantly different species between the two groups: Bacteroidetes
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Alterations of functional pathways in ACS patients before and after treatment. (A) Venn diagram of metabolic pathways in ACS samples from various
stages. (B) Significantly differential pathways of ACS patients before and after treatment (*adjust p < 0.05, **adjust p <0.01, and ***adjust p <0.001,
Kruskal—Wallis test, Benjamini-Hochberg FDR). (C) Association between microbiome composition and metabolic pathways. Correlation values
(Spearman) were presented on each cell by various colors and significance also emerged (*p <0.05, **p <0.01, and ***p <0.001, t-test).
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Methods

ACS patient recruitment and specimen
collection

Faecal samples from 38 ACS patients and family members with
an equal number were collected at the Zhuhai People’s Hospital
(Zhuhai Clinical Medical College of Jinan University) between
January and June 2023. All patients were Han Chinese with no known
consanguinity, newly diagnosed with ACS. All the family members
of ACS patients used as healthy controls were free of clinically
obvious ACS symptoms. Ethical clearance was obtained from the IRB
of Zhuhai People’s Hospital (Zhuhai Clinical Medical College of Jinan
University) (approved no. 24, 2020). Informed consent was obtained
from the patients. On the morning of hospital admission, one month
after percutaneous coronary intervention and during the second
month post-treatment, sterile swabs were utilized to collect
mid-section fresh faecal samples from patients. All samples were
rapidly frozen on dry ice within 30 min and preserved in —80°C
freezers before DNA extraction. Blood samples of patients were
collected in the morning after an overnight fast. Plasma was collected
by centrifugation and stored in —80°C freezers.

Pathological plasma biochemical analysis

Biochemical parameters, renal function parameters, lipids,
coagulation factors, and blood cell counts were measured by AU2700
fully automatic blood biochemical analyzer. A total of 9 indicators
were analyzed, including triglycerides (TG), cholesterol (Chol), high-
density lipoprotein (HDL), low-density lipoprotein (LDL), albumin
(ALB), Creatinine (Cr), cardiac troponin T (cTnT), B-type natriuretic
peptides (BNP), hemoglobin Alc (HbA1c). Ejection fraction (EF) was
measured by echocardiography.

Genomics DNA extraction

The microbial community DNA was extracted using MagPure
Stool DNA KEF kit B (Magen, China) following the manufacturer’s
instructions. DNA was quantified with a Qubit Fluorometer by using
a Qubit dsDNA BR Assay kit (Invitrogen, United States), and the
quality was checked by running an aliquot on 1% agarose gel. The
quality of the DNA from all samples was quality controlled.

Library construction and sequencing

DNA was randomly fragmented by Covaris. The fragmented
DNA was selected by Magnetic beads to an average size of
200-400bp. The selected fragments were processed through
end-repair, 3" adenylated, adapters-ligation, and PCR Amplifying,
and the products were purified using magnetic beads. The double-
stranded PCR products were heat-denatured and circularized by
the splint oligo sequence. The single-strand circle DNA (ssCir
DNA) was formatted as the final library and qualified by QC. The
qualified libraries were sequenced on the BGISEQ-500 platform
(BGI-Shenzhen, China).
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Metagenomic data analysis

Taxonomic and functional profiling of microbial communities
was generated with tools from the biobakery meta-omics analysis
environment' (Mclver et al., 2018). Reads mapping to the human
genome were first subjected to initial quality control via KneadData
v0.10.0. Taxonomic profiling of metagenome detection was
conducted using MetaPhlAn3 v3.0.14 with the default parameters.
Microbiome relative abundance was assessed using Metaphlan3. The
v3.0.14 CHOCOPhIAn database was used to generate the microbial
relative abundances for each sample. The relative abundance profiles
of gene presence and abundance were determined by mapping reads
to the UniRef90 protein reference database (Suzek et al., 2015).
Functional profiling was performed by HUMAnNS3 v3.0.1 with the
default parameters.

Statistical methods and visualization

Diversity was analyzed and visualized with GutMeta online tools’.
Differential pathways were identified using humann2_associate in
HUMAnNN?2 (Franzosa et al., 2018), and the species composition of
differential pathways was plotted using humann2_barplot. Differential
species were calculated using the LEFSe method (Segata et al., 2011).
The potential biomarkers of functional pathways were assessed using
STAMP (Parks et al., 2014) v2.1.3. PermANOVA was performed using
adonis2, and the mantel test was computed with 9,999 permutations,
both using R package vegan (Oksanen et al, 2019). Spearman
correlations were calculated using R. The statistical test was performed
using the -test (for two groups) and Kruskal-Wallis test (for three
groups and more). Benjamini-Hochberg correction for multiple
comparisons was applied (Wang, 2022). Adjust p <0.05 was considered
statistically significant.

Discussion

The study investigated the changes in gut microbiota composition
in patients with ACS before and after treatment. The study found 16
significant species changes driven by ACS and identified 39
differential bacteria before and after treatment. The gut microbiota of
patients returned to a relatively stable state 1 month after treatment.
The relative abundances of seven pathways related to the biosynthesis
of vitamin K2 and its homolog were reduced. Additionally, two
pathways related to sugar degradation were more abundant in
patients before treatment. The research also found that the gut
microbiota of ACS patients treated with atorvastatin and rosuvastatin
exhibit unique states. Following treatment with rosuvastatin, there
was an increase in the richness of gut microbiota among patients,
while patients treated with atorvastatin showed contrasting outcomes.
These findings provide insight into specific bacteria and metabolic
pathways that may be associated with cardiovascular disease risk and
offer opportunities for treatment.

1 http://huttenhower.sph.harvard.edu/biobakery
2 https://gutmeta.deepomics.org/
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Our findings revealed no significant effect of ACS and its
treatment on microbial diversity, which is consistent with some
previous studies but contradicts others (Liu et al., 2019; Yoshida et al.,
2019; Liu et al,, 2020; Toya et al., 2020; Ma et al., 2021). Regarding the
factors responsible for the differences in gut microbes, we found that
inter-individual differences accounted for a relatively large
proportion, although other physiological and pathological factors
only explained a small proportion of the variance, which aligned with
previous findings. Among these factors, cInT is an essential
biomarker for diagnosing ACS, particularly myocardial infarction,
and can also be used to predict prognosis and mortality (Arnadéttir
et al,, 2018; Desai et al., 2020). BNP is frequently used to assess the
short- and intermediate-term prognosis in ACS patients (Bassan
etal,, 2016). Therefore, we hypothesized that cTnT and BNP may also
be involved in the development of ACS by affecting the percentages
of metabolites and microbial species.

Alterations in the gut microbiome (dysbiosis) have been shown
to cause chronic inflammation® (Butté and Haller, 2016; Li et al.,
2019b; Moludi et al., 2021)—a key factor in ACS. It has been
suggested that Firmicutes and Bacteroidetes play a role in
inflammation due to their short-chain fatty acids (SCFAs)
production (Tang and Hazen, 2014; Kim, 2018). Firmicutes mainly
produce butyrate, while Bacteroidetes produce acetate and
propionate (Magne et al., 2020). Butyrate favours cardiovascular
disease-related disorders, as it induces AMPK activation and
GLUT4 expression in adipose tissue, suppresses atherosclerotic
plaque formation, and reduces reactive oxygen species (Gao et al.,
2019; Mamic et al., 2021). However, acetate is considered a risk
factor for obesity, as it induces lipid accumulation in the liver and
stimulates appetite (Lecomte et al., 2015; Magne et al., 2020). Some
Bacteroidetes spp., such as B. thetaiotaomicron, can contribute to
diet-induced obesity and hypertension (Tan et al., 2019; Calderén-
2020; Cho et al, 2022). Therefore, the
Firmicutes/Bacteroidetes ratio was higher in healthy individuals

Pérez et al,

than in patients with coronary heart disease, which could explain
our result. Our study found that the Firmicutes/Bacteroidetes ratio
was lower in ACS patients compared to healthy subjects, but this
ratio increased after therapy. Moreover, Parabacteroides,
Escherichia, and Blautia were significantly abundant in patients
before treatment in our study. A higher abundance of Blautia has
been associated with an increased risk of developing coronary
artery disease in the Chinese population and may contribute to
diseases through the production of pro-inflammatory metabolites
and depletion of beneficial gut bacteria (Liu et al., 2019). In
addition, Blautia can produce butyric acid, which is involved in
forming short-chain fatty acids (SCFAs) (Liu et al., 2019). We also
found that A. colihominis, C. evryensis, and E fastidiosum
significantly increased in ACS patients. E fastidiosum is a typical
oral bacterium which is often present in patients with periodontal
disease (Deng et al., 2017; Krishnan et al., 2017). Periodontal
disease is a risk factor for cardiovascular disease (Khalighinejad
et al.,, 2016; Deng et al., 2017), generally manifested by increased
inflammation and potential changes in hypercoagulability and

insulin resistance (Mathews et al., 2016). The increase in the

3 ZF Wk https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8170788/
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abundance of pro-inflammatory bacteria may be associated with
ACS disease.

Also, gut bacteria produce several metabolites that may
influence heart health. We found that the abundance of
G. pamelaeae, E. eligens, B. hansenii, and R. ilealis decreased. The
reduction of these species and metabolites may lead to elevated
substances associated with cardiovascular disease in humans, such
as cholesterol, visceral fat area, visceral fat mass, and plasma high-
density lipoprotein. G. pamelaeae can produce urolithin (Selma
et al.,, 2014), which can be anti-atherosclerotic (Stromsnes et al.,
2020) and prevent cardiometabolic risk (Furlanetto et al., 2012;
Giménez-Bastida et al., 2012; Selma et al., 2018). E. eligens produces
butyric acid, which inhibits obesity and prevents coronary heart
disease (Jie et al., 2017). Other studies also found that ACS patients
had fewer E. eligens in the gut (Liu et al., 2020; Nakai et al., 2021).
There is a decrease in the abundance of beneficial bacterial strains
in ACS patients.

Otherwise, we have identified certain intestinal flora metabolic
pathways that can potentially impact the development and
treatment of ACS. Sugar metabolism, particularly glucose
metabolism, plays a significant role in the development and
progression of ACS (Mao et al., 2019). Our study found that
pathways related to sugar degradation were less abundant after
treatment, while pathways related to sugar molecule biosynthesis
were more abundant. This suggests that the glucose metabolism
disorder in the patient’s body improved after treatment. Our study
revealed the importance of vitamin K2, specifically menaquinone-7,
in regulating calcium deposition in the arterial wall and preventing
arterial calcification, a key risk factor for atherosclerosis and
subsequent acute coronary events (Mandatori et al., 2021). Higher
dietary intake or supplementation of vitamin K2 has been associated
with a lower risk of cardiovascular disease, including ACS
(Schurgers and Vermeer, 2000; Beulens et al., 2009; Vissers et al.,
2013; Knapen et al., 2015). Our study revealed that seven pathways
related to the biosynthesis of vitamin K2 and its homolog were
reduced after treatment. This may indicate that the patients
symptoms related to atherosclerosis were relieved, and there was no
need to produce more vitamin K2.

Our findings suggest that rosuvastatin and atorvastatin have
distinct effects on the gut microbiota composition in acute coronary
syndrome patients. After two months of treatment, the intestinal
microbial diversity of ACS patients taking rosuvastatin showed an
increasing trend, while the intestinal microbial diversity of ACS
patients taking atorvastatin showed the opposite decreasing trend.
Rosuvastatin was associated with increased gut microbiota richness,
consistent with previous research (Liu et al., 2018; Kummen et al,,
2020). It is that
hypercholesterolemia can selectively restore the relative abundance

speculated atorvastatin treatment of
of several dominant and functionally important taxa that are
disrupted after illness, but further studies are needed to verify this
(Khan et al., 2018). Specifically, rosuvastatin promoted the growth
of anti-inflammatory bacteria, such as E prausnitzii (Sokol et al.,
2008; Khan et al., 2018; Saber et al., 2021), while reducing the
abundance of pro-inflammatory bacteria, including Escherichia
(Nolan et al., 2017), R. gnavus (Henke et al., 2021), P. bivia
(Strombeck et al., 2007; Hou et al.,, 2022), and V. parvula (Zhan
etal., 2022). E prausnitzii is known for its anti-inflammatory effects,
including the inhibition of NF-kB activation and IL-8 production
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(Breyner et al., 2017; Lopez-Siles et al., 2017; Lenoir et al., 2020). It
also produces butyrate, which has anti-inflammatory properties.
Conversely, certain strains of R. gnavus have been associated with
inflammatory bowel disease and other inflammatory conditions
(Hall et al., 2017). Veillonella has been found to induce inflammation
in clinical conditions (Zhan et al, 2022; Zeng et al., 2023).
Atorvastatin decreased the levels of pro-inflammatory bacteria such
as Enterobacteriaceae (Zeng et al., 2017; Baldelli et al., 2021), as well
as anti-inflammatory bacteria like Blautia and Lactococcus (Ma
et al., 2023). Lactococcus, particularly Lactococcus lactis, has
demonstrated potential as a probiotic strain with anti-inflammatory
properties, particularly in treating colitis and mucositis (Luerce
et al, 2014; Liu et al, 2019). It has been shown to have
immunomodulatory activity, enhancing Thl-type immune
responses, which can contribute to anti-inflammatory effects.
Additionally, atorvastatin was associated with increased abundance
of the Bacteroides genus. Studies have shown that atorvastatin
treatment increased the relative abundance of Bacteroides genera in
high-fat diet-induced hypercholesterolemic rats (Khan et al., 2018).
Rosuvastatin and atorvastatin both affect the gut microbiota
through variability in FXR receptor signalling. Rosuvastatin alters
the host gene expression of bile acid metabolism pathways, while
atorvastatin leads to decreased secondary bile acids (Tuteja and
Ferguson, 2019). These results contribute to our understanding of
the potential microbiota-related mechanisms underlying the
therapeutic effects of these statins.

This study has several limitations expected to be improved in
future research. Firstly, we included a relatively small cohort primarily
due to losing many patients during follow-up. Inter-individual
variation accounted for 69.6% of the variance in our study’s relative
abundance of species’ levels, a common issue in metagenomic
research. To address the sample size limitation, we employed stringent
inclusion criteria to reduce individual differences. We utilized
metagenomic sequencing to maximize the information extracted
from each sample. Secondly, the cross-sectional nature of this study
involved sampling patients from only one hospital in Zhuhai, which
may not fully capture the diversity of the broader population, thus
constraining the generalizability of the findings. Thirdly, the intricate
interplay among medication use, gut microbiota, and confounding
factors presents several limitations in our study. Medication
administration signifies alterations in the host’s health status, which
may be accompanied by changes in lifestyle factors (such as smoking,
alcohol consumption, and physical activity) known to impact gut
microbiota composition. While we controlled for dietary patterns
(within the same regional population) and age (within a specific age
range), we could not regulate the influence of comorbidities (such as
diabetes or obesity), medications (particularly antibiotics, as well as
proton pump inhibitors, nonsteroidal anti-inflammatory drugs, and
metformin), and genetics (inter-individual genetic variability).
Fourthly, this study solely relies on empirical analysis using genome
sequencing data and lacks animal experiments to delve deeper into
the mechanisms underpinning these observations. Considering the
limitations above, we intend to gather a larger sample size to monitor
taxonomic and functional changes in gut microbiota to validate the
existing findings. Furthermore, we aim to incorporate animal
experiments to validate the underlying mechanisms.

In summary, we identified risk biomarkers between ACS patients
and healthy individuals and detected significant alterations in the gut
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microbiota of ACS patients before and after treatment. We also
analyzed the differences in gut microbiomes in patients after using
two different statins. These may mediate the development and
treatment of ACS by translating into metabolisms. Further research
utilizing advanced multi-omic detection and joint analysis techniques
in prospective studies is necessary to better understand the role of gut
microbiota in the pathogenesis of coronary heart disease and identify
potential therapeutic targets.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Ethics statement

The studies involving humans were approved by Ethical clearance
was obtained from the IRB of Zhuhai People’s Hospital (Zhuhai
Clinical Medical College of Jinan University) (approve no. 24, 2020).
The studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.

Author contributions

YG: Writing - original draft, Investigation, Resources, Funding
acquisition. SZ: Formal analysis, Writing - original draft,
Visualization, Writing - review & editing. JL: Formal analysis,
Writing - original draft. WZ: Formal analysis, Writing - original
draft. ZG: Formal analysis, Writing - original draft. YL: Investigation,
Writing - original draft. XJ: Project administration, Writing — review
& editing. JuL: Investigation, Resources, Writing — original draft. JiL:
Investigation, Resources, Writing — original draft. XC: Writing -
review & editing, Investigation, Funding acquisition. ZiZ:
Conceptualization, Methodology, Writing - review & editing. ZhZ:
Conceptualization, Project administration, Funding acquisition,
Methodology, Resources, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the Xiangshan Talent funding to Dr. Zhe Zhang from the
Zhuhai People’s Hospital (Zhuhai Clinical Medical College of
Jinan University).

Conflict of interest

SZ and ZiZ are employed by Shenzhen Byoryn Technology
Co., Ltd.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1369478
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Guan et al.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

Alhmoud, T., Kumar, A., Lo, C. C,, al-Sadi, R,, Clegg, S., Alomari, I, et al. (2019).
Investigating intestinal permeability and gut microbiota roles in acute coronary
syndrome patients. Hum Microb J. 13:100059. doi: 10.1016/j.humic.2019.100059

Arnadéttir, A., Vestergaard, K. R., Sélétormos, G., Steffensen, R., Goetze, J. P, and
Iversen, K. (2018). Prediction of coronary heart disease or heart failure using high-sensitivity
cardiac troponin T: a pilot study. Eur. J. Clin. Investig. 48:¢13009. doi: 10.1111/eci.13009

Baldelli, V., Scaldaferri, F, Putignani, L., and Del Chierico, E. (2021). The role of
Enterobacteriaceae in gut microbiota dysbiosis in inflammatory bowel diseases.
Microorganisms. 9:697. doi: 10.3390/microorganisms9040697

Bassan, F, Bassan, R., Esporcatte, R., Santos, B., and Tura, B. (2016). Very Long-term
prognostic role of admission BNP in non-ST segment elevation acute coronary
syndrome. Arq. Bras. Cardiol. 106, 218-225. doi: 10.5935/abc.20160021

Beulens, J. W. J., Bots, M. L., Atsma, E, Bartelink, M. L. E. L., Prokop, M.,
Geleijnse, J. M., et al. (2009). High dietary menaquinone intake is associated with
reduced coronary calcification. Atherosclerosis 203, 489-493. doi: 10.1016/j.
atherosclerosis.2008.07.010

Braun, M. M., Stevens, W. A., and Barstow, C. H. (2018). Stable coronary artery
disease: treatment. Am. Fam. Physician 97, 376-384.

Breyner, N. M., Michon, C., de Sousa, C. S., Vilas Boas, P. B., Chain, F, Azevedo, V. A.,
et al. (2017). Microbial anti-inflammatory molecule (MAM) from Faecalibacterium
prausnitzii shows a protective effect on DNBS and DSS-induced colitis model in mice
through inhibition of NF-kB pathway. Front. Microbiol. 8:114. doi: 10.3389/
fmicb.2017.00114

Brown, JC, Gerhardt, TE, and Kwon, E. Risk factors for coronary artery disease. (2020)

Butto, L. E, and Haller, D. (2016). Dysbiosis in intestinal inflammation: cause or
consequence. Int. J. Med. Microbiol. 306, 302-309. doi: 10.1016/§.ijmm.2016.02.010

Calderén-Pérez, L., Gosalbes, M. J., Yuste, S., Valls, R. M., Pedret, A., Llaurado, E.,
etal. (2020). Gut metagenomic and short chain fatty acids signature in hypertension: a
cross-sectional study. Sci. Rep. 10:6436. doi: 10.1038/541598-020-63475-w

Cho, S. H,, Cho, Y. ], and Park, J. H. (2022). The human symbiont Bacteroides
thetaiotaomicron promotes diet-induced obesity by regulating host lipid metabolism. J.
Microbiol. 60, 118-127. doi: 10.1007/s12275-022-1614-1

Deng, Z. L., Szafranski, S. P, Jarek, M., Bhuju, S., and Wagner-Débler, 1. (2017).
Dysbiosis in chronic periodontitis: key microbial players and interactions with the
human host. Sci. Rep. 7:3703. doi: 10.1038/s41598-017-03804-8

Desai, Y. B., Mishra, R. K., Fang, Q., Whooley, M. A., and Schiller, N. B. (2020).
Association of Longitudinal change in high-sensitivity troponin with all-cause mortality
in coronary artery disease: the heart and soul study. Cardiology 145, 63-70. doi:
10.1159/000503954

Durazzi, E, Sala, C., Castellani, G., Manfreda, G., Remondini, D., and de Cesare, A.
(2021). Comparison between 16S rRNA and shotgun sequencing data for the taxonomic
characterization of the gut microbiota. Sci. Rep. 11:3030. doi: 10.1038/
541598-021-82726-y

Fernindez, A. I, Bermejo, J., Yotti, R., Martinez-Gonzalez, M. A., Mira, A.,
Gophna, U, et al. (2021). The impact of Mediterranean diet on coronary plaque
vulnerability, microvascular function, inflammation and microbiome after an acute
coronary syndrome: study protocol for the MEDIMACS randomized, controlled,
mechanistic clinical trial. Trials 22:795. doi: 10.1186/s13063-021-05746-z

Foscolou, A., Rallidis, L. S., Tsirebolos, G., Critselis, E., Katsimardos, A., Drosatos, A.,
et al. (2019). The association between homocysteine levels, Mediterranean diet and
cardiovascular disease: a case-control study. Int. J. Food Sci. Nutr. 70, 603-611. doi:
10.1080/09637486.2018.1547688

Franzosa, E. A., Mclver, L. J., Rahnavard, G., Thompson, L. R., Schirmer, M.,
Weingart, G., et al. (2018). Species-level functional profiling of metagenomes and
metatranscriptomes. Nat. Methods 15, 962-968. doi: 10.1038/541592-018-0176-y

Frontiers in Microbiology

11

10.3389/fmicb.2024.1369478

reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1369478/
full#supplementary-material

Furlanetto, V., Zagotto, G., Pasquale, R., Moro, S., and Gatto, B. (2012). Ellagic acid
and polyhydroxylated urolithins are potent catalytic inhibitors of human topoisomerase
II: an in vitro study. ] AgricFood Chem. 60, 9162-9170. doi: 10.1021/jf302600q

Gao, E, Lv, Y. W,, Long, J., Chen, ]. M., He, J. M., Ruan, X. Z, et al. (2019). Butyrate
improves the metabolic disorder and gut microbiome Dysbiosis in mice induced by a
high-fat diet. Front. Pharmacol. 10:1040. doi: 10.3389/fphar.2019.01040

Gao, ], Yan, K. T., Wang, J. X., Dou, J., Wang, J., Ren, M., et al. (2020). Gut microbial
taxa as potential predictive biomarkers for acute coronary syndrome and post-STEMI
cardiovascular events. Sci. Rep. 10:2639. doi: 10.1038/s41598-020-59235-5

Giménez-Bastida, J. A., Gonzélez-Sarrias, A., Larrosa, M., Tomdas-Barberan, E,
Espin, J. C., and Garcia-Conesa, M. T. (2012). Ellagitannin metabolites, urolithin a
glucuronide and its aglycone urolithin a, ameliorate TNF-a-induced inflammation and
associated molecular markers in human aortic endothelial cells. Mol. Nutr. Food Res. 56,
784-796. doi: 10.1002/mnfr.201100677

Hall, A. B., Yassour, M, Sauk, J., Garner, A, Jiang, X., Arthur, T, et al. (2017). A novel
Ruminococcus gnavus clade enriched in inflammatory bowel disease patients. Genome
Med. 9:103. doi: 10.1186/s13073-017-0490-5

Heidrich, V., and Beule, L. (2022). Are short-read amplicons suitable for the prediction
of microbiome functional potential? A critical perspective. iMeta 1:e38. doi: 10.1002/
imt2.38

Henke, M. T, Brown, E. M., Cassilly, C. D., Vlamakis, H., Xavier, R. J., and Clardy, J.
(2021). Capsular polysaccharide correlates with immune response to the human gut
microbe Ruminococcus gnavus. Proc. Natl. Acad. Sci. 118:€2007595118. doi: 10.1073/
pnas.2007595118

Hou, K., Wu, Z. X,, Chen, X. Y., Wang, J. Q.,, Zhang, D., Xiao, C., et al. (2022).
Microbiota in health and diseases. Signal Transduct. Target. Ther. 7:135. doi: 10.1038/
$41392-022-00974-4

Hu, S. (2022). Report on cardiovascular health and diseases in China 2021: an updated
summary. Chinese Circulation J. 37:533-578. doi: 10.3969/j.issn.1000-3614.2022.06.001

Jie, Z., Xia, H., Zhong, S. L., Feng, Q,, Li, S., Liang, S., et al. (2017). The gut microbiome
in atherosclerotic cardiovascular disease. Nat. Commun. 8:845. doi: 10.1038/
541467-017-00900-1

Khalighinejad, N., Aminoshariae, M. R., Aminoshariae, A., Kulild, J. C., Mickel, A.,
and Fouad, A. F. (2016). Association between systemic diseases and apical periodontitis.
J. Endod. 42, 1427-1434. doi: 10.1016/j.joen.2016.07.007

Khan, T. J., Ahmed, Y. M., Zamzami, M. A., Mohamed, S. A., Khan, I., Baothman, O. A.,
et al. (2018). Effect of atorvastatin on the gut microbiota of high fat diet-induced
hypercholesterolemic rats. Sci. Rep. 8:662. doi: 10.1038/s41598-017-19013-2

Khan, T.J., Ahmed, Y. M., Zamzami, M. A., Siddiqui, A. M., Khan, I., Baothman, O. A.,
et al. (2018). Atorvastatin treatment modulates the gut microbiota of the
hypercholesterolemic patients. Omics]. Integr. Biol. 22, 154-163. doi: 10.1089/
omi.2017.0130

Kim, C. H. (2018). Microbiota or short-chain fatty acids: which regulates diabetes?
Cell. Mol. Immunol. 15, 88-91. doi: 10.1038/cmi.2017.57

Kimura, K., Kimura, T, Ishihara, M., Nakagawa, Y., Nakao, K., Miyauchi, K., et al.
(2019). JCS 2018 guideline on diagnosis and treatment of acute coronary syndrome.
Circ. J. 83, 1085-1196. doi: 10.1253/circj.CJ-19-0133

Knapen, M. H. ], Braam, L. A. J. L., Drummen, N. E., Bekers, O., Hoeks, A. P. G.,
Vermeer, C., et al. (2015). Menaquinone-7 supplementation improves arterial stiffness
in healthy postmenopausal women: a double-blind randomized clinical trial. Thromb.
Haemost. 113, 1135-1144. doi: 10.1160/TH14-08-0675

Kouvari, M., Tsiampalis, T., Chrysohoou, C., Georgousopoulou, E., Notara, V.,
Souliotis, K., et al. (2022). A Mediterranean diet microsimulation modeling in relation
to cardiovascular disease burden: the ATTICA and GREECS epidemiological studies.
Eur. J. Clin. Nutr. 76, 434-441. doi: 10.1038/s41430-021-00967-6

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1369478
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1369478/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1369478/full#supplementary-material
https://doi.org/10.1016/j.humic.2019.100059
https://doi.org/10.1111/eci.13009
https://doi.org/10.3390/microorganisms9040697
https://doi.org/10.5935/abc.20160021
https://doi.org/10.1016/j.atherosclerosis.2008.07.010
https://doi.org/10.1016/j.atherosclerosis.2008.07.010
https://doi.org/10.3389/fmicb.2017.00114
https://doi.org/10.3389/fmicb.2017.00114
https://doi.org/10.1016/j.ijmm.2016.02.010
https://doi.org/10.1038/s41598-020-63475-w
https://doi.org/10.1007/s12275-022-1614-1
https://doi.org/10.1038/s41598-017-03804-8
https://doi.org/10.1159/000503954
https://doi.org/10.1038/s41598-021-82726-y
https://doi.org/10.1038/s41598-021-82726-y
https://doi.org/10.1186/s13063-021-05746-z
https://doi.org/10.1080/09637486.2018.1547688
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1021/jf302600q
https://doi.org/10.3389/fphar.2019.01040
https://doi.org/10.1038/s41598-020-59235-5
https://doi.org/10.1002/mnfr.201100677
https://doi.org/10.1186/s13073-017-0490-5
https://doi.org/10.1002/imt2.38
https://doi.org/10.1002/imt2.38
https://doi.org/10.1073/pnas.2007595118
https://doi.org/10.1073/pnas.2007595118
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.3969/j.issn.1000-3614.2022.06.001
https://doi.org/10.1038/s41467-017-00900-1
https://doi.org/10.1038/s41467-017-00900-1
https://doi.org/10.1016/j.joen.2016.07.007
https://doi.org/10.1038/s41598-017-19013-2
https://doi.org/10.1089/omi.2017.0130
https://doi.org/10.1089/omi.2017.0130
https://doi.org/10.1038/cmi.2017.57
https://doi.org/10.1253/circj.CJ-19-0133
https://doi.org/10.1160/TH14-08-0675
https://doi.org/10.1038/s41430-021-00967-6

Guan et al.

Krishnan, K., Chen, T., and Paster, B. J. (2017). A practical guide to the oral
microbiome and its relation to health and disease. Oral Dis. 23, 276-286. doi: 10.1111/
0di.12509

Kummen, M., Solberg, O. G., Storm-Larsen, C., Holm, K., Ragnarsson, A., Troseid, M.,
et al. (2020). Rosuvastatin alters the genetic composition of the human gut microbiome.
Sci. Rep. 10:5397. doi: 10.1038/s41598-020-62261-y

Lecomte, V., Kaakoush, N. O., Maloney, C. A., Raipuria, M., Huinao, K. D.,
Mitchell, H. M., et al. (2015). Changes in gut microbiota in rats fed a high fat diet
correlate with obesity-associated metabolic parameters. PLoS One 10:e0126931. doi:
10.1371/journal.pone.0126931

Lenoir, M., Martin, R., Torres-Maravilla, E., Chadi, S., Gonzalez-Davila, P,, Sokol, H.,
etal. (2020). Butyrate mediates anti-inflammatory effects of Faecalibacterium prausnitzii
in intestinal epithelial cells through Dact3. Gut Microbes 12, 1826748-1826716. doi:
10.1080/19490976.2020.1826748

Li, X. S., Obeid, S., Klingenberg, R., Gencer, B., Mach, F, Riber, L., et al. (2017). Gut
microbiota-dependent trimethylamine N-oxide in acute coronary syndromes: a
prognostic marker for incident cardiovascular events beyond traditional risk factors.
Eur. Heart J. 38, 814-824. doi: 10.1093/eurheartj/ehw582

Li, X. S., Obeid, S., Wang, Z., Hazen, B. ., Li, L., Wu, Y, et al. (2019a). Trimethyllysine,
a trimethylamine N-oxide precursor, provides near- and long-term prognostic value in
patients presenting with acute coronary syndromes. Eur. Heart J. 40, 2700-2709. doi:
10.1093/eurheartj/ehz259

Li, E, Wang, M., Wang, ], Li, R., and Zhang, Y. (2019b). Alterations to the gut
microbiota and their correlation with inflammatory factors in chronic kidney disease.
Front. Cell. Infect. Microbiol. 9:206. doi: 10.3389/fcimb.2019.00206

Liu, Z., Li, J., Liu, H,, Tang, Y., Zhan, Q., Lai, W, et al. (2019). The intestinal microbiota
associated with cardiac valve calcification differs from that of coronary artery disease.
Atherosclerosis 284, 121-128. doi: 10.1016/j.atherosclerosis.2018.11.038

Liu, Y., Song, X., Zhou, H., Zhou, X,, Xia, Y., Dong, X,, et al. (2018). Gut microbiome
associates with lipid-lowering effect of rosuvastatin in vivo. Front. Microbiol. 9:530. doi:
10.3389/fmicb.2018.00530

Liu, H., Tian, R., Wang, H., Feng, S., Li, H., Xiao, Y., et al. (2020). Gut microbiota from
coronary artery disease patients contributes to vascular dysfunction in mice by
regulating bile acid metabolism and immune activation. J. Transl. Med. 18:382. doi:
10.1186/512967-020-02539-x

Liu, M., Zhang, X., Hao, Y., Ding, J., Shen, J., Xue, Z., et al. (2019). Protective effects
of a novel probiotic strain, Lactococcus lactis ML2018, in colitis: in vivo and in vitro
evidence. Food Funct. 10, 1132-1145. doi: 10.1039/C8F002301H

Liu, S., Zhao, W, Liu, X., and Cheng, L. (2020). Metagenomic analysis of the gut
microbiome in atherosclerosis patients identify cross-cohort microbial signatures and
potential therapeutic target. FASEB J. 34, 14166-14181. doi: 10.1096/f].202000622R

Lopez-Siles, M., Duncan, S. H., Garcia-Gil, L. J., and Martinez-Medina, M. (2017).
Faecalibacterium prausnitzii: from microbiology to diagnostics and prognostics. ISME
J. 11, 841-852. doi: 10.1038/ismej.2016.176

Luerce, T. D., Gomes-Santos, A. C., Rocha, C. S., Moreira, T. G., Cruz, D. N., Lemos, L.,
et al. (2014). Anti-inflammatory effects of Lactococcus lactis NCDO 2118 during the
remission period of chemically induced colitis. Gut Pathog. 6, 1-11. doi:
10.1186/1757-4749-6-33

Ma, T, Shen, X., Shi, X, Sakandar, H. A., Quan, K, Li, Y,, et al. (2023). Targeting gut
microbiota and metabolism as the major probiotic mechanism - an evidence-based
review. Trends Food Sci. Technol. 138, 178-198. doi: 10.1016/j.tifs.2023.06.013

Ma, Y, Zhu, L., Ma, Z., Gao, Z., Wei, Y,, Shen, Y,, et al. (2021). Distinguishing feature
of gut microbiota in Tibetan highland coronary artery disease patients and its link with
diet. Sci. Rep. 11:18486. doi: 10.1038/541598-021-98075-9

Magne, E, Gotteland, M., Gauthier, L., Zazueta, A., Pesoa, S., Navarrete, P, et al.
(2020). The Firmicutes/Bacteroidetes ratio: a relevant marker of gut Dysbiosis in obese
patients? Nutrients 12:51474. doi: 10.3390/nu12051474

Mamic, P,, Chaikijurajai, T., and Tang, W. H. W. (2021). Gut microbiome—a potential
mediator of pathogenesis in heart failure and its comorbidities: state-of-the-art review.
J. Mol. Cell. Cardiol. 152, 105-117. doi: 10.1016/j.yjmcc.2020.12.001

Mandatori, D., Pelusi, L., Schiavone, V., Pipino, C., Di Pietro, N., and Pandolfi, A.
(2021). The dual role of vitamin K2 in "bone-vascular crosstalk": opposite effects on bone
loss and vascular calcification. Nutrients 13:1222. doi: 10.3390/nu13041222

Mao, Q. Zhou, D., Li, Y., Wang, Y., Xu, S. C., and Zhao, X. H. (2019). The triglyceride-
glucose index predicts coronary artery disease severity and cardiovascular outcomes in
patients with non—ST—segment elevation acute coronary syndrome. Dis. Markers 2019,
1-11. doi: 10.1155/2019/6891537

Mathews, M. J., Mathews, E. H., and Mathews, G. E. (2016). Oral health and coronary
heart disease. BMC Oral Health 16:122. doi: 10.1186/s12903-016-0316-7

Mclver, L. J., Abu-Ali, G., Franzosa, E. A., Schwager, R., Morgan, X. C., Waldron, L.,
et al. (2018). bioBakery: a metaomic analysis environment. Bioinformatics 34,
1235-1237. doi: 10.1093/bioinformatics/btx754

Moludi, J., Kafil, H. S., Qaisar, S. A., Gholizadeh, P,, Alizadeh, M., and Vayghyan, H. J.
(2021). Effect of probiotic supplementation along with calorie restriction on metabolic
endotoxemia, and inflammation markers in coronary artery disease patients: a double
blind placebo controlled randomized clinical trial. Nutr. J. 20, 1-10. doi: 10.1186/
$12937-021-00703-7

Frontiers in Microbiology

12

10.3389/fmicb.2024.1369478

Nakai, M., Ribeiro, R. V,, Stevens, B. R., Gill, P., Muralitharan, R. R., Yiallourou, S.,
et al. (2021). Essential hypertension is associated with changes in gut microbial
metabolic pathways: a multisite analysis of ambulatory blood pressure. Hypertension 78,
804-815. doi: 10.1161/HYPERTENSIONAHA.121.17288

Nolan, J. A., Skuse, P, Govindarajan, K., Patterson, E., Konstantinidou, N., Casey, P. G.,
et al. (2017). The influence of rosuvastatin on the gastrointestinal microbiota and host
gene expression profiles. Am. J. Physiol. Gastrointest. Liver Physiol. 312, G488-G497. doi:
10.1152/ajpgi.00149.2016

Oksanen, ], Blanchet, FG, Friendly, M, Kindt, R, Legendre, P, McGlinn, D, et al. Vegan:
community ecology package. R package version 2.5-7. Published 2019. Available at:
https://CRAN.R-project.org/package=vegan. Accessed January 12, 2024

Parks, D. H., Tyson, G. W,, Hugenholtz, P, and Beiko, R. G. (2014). STAMP: statistical
analysis of taxonomic and functional profiles. Bioinformatics 30, 3123-3124. doi:
10.1093/bioinformatics/btu494

Ralapanawa, U, and Sivakanesan, R. (2021). Epidemiology and the magnitude of
coronary artery disease and acute coronary syndrome: a narrative review. J Epidemiol
Glob Health. 11, 169-177. doi: 10.2991/jegh.k.201217.001

Ramirez-Macias, 1., Orenes-Pifero, E., Camelo-Castillo, A., Rivera-Caravaca, J. M.,
Lopez-Garcfa, C., and Marin, E (2022). Novel insights in the relationship of gut
microbiota and coronary artery diseases. Crit. Rev. Food Sci. Nutr. 62, 3738-3750. doi:
10.1080/10408398.2020.1868397

Ruff, C. T,, and Braunwald, E. (2011). The evolving epidemiology of acute coronary
syndromes. Nat. Rev. Cardiol. 8, 140-147. doi: 10.1038/nrcardio.2010.199

Saber, S., Abd El-Fattah, E. E., Yahya, G., Gobba, N. A., Maghmomeh, A. O,
Khodir, A. E., et al. (2021). A novel combination therapy using rosuvastatin and
lactobacillus combats dextran sodium sulfate-induced colitis in high-fat diet-fed rats by
targeting the TXNIP/NLRP3 interaction and influencing gut microbiome composition.
Pharmaceuticals. 14:341. doi: 10.3390/ph14040341

Sanchis-Gomar, F, Perez-Quilis, C., Leischik, R., and Lucia, A. (2016). Epidemiology
of coronary heart disease and acute coronary syndrome. Ann Transl Med. 4:256. doi:
10.21037/atm.2016.06.33

Sawicka-Smiarowska, E., Bondarczuk, K., Bauer, W., Niemira, M., Szalkowska, A.,
Raczkowska, J., et al. (2021). Gut microbiome in chronic coronary syndrome patients.
J. Clin. Med. 10:10. doi: 10.3390/jcm10215074

Schurgers, L. J., and Vermeer, C. (2000). Determination of phylloquinone and
menaquinones in food. Effect of food matrix on circulating vitamin K concentrations.
Haemostasis 30, 298-307

Segata, N, Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al.
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi:
10.1186/gb-2011-12-6-r60

Selma, M. V., Beltran, D., Garcia-Villalba, R., Espin, J. C., and Tomas-Barberan, F. A.
(2014). Description of urolithin production capacity from ellagic acid of two human
intestinal Gordonibacter species. Food Funct. 5, 1779-1784. doi: 10.1039/
C4F000092G

Selma, M. V., Gonzélez-Sarrias, A., Salas-Salvado, J., Andrés-Lacueva, C., Alasalvar, C.,
Orem, A., et al. (2018). The gut microbiota metabolism of pomegranate or walnut
ellagitannins yields two urolithin-metabotypes that correlate with cardiometabolic risk
biomarkers: comparison between normoweight, overweight-obesity and metabolic
syndrome. Clin. Nutr. 37, 897-905. doi: 10.1016/j.cInu.2017.03.012

Sokol, H., Pigneur, B., Watterlot, L., Lakhdari, O., Bermudez-Humaran, L. G.,
Gratadoux, J. J., et al. (2008). Faecalibacterium prausnitzii is an anti-inflammatory
commensal bacterium identified by gut microbiota analysis of Crohn disease patients.
Proc. Natl. Acad. Sci. USA 105, 16731-16736. doi: 10.1073/pnas.0804812105

Strombeck, L., Sandros, J., Holst, E., Madianos, P., Nannmark, U. L. E, Papapanou, P,
et al. (2007). Prevotella bivia can invade human cervix epithelial (HeLa) cells. APMIS
115, 241-251. doi: 10.1111/j.1600-0463.2007.apm_512.x

Stromsnes, K., Mas-Bargues, C., Gambini, J., and Gimeno-Mallench, L. (2020).
Protective effects of polyphenols present in Mediterranean diet on endothelial
dysfunction. Oxidative Med. Cell. Longev. 2020, 1-10. doi: 10.1155/2020/2097096

Suzek, B. E., Wang, Y., Huang, H., McGarvey, P. B., and Wu, C. H. (2015). UniRef
clusters: a comprehensive and scalable alternative for improving sequence similarity
searches. Bioinformatics 31, 926-932. doi: 10.1093/bioinformatics/btu739

Tan, H., Zhai, Q., and Chen, W. (2019). Investigations of Bacteroides spp. towards
next-generation probiotics. Food Res. Int. 116, 637-644. doi: 10.1016/j.
foodres.2018.08.088

Tang, W. H., and Hazen, S. L. (2014). The contributory role of gut microbiota in
cardiovascular disease. J. Clin. Invest. 124, 4204-4211. doi: 10.1172/JCI72331

Tascanov, M. B., Tanriverdi, Z., Gungoren, E, Besli, F, Erkus, M. E., Koyuncu, L, et al.
(2020). Comparisons of microbiota-generated metabolites in patients with young and
elderly acute coronary syndrome. Anatol. J. Cardiol. 24, 175-182. doi: 10.14744/
AnatolJCardiol.2020.47995

Toya, T., Corban, M. T,, Marrietta, E., Horwath, I. E., Lerman, L. O., Murray, J. A., et al.
(2020). Coronary artery disease is associated with an altered gut microbiome
composition. PLoS One 15:¢0227147. doi: 10.1371/journal.pone.0227147

Tuteja, S., and Ferguson, J. F. (2019). Gut microbiome and response to cardiovascular
drugs. Circulation Genom. Precision Med. 12:€002314. doi: 10.1161/CIRCGEN.
119.002314

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1369478
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/odi.12509
https://doi.org/10.1111/odi.12509
https://doi.org/10.1038/s41598-020-62261-y
https://doi.org/10.1371/journal.pone.0126931
https://doi.org/10.1080/19490976.2020.1826748
https://doi.org/10.1093/eurheartj/ehw582
https://doi.org/10.1093/eurheartj/ehz259
https://doi.org/10.3389/fcimb.2019.00206
https://doi.org/10.1016/j.atherosclerosis.2018.11.038
https://doi.org/10.3389/fmicb.2018.00530
https://doi.org/10.1186/s12967-020-02539-x
https://doi.org/10.1039/C8FO02301H
https://doi.org/10.1096/fj.202000622R
https://doi.org/10.1038/ismej.2016.176
https://doi.org/10.1186/1757-4749-6-33
https://doi.org/10.1016/j.tifs.2023.06.013
https://doi.org/10.1038/s41598-021-98075-9
https://doi.org/10.3390/nu12051474
https://doi.org/10.1016/j.yjmcc.2020.12.001
https://doi.org/10.3390/nu13041222
https://doi.org/10.1155/2019/6891537
https://doi.org/10.1186/s12903-016-0316-7
https://doi.org/10.1093/bioinformatics/btx754
https://doi.org/10.1186/s12937-021-00703-7
https://doi.org/10.1186/s12937-021-00703-7
https://doi.org/10.1161/HYPERTENSIONAHA.121.17288
https://doi.org/10.1152/ajpgi.00149.2016
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.2991/jegh.k.201217.001
https://doi.org/10.1080/10408398.2020.1868397
https://doi.org/10.1038/nrcardio.2010.199
https://doi.org/10.3390/ph14040341
https://doi.org/10.21037/atm.2016.06.33
https://doi.org/10.3390/jcm10215074
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1039/C4FO00092G
https://doi.org/10.1039/C4FO00092G
https://doi.org/10.1016/j.clnu.2017.03.012
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1111/j.1600-0463.2007.apm_512.x
https://doi.org/10.1155/2020/2097096
https://doi.org/10.1093/bioinformatics/btu739
https://doi.org/10.1016/j.foodres.2018.08.088
https://doi.org/10.1016/j.foodres.2018.08.088
https://doi.org/10.1172/JCI72331
https://doi.org/10.14744/AnatolJCardiol.2020.47995
https://doi.org/10.14744/AnatolJCardiol.2020.47995
https://doi.org/10.1371/journal.pone.0227147
https://doi.org/10.1161/CIRCGEN.119.002314
https://doi.org/10.1161/CIRCGEN.119.002314

Guan et al.

Vissers, L. E. T., Dalmeijer, G. W, Boer, J. M. A., Monique Verschuren, W. M., van der
Schouw, Y. T., and Beulens, J. W.]. (2013). Intake of dietary phylloquinone and menaquinones
and risk of stroke. J. Am. Heart Assoc. 2:¢000455. doi: 10.1161/JAHA.113.000455

Wang, R. Elementary proofs of several results on false discovery rate. arXiv preprint
arXiv:2201.09350. (2022). Accessed January 12, 2024

Xu, J., and Yang, Y. (2020). Implications of gut microbiome on coronary artery disease.
Cardiovasc Diagn Ther. 10, 869-880. doi: 10.21037/cdt-20-428

Yoshida, N., Sasaki, K., Sasaki, D., Yamashita, T., Fukuda, H., Hayashi, T., et al. (2019).
Effect of resistant starch on the gut microbiota and its metabolites in patients with
coronary artery disease. J. Atheroscler. Thromb. 26, 705-719. doi: 10.5551/jat.47415

Frontiers in Microbiology

13

10.3389/fmicb.2024.1369478

Zeng, M. Y., Inohara, N., and Nunez, G. (2017). Mechanisms of inflammation-
driven bacterial dysbiosis in the gut. Mucosal Immunol. 10, 18-26. doi: 10.1038/
mi.2016.75

Zeng, W., Wang, Y., Wang, Z., Yu, M., Liu, K., Zhao, C., et al. (2023). Veillonella
parvula promotes the proliferation of lung adenocarcinoma through the
nucleotide oligomerization domain 2/cellular communication network factor 4/
nuclear factor kappa B pathway. Discov. Oncol. 14:129. doi: 10.1007/s12672-023-
00748-6

Zhan, Z., Liu, W, Pan, L., Bao, Y., Yan, Z., and Hong, L. (2022). Overabundance of
Veillonella parvula promotes intestinal inflammation by activating macrophages via
LPS-TLR4 pathway. Cell Death Discov. 8:251. doi: 10.1038/s41420-022-01015-3

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1369478
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1161/JAHA.113.000455
https://doi.org/10.21037/cdt-20-428
https://doi.org/10.5551/jat.47415
https://doi.org/10.1038/mi.2016.75
https://doi.org/10.1038/mi.2016.75
https://doi.org/10.1007/s12672-023-00748-6
https://doi.org/10.1007/s12672-023-00748-6
https://doi.org/10.1038/s41420-022-01015-3

	Insights from metagenomics into gut microbiome associated with acute coronary syndrome therapy
	Introduction
	Results
	ACS cohort characteristics and quality control of sequencing data
	Alterations in gut microbiota among the four groups
	Gut microbial functions vary with treatment phases
	Alterations in gut microbiota affected by drugs

	Methods
	ACS patient recruitment and specimen collection
	Pathological plasma biochemical analysis
	Genomics DNA extraction
	Library construction and sequencing
	Metagenomic data analysis
	Statistical methods and visualization

	Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

