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Alterations of the gut microbiome
and metabolic profile in CVB3-induced mice
acute viral myocarditis
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Abstract

Background Acute viral myocarditis (AVMC) is an inflammatory disease of the myocardium. Evidence indicates that
dysbiosis of gut microbiome and related metabolites intimately associated with cardiovascular diseases through the
gut-heart axis.

Methods \We built mouse models of AVYMC, then applied 16 S rDNA gene sequencing and UPLC-MS/MS
metabolomics to explore variations of gut microbiome and disturbances of cardiac metabolic profiles.

Results Compared with Control group, analysis of gut microbiota showed lower diversity in AYMC, decreased
relative abundance of genera mainly belonging to the phyla Bacteroidetes, and increased of phyla Proteobacteria.
Metabolomics analysis showed disturbances of cardiac metabolomics, including 62 increased and 84 decreased
metabolites, and mainly assigned to lipid, amino acid, carbohydrate and nucleotide metabolism. The steroid hormone
biosynthesis, cortisol synthesis and secretion pathway were particularly enriched in AYMC. Among them, such as
estrone 3-sulfate, desoxycortone positively correlated with disturbed gut microbiome.

Conclusion In summary, both the structure of the gut microbiome community and the cardiac metabolome were
significantly changed in AVYMC. Our findings suggest that gut microbiome may participate in the development of
AVMC, the mechanism may be related to its role in dysregulated metabolites such as steroid hormone biosynthesis.
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Introduction

Acute viral myocarditis (AVMC) is a common cardio-
vascular disease, characterized by virus-triggered myo-
cardial inflammation, and followed by autoimmunity.
Patients with AVMC may recover or progress to dilated
cardiomyopathy (DCM), which can suffer from heart fail-
ure and sudden death [1]. Enteroviruses especially Cox-
sackievirus group B type 3 (CVB3) is known to be one
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progress to end-stage cardiac disease, DCM [1]. There-
fore, the exact pathogenesis of AVMC is urgently needed
to explore and improve novel therapeutics on disease
intervention.

Patients with myocarditis frequently present with non-
specific systemic symptoms such as diarrhea, nausea,
vomiting, fever and sore throat, sort of like manifesta-
tions of gastroenteritis. Enterovirus CVB3 can spread
into blood and infect myocardiocytes after evading and
proliferating in the intestine [3]. As a result, the gut,
which is the initial infection place for CVB3 in AVMC,
needs to be investigated [4].

The human gut microbiome harbors trillions of
microbes [5], and its genome is 150 times larger than
the identified human genome [6-8]. Accumulative evi-
dence shows that the host metabolism could be affected
by manipulation of the gut microbiota composition.
Furthermore, a growing body of evidence uncovers that
gut microbiota produce plenty of metabolites, some
of which are biologically active in systemic circulation
and play an important role in host [9, 10]. For example,
gut microbiota-dependent metabolite trimethylamine
N-oxide (TMAOQO) promotes atherosclerosis, participates
in the pathologic processes of heart failure (HF) and Car-
diovascular disease (CVD) [11, 12]. In addition, it has
been reported that microbiota derived short chain fatty
acids (SCFA) protects against cardiac hypertrophy, fibro-
sis, vascular dysfunction, and hypertension [13]. Thus,
through metabolism-dependent pathways, the gut micro-
biome can communicate with distal organs and play
important function. Furthermore, supported by accu-
mulating data of omics integration, the gut microbiota
and its metabolites were regarded as a novel therapeutic
target for kinds of diseases, such as chronic kidney dis-
ease [14], colorectal cancer [15], atopic dermatitis [16],
atherosclerosis [17], hypertension [18], heart failure [19].
Thus the contribution of microbiome and its metabolome
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to cardiovascular diseases, and the existence of gut-heart
axis were confirmed [20, 21].

Cardiac inflammation of experimental autoimmune
myocarditis (EAM) was induced by bacterial peptide
mimics, which was derived from the intestinal micro-
biota [22]. Notably, Xiao-Fan Hu et al. reported that
increased of microbial richness, diversity and Firmicutes/
Bacteroidetes ratio in the EAM mice [23]. These data
demonstrated that EAM was associated with gut micro-
biota dysbiosis. Except EAM, CVB3-induced AVMC, is
one of the widely accepted and most commonly used ani-
mal models of myocarditis [24, 25]. However, until now,
the interplay between metabolites and gut microbiota
has not been explored in AVMC.

Herein, we presented our study to firstly, systematically
and comprehensively explore the gut microbiome and
cardiac metabolome of mouse AVMC. 16 S ribosomal
DNA (16 S rDNA) gene sequencing technology was used
to identify changes of gut microbiome compositions.
Moreover, untargeted ultra-performance liquid chroma-
tography-tandem mass spectrometry (UPLC-MS/MS)
was applied to capture the alteration of cardiac metabo-
lites. Then the correlation between gut microbes and
metabolites was revealed by correlation analysis (Fig. 1).
The combined results based on these omics may help to
decipher the association of AVMC with gut microbiota
and cardiac metabolites, and provide novel insights into
pathogenesis for AVMC.

Methods

Experimental animals

Our study was performed in accordance with protocols
approved by the First Affiliated Hospital of Guangxi
Medical University Ethical review Committee, China.
Inbred male BALB/c mice (4-5 weeks of age) were
purchased from Beijing Weitong Lihua Experimental
Animal Technology (Beijing, China)[Permit Number:
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Fig. 1 Schematic diagram of the experimental protocol involved in the collection of heart and colonic luminal contents samples from the mouse
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SCXK(JING)2016-0006]. All animals were housed and
maintained in specific pathogen-free barrier facilities at
the Laboratory Animal Center of Guangxi Medical Uni-
versity and were given standard drinking water and fod-
der. CVB3 was provided by microbiology Laboratory of
Basic Medical College in Guangxi Medical University
(Nanning, China).

All mice were randomly divided into two groups: Con-
trol mice (n=7) and AVMC mice (n=7). The establish-
ment of AVMC mouse model performed as previously
described [26]. Brieflyy, AVMC mice were established
by a single intraperitoneal (i.p.) injection with 200 pL
of CVB3(Nancy strain, median tissue culture infective
dose TCID50=10°%) diluted in phosphate buffered saline
(PBS). At the same time, 200 pL PBS was injected to Con-
trol mice(i.p.). The day of injection was defined as day
0. Because the susceptible mouse strain, Balb/c, devel-
ops acute myocarditis around 10 to 14 days after infec-
tion [2], thus mice were killed under deep anesthesia by
sodium phenobarbital on day 14. Hearts were collected
and processed for untargeted metabolomic and histologi-
cal analyses. To obtain the colonic luminal contents for
microbiota composition, the entire colon was removed
under sterile condition, and the outer surface of the intes-
tine was washed with sterile water. Then colonic luminal
contents were collected with sterile ophthalmic tweezer
and placed in a sterile centrifuge tube for DNA extraction
and microbiome analysis [27, 28].

Histology

Hearts were fixed in 10% buffered formalin. Myocardial
inflammation was assessed by Hematoxylin and eosin
(H&E) as previously described [29]. The histological
assessments were performed by two independent pathol-
ogists, who evaluated the percentage of the size of the
heart section.

DNA extraction and high-throughput 16 S rDNA gene
sequencing for microbiome analysis

The genomic DNA of colonic luminal contents was
extracted using the FastDNA® Spin Kit for Soil (MP Bio-
medicals, USCAT NO.116,560-200, Omega Bio-tek,
Norcross, GA, U.S.) according to the manufacturer’s
guidelines. After verified by 1% agarose gel electrophore-
sis, 16 S ribosomal DNA (rDNA)-based amplification was
performed using the 515 F/806R primer set (5’ -GTGY-
CAGCMGCCGCGGTAA-3" /5" -GGACTACNVGGGT-
WTCTAAT-3") with a PCR thermocycler (ABI, CA,
USA), directionally targeting the V3 and V4 hypervari-
able regions of the 16 S rDNA gene. Then the PCR ampli-
fication of the 16 S rDNA genes were taken in triplicate
and performed as follows: 95°C for 3 min; 27 cycles of
denaturing at 95°C for 30 s, 55°C for 30 s, and 72°C for
45 s; a single extension at 72°C for 10 min, and ending
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at 4°C. After extracted from 2% agarose gel and purified
by the AxyPrep DNA Gel Extraction Kit (Axygen Bio-
sciences, Union City, CA, USA), the PCR product was
quantified by a Quantus™ Fluorometer (Promega, USA).
Library was built using the TruSeq® DNA PCR-Free Sam-
ple Preparation Kit before sequencing. After Qubit and
Q-PCR quantitation, the constructed library was quali-
fied and sequenced by Novaseq6000.

Processing of sequencing data

After truncating barcode and primer sequence,
the reads of the samples were spliced with FLASH
software(V1.2.11, http://ccb.jhu.edu/software/FLASH/)
[30], then Raw Tags were obtained. Quality filtering on
the raw tags were performed using the fastp (Version
0.20.0) software to obtain high-quality Clean Tags. These
Clean Tags were compared with the reference database
(Silva database https://www.arbsilva.de/) using Vsearch
(Version 2.15.0) to detect the chimera sequences, and
then the chimera sequences were removed to obtain the
Effective Tags [31]. Then Effective Tags are denoised by
using the QIIME2(Version QIIME2-202006), sequences
with abundance less than 5 are filtered out, thus, the final
ASVs (Amplicon Sequence Variants) were obtained. To
obtain species information for each ASV, the ASVs were
compared with the database(Silva 138.1), by using the
classify-sklearn module in QIIME2 software.

By using QIIME2, alpha diversity including Chaol,
Observed_features, faith_pd, Shannon_entropy and
Simpson, were performed to analyze the richness
and diversity in the sample. Weighted Unifrac and
Unweighted Unifrac were used to analyze beta diversity
and assess the diversity in samples for species complexity.
R software (Version 3.5.3) was used to find out the signif-
icantly different species at different taxonomic level. Fur-
thermore, Linear discriminant analysis effect size (LEfSe)
analysis of species differ significantly between AVMC
and Control groups, by using linear discriminant analy-
sis (LDA) to estimate the effect of the abundance of each
component (species) on the effect of the difference [32].

Heart preparation and UPLC-MS/MS data acquisition for
metabolomics analysis

After taken out from the —80 °C refrigerator, 20 mg of
heart sample were homogenized (30 HZ) for 20 s and the
centrifuge (3000 rpm, 4 °C) for 30 s. After 400uL of 70%
methanol water internal standard extractant were added,
heart samples were shaked (1500 rpm) for 5 min and
placed on ice for 15 min, and centrifuged (12,000 rpm,
4 °C) for 10 min. Then the supernatant (300 pL) was
transferred and stayed at -20 °C for 30 min. After cen-
trifuging (12,000 rpm, 4 °C) for 3 min, the 200 pL of
supernatant was taken for analysis, by using high-perfor-
mance liquid chromatography-electrospray tandem mass
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spectrometry (LC-ESI-MS/MS) system (UPLC, ExionLC
AD; MS, QTRAP® 6500+ System, Sciex). Based on the
metabolites eluted during this period, we annotated the
metabolites through the self-built target standard data-
base MWDB (metware database) by widely target UPLC-
MS/MS platform of Metware Biotechnology Co., Ltd
(Wuhan, China).

UPLC-MS/MS-based metabolomics data analysis

By using statistics function prcomp within R (www.r-
project.org), we performed Unsupervised PCA (principal
component analysis). Heatmaps with dendrograms were
used to display the HCA (hierarchical cluster analysis)
results of samples and metabolites. VIP>=1 and absolute
Log2FC (fold change)>=1 was used to identified signifi-
cant changed metabolites between AVMC and Control
groups. For VIP whose values were extracted from OPLS-
DA result, it is generated by using R package MetaboAn-
alystR. And the OPLS-DA result contained score plots
and permutation plots. Before OPLS-DA, the data was
log transform (log2) and mean centering. The differential
metabolites identified according to the screening criteria
were annotated in KEGG database (http://www.kegg.jp/
kegg/compound/), and classified according to the path-
way types in KEGG (http://www.kegg.jp/kegg/pathway.
html). Using a hypergeometric test’s p-value for a given
list of metabolites, significantly enriched pathways were
identified.

Statistics analysis

All data were plotted as the averagetstandard error
of the mean. A p value of less than 0.05 was considered
to be statistically significant. Wilcoxon rank-sum test
was used to compare bacterial diversity and abundance
between different groups. Heat maps were constructed
based on the Wilcoxon rank-sum test at ASVs level.
Correlation analysis of the gut microbiome and cardiac
metabolites was performed by Spearman’s rank correla-
tion. Correlation | r | > = 0.8 and P-value<0.05 was sta-
tistically significant.

Results

Evaluation for the severity of AVMC

Signs of AVMC were apparent in AVMC mice, including
weight loss, weakness, anorexia, coat ruffling, irritability
and lethargy. 2 of 7 mice died in the AVMC group, but
no one died in the Control group. Compared with Con-
trol group, the cardiac pathological scores of AVMC were
dramatically increased (2.6+0.4, p<0.05), because seri-
ous inflammatory cell infiltration was observed (Fig. 2A).
The pathological scores were 0 in Control group.
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Decreased bacterial diversity in AVMC

In microbiome investigation, 2509 ASVs were obtained
following taxonomic assignment (Supplementary Table
S1). For Alpha diversity, levels of Chaol, Observed_fea-
tures and faith_pd, were not significantly different, indi-
cating the alteration of species richness indices between
AVMC and Control groups were not significant. Com-
pared with Control group, the AVMC group displayed
significantly down-regulated levels of Shannon_entropy
and Simpson (p<0.05), indicating decreased species
diversity in AVMC group (Fig. 2B). For Beta diversity,
separation of the two groups was confirmed on the basis
of the Weighted Unifrac PCoA (Fig. 2C).

Alternations of colon microbial composition associated
with AVMC

The relative proportions of dominant taxa at the phy-
lum level were assessed by microbial taxon assignment
in colonic luminal contents. The most predominant
phyla were Firmicutes, Bacteroidetes, Proteobacteria,
Deferribacterota, and Actinobacteria. Compared with
Control group, significant lower proportion of Bacte-
roidetes (62.76% vs. 3.37%, p<0.01) and Deferribacte-
rota (2.3% vs. 0.05%, p<0.05) were observed in AVMC
group. While higher proportion of Proteobacteria (3.69%
versus 58.24%, p<0.01) were observed in AVMC group.
There was no significant change concerning other phyla
groups including Firmicutes (29.86% versus 37.63%) and
Actinobacteria (0.97% versus 0.57%) between the two
groups (Fig. 3A). Compared with Control group, pro-
foundly increased Firmicutes/Bacteroidetes ratio (F/B)
was detected in AVMC group(0.51% vs. 14.63% p<0.01).
At genus level, higher proportion of Raistonia was con-
firmed in AVMC group (Figure S1).

LEfSe was further performed to identify the specific
bacteria associated with AVMC (Fig. 3B). Compared
with the Control group, the relative abundance of 16 taxa
in the AVMC group increased, while 20 taxa decreased
(Fig. 3C). Among them, 10 opportunistic pathogens sig-
nificantly overrepresented (all LDA scores (log10)>4.8)
in the AVMC group, including ¢__Gammaproteobac-
teria, p__ Proteobacteria, c_ Bacilli, o__Lactobacillales,
f Burkholderiaceae, g_ Ralstonia, o__Burkholderiales,
o__Pseudomonadales, f Pseudomonadaceae, g_ Pseu-
domonas. Whereas the Control mice primarily showed
higher enrichment of Bacteroidales including p__Bacte-
roidota, ¢__ Bacteroidia, o__Bacteroidales, f Muribacu-
laceae, g Muribaculaceae, c__Clostridia (LDA scores
(log10)>4.8). The relative abundances of these 136 ASVs
were further analyzed by clustering analysis represented
by a heat map (Fig. 4). The AVMC group was enriched
with 24 ASVs, but the Control group was enriched with
112 ASVs.
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Fig. 2 Gut microbial characteristics of AVMC and Control groups.(A):Representative of myocardial histopathologic images in AYMC and Control group
(H&E, original magnification x 200). (B): Species diversity were estimated by the Observed_features, Chao1, Simpson, Shannon_entropy and faith_
pd,indices; (C): PCoA plot based on the relative abundance of ASVs showed the bacterial structural clustering. Weighted UniFrac PCoA plots and Un-
weighted UniFrac PCoA plots were used. AYMC group (red dots); Control group (blue dots), where dots represent individual samples. AVMC, acute viral

myocarditis. **p <0.01, Control group (n=7), AYMC group (n=5)

Global overview of cardiac metabolism in the AVMC and
Control groups

We subsequently performed metabolome analysis of
heart samples using a UPLC-MS/MS-based nontargeted
metabolomics. We identified 961 metabolites in the two
groups, which were mapped onto 87 different KEGG
metabolic pathways such as Carbohydrates metabolism,
organic acid metabolism, and Biosynthesis of cofactors
(Supplementary Table S2). Deferentially accumulated
and significantly changed metabolites were classified into
19 compound groups, with the first 4 groups account-
ing for 59% of the total metabolites (Fig. 5A). Amino
acids and metabolomics, which were the most abundant
accounting for 24% of the total compounds, contained
230 metabolites. The fatty acyl class, Organic acids and
the derivatives, Glycerophospholipids accounted for
13%, 12%, and 10%, respectively. Among the quanti-
fied 961 metabolites in the two groups, 146 metabolites
were significant difference between AVMC and Con-
trol groups. Compared with Control group, 62 metabo-
lites were increased while 84 were decreased in AVMC
group(Supplementary Table S3).

Clustering, correlation, and multivariate analysis reveal
discriminatory metabolites between the AVMC and Control
groups

We further performed HCA analysis on the metabolite
abundances in the AVMC and Control groups, and the
results displayed 17 large clusters (Fig. 5B). Concerning
the metabolite clusters, significant difference was found
between AVMC and Control groups, including organic
acid and its derivatives, FA, Heterocyclic compounds,
Hormones and hormone related compounds, Carbo-
hydrates and its metabolites, Bile acids, CoEnzyme and
vitamins, GL, Nucleotide and its metabolomics, Cholines
and Pigments. Specifically, higher abundances of nucleo-
tide and its metabolomics were observed in the Control
group, such as Guanosine-5’-monophosphate (5-GMP).
Hormones and hormone related compounds such as
Desoxycortone, 21-Deoxycortisol, were also overrep-
resented in the AVMC group (Fig. 5C). Meanwhile, a
significant correlation was identified between these
metabolites (Figure S2).

Based on the first two principal components, PC1
(28.36%) and PC2 (20.87%), metabolic differences
between the AVMC and Control groups were confirmed
by PCA analysis (Fig. 6A). Meanwhile, OPLS-DA analysis
found several specific metabolites significantly enriched
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A Phylum
Taxonomy Total Control AVMC
100
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g Em Nitrospirota P_Firmicutes 239261 0.332076 0.29863 0.3763
T 754 mm Acidobacteriota
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] ;
® B Actinobacteriota P_Deferribacterota | 9009 0012504 002299 0.00049
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5 B Bacteroidota
S 25 . P_Cyanobacteria 512 0.000711 0.000105 0.00032
g mm Proteobacteria
a . P_Desulfobacterota | 964 0.001338 0.00186 0.00075
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0 P_Acidobacteriota | 305 0.000423 0.00075 0.00005
Control  AVMC P_Nitrospirota 299 0.000415 0.00057 0.00024
Group Name
B C p—
Cladogram

LDA SCORE (log 10)

Fig. 3 Gut microbiome structure analysis between AYMC and Control groups. (A): Component proportion of bacterial phylum in each group. (B-C) Linear
discriminant analysis (LDA) integrated with effect size (LEfSe), (B): Cladogram indicating the phylogenetic distribution of microbiota correlated with the
AVMC and Control groups, and (C): The differences in abundance between the AVYMC and Control groups

in AVMC group, such as L-Lysine-Butanoic Acid, Beta-
ine, Shikimic Acid (Fig. 6B and C). On the other hand,
higher abundances of metabolites in Control group were
able to differentiate AVMC from Control groups, such as
LPC (i.e., 20:3/0:0), LPE (i.e., 16:1/0:0), LPS (i.e., 16:2/0:0),
and Hexanoyl Glycine (Fig. 6C). Pathway analysis was
further used for these differential metabolites. Among
20 pathways, the Steroid hormone biosynthesis, Cortisol
synthesis and secretion related metabolic pathway were
most significantly enriched(Fig. 6D). Taken together,
AVMC mice presented a specific cardiac metabolome in
our study.

Association of the dysregulation metabolites with gut
microbial dysbiosis in AVMC

Steroid hormone biosynthesis related metabolic pathway
was the most significantly enriched pathway. Moreover,
its differential metabolites showed significant positive
correlation with gut microbial 21-Deoxycortisol, Corti-
costerone, Cortodoxone and 11-Dehydrocorticosterone,
were significantly positively correlated with Streptococ-
cus, Enterococcus, Romboutsia, Lactobacillus (Fig. 6E).
Notably, estrone 3-sulfate was significantly positively
correlated with Streptococcus and Enterococcus. As the

highest VIP score metabolite, L-Lysine-Butanoic Acid
showed a negatic correlation with g Ruminococcus_
gnavu and g_Eubacterium_xylanophilum (Figure S3).

Discussion

Enteroviruses CVB3, the dominant cause factor for
AVMC, is taken into esophageal and gastrointestinal
tracts via fecal-oral route [2]. Confirmed by clinical prac-
tice, myocarditis is considered as a rare extraintestinal
complication of inflammatory bowel disease that can
appear as an initial manifestation of Crohn’s disease [33].
Thus our current work aims to elucidate whether a causal
link exists between CVB3-induced AVMC and gut. To
our knowledge, our study is the first attempt to investi-
gate the changes of gut microbiota and metabolome in an
animal model of CVB3-induced AVMC.

Our results demonstrated profound changes of the gut
microbiome, marked by altered composition and reduced
diversity of the bacterial population in AVMC mice. The
Control group was enriched with 112 ASVs, while the
AVMC group was only enriched with 24 ASVs, and these
differentially abundant microbiota were sufficient to dif-
ferentiate the microbiota of normal and AVMC mouse.
F/B ratio was considered as common hallmarks of heart
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Fig. 5 Cardiac metabolism characteristics of AVMC and Control groups. (A): The pie diagrams contain the percentages of identified metabolites classes
in two groups. (B): Important discriminatory metabolites between the AVMC and Control groups. (C): Volcano plot of the differentially accumulated [log2

(fold-change) on X-axis] and significantly changed [VIP on Y-axis] metabolites
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important discriminatory metabolites obtained from the OPLS-DA models. (D): Differential metabolites enriched in 20 KEGG pathways. (E): Correlation
analysis of the Steroid hormone biosynthesis related metabolites and gut microbiome. *p <0.05, denoted statistical significance between bacterial taxa

and metabolites

disease. Higher F/B ratio of the AVMC group, suggests
disordered physiological processes in AVMC. Dramatic
decreased abundance of Bacteroidetes was observed
in AVMC group. Cristina Gil-Cruz et al. reported that
heart-specific CD4* T cells in myocarditis can cross-
react with the microbial components anti-Bacteroides
IgG in the intestine [22], thus highlighting the possibil-
ity of transforming AVMC into a targetable disease by
manipulation of the microbiome such as Bacteroidetes.

Firmicutes, Bacteroidetes, Proteobacteria and Actino-
bacteria were the most dominant bacterial phyla in our
AVMC mice. Interesting, we observed diverse structures
of microbiota between the AVMC and EAM [23]. Those
differences are mainly attributed to the different animal
models of myocarditis, since EAM was induced by the
cardiac myosin heavy chain, while AVMC was induced by
enteroviruses CVB3 which is cardiotropic.
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Similar to the result of EAM [23], LEfSe analysis con-
firmed higher proportion of f-Lactobacillaceae in AVMC
mouse. F-Lactobacillaceae might play an important
protective role in AVMC owing to its ability to improve
ischaemia tolerance [34], raise left ventricular function
[19], and help blood pressure regulation [35]. As one
of the most abundant genera in the AVMC group, Ral-
stonia positively correlated well with enriched shikimic
acid, negatively with hexanoyl glycine and lysophospha-
tidylethanolamine (LPE). Ralstonia species have been
identified to utilize fatty acids for polyhydroxyalkanoates
production [36],be associated with the pathogenesis of
infective endocarditis [37]. Thus opportunistic patho-
gens Ralstonia may aggravate AVMC through metabo-
lisms of Amino acid, Organic acid and GP. In addition,
AVMC group was rich of Pseudomonas, which is con-
sidered as an enterotoxin-producing bacterium, and
participating with kinds of intestinal and extra-intestinal
infections [38]. Furthermore, Pseudomonas has shown a
negative correlation with LPC, LPE and LPS [5], which is
the major component of the outer membrane of Gram-
negative bacteria and can trigger numerous downstream
signaling processes [39]. Those data point to the poten-
tial effect of Pseudomonas on toxin production. Based on
previous studies concerning gut dysbiosis and cardiovas-
cular disease [24, 40], we hypothesized that microbiome
alteration is an important cause of AVMC. Future experi-
ments focusing on germ-free fecal transplantation would
help to dissect cause from effect.

Dysbiosis of the gut microbiota in AVMC mouse was
accompanied with the fluctuation of cardiac metabo-
lome. The discriminating metabolites were mainly
involved in GP, amino acid metabolism, FA, nucleotide
metabolism and hormones and hormone related com-
pounds. Compared with females, the incidence and
seriousness of myocarditis is higher in males, which
implied that sex differences was critical in AVMC
[3, 2, 1]. In our study, metabolites about androgens,
such as P-hydroxytestosterone, did not show signifi-
cant change between AVMC and Control group. Con-
trary, estrone 3-sulfate significantly increased in AVMC
mouse (FC=7.59). Accumulating evidence confirmed
Estrogen’s capacity to decrease cell-mediated immune
responses and activate B cells, resulting in increased
antibody responses to infection and autoantigens, while
androgens have the opposite effect [41]. Therefore, high
level of Estrogen may play an important protective role
in AVMC. Importantly, estrone 3-sulfate showed a sig-
nificantly positive correlation with Streptococcus and
Enterococcus, indicating that supplement of these micro-
biota in gut might be a promising therapy for AVMC.

In the alteration of nucleotide and its metabolomics,
the dramatic change in purine metabolism was con-
firmed by 7 increased metabolites, such as adenine and
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adenosine. Furthermore, steroid hormone biosynthe-
sis pathway is significantly enriched in AVMC, with the
highest enrichment density, including higher levels of
21-Deoxycortisol, Corticosterone, Cortodoxone and
11-Dehydrocorticosterone. Positive correlations were
observed between these metabolomics and gut micro-
biota, including Streptococcus, Enterococcus, Rom-
boutsia, and Lactobacillus. Clinical trials have shown the
improvement of left ventricular ejection fraction after
immunosuppression with azathioprine and prednisone
[1, 42]. Thus purine and steroid hormone biosynthesis
metabolism and their relative microbiota might be prom-
ising path way for immunosuppressive therapy to AVMC.

Of the total 146 deferentially expressed metabolites in
AVMC mouse, 36 were involved in glycerophospholipids
(GP) metabolism, mainly increased levels of LPC, LPS
and LPE. These lysophospholipids (LPLs) were not only
structural components of cellular membranes, but also
biologically active molecules influencing a broad variety
of processes such as immunity [43]. As a pro-inflamma-
tory LPC, it is involved in modulation of T cell functions
and immunity, triggering IL-1p processing and release
[44], enhancing the expression of IFN-y [45]. Therefore,
the increased GP metabolism reprogramming may aggra-
vate the development of AVMC.

Different from our previous data which obtained from
sera of AVMC mouse and performed by NMR-based
metabonomic analyses [29], our current data recov-
ered that amino acid and its 15 metabolomics were all
increased in AVMC, including betaine with high VIP
score. As an intracellular osmolyte, betaine can prevent
premature apoptosis [46, 47]. Higher baseline levels of
betaine are associated with an increased risk of atrial
fibrillation, heart failure and ischemic stroke [47, 48].
Furthermore, a positive correlation was found between
betaine and g__ Ruminococcus__gnavus_group, consis-
tent with previous report that Ruminococcus increased
the level of betaine [49]. Increased of taurocholic acid was
seen in AVMC group. As an important bile acid which
can decrease the expression of pro-inflammatory cyto-
kines and chemokines [50], taurocholic acid may pro-
mote the healing of AVMC. As the main source of energy
for cardiac mechanical work, fatty acid (FA) metabolo-
mics such as FFA (16:1) were decreased in AVMC group,
consistent with previous findings in bacterial myocardi-
tis [51]. While Phosphate sugars metabolomics such as
D-Glucose 6-Phosphate increased, indicating improve-
ment of cardiomyocytes energy demand in AVMC.

Conclusion

In summary, our findings provide evidence of microbial
dysbiosis and metabolites dysregulation in AVMC, sug-
gest gut microbiome may participate in the development
of AVMC, the mechanism may be related to metabolism
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reprogramming involving several pathways such as hor-
mones and hormone related compounds. Our findings
provide a new perspective for understanding the patho-
genesis and directions of therapies for AVMC.
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