
Zhou et al. Microbiome           (2022) 10:82  
https://doi.org/10.1186/s40168-022-01271-6

RESEARCH

Gut microbiome mediates the protective 
effects of exercise after myocardial infarction
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Abstract 

Background: Gut microbiota plays important roles in health maintenance and diseases. Physical exercise has been 
demonstrated to be able to modulate gut microbiota. However, the potential role of gut microbiome in exercise 
protection to myocardial infarction (MI) remains unclear.

Results: Here, we discovered exercise training ameliorated cardiac dysfunction and changed gut microbial rich-
ness and community structure post-MI. Moreover, gut microbiota pre-depletion abolished the protective effects of 
exercise training in MI mice. Furthermore, mice receiving microbiota transplants from exercised MI mice had better 
cardiac function compared to mice receiving microbiota transplants from non-exercised MI mice. Mechanistically, 
we analyzed metabolomics in fecal samples from exercised mice post-MI and identified 3-Hydroxyphenylacetic acid 
(3-HPA) and 4-Hydroxybenzoic acid (4-HBA), which could be applied individually to protect cardiac dysfunction post-
MI and apoptosis through NRF2.

Conclusions: Together, our study provides new insights into the role of gut microbiome in exercise protection to MI, 
offers opportunities to modulate cardiovascular diseases by exercise, microbiome and gut microbiota-derived 3-HPA 
and 4-HBA.
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Background
The number of genes associated with gut microbes 
vastly exceed the total complement of genes in the host 
[1]. The gut microbiome is critical for maintaining host 
physiology and homeostasis through metabolic exchange 
and co-metabolism of substrates [2]. Moreover, the gut 
microbiome has emerged as an important regulator in 
numerous facets of human health and disease. Mount-
ing evidence has linked alterations of gut microbiome 
with a variety of disease including obesity, type 2 diabe-
tes mellitus, fatty liver, hypertension, heart failure, and 

myocardial infarction (MI) [3–9]. As the gut microbiome 
is therapeutically modifiable, manipulation represents a 
novel opportunity to combat chronic diseases.

MI is a major cause of death worldwide [10]. With the 
advances in therapeutic approaches of mechanical reper-
fusion such as percutaneous coronary intervention (PCI), 
the acute mortality rates of MI have been significantly 
reduced while the post-infarction cardiac remodeling 
and heart failure has been a huge healthcare and eco-
nomic burden [11]. Cardiac rehabilitation (CR) is a rec-
ommended effective adjunct therapy for patients of MI 
and exercise training is a powerful tool in CR programs 
[12, 13]. Exercise-based CR can lead to improved exercise 
capacity and prognosis in MI patients [14]. Understand-
ing the molecular mechanism underlying the protective 
effects of exercise in MI can help identify novel therapy 
for post-infarction cardiac remodeling and heart failure.
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Alterations of the gut microbiome have been reported 
upon MI in both animal models and human patients 
[15, 16]. Mice receiving exercise training demonstrated 
favorable changes in the composition of gut microbiota 
[17]. In humans, athletes have a higher richness and 
diversity of the gut microbiome [18]. However, the role 
of gut microbiome in the protective effects of exercise in 
cardiac dysfunction post-MI is unclear. In our study, we 
aimed to explore the potential roles of gut microbiome in 
exercise protection in MI.

Methods
Animals
Male C57BL/6 mice aged 8–10  weeks were purchased 
from Cavens Lab Animal (Changzhou, China), and 
raised at the specific pathogen-free (SPF) labora-
tory animal facility of Shanghai University (Shanghai, 
China). Mice were maintained on a 12-h light/dark 
cycle at 25  °C and provided free access to commercial 
rodent chow (sterilized by Cobalt-60) and tap water 
(high-temperature sterilization) before initiation of 
the experiments. Randomized grouping was used and 
the same group of mice were co-housed with less than 
5 animals per cage. All animal experiments were in 
accordance with the guidelines approved by the com-
mittee on the Ethics of Animal Experiments of Shang-
hai University.

Left anterior descending coronary artery was ligated 
to create the MI mice model, as we applied before [19]. 
Under sterile conditions, left anterior descending coro-
nary artery was tied by a 7–0 silk suture. Sham-operated 
(Sham) mice were treated with the same surgery without 
tying the left anterior descending coronary artery. Exer-
cise therapy via running was carried out 1-week after MI 
surgery.

In the running model, MI mice were placed in a tread-
mill, starting from 10 min with 5 m per minute and we 
increased distance 2 m per minute each day until 60 min 
at 15 m per minute [20]. Mice were sacrificed after train-
ing a total of 8 weeks of running.

The treadmill running test was used to measure endur-
ance capacities of mice. Mice were placed in the treadmill 
to adapt to the environment for 5 min and then run at the 
speed of 15 m/min. We increased the speed by 1 m/min 

every 4 min and recorded the running speed and running 
time when the mice were exhausted. According to the 
speed and time, the general movement path of mice was 
calculated as endurance capacities.

Transthoracic echocardiography examination was used 
to determine cardiac function as demonstrated by left 
ventricular ejection fraction (EF) and fractional shorten-
ing (FS) performed with the VisualSonics Vevo 2100sys-
tem (VisualSonics Inc, Toronto, Ontario, Canada) with a 
30 MHz central frequency scan head and measured from 
M-mode images taken from the parasternal short-axis 
view at papillary muscle level. Each mouse was anesthe-
tized with 1.5% isoflurane and measured at least three 
times.

16S rDNA profiling of gut microbiota in mice
At the endpoint of the experiments, one mouse was put 
in a cage and then the mice feces (100 mg per mice) col-
lected under sterile conditions were frozen using liquid 
nitrogen and stored at –  80  ℃. Fecal samples, packed 
with dry ice, were sent for analyses to the laboratory at 
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, 
China).

The total genomic DNA was isolated from mice feces 
samples using the QIAGEN QIAamp Fast DNA Stool 
Mini Kit, according to manufacturer’s instructions. After 
checked on 1% agarose gel and determined with Nano-
Drop 2000 UV–vis spectrophotometer, the hypervariable 
region V3-V4 of the bacterial 16S rRNA gene were ampli-
fied by an ABI GeneAmp® 9700 PCR thermocycler. The 
primer pairs used: 338 forward primer (5′-ACT CCT ACG 
GGA GGC AGC AG-3′) and 806 reverse primer (5′-GGA 
CTA CHVGGG TWT CTAAT-3′). The PCR reactions 
were performed in triplicate according: 5 × TransStart 
FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer 
(5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, TransStart 
FastPfu DNA Polymerase 0.4  μL, template DNA 10  ng, 
and finally  ddH2O up to 20 μL. The PCR conditions were 
as follows: 95 °C for 3 min, followed by 27 cycles of 95 °C 
for 30 s, 55 °C for 30 s, 72 °C for 45 s, and an extension 
of 72  °C for 10  min. All PCR products were extracted 
from agarose gels (2% in TAE buffer) and purified with 
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, 

Fig. 1 Running training protects against cardiac dysfunction after MI. A The schedule of running training after MI. B Running increased ejection 
fractions (EF) and fractional shortening (FS) post-MI (n = 10:12:17:12). C Running increased endurance capacity post-MI (n = 10:12:17:12). D, E 
Running decreased cardiac ANP and BNP mRNA expression post-MI (n = 6:6:6:6). F Running decreased cardiac fibrosis post-MI (n = 10:12:12:11). 
G Running decreased cardiac cross sectional area post-MI by H&E (n = 7:8:8:8). H Running decreased cardiac cross sectional area post-MI by WGA 
(n = 9:9:9:9). I Running decreased cardiac Bax/Bcl2, cleaved Caspase3/Caspase3 and Collagen1 post-MI (n = 6:6:6:6). Scale bar: 50 μm in F and 25 μm 
in G and H. Data were represented as mean ± SD. Significant differences were assessed by two-way ANOVA followed by Bonferroni’s multiple 
comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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USA), and quantified using a QuantiFluor™-ST fluores-
cent quantitative system (Promega, USA).

Purified amplicons were constructed and paired-end 
sequencing was performed on an Illumina MiSeq plat-
form (Illumina, USA) by Majorbio Bio-Pharm Technol-
ogy Co. Ltd. (Shanghai, China). The raw 16S rRNA gene 
sequencing reads were demultiplexed and quality-filtered 
using fastp (version 0.20.0) [21], then merged by FLASH 
(version 1.2.7) [22]. Then the high-quality sequences 
were de-noised using DADA2 plugin in the Qiime2 (ver-
sion 2020.2) pipeline with recommended parameters, 
which obtains single nucleotide resolution based on error 
profiles within samples. Taxonomic assignment of ampli-
con sequence variants (ASVs) was performed using the 
Naive bayes consensus taxonomy classifier implemented 
in Qiime2 and the SILVA 16S rRNA database (v138). 
Analyses of the 16S rRNA microbiome sequencing data 
was performed using the free online platform of Major-
bio Cloud Platform (cloud.majorbio.com).

For 16S rRNA statistical analyses, Pan was calculated 
by Usearch. Alpha diversity was calculated by Mothur. 
Principal co-ordinates analysis (PCoA) and non-metric 
multidimensional scaling analysis (NMDS) were per-
formed by R version 3.3.1, vegan, and mixOmics pack-
age, and significant differences were assessed by analysis 
of similarities (ANOSIM). Enterotype analysis was cal-
culated by the statistical clustering method, which was 
based on Jensen-Shannon distance (JSD). Correlation 
analysis was assessed by Spearman. Heatmap, barplot, 
and pielot were performed by R version 3.3.1, vegan, and 
mixOmics package. Significant differences were assessed 
by Wilcoxon rank-sum with FDR.

Antibiotic treatment and fecal microbiota transplantation
The maximal dose of antibiotic cocktail was prepared 
by mixing ampicillin (0.25  mg/mL), metronidazole 
(0.25  mg/mL), neomycin (0.25  mg/mL), and vancomy-
cin (0.125 mg/mL) in autoclaved water [15]. Animals that 
received the antibiotic cocktail were referred to as ABX 
mice, whereas drink autoclaved water were referred to as 
untreated mice. ABX mice drank maximal dose of antibi-
otic cocktail for 7 days post-MI surgery, followed by nor-
mal autoclaved water. 1/4 ABX mice received a 25% dose 
of the antibiotic cocktail until the end of the experiment.

For microbiota transplantation, the endpoint-mice 
fecal samples (100 mg per mice), collected under sterile 
conditions, were resuspended with pre-cooled PBS, cen-
trifuged for supernatant with 1000 rpm for 5 min at 4 °C, 
and this step was repeated twice. Then glycerin (20%) 
was added before storage at –  80 ℃. Mice drank maxi-
mal dose of antibiotic cocktail for 7 days post-MI surgery 
and then were orally inoculated (200 μL for each mouse) 
at 1-day interval for 1 week. Cardiac function and histo-
pathological detection were detected after 8 weeks.

MicrobioMET
At the endpoint of the experiments, one mouse was put 
in a cage and then feces samples (100 mg per mice) col-
lected under sterile conditions were frozen using liquid 
nitrogen and stored at –  80  ℃. Fecal samples packed 
with dry ice were sent to the laboratory at Metabo-Pro-
file Biotechnology Co., Ltd. (Shanghai, China). Metabo-
Profile lnc. (Shanghai, China) performed the quantitation 
of bacterial metabolites as previously reported [23, 24], 
using a database composed of 132 standards obtained 
from Sigma-Aldrich (St. Louis, MO, USA), Steraloids Inc. 
(Newport, RI, USA), and TRC Chemicals (Toronto, ON, 
Canada). In this project, the microbial metabolites were 
quantitated by ultra-performance liquid chromatography 
coupled to tandem mass spectrometry (UPLC-MS/MS) 
system (ACQUITY UPLC-Xevo TQ-S, Waters Corp., 
Milford, MA, USA).

Univariate statistical analyses were assessed either by 
student T test or Wilcoxon Test, depending on the nor-
mality of data and homogeneity of variance. Multivariate 
statistical analyses (OPLS-DA) were used to observe the 
similarities and dissimilarities among the groups. Path-
way bubbleplot and network diagram were assessed by R 
language, ggplot2 package, and igragh and Cairo packets. 
Correlation analysis was assessed by Spearman.

Metabolites treatment
To prepare the metabolites supplement, 3-Hydroxyphe-
nylacetic acid (3-HPA, SANTA CRUZ), 4-Hydroxyben-
zoic acid (4-HBA, SIGMA), and p-Hydroxyphenylacetic 
acid (4-HPA, SIGMA) were individually dissolved in 
autoclaved in saline. Mice drank maximal dose of the 
antibiotic cocktail for 7  days post-MI surgery and then 

(See figure on next page.)
Fig. 2 Running training changes gut microbial richness and community structure in mice after MI. A Pan analysis for four groups based on genus 
level (n = 7:18:12:12). B Fecal bacterial community at the phylum level among Sham + control, MI + control, Sham + Run, and MI + Run. C PCoA 
analysis based on the relative abundance of genus between Sham + control and MI + control groups. D PCoA analysis based on the relative 
abundance of genus between MI + control and MI + Run groups. E A total of 49 samples were clustered into enterotype 1 (green), enterotype 2 
(red), and enterotype 3 (blue) at the genus level. F The percentage of Sham + control, MI + control, Sham + Run, and MI + Run samples distributed 
in three enterotypes. G Five changed genera among Sham + control, MI + control, Sham + Run, and MI + Run. Significant differences were assessed 
by ANOSIM analysis in C, D; abund jaccard analysis in E; Wilcoxon rank-sum with FDR in F. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 2 (See legend on previous page.)
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were orally inoculated (3-HPA, 4-HBA, 4-HPA, 6, 25 mg/
kg per day) at 1-day interval for 4 weeks.

Histological analysis
Histopathological detection was used to analyze ven-
tricular remodeling. Hematoxylin–Eosin (HE) staining 
and wheat germ agglutinin (WGA) staining was used 
to measure cardiomyocyte size. For HE staining, mouse 
heart tissue fixed in 4% paraformaldehyde followed by 
buried with paraffin. Paraffin Sect.  (5  μm) were treated 
with Xylene and Ethanol separately. Section incubated 
with Hematoxylin staining and Eosin staining gradually 
and 30–60 fields per Sect.  (400 × magnification) were 
viewed under microscope. For WGA staining, mouse 
heart tissue snappily frozen in OCT at –  80 ℃. Frozen 
Sects.  (10  μm) were fixed in 4% paraformaldehyde fol-
lowed by washing with PBS. Section incubated with 
WGA-FITC (1:100, sigma # L4895) and DAPI gradually 
and 30–60 fields per Sect.  (400 × magnification) were 
viewed. Cell size was measured with ImageJ.

Cardiac fibrosis was evaluated by Masson’s Trichrome 
staining. For Masson’s Trichrome staining, mouse heart 
tissues were fixed and treated with same way of paraf-
fin section. Then section successively incubated with 
iron hematoxylin staining, ponceau acid magenta, phos-
phomolybdate staining, and aniline blue dyeing. Then 
glycerin sealed section and 20 fields per Sect. (200 × mag-
nification) were viewed. Fibrosis was measured with 
ImageJ.

Cell isolation, culture, treatments, and immunofluorescent 
staining
Neonatal rat cardiomyocytes (NRCMs) were isolated 
and cultured as previously reported [25, 26]. To induce 
OGD/R, NRCMs were firstly cultured for 8 h with serum-
free no glucose DMEM (Gibco, U.S.A) in an air-tight 
chamber with a humidified hypoxic atmosphere con-
taining 5%  CO2 and 95%  N2 at 37  °C. After exposure to 
oxygen glucose deprivation for 8 h, the culture medium 
was replaced with serum and glucose-containing DMEM 
and transferred to a normal incubator for recovery for 
12 h. For metabolites treatment, 3-HPA and 4-HBA were 
incubated with indicated duration and concentration. 
Terminal deoxynucleotidyl transferase-mediated dUTP 

in  situ nick-end-labeling (TUNEL) staining was con-
ducted to detect apoptotic nuclei by confocal microscopy 
in α-actinin-labeled cardiomyocytes, as described before 
[27]. Fifteen fields/sample (200 × magnification) were 
viewed under a confocal microscope (Leica, Germany).

RNA isolation and relative quantitative RT‑PCR
RNA isolation and relative quantification RT-PCR were 
performed as described previously [26]. The sequences 
of primers used for RT-PCR were as follows. ANP for-
ward: AGC CGT TCG AGA ACT TGT CTT, ANP reward: 
CAG GTT ATT GCC ACTT AGG TTC A, BNP forward: 
GAG TCC TTC GGT CTC AAG  GC, BNP reward: TACAG 
CCC AAA CGA CTG ACG. 18 s RNA were used as inter-
nal controls.

Western blotting
Mouse heart tissue were lysed by RIPA lysis buffer (Key-
gen Biotech) complemented with phenylmethylsulfo-
nyl fluoride (PMSF). BCA Protein Assay (TaKaRa) was 
adopted to determine protein concentrations. After equal 
quantities, total proteins were separated in SDS-PAGE 
gel (10–12%). Using wet tank transfer method, protein 
bands were transferred onto PVDF membranes (PALL). 
After blocked with 5% BSA and washed with TBST, pro-
tein bands were blotted with primary antibodies at 4  °C 
overnight as follows: Bax (Abclonal, A12009, 1:1000 
dilution),  Bcl2 (affbiotech, AF6139, 1:1000 dilution), 
Caspase3 (Abclonal, A2156, 1:1000 dilution), COL1A2 
(Bioworld, BS1530, 1:1000 dilution), NRF2 (Abclonal, 
A0674, 1:1000 dilution), and β-actin (Bioworld, AP0060, 
1:10,000 dilution). After washing with TBST, protein 
bands were blotted with HRP conjugated secondary anti-
body and monitored using ECL buffer (Tanon). Quantifi-
cations of Western Blots were measured with ImageJ.

Statistical analysis
Data from the mouse and cell model were expressed as 
mean ± SD. Significant differences were assessed either 
by two-tailed student t test, one-way ANOVA followed 
by Bonferroni’s post hoc test, or two-way ANOVA fol-
lowed by Bonferroni’s post hoc test when appropriate. P 
values less than 0.05 were statistically different. Analyses 
were performed using GraphPad Prism 7.0.4.

Fig. 3 Gut microbiota pre-depletion by antibiotics abolishes the protection of running in MI. A Antibiotics (ABX and 1/4 ABX) decreased EF and 
FS in MI + Run mice (n = 8:10:10). B Antibiotics decreased endurance capacity in MI + Run mice (n = 7:7:7). C, D Antibiotics increased cardiac ANP 
and BNP mRNA expression in MI + Run mice (n = 6:6:6). E Antibiotics increased cardiac fibrosis in MI + Run mice (n = 7:6:8). F Antibiotics increased 
cardiac cross sectional area in MI + Run mice by H&E (n = 6:7:5). G Antibiotics increased cardiac cross sectional area in MI + Run mice by WGA 
(n = 8:8:8). H Antibiotics increased Bax/Bcl2, cleaved Caspase3/Caspase3 and Collagen1 in MI + Run mice (n = 6:6:6). Scale bar: 50 μm in E and 
25 μm in F and G. Data were represented as mean ± SD. Significant differences were assessed by one-way ANOVA followed by Bonferroni’s multiple 
comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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Data availability
The raw reads were deposited into the NCBI Sequence 
Read Archive (SRA) database (Accession Number: 
SRP287461). The data for this study were available by 
contacting the corresponding author upon reasonable 
request.

Results
Exercise training mitigates cardiac dysfunction post‑MI
To determine if exercise training could be protective 
for cardiac dysfunction post-MI, mice were subjected 
to treadmill running 1-week post-MI (Fig.  1A). Eight-
week exercise training significantly improved cardiac 
function as demonstrated by elevated ejection frac-
tions (EF) and fractional shortening (FS) (Fig.  1B) in 
post-MI mice. Moreover, endurance capacity of these 
mice was also enhanced (Fig.  1C), whereas the mRNA 
expression levels of atrial natriuretic peptide (ANP) 
and brain natriuretic peptide (BNP) were increased in 
MI and were decreased by exercise training (Fig.  1D 
and E). Moreover, Masson staining showed that exer-
cise training could significantly reduce post-MI cardiac 
fibrosis (Fig.  1F), while hematoxylin–eosin (HE) and 
wheat germ agglutinin (WGA) staining displayed that 
the ultrastructure of myocardium was well-preserved 
and cardiomyocyte cross-sectional area was decreased 
in the exercised group post-MI (Fig. 1G and H). Addi-
tionally, the protein expression levels of Collagen1, and 
the ratios of Bax/Bcl2 and cleaved Caspase3/Caspase3 
were increased in MI and were decreased by exercise 
training (Fig.  1I). Collectively, these data consistently 
demonstrate that exercise training can mitigate cardiac 
dysfunction post-MI.

Exercise training changes gut microbial richness 
and community structure post‑MI
To identify whether the protective effects of exer-
cise training for MI are associated with gut microbial 
content and composition, we performed 16S rDNA 
profiling of fecal samples from four groups, includ-
ing Sham + control, MI + control, Sham + Run, and 
MI + Run. Bacterial DNA was extracted from fecal sam-
ples, sequenced on the Illumina platform, and an average 

of 56,638.65 ± 12,105.23 (SD) sequences per sample were 
generated (Additional file 1: Table S1).

Pan analysis based on the genus level indicated that MI 
decreased the level of gene enrichment while running 
exercise rescued the decreased gene enrichment in MI 
(Fig.  2A). Comparison of alpha diversity (the observed 
richness) based on the genus level indicated that MI and 
running did not change the community diversity of gut 
microbial (Additional file 1: Table S2 and S3).

In the feces of these 49 mice, Bacteroidota was predom-
inant, represented by 42.30–57.92% of the 16S rRNA gene 
sequences. The second most abundant phylum was Firmi-
cutes, with 37.68–50.83% in each group. Interestingly, in 
MI + Run group, Bacteroidota was higher abundant and 
Firmicutes was lower abundant than in the non-exercise-
group (Fig. 2B and S1, Additional file 1: Table S4). At the 
genus level, detected ASVs were distributed among 136 
different bacterial genera in total (Fig.  S2 and S3, Addi-
tional file  1: Table  S5). We used principal coordinate 
analysis (PCoA) to examine the community structures of 
the gut microbiotas, and found that the gut microbiota of 
mice in MI were separated from Sham (Fig. 2C). In addi-
tion, the gut microbiota of MI mice in the running group 
were separated from sedentary group (Fig. 2D).

Subsequently, genus level was performed to cluster the 
49 samples into two distinct enterotypes by using JSD 
analysis. The major contributors in enterotype 1 (green) 
were Muribaculaceae (28.40%) and Lachnospiraceae 
(14.51%), in enterotype 2 (red) were Lachnospiraceae 
(19.45%) and Muribaculaceae (17.99%), and enterotype 
3 (blue) were Muribaculaceae (26.40%) and Prevotel-
laceae (18.78%) (Fig.  2E). The percentage of enterotype 
1 was 100% in Sham + control group, while enterotype 
2 (77.78%) was more prevalent in MI + control group. 
Interestingly, enterotype 3 (58.33%) and enterotype 1 
(33.33%) were more prevalent in MI + Run group (Fig. 2E 
and F). At the genus level, we found the abundance 
of 5 genera was changed in exercise after MI, namely 
Alistipes, Lachnospiraceae_UCG-001, Ruminococcus, 
Allobaculum, and Oscillospiraceae UCG-005 (Fig.  2G, 
Additional file 1: Table S6 and S7). These findings suggest 
that running in MI may change the gut microbiota com-
munity structure.

(See figure on next page.)
Fig. 4 FMT recovers the protection of running in MI. A The schedule of FMT after ABX treated. B FMT from MI + Run increased EF and FS compared 
to FMT from MI + Control post-MI (n = 14:14). C FMT from MI + Run increased endurance capacity compared to FMT from MI + Control post-MI 
(n = 11:11). D, E FMT from MI + Run decreased cardiac ANP and BNP mRNA expression compared to FMT from MI + control post-MI (n = 6:6). F 
FMT from MI + Run decreased cardiac fibrosis compared to FMT from MI + control post-MI (n = 9:9). G FMT from MI + Run decreased cardiac cross 
sectional area compared to FMT from MI + control post-MI by H&E (n = 8:8). H FMT from MI + Run decreased cardiac cross sectional area compared 
to FMT from MI + control post-MI by WGA (n = 12:14). I FMT from MI + Run decreased Bax/Bcl2, cleaved Caspase3/Caspase3 and collagen1 
compared to FMT from MI + Control post-MI (n = 6:6). Scale bar: 50 μm in F and 25 μm in G and H. Data were represented as mean ± SD. Significant 
differences were assessed by two-tailed student t test. **p < 0.01, ***p < 0.001
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To identify whether the change in gut microbial are 
associated with cardiac function parameters, we ana-
lyzed the relationship between different cardiac function 
indexes and the top 50 genera. Alistipes and Ruminococ-
cus were most positively correlated with EF and FS, while 
Lachnospiraceae_UCG-001 was most negatively corre-
lated with EF and FS (Fig. S4).

Antibiotic treatment inhibits the protective effects 
of exercise training in cardiac dysfunction post‑MI
To investigate if gut microbiota in general is responsible 
for the beneficial effects of exercise training in cardiac 
dysfunction post-MI, we administered oral antibiotics to 
male mice 1-week post-MI for 7 days to pre-deplete the 
gut microbiota and started exercise training for another 
8 weeks (Fig. S5A). As the maximal dose give to the mice, 
which was named ABX mice (ABX treated for 1 week as 
indicated in Fig. S5A), led to 42% mortality in MI mice, we 
also used a quarter of this dose (1/4 ABX group, 1/4 ABX 
treated for 9 weeks as indicated in Fig. S5A) that did not 
result in post-MI deaths (Fig. S5B and C). As indicated in 
Fig.  3A, both ABX administration and 1/4 ABX admin-
istration impaired cardiac function of exercise MI mice, 
which is evidenced by the loss of beneficial effects of exer-
cise training, including EF and FS (Fig.  3A), endurance 
capacity (Fig.  3B), the mRNA expression levels of ANP 
and BNP (Fig. 3C and D), cardiac fibrosis, cross-sectional 
cardiomyocyte area, and apoptosis (Fig. 3E–H). Of note, 
ABX or 1/4 ABX had no significant effect on cardiac func-
tion in MI mice (Fig.  S6). Thus, these data confirm that 
gut microbiota are involved in the protective effects of 
exercise training in cardiac dysfunction post-MI.

We also further confirmed the effects of ABX or 1/4 
ABX in gut microbiota in MI by Pan analysis and alpha 
diversity, which showed that as compared to MI groups, 
ABX or 1/4 ABX decreased levels of gene enrichment 
(Fig. S7A and B, Additional file 1: Table S8-S11). Based 
on the Community barplot analysis, the relative abun-
dance of gut microbiota at the phylum level was changed 
by ABX or 1/4 ABX (Fig.  S7C and D, Additional file  1: 
Table S12–13). Moreover, the changes of genus ABX or 
1/4 ABX in MI followed by running training were also 
showed in Fig. S8 and Additional file 1: Table S14.

Fecal microbial transplantation from exercise training 
post‑MI is a transmissible trait
Many diseases’ severities have been previously reported 
to be influenced by microbiota transplantation such 
as hypertension, metabolic syndrome, and MI [6, 15, 
28]. Here, we sought to determine whether the ben-
eficial effect of exercise training in MI is transmis-
sible with fecal microbial transplantation by using 
fecal samples from exercised MI mice (Fig. 4A). Using 
echocardiographic analysis, we observed that mice 
receiving microbiota transplants from exercised-MI 
mice had better cardiac function as compared to those 
mice receiving microbiota transplants from MI mice 
(Fig.  4B). Although no significant difference of endur-
ance capacity was observed, mice receiving microbiota 
transplants from exercised-MI mice had attenuated 
cardiac hypertrophy and fibrosis, decreased cross-sec-
tional cardiomyocyte area, and apoptosis (Fig. 4C–I).

We further investigated the effects of FMT in com-
munity richness and structure in MI mice treated with 
ABX. Pan analysis showed that mice received micro-
biota transplants from exercised-MI mice or non-exer-
cised-MI mice could both increase community richness 
(Fig.  S9A). Based on the community barplot analysis, 
the relative abundance of gut microbiota at the phylum 
level and genus level was changed by FMT (Fig. S9B and 
C, Additional file 1: Table S15–16). We also used PCoA 
and NMDS analysis based on the relative abundance of 
genus to examine the community structures of the gut 
microbiotas, and found that the gut microbiota of mice 
received microbiota transplants from exercised-MI 
mice were separated from those mice received microbi-
ota transplants from non-exercised-MI mice (Fig. S9D 
and E). Moreover, the changes of genus by FMT were 
also showed in Fig. S10.

Metabolomics in exercise after MI
We performed MicrobioMET (Metabo-Profile, Shang-
hai, P.R. China) to analyze metabolomics in mice fecal 
samples from exercise post-MI. Overall, 116 metabo-
lites including amino acids, fatty acids, indoles, organic 
acids, and phenols were quantitated using ultraper-
formance liquid chromatography coupled to tandem 

Fig. 5 3-HPA and 4-HPA are identified to be involved in the protection of running in MI. OPLS-DA Model Discrimination based on metabolic profiles 
in fecal samples. A The relative abundance of each metabolite classes in different groups (n = 10:10:10:10). B The abundance of phenols in different 
groups. C Volcano plot of univariate statistics across Sham + control group and MI + control group. D Volcano plot of univariate statistics across 
Sham + control group and Sham + Run group. E Pathway analysis bubble plot by mmu set in MI + Control vs MI + Run. F Network for statistically 
significant changed pathways in MI + control vs. MI + Run. G The relationship between metabolites and the top 50 genera in four groups was 
estimated by Spearman’s correlation analysis. Those with low correlated (|r|< 0.1) were not shown. Genera and cardiac function index were 
distinguished as positive (red) and negative (blue) correlation. *p < 0.05; **p < 0.01; ***p < 0.001

(See figure on next page.)
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mass spectrometry (UPLC-MS/MS) system (Additional 
file 1: Table S17).

Metabolites may have similar functions because they 
are of the same nature. We divided 116 metabolites into 
13 categories according to their nature. Relative abun-
dance of metabolites category showed that phenols were 
increased in the MI + Run group compared to MI group 
(Fig. 5A and B, Additional file 1: Table S18). 3-Hydroxy-
phenylacetic acid (3-HPA) and p-Hydroxyphenylacetic 
acid (4-HPA) are the main component of phenols. 3-HPA 
contents were decreased in MI group as compared to 
control group, and 4-HPA contents were increased in 
Sham + Run group compared to control group (Fig.  5C 
and D, Additional file 1: Table S19 and S20). Consistently, 
3-HPA was decreased in MI + control group as compared 
to Sham + control group, and 4-HPA was increased in 
MI + Run group as compared to MI + control group by 
volcano plot of OPLS-DA model (Fig.  S11). These find-
ings suggested 3-HPA and 4-HPA mediate beneficial 
effects of microbiota transplants from exercised MI mice.

To discriminate the metabolic profiles across groups, we 
performed clustering analyses based on orthogonal partial 
least square discriminant analysis (OPLS-DA). OPLS-DA 
was a partitioning of the X-data facilitates model inter-
pretation and model prediction. The fecal samples from 
distinct groups were largely separated according to the 
OPLS-DA plots. Forty-two significant variable metabo-
lites were identified between Sham + control group and 
MI + control group, while 37 significant variable metabo-
lites were found between MI + control group and MI + Run 
group (Fig. S12, Additional file 1: Table S21, S22). Further-
more, we identified 4_Hydroxybenzoic acid (4-HBA) as 
a significant variable metabolite in both Sham + control 
and MI + Run group as compared to MI + control group 
(Additional file 1: Table S21, S22). These findings suggested 
4-HBA might play a role in mediating beneficial effects of 
microbiota transplants from exercised MI mice.

To identify metabolic pathways that potentially play a 
role in the protective effects of exercise post-MI, we ana-
lyzed the pathway enrichment in both Sham + control 
and MI + Run group as compared to MI + control group, 
as well as Sham + Run group compared to Sham + con-
trol group. Interestingly, Alanine, aspartate, and gluta-
mate metabolism pathway had a significant impact on 

MI + control vs. MI + Run (Fig. 5E and F, Fig. S13, Addi-
tional file 1: Table S23-S28).

We examined the relationship between 12 representa-
tive metabolites and the gut microbial using correlation 
analysis. There was 11 metabolomics significantly corre-
lated with 31 genera in all samples. Among them, 4-HPA, 
3-HPA, and 4-HBA were significantly correlated with 
6 genera, 5 genera, and 1 genera, respectively (Fig.  5G). 
Interestingly, 11 metabolomics was found to be signifi-
cantly correlated with 7 genera which were significant 
changed in MI + Run group compared to MI + control 
group, including Lachnospiraceae, Bacteroides, Roseburia, 
Lachnospiraceae_UCG-001, Ruminococcaceae, g_norank_
Lachnospiraceae and Ruminococcus (Additional file  1: 
Table S29). Among them, 3-HPA was negatively correlated 
with Lachnospiraceae_UCG-001 and Lachnospiraceae, 
while 4-HPA was negatively linked to Ruminococcaceae.

Collectively, these findings suggest that 3-HPA, 4-HPA, 
and 4-HBA may potentially contribute to the protective 
effects of exercise post-MI.

Two metabolites, 3‑HPA and 4‑HBA, protect cardiac 
dysfunction through activating NRF2
As 3-HPA, 4-HBA, and 4-HPA were indicated to poten-
tially play a role in mediating beneficial effects of micro-
biota transplants from exercised MI mice, we checked 
whether their positive effects in cardiac function post-MI 
could be directly transferred. Every metabolite was tested 
at two doses, 6 mg/kg and 25 mg/kg. 3-HPA at both doses 
and 4-HBA at a dose of 25 mg/kg could significantly lead 
to improved EF and FS post-MI while 4-HPA failed to 
have beneficial effects (Fig.  6A). Besides, 3-HPA and 
4-HBA at both doses could enhance endurance capacity 
in post-MI mice (Fig. 6B). Moreover, 3-HPA at both doses 
and 4-HBA at a dose of 25  mg/kg significantly attenu-
ated cardiac hypertrophy and fibrosis, decreased cross-
sectional myocardium area, and apoptosis (Fig.  6C–H). 
Therefore, supplementing these two metabolites, 3-HPA 
and 4-HBA, protects cardiac dysfunction post-MI.

We further checked the effect of 3-HPA and 4-HBA 
in  vitro. As expected, 3-HPA and 4-HBA decreased 
NRCMs apoptosis induced by OGD/R as indicated by 
a reduction in TUNEL staining positive cardiomyo-
cytes and the ratios of Bax/Bcl2 and cleaved Caspase3/

(See figure on next page.)
Fig. 6 3-HPA and 4-HBA protect against cardiac dysfunction after MI. A 3-HPA and 4-HBA increased EF and FS post-MI (n = 10:10:9:11:9:11:11). B 
3-HPA and 4-HBA increased endurance capacity post-MI (n = 10:11:10:10:11:11:11). C, D 3-HPA and 4-HBA decreased cardiac ANP and BNP mRNA 
expression post-MI (n = 6:6:6:6). E 3-HPA and 4-HBA decreased cardiac fibrosis post-MI (n = 7:7:7:7). F 3-HPA and 4-HBA decreased cardiac cross 
sectional area post-MI by H&E (n = 8:8:8:8). G 3-HPA and 4-HBA decreased cardiac cross sectional area post-MI by WGA (n = 9:9:9:9). H 3-HPA and 
4-HBA decreased Bax/Bcl2, cleaved Caspase3/Caspase3 and Collagen1 post-MI (n = 6:6:6:6). Scale bar: 50 μm in E and 25 μm in F and G. Data were 
represented as mean ± SD. Significant differences were assessed by one-way ANOVA followed by Bonferroni’s multiple comparisons test. *p < 0.05, 
**p < 0.01, ***p < 0.001
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Caspase3 (Fig.  S14 and Fig.  7A–D). As NRF2 has been 
reported to be a target of phenols [29], and NRF2 could 
protect against MI and apoptosis induced by OGD/R 
[30, 31], we further analyzed whether NRF2 mediated 
the protective effects of 3-HPA and 4-HBA on apop-
tosis. 3-HPA and 4-HBA increased the expression of 
NRF2, and inhibition of NRF2 prevented the protective 
effects of 3-HPA and 4-HBA on apoptosis (Fig. 7B, D–F). 
Together, our findings illustrate that 3-HPA and 4-HBA 
protect cardiomyocytes apoptosis by activating NRF2.

Discussion
There is a growing recognition of the contribution of gut 
microbiota to health and disease susceptibility. Herein, we 
described exercise training improved cardiac dysfunction 
and rescued gut microbial richness and community struc-
ture post-MI. Besides, we observed that two metabolites, 
3-HPA and 4-HBA, played potential roles in mediating 
beneficial effects of exercise in MI mice through NRF2.

Potential microbiota-altering therapies can lead to new 
approaches for preventing and managing cardiovascular 
diseases [32, 33]. The gut microbiome is primarily com-
posed of species within the Bacteroidetes, Firmicutes, 
Actinobacteria, Proteobacteria, and Cerrucomicrobia 
phylae [34]. Furthermore, Archaea, Verrucomicrobia, and 
Spirochaetes were reported in global gut metagenomes 
[35]. In the total bacterial species, the most abundant 
species are Bacteroidetes and Firmicutes [36]. Microbiota 
richness and diversity are important to maintain stabil-
ity and performance and new biomarkers of health [37]. 
Loss of gut flora richness and biodiversity are associated 
with various diseases [3, 38]. For example, hypertension 
patients dramatically decreased microbial richness and 
diversity [39]. In heart failure patients, a significantly 
decreased diversity of the intestinal microbiome has been 
observed [40]. Similarly, we found that MI decreased 
community richness of gut microbial based on Pan analy-
sis. On genus level, Lactobacillus, Alistipes, and Turici-
bacter are more abundant in mouse gut microbiota [41]. 
In our study, we found that Lachnospiraceae_UCG-001 
was increased in MI while Alistipes, Ruminococcus, Allo-
baculum, and Oscillospiraceae UCG-005 were decreased 
in MI. Lachnospiraceae has been reported to be higher 
in 7-day post-MI in rat, which is consistent with our data 

[42]. Allobaculum, an important healthy component of 
the mouse microbiome, was found to be decreased in 
obese mice or mice that lost circadian rhythm [43, 44]. 
Here, we found that Allobaculum was decreased in MI 
and could be increased by running training in MI mice, 
which is consistent with the report that Allobaculum 
could be increased with exercise [45]. On the whole, our 
findings on gut microbiota in MI are supported by many 
hints in previous researches.

Physical exercise has been demonstrated to be able to 
modulate gut microbiota and increase the abundance of 
beneficial microbial species [46–48]. The microbiome of 
professional athletes exhibits higher richness compared 
to sedentary controls [49]. Consistently, we found that 
running treatments could increase community richness 
of gut microbial. In coronary heart disease, Phyla Bac-
teroidetes and Proteobacteria were decreased, whereas 
the Phyla Firmicutes were increased [50]. Interestingly, 
we found that running treatments could increase Bacte-
roidetes and reduce Firmicutes in MI + RNU group com-
pared with MI group. Furthermore, we discovered that 
gut microbiota was responsible for the beneficial effects 
of exercise training in cardiac dysfunction post-MI, since 
orally antibiotics could prevent the beneficial effects 
of exercise training in cardiac fibrosis, cross-sectional 
area, and apoptosis. In human AMI patients, a higher 
microbial richness and diversity was found in the sys-
temic microbiome of ST-segment elevation MI patients’ 
blood [51]. However, our work illustrated the richness of 
gut microbiota was decreased 8-week post-MI but was 
increased by running training in MI. In addition, MI and 
running did not change the community diversity of gut 
microbial. We speculate that the content of intestinal 
flora is distinct in different stages of MI. Among Bacte-
roidetes, Alloprevotella was associated with decreased 
lifetime CVD risk. Among Firmicutes, Tyzzerella was 
enriched among those with high CVD risk profile [52, 
53]. But we expound no association between Allo-
prevotella, Tyzzerella_3, and cardiac function. MI was 
associated with a reorganization of the gut microbial 
community, such as a reduction in Lactobacillus. Sup-
plementation of different species of Lactobacillus in rats 
showed cardioprotective effects when administered after 
MI [15]. In contrast, we found no association between 

Fig. 7 3-HPA and 4-HBA mediate cardiac protection through activating NRF2. A, B 3-HPA (100 μM, 24 h) reduced the percentage of TUNEL staining 
positive cardiomyocytes (n = 6:6:6:6), Bax/Bcl2, cleaved Caspase3/Caspase3, NRF2 (n = 3:3:3:3) in NRCMs under oxygen glucose deprivation/
reperfusion (OGD/R). C, D 4-HBA (100 μM, 24 h) decreased the percentage of TUNEL staining positive cardiomyocytes (n = 6:6:6:6), Bax/Bcl2, 
cleaved Caspase3/Caspase3, NRF2 (n = 3:3:3:3) in NRCMs under OGD/R. E, F Inhibition of NRF2 increased the percentage of TUNEL staining positive 
cardiomyocytes decreased by 3-HPA and 4-HBA in NRCMs under OGD/R (n = 6:6:6:6). Scale bar: 100 μm. Data were represented as mean ± SD. 
Significant differences were assessed by two-way ANOVA followed by Bonferroni’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001 
versus respective control

(See figure on next page.)
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Lactobacillus and cardiac function. Candida was cor-
related with heart failure severity [54]. But we did not 
observe this difference of Candida in MI mice. In general, 
our findings on the relationships between exercise, gut 
microbiota, and heart are consistent or inconsistent with 
previous studies. Further researches are needed to con-
firm the deeply link.

Gut microbiome functions like an endocrine organ, 
generating bioactive metabolites such as short-chain fatty 
acids and bile acids that can impact the host physiology 
[55]. Diverse roles of the gut microbiota in human health 
and disease have been recognized [56]. Mounting evi-
dence in mice and human is accumulating showing that 
gut microbiota is linked with cardiovascular health [57, 
58]. Metabolic therapy could confer benefit for treat-
ing heart failure [59]. Microbial transplantation studies 
could provide strong evidence to support the contribu-
tion of gut microbiota in host physiological processes and 
disease risks [60, 61]. Metabolites play important roles 
in individual physiological stress, disease process, and 
drug development. The application of metabolites in 
cardiovascular disease is a rapidly expanding field [62]. 
Metabolite profiling in Finland, Southall, and Brent, 
British populations identified phenylalanine, monoun-
saturated fatty acids, and polyunsaturated fatty acids as 
biomarkers for cardiovascular risk [63]. Glycerophos-
phocholine metabolites modulate atherosclerosis and 
thus risk for cardiovascular disease [64]. Our work ana-
lyzed metabolomics in mice fecal samples from exercise 
after MI and screened 12 variable significant metabolites 
including 3-HPA and 4-HBA. 3-HPA is reported as a 
strong predictor of autism spectrum disorders [65]. Oral 
administration of 4-HBA decreased blood glucose levels 
in the diabetic rat by increasing glucose consumption 
[66]. Exercise induced alterations in metabolites such as 
alpha-tocopherol, myocardial high-energy phosphate 
metabolites in patients with Chagas heart disease [67, 
68]. However, the role of 3-HPA and 4-HBA in exercise 
and MI remains unknown. Herein, we discovered two 
metabolites, 3-HPA and 4-HBA, that can protect for car-
diac dysfunction post-MI. In NRCMs, 3-HPA and 4-HBA 
could decrease apoptosis induced by OGD/R through 
activating NRF2. Further investigations are needed to 
find out the role of NRF2 in exercised MI mice.

In conclusion, our study revealed that gut microbiota 
mediated the protective effects of exercise after myocar-
dial infarction based on the 16S rRNA sequencing analy-
sis, oral antibiotics administration, and fecal microbial 
transplantation. We identified two metabolites from the 
fecal of exercised mice post-MI, 3-HPA and 4-HBA, pro-
tecting against cardiac dysfunction post-MI and apopto-
sis through NRF2. Our study provides insights into the 
composition of the gut microbiota in exercise and MI 

mice, enhances our understanding of the effect of 3-HPA 
and 4-HBA on MI, and launch approaches to modulate 
cardiovascular diseases by exercise, microbiome, and 
metabolites.

Conclusion
Together, our study provides new insights into the role 
of gut microbiome in exercise protection to MI, offers 
opportunities to modulate cardiovascular diseases by 
exercise, microbiome, and gut microbiota-derived 3-HPA 
and 4-HBA.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40168- 022- 01271-6.

Additional file 1: Table S1. Data production of 49 samples in 
Sham+Control, MI+Control, Sham+Run, and MI+Run. Table S2. Alpha 
Diversity index among Sham+Control, MI+Control, Sham+Run, and 
MI+Run. Table S3. The difference of Alpha Diversity index among 
Sham+Control, MI+Control, Sham+Run, and MI+Run. Table S4. 
Relative abundance profile at the phylum level among Sham+Control, 
MI+Control, Sham+Run, and MI+Run. Table S5. Relative abundance 
profile at the genus level among Sham+Control, MI+Control, Sham+Run, 
and MI+Run. Table S6. Detailed information of genera differently 
enriched across Sham+Control and MI+Control. Table S7. Detailed 
information of genera differently enriched across MI+Control 
and MI+Run. Table S8. Alpha Diversity index among MI+ABX, 
MI+ABX+Control, MI+1/4ABX+Control and MI+Untreated+Control. 
Table S9. The difference of Alpha Diversity index among MI+ABX, 
MI+ABX+Control, MI+1/4ABX+Control and MI+Untreated+Control. 
Table S10. Alpha Diversity index among MI+ABX+Run, MI+1/4ABX+Run 
and MI+Untreated+Run. Table S11. The difference of Alpha 
Diversity index among MI+ABX+Run, MI+1/4ABX+Run and 
MI+Untreated+Run. Table S12. Relative abundance profile at the 
phylum level among MI+ABX, MI+ABX+Control, MI+1/4ABX+Control 
and MI+Untreated+Control. Table S13. Relative abundance profile 
at the phylum level among MI+ABX+Run, MI+1/4ABX+Run and 
MI+Untreated+Run. Table S14. Detailed information of genera 
differently enriched across MI+ABX+Run, MI+1/4ABX+Run and 
MI+Untreated+Run. Table S15. Relative abundance profile at the 
phylum level among MI+ABX+PBS, MI+ABX+FMT(MI+Control) and 
MI+ABX+FMT(MI+Run). Table S16. Relative abundance profile at 
the genus level among MI+ABX+PBS, MI+ABX+FMT(MI+Control) 
and MI+ABX+FMT(MI+Run). Table S17. Quantitative data of 116 
metabolites in Sham+Control, MI+Control, Sham+Run, and MI+Run. 
Table S18. The relative abundance of each metabolite classes in 
Sham+Control, MI+Control, Sham+Run, and MI+Run. Table S19. 
Detailed information of Univariate Statistics across Sham+Control and 
MI+Control. Table S20..Detailed information of Univariate Statistics 
across Sham+Control and Sham+RUN. Table S21. Detailed informa-
tion of 42 metabolites differently enriched across Sham+Control and 
MI+Control. Table S22. Detailed information of 37 metabolites differently 
enriched across MI+Control and MI+Run. Table S23. Detailed informa-
tion of metabolites pathways analysis across MI+Control and MI+Run. 
Table S24. Detailed information of metabolites pathways on network 
across MI+Control and MI+Run. Table S25. Detailed information of 
pathways analysis across Sham+Control and MI+Control. Table S26. 
Detailed information of metabolites metabolites pathways on network 
across Sham+Control and MI+Control. Table S27. Detailed information 
of pathways analysis across Sham+Control and Sham+Run. Table S28. 
Detailed information of metabolites metabolites pathways on network 
across Sham+Control and Sham+Run. Table S29. Detailed information of 
the relationship between metabolites and the top 50 genera

https://doi.org/10.1186/s40168-022-01271-6
https://doi.org/10.1186/s40168-022-01271-6


Page 17 of 19Zhou et al. Microbiome           (2022) 10:82  

University Medical Center Utrecht, 3584 CX Utrecht, The Netherlands. 5 UMC 
Utrecht Regenerative Medicine Center, University Medical Center Utrecht, 
3508 GA Utrecht, The Netherlands. 

Received: 9 October 2021   Accepted: 11 April 2022

References
 1. Degnan PH, Barry NA, Mok KC, Taga ME, Goodman AL. Human gut 

microbes use multiple transporters to distinguish vitamin B(1)(2) analogs 
and compete in the gut. Cell Host Microbe. 2014;15(1):47–57.

 2. Nicholson JK, Holmes E, Wilson ID. Gut microorganisms, mamma-
lian metabolism and personalized health care. Nat Rev Microbiol. 
2005;3(5):431–8.

 3. Liu R, Hong J, Xu X, Feng Q, Zhang D, Gu Y, Shi J, Zhao S, Liu W, Wang X, 
et al. Gut microbiome and serum metabolome alterations in obesity and 
after weight-loss intervention. Nat Med. 2017;23(7):859–68.

 4. Cani PD. Human gut microbiome: hopes, threats and promises. Gut. 
2018;67(9):1716–25.

 5. Loomba R, Seguritan V, Li W, Long T, Klitgord N, Bhatt A, Dulai PS, Caussy 
C, Bettencourt R, Highlander SK, et al. Gut microbiome-based metagen-
omic signature for non-invasive detection of advanced fibrosis in human 
nonalcoholic fatty liver disease. Cell Metab. 2017;25(5):1054-1062 e1055.

 6. Santisteban MM, Qi Y, Zubcevic J, Kim S, Yang T, Shenoy V, Cole-Jeffrey CT, 
Lobaton GO, Stewart DC, Rubiano A, et al. Hypertension-linked patho-
physiological alterations in the gut. Circ Res. 2017;120(2):312–23.

 7. Jie Z, Xia H, Zhong SL, Feng Q, Li S, Liang S, Zhong H, Liu Z, Gao Y, Zhao H, 
et al. The gut microbiome in atherosclerotic cardiovascular disease. Nat 
Commun. 2017;8(1):845.

 8. Marques FZ, Nelson E, Chu PY, Horlock D, Fiedler A, Ziemann M, Tan JK, 
Kuruppu S, Rajapakse NW, El-Osta A, et al. High-fiber diet and acetate 
supplementation change the gut microbiota and prevent the develop-
ment of hypertension and heart failure in hypertensive mice. Circulation. 
2017;135(10):964–77.

 9. McMillan A, Hazen SL. Gut Microbiota involvement in ventricular remod-
eling post-myocardial infarction. Circulation. 2019;139(5):660–2.

 10. Rieckmann M, Delgobo M, Gaal C, Buchner L, Steinau P, Reshef D, Gil-
Cruz C, Horst ENT, Kircher M, Reiter T, et al. Myocardial infarction triggers 
cardioprotective antigen-specific T helper cell responses. J Clin Invest. 
2019;129(11):4922–36.

 11. Jones BM, Kapadia SR, Smedira NG, Robich M, Tuzcu EM, Menon V, Krish-
naswamy A. Ventricular septal rupture complicating acute myocardial 
infarction: a contemporary review. Eur Heart J. 2014;35(31):2060–8.

 12. Rognmo O, Moholdt T, Bakken H, Hole T, Molstad P, Myhr NE, Grimsmo 
J, Wisloff U. Cardiovascular risk of high- versus moderate-intensity 
aerobic exercise in coronary heart disease patients. Circulation. 
2012;126(12):1436–40.

 13. Moraes-Silva IC, Rodrigues B, Coelho-Junior HJ, Feriani DJ, Irigoyen MC. 
Myocardial infarction and exercise training: evidence from basic science. 
Adv Exp Med Biol. 2017;999:139–53.

 14. Peixoto TC, Begot I, Bolzan DW, Machado L, Reis MS, Papa V, Carvalho 
AC, Arena R, Gomes WJ, Guizilini S. Early exercise-based rehabilitation 
improves health-related quality of life and functional capacity after 
acute myocardial infarction: a randomized controlled trial. Can J Cardiol. 
2015;31(3):308–13.

 15. Tang TWH, Chen HC, Chen CY, Yen CYT, Lin CJ, Prajnamitra RP, Chen LL, 
Ruan SC, Lin JH, Lin PJ, et al. Loss of gut microbiota alters immune system 
composition and cripples postinfarction cardiac repair. Circulation. 
2019;139(5):647–59.

 16. Liu Z, Liu HY, Zhou H, Zhan Q, Lai W, Zeng Q, Ren H, Xu D. Moderate-inten-
sity exercise affects gut microbiome composition and influences cardiac 
function in myocardial infarction mice. Front Microbiol. 2017;8:1687.

 17. Kim D, Kang H. Exercise training modifies gut microbiota with attenuated 
host responses to sepsis in wild-type mice. FASEB J. 2019;33(4):5772–81.

 18. Clarke SF, Murphy EF, O’Sullivan O, Lucey AJ, Humphreys M, Hogan 
A, Hayes P, O’Reilly M, Jeffery IB, Wood-Martin R, et al. Exercise and 
associated dietary extremes impact on gut microbial diversity. Gut. 
2014;63(12):1913–20.

Additional file 2: Figure S1. Relative abundance of gut microbiota in dif-
ferent groups, based on the phylum level. Figure S2. Relative abundance 
of gut microbiota based on the genus level among Sham+Control, 
MI+Control, Sham+Run, and MI+Run. Figure S3. Relative abundance of 
gut microbiota in different groups, based on the genus level. Figure S4. 
The relationship between the top 50 different genera and cardiac function 
index. Figure S5. MI mice displayed dose-dependent mortality after ABX 
treated. Figure S6. Gut microbiota pre-depletion by antibiotics does not 
affect cardiac function of MI mice. Figure S7. Gut microbiota pre-deple-
tion by ABX decreased community richness and changed structure in 
mice after MI. Figure S8. Top 20 different genus across groups in the feces 
of mice after MI+Untreated+Run, MI+ABX+Run and MI+1/4ABX+Run. 
Figure S9. Fecal microbiota transplantation (FMT) increased community 
richness and changed structure in mice after MI+ABX. Figure S10. Differ-
ent genus across groups in the feces of mice after FMT from MI+Control, 
FMI from MI+Run, or without FMT (PBS). Figure S11. 3-HPA and 4-HPA are 
identified by volcano plot of OPLS-DA model. Figure S12. 4-HBA is identi-
fied by OPLS-DA Model Discrimination. Figure S13. Pathway analysis 
bubble plot and relevant network. Figure S14. 3-HPA and 4-HBA decrease 
apoptosis with indicated duration and concentration.

Acknowledgements
Not applicable.

Authors’ contributions
J.J.X. designed the study, instructed all experiments, and drafted the 
manuscript. Q.L.Z., J.L.D., X.P., D.N.M., Y.J.Z., Y.Z.B., C.S., and Y.D. performed the 
experiments and analyzed the data. T.H.W., X.L.L., and J.P.S. provided technical 
assistance and revised the manuscript. All authors read and approved the final 
manuscript.

Funding
This work was supported by the grants from the National Key Research and 
Development Project (2018YFE0113500 to JJ Xiao), the National Natural 
Science Foundation of China (82020108002 and 81911540486 to JJ Xiao, 
81730106, and 81670347 to XL Li), Innovation Program of Shanghai Municipal 
Education Commission (2017–01-07–00-09-E00042 to JJ Xiao), the grant from 
Science and Technology Commission of Shanghai Municipality (18410722200 
to JJ Xiao), and the “Dawn” Program of Shanghai Education Commission 
(19SG34 to JJ Xiao). This work was supported by the Project EVICARE (No. 
725229) of the European Research Council (ERC) to J.P.G.S.

Availability of data and materials
The raw reads were deposited into the NCBI Sequence Read Archive (SRA) 
database (Accession Number: SRP287461). The data for this study were avail-
able by contacting the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were in accordance with the guidelines approved by 
the committee on the Ethics of Animal Experiments of Shanghai University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing of interests.

Author details
1 Institute of Geriatrics (Shanghai University), (The Sixth People’s Hospital 
of Nantong), School of Medicine, Affiliated Nantong Hospital of Shanghai Uni-
versity, Shanghai University, Nantong 226011, China. 2 Cardiac Regeneration 
and Ageing Lab, School of Life Science, Institute of Cardiovascular Sciences, 
Shanghai Engineering Research Center of Organ Repair, Shanghai Univer-
sity, Shanghai 200444, China. 3 Department of Cardiology, The First Affiliated 
Hospital of Nanjing Medical University, Nanjing 210029, China. 4 Department 
of Cardiology, Laboratory of Experimental Cardiology, University Utrecht, 



Page 18 of 19Zhou et al. Microbiome           (2022) 10:82 

 19. Shen S, Jiang H, Bei Y, Zhang J, Zhang H, Zhu H, Zhang C, Yao W, Wei C, 
Shang H, et al. Qiliqiangxin attenuates adverse cardiac remodeling after 
myocardial infarction in ovariectomized mice via activation of PPAR-
gamma. Cell Physiol Biochem. 2017;42(3):876–88.

 20. Guo Y, Peng R, Liu Q, Xu D. Exercise training-induced different improve-
ment profile of endothelial progenitor cells function in mice with or 
without myocardial infarction. Int J Cardiol. 2016;221:335–41.

 21. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preproc-
essor. Bioinformatics. 2018;34(17):i884–90.

 22. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to 
improve genome assemblies. Bioinformatics. 2011;27(21):2957–63.

 23. Xie G, Wang X, Huang F, Zhao A, Chen W, Yan J, Zhang Y, Lei S, Ge K, 
Zheng X, et al. Dysregulated hepatic bile acids collaboratively promote 
liver carcinogenesis. Int J Cancer. 2016;139(8):1764–75.

 24. Lan K, Su M, Xie G, Ferslew BC, Brouwer KL, Rajani C, Liu C, Jia W. Key role 
for the 12-hydroxy group in the negative ion fragmentation of unconju-
gated C24 bile acids. Anal Chem. 2016;88(14):7041–8.

 25. Bei Y, Pan LL, Zhou Q, Zhao C, Xie Y, Wu C, Meng X, Gu H, Xu J, Zhou L, 
et al. Cathelicidin-related antimicrobial peptide protects against myocar-
dial ischemia/reperfusion injury. BMC Med. 2019;17(1):42.

 26. Zhou Q, Deng J, Yao J, Song J, Meng D, Zhu Y, Xu M, Liang Y, Xu J, Sluijter 
JP, et al. Exercise downregulates HIPK2 and HIPK2 inhibition protects 
against myocardial infarction. EBioMedicine. 2021;74:103713.

 27. Shi J, Bei Y, Kong X, Liu X, Lei Z, Xu T, Wang H, Xuan Q, Chen P, Xu J, 
et al. miR-17-3p contributes to exercise-induced cardiac growth and 
protects against myocardial ischemia-reperfusion injury. Theranostics. 
2017;7(3):664–76.

 28. Dabke K, Hendrick G, Devkota S. The gut microbiome and metabolic 
syndrome. J Clin Invest. 2019;129(10):4050–7.

 29. Yu S, Zhao J, Wang X, Lei S, Wu X, Chen Y, Wu J, Zhao Y. 4-Hydroxybenzyl 
alcohol confers neuroprotection through up-regulation of antioxidant 
protein expression. Neurochem Res. 2013;38(7):1501–16.

 30. Xie S, Deng W, Chen J, Wu QQ, Li H, Wang J, Wei L, Liu C, Duan M, Cai Z, 
et al. Andrographolide protects against adverse cardiac remodeling after 
myocardial infarction through enhancing Nrf2 signaling pathway. Int J 
Biol Sci. 2020;16(1):12–26.

 31. Dang X, Zhang R, Peng Z, Qin Y, Sun J, Niu Z, Pei H. HIPK2 overexpression 
relieves hypoxia/reoxygenation-induced apoptosis and oxidative dam-
age of cardiomyocytes through enhancement of the Nrf2/ARE signaling 
pathway. Chem Biol Interact. 2020;316:108922.

 32. Kaye DM, Shihata WA, Jama HA, Tsyganov K, Ziemann M, Kiriazis H, 
Horlock D, Vijay A, Giam B, Vinh A, et al. Deficiency of prebiotic fiber and 
insufficient signaling through gut metabolite-sensing receptors leads to 
cardiovascular disease. Circulation. 2020;141(17):1393–403.

 33. Nemet I, Saha PP, Gupta N, Zhu W, Romano KA, Skye SM, Cajka T, Mohan 
ML, Li L, Wu Y, et al. A cardiovascular disease-linked gut microbial 
metabolite acts via adrenergic receptors. Cell. 2020;180(5):862-877 e822.

 34. Ahmadmehrabi S, Tang WHW. Gut microbiome and its role in cardiovas-
cular diseases. Curr Opin Cardiol. 2017;32(6):761–6.

 35. Nayfach S, Shi ZJ, Seshadri R, Pollard KS, Kyrpides NC. New insights from 
uncultivated genomes of the global human gut microbiome. Nature. 
2019;568(7753):505–10.

 36. Mariat D, Firmesse O, Levenez F, Guimaraes V, Sokol H, Dore J, Corthier 
G, Furet JP. The Firmicutes/Bacteroidetes ratio of the human microbiota 
changes with age. BMC Microbiol. 2009;9:123.

 37. Adak A, Khan MR. An insight into gut microbiota and its functionalities. 
Cell Mol Life Sci. 2019;76(3):473–93.

 38. Schirmer M, Franzosa EA, Lloyd-Price J, McIver LJ, Schwager R, Poon TW, 
Ananthakrishnan AN, Andrews E, Barron G, Lake K, et al. Dynamics of 
metatranscription in the inflammatory bowel disease gut microbiome. 
Nat Microbiol. 2018;3(3):337–46.

 39. Li J, Zhao F, Wang Y, Chen J, Tao J, Tian G, Wu S, Liu W, Cui Q, Geng B, et al. 
Gut microbiota dysbiosis contributes to the development of hyperten-
sion. Microbiome. 2017;5(1):14.

 40. Luedde M, Winkler T, Heinsen FA, Ruhlemann MC, Spehlmann ME, 
Bajrovic A, Lieb W, Franke A, Ott SJ, Frey N. Heart failure is associated with 
depletion of core intestinal microbiota. ESC Heart Fail. 2017;4(3):282–90.

 41. Wu M, Li P, Li J, An Y, Wang M, Zhong G. The differences between luminal 
microbiota and mucosal microbiota in mice. J Microbiol Biotechnol. 
2020;30(2):287–95.

 42. Wu ZX, Li SF, Chen H, Song JX, Gao YF, Zhang F, Cao CF. The changes 
of gut microbiota after acute myocardial infarction in rats. PLoS ONE. 
2017;12(7):e0180717.

 43. Everard A, Lazarevic V, Gaia N, Johansson M, Stahlman M, Backhed F, 
Delzenne NM, Schrenzel J, Francois P, Cani PD. Microbiome of prebiotic-
treated mice reveals novel targets involved in host response during 
obesity. ISME J. 2014;8(10):2116–30.

 44. Liang X, Bushman FD, FitzGerald GA. Rhythmicity of the intestinal micro-
biota is regulated by gender and the host circadian clock. Proc Natl Acad 
Sci U S A. 2015;112(33):10479–84.

 45. Bicknell B, Liebert A, Johnstone D, Kiat H. Photobiomodulation of the 
microbiome: implications for metabolic and inflammatory diseases. 
Lasers Med Sci. 2019;34(2):317–27.

 46. Whisner CM, Maldonado J, Dente B, Krajmalnik-Brown R, Bruening M. 
Diet, physical activity and screen time but not body mass index are 
associated with the gut microbiome of a diverse cohort of college stu-
dents living in university housing: a cross-sectional study. BMC Microbiol. 
2018;18(1):210.

 47. Mailing LJ, Allen JM, Buford TW, Fields CJ, Woods JA. Exercise and the 
gut microbiome: a review of the evidence, potential mechanisms, and 
implications for human health. Exerc Sport Sci Rev. 2019;47(2):75–85.

 48. Allen JM, Berg Miller ME, Pence BD, Whitlock K, Nehra V, Gaskins HR, 
White BA, Fryer JD, Woods JA. Voluntary and forced exercise differen-
tially alters the gut microbiome in C57BL/6J mice. J Appl Physiol (1985). 
2015;118(8):1059–66.

 49. Kulecka M, Fraczek B, Mikula M, Zeber-Lubecka N, Karczmarski J, 
Paziewska A, Ambrozkiewicz F, Jagusztyn-Krynicka K, Cieszczyk P, 
Ostrowski J. The composition and richness of the gut microbiota dif-
ferentiate the top Polish endurance athletes from sedentary controls. Gut 
Microbes. 2020;11(5):1374–84.

 50. Troseid M, Andersen GO, Broch K, Hov JR. The gut microbiome in 
coronary artery disease and heart failure: current knowledge and future 
directions. EBioMedicine. 2020;52:102649.

 51. Zhou X, Li J, Guo J, Geng B, Ji W, Zhao Q, Li J, Liu X, Liu J, Guo Z, et al. 
Gut-dependent microbial translocation induces inflammation and car-
diovascular events after ST-elevation myocardial infarction. Microbiome. 
2018;6(1):66.

 52. Wang G, Zhang Y, Zhang R, Pan J, Qi D, Wang J, Yang X. The protective 
effects of walnut green husk polysaccharide on liver injury, vascular 
endothelial dysfunction and disorder of gut microbiota in high fructose-
induced mice. Int J Biol Macromol. 2020;162:92–106.

 53. Kelly TN, Bazzano LA, Ajami NJ, He H, Zhao J, Petrosino JF, Correa A, 
He J. Gut microbiome associates with lifetime cardiovascular dis-
ease risk profile among bogalusa heart study participants. Circ Res. 
2016;119(8):956–64.

 54. Pasini E, Aquilani R, Testa C, Baiardi P, Angioletti S, Boschi F, Verri M, 
Dioguardi F. Pathogenic gut flora in patients with chronic heart failure. 
JACC Heart Fail. 2016;4(3):220–7.

 55. Tang WH, Kitai T, Hazen SL. Gut microbiota in cardiovascular health and 
disease. Circ Res. 2017;120(7):1183–96.

 56. Lin L, Zhang J. Role of intestinal microbiota and metabolites on gut 
homeostasis and human diseases. BMC Immunol. 2017;18(1):2.

 57. Gentile CL, Weir TL. The gut microbiota at the intersection of diet and 
human health. Science. 2018;362(6416):776–80.

 58. Laurans L, Venteclef N, Haddad Y, Chajadine M, Alzaid F, Metghalchi S, 
Sovran B, Denis RGP, Dairou J, Cardellini M, et al. Genetic deficiency of 
indoleamine 2,3-dioxygenase promotes gut microbiota-mediated meta-
bolic health. Nat Med. 2018;24(8):1113–20.

 59. Stanley WC, Recchia FA, Lopaschuk GD. Myocardial substrate metabolism 
in the normal and failing heart. Physiol Rev. 2005;85(3):1093–129.

 60. Witkowski M, Weeks TL, Hazen SL. Gut microbiota and cardiovascular 
disease. Circ Res. 2020;127(4):553–70.

 61. Burberry A, Wells MF, Limone F, Couto A, Smith KS, Keaney J, Gil-
let G, van Gastel N, Wang JY, Pietilainen O, et al. C9orf72 suppresses 
systemic and neural inflammation induced by gut bacteria. Nature. 
2020;582(7810):89–94.

 62. Zhang L, Wei TT, Li Y, Li J, Fan Y, Huang FQ, Cai YY, Ma G, Liu JF, Chen 
QQ, et al. Functional metabolomics characterizes a key role for 
N-Acetylneuraminic acid in coronary artery diseases. Circulation. 
2018;137(13):1374–90.



Page 19 of 19Zhou et al. Microbiome           (2022) 10:82  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 63. Wurtz P, Havulinna AS, Soininen P, Tynkkynen T, Prieto-Merino D, Tillin T, 
Ghorbani A, Artati A, Wang Q, Tiainen M, et al. Metabolite profiling and 
cardiovascular event risk: a prospective study of 3 population-based 
cohorts. Circulation. 2015;131(9):774–85.

 64. Syme C, Czajkowski S, Shin J, Abrahamowicz M, Leonard G, Perron M, 
Richer L, Veillette S, Gaudet D, Strug L, et al. Glycerophosphocholine 
metabolites and cardiovascular disease risk factors in adolescents: a 
cohort study. Circulation. 2016;134(21):1629–36.

 65. Xiong X, Liu D, Wang Y, Zeng T, Peng Y. Urinary 3-(3-Hydroxyphenyl)-3-hy-
droxypropionic acid, 3-Hydroxyphenylacetic acid, and 3-hydroxyhippuric 
acid are elevated in children with autism spectrum disorders. Biomed Res 
Int. 2016;2016:9485412.

 66. Peungvicha P, Thirawarapan SS, Watanabe H. Possible mechanism of 
hypoglycemic effect of 4-hydroxybenzoic acid, a constituent of Pandanus 
odorus root. Jpn J Pharmacol. 1998;78(3):395–8.

 67. Starnes JW, Parry TL, O’Neal SK, Bain JR, Muehlbauer MJ, Honcoop A, 
Ilaiwy A, Christopher PM, Patterson C, Willis MS. Exercise-induced altera-
tions in skeletal muscle, heart, liver, and serum metabolome identified by 
non-targeted metabolomics analysis. Metabolites. 2017;7(3):40.

 68. BetimPaesLeme AM, Salemi VM, Weiss RG, Parga JR, Ianni BM, Mady 
C, Kalil-Filho R. Exercise-induced decrease in myocardial high-energy 
phosphate metabolites in patients with Chagas heart disease. J Card Fail. 
2013;19(7):454–60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Gut microbiome mediates the protective effects of exercise after myocardial infarction
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	16S rDNA profiling of gut microbiota in mice
	Antibiotic treatment and fecal microbiota transplantation
	MicrobioMET
	Metabolites treatment
	Histological analysis
	Cell isolation, culture, treatments, and immunofluorescent staining
	RNA isolation and relative quantitative RT-PCR
	Western blotting
	Statistical analysis
	Data availability

	Results
	Exercise training mitigates cardiac dysfunction post-MI
	Exercise training changes gut microbial richness and community structure post-MI
	Antibiotic treatment inhibits the protective effects of exercise training in cardiac dysfunction post-MI
	Fecal microbial transplantation from exercise training post-MI is a transmissible trait
	Metabolomics in exercise after MI
	Two metabolites, 3-HPA and 4-HBA, protect cardiac dysfunction through activating NRF2

	Discussion
	Conclusion
	Acknowledgements
	References


