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Endothelial Function and Genetic Diagnosis of Cardiovascular Disease, Jilin Provincial Cardiovascular Research Center,
Changchun, China, ° Department of Cardiology, China-Japan Union Hospital, Changchun, China

Objective: To explore the cardioprotective effects of exercise-derived B-aminoisobutyric
(BAIBA) on cardiomyocyte apoptosis and energy metabolism in a rat model of heart
failure (HF).

Methods: In male Sprague-Dawley rats (8-week-old), myocardial infarction (MI) was
used to induce HF by ligating the left anterior descending branch of the coronary artery. In
the Sham group, the coronary artery was threaded but not ligated. After HF development,
Sham and HF rats were exercised 60 min daily, 5 days/week on a treadmill for 8 weeks
(60-60% maximal intensity) and exercise-induced cardiac remodeling after Ml were
assessed using echocardiography, hematoxylin and eosin (H&E), Masson’s Trichrome,
and TUNEL staining for the detection of apoptosis-associated factors in cardiac tissue.
High-throughput sequencing and mass spectrometry were used to measure BAIBA
production and to explore its cardioprotective effects and molecular actions. To further
characterize the cardioprotective effects of BAIBA, an in vitro model of apoptosis was
generated by applying HoO» to HI9C2 cells to induce mitochondrial dysfunction. In
addition, cells were transfected with either a miR-208b analog or a miR-208b inhibitor.
Apoptosis-related proteins were detected by Western Blotting (WB). ATP production was
also assessed by luminometry. After administration of BAIBA and Compound C, the
expression of proteins related to apoptosis, mitochondrial function, lipid uptake, and -
oxidative were determined. Changes in the levels of reactive oxygen species (ROS) were
assessed by fluorescence microscopy. In addition, alterations in membrane potential
(8yym) were obtained by confocal microscopy.

Results: Rats with HF after Ml are accompanied by mitochondrial dysfunction,
metabolic stress and apoptosis. Reduced expression of apoptosis-related proteins
was observed, together with increased ATP production and reduced mitochondrial
dysfunction in the exercised compared with the Sham (non-exercised) HF group.
Importantly, exercise increased the production of BAIBA, irrespective of the presence of
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Mitochondrial Dysfunction

HF. To assess whether BAIBA had similar effects to exercise in ameliorating HF-induced
adverse cardiac remodeling, rats were treated with 75 mg/kg/ day of BAIBA and we
found BAIBA had a similar cardioprotective effect. Transcriptomic analyses found that
the expression of miR-208b was increased after BAIBA administration, and subsequent
transfection with an miR-208b analog ameliorated both the expression of apoptosis-
related proteins and energy metabolism in HoOo-treated HOC2 cells. In combining
transcriptomic with metabolomic analyses, we identified AMPK as a downstream target
for BAIBA in attenuating metabolic stress in HF. Further cell experiments confirmed
that BAIBA increased AMPK phosphorylation and had a cardioprotective effect on
downstream fatty acid uptake, oxidative efficiency, and mitochondrial function, which

was prevented by the AMPK inhibitor Compound C.

Exercise-generated BAIBA can reduce cardiomyocyte metabolic
induced by mitochondrial

dysfunction through the

Keywords: mitochondrial dysfunction, metabolic stress, exercise, lipid metabolism, heart failure

Yu et al.
Conclusion:
stress and apoptosis
miR-208b/AMPK pathway.
INTRODUCTION

Metabolic disorders play a key role in the occurrence and
progression of heart failure (HF) after myocardial infarction
(MI). The restoration of energy homeostasis is important for
cardiac function (1). Mitochondria produce ATP and can thus
regulate energy metabolism (2), which involves the selection
and utilization of substrates, efficient oxidative phosphorylation,
and energy shuttling at the mitochondrial level (3). These
metabolic processes are closely integrated to maintain the
rapid, sustained, and sufficient output of ATP. HF leads to
a loss of metabolic substrate flexibility and a decrease in
oxidative phosphorylation efficiency, which is accompanied by
mitochondrial dysfunction (4, 5). This metabolic dysregulation
can occur due to destruction of the mitochondrial complex,
mitochondrial uncoupling, crest remodeling and swelling, and
changes of mitochondrial membrane potential, leading to
reactive oxygen species (ROS) accumulation, insufficient ATP
production, apoptosis, and death (6-8). Thus, finding ways to
attenuate cardiac metabolic stress and mitochondrial dysfunction
in patients with HF is of clinical importance.

Of the known interventions for HF patients, moderate
exercise is known to have a beneficial effect on cardiac function in
this population (9-14). Indeed, moderate continuous endurance
training is known to be a safe, efficient, and well-tolerated
intervention by HF patients that it is recommended by the Heart
Failure Association (15). Importantly, impairments of cardiac
metabolism in HF patients can be partially restored through
exercise due to the improved mitochondrial quality control,
bioenergetics, and cardiac function (16). Despite the known
beneficial effects of exercise in HF patients, many HF patients are
exercise intolerant or have a reduced exercise capability (17, 18).
Therefore, being able to identify a substance that can mimic
the beneficial effects of exercise in improving cardiac function
and energy metabolism in patients with HF is necessary. BAIBA
is a small molecule (103.6 Da) composed of two enantiomers

(L-BAIBA and D-BAIBA) produced by skeletal muscles during
exercise, and mediates the beneficial effect of exercise from
skeletal muscle to other tissues and organs via the endocrine
system (19). In this study, we have focused mainly on L-
BAIBA, which is produced by muscle contraction (19) and
can effectively improve glucose and lipid metabolism, activate
B-oxidation of fatty acids in the liver, and increase AMPK
phosphorylation in adipose tissue (20-25). However, whether
BAIBA could be used a cardioprotective therapeutic intervention
to mimic the effects of exercise in patients with HF has not
been studied.

Our study found that exercise-generated BAIBA could
effectively improve cardiac function, energy metabolism, and
reduce apoptosis in rats with HF after MI. Importantly, oral
administration of BAIBA increased the expression of miR-
208b, which is a heart-specific miRNA that is encoded on
intron 27 of the gene encoding a-MHC and is essential for the
expression of genes involved in cardiac contractility and fibrosis.
These findings align with previous studies from our group
(26), suggesting miR-208b has a protective effect on myocardial
apoptosis and mitochondrial dysfunction in rats with ML
Moreover, BAIBA also increased the ratio of p-AMPK/AMPK
in HF rats, reducing apoptosis in H,O;-induced H9C2 cells
and leading to improved mitochondrial function and energy
metabolism, suggesting BAIBA reduces cardiomyocyte metabolic
stress and apoptosis caused by mitochondrial dysfunction
through the miR-208b/AMPK pathway.

MATERIALS AND METHODS

Animal Experiments

Animal experiments were approved by the Ethics Committee
of the First Hospital of Jilin University. Male Sprague-Dawley
(SD) rats (8 weeks, 250g) were used to establish. In male
Sprague-Dawley rats (8-week-old), myocardial infarction (MI)
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was used to induce HF by ligating the left anterior descending
branch of the coronary artery (27). In the Sham group, the
coronary artery was threaded but not ligated. The procedure
was carried out under aseptic conditions and anesthesia induced
by inhaling oxygen anesthesia containing 1.5-2.0% isoflurane.
After disinfection, the skin of the prothoracic area was cut
longitudinally, the chest muscle was separated, the intercostal
space was exposed and punctured, and the anterior descending
branch of the coronary artery was ligated after separating the
pericardium. The soft tissue and skin of the chest was sutured and
disinfected with penicillin. Intraperitoneal injections of 160,000
units/day penicillin were administered for a total of seven days.
Four weeks after the procedure, the rats were examined by
echocardiography and divided into separated groups according
to ejection fraction (EF) %. Details of the groups are shown
in Supplementary File 1. Briefly, for the exercise studies, rats
were divided into 4 groups: (i) Sham; (ii) heart failure (HF);
(iii) heart failure with exercise (HFE); and (iv) Sham and
exercise (ShamE) groups. For the B-aminoisobutyric (BAIBA)
studies, rats were divided into 3 groups: (i) Sham; (ii) heart
failure (HF); (iii) heart failure with BAIBA(BAIBA) groups. For
the exercise groups, rats were exercised daily on a treadmill
(Shanghai Ruanlong Technology Co., Ltd. BW-ZHPT) involving
10-20 min acclimation, 0.3-0.6km/h, and 0% incline. After 3
days’ acclimation, the maximum exercise intensity was tested,
starting at 0.3km/h and increasing by 0.3km/h every 3 min
until exhaustion (28). The rats were run on the treadmill for
8 weeks (50 to 60% of maximum intensity), 60 min/day, 5
days/week, and at a 0% incline. For the BAIBA studies, BAIBA
(MCE; HY-113380) was administered orally by gavage at a daily
dose of 75 mg/kg for 8 weeks (29, 30) to rats with HF. The
corresponding dose of BAIBA was dissolved in 1ml ddH20, and
the rats in the Sham group and the HF group were given the same
volume of ddH2O orally by gavage. At 12 weeks post-op, rats in
each group were examined by echocardiography, and the hearts
were quickly removed under deep anesthesia. After the heart
was removed, it was washed with cold PBS, dried with sterile
medical gauze. Part of the left ventricle was quickly fixed in 4%
paraformaldehyde for subsequent histological evaluation, while
part of the left ventricle was quickly frozen in liquid nitrogen
(or at—80°C) for subsequent transcriptomic, proteomic, and
biochemical analysis. All experiments were conducted following
the guidelines of animal research institutions and in accordance
with the guidelines for the Care and Use of Experimental Animals
published by the National Institutes of Health (NIH publ.no.85-
23, revised in 1996).

Echocardiography

To non-invasively assess changes in cardiac structure and
function, GE VIVId-i was used for the echocardiographic
examinations at 4 and 12 weeks post-MI. Rats were anesthetized
using the method used for the infarction surgery (described
above) and were maintained under anesthesia for the entire
echocardiographic examination. The probe (10S; 4.0-11.0 MHz)
was placed directly on the shaved chest wall. The left ventricular
end diastolic diameter (LVIDd), left ventricular end systolic
diameter (LVIDs), interventricular septal thickness (IVDs),

ejection fraction (EF) % and fractional shortening (FS) were
measured. EF was calculated as stroke volume (SV)/end-
diastolic volume (EDV) x 100%. FS was calculated as (LVIDd-
LVIDs)/LVIDd x 100%.

H&E Staining

The left ventricular tissue was fixed in 4% paraformaldehyde
for 24 h, embedded in paraffin, and sliced into 4 um sections.
The sections were dewaxed with xylene and an ethanol gradient,
stained with hematoxylin, washed with 1% (v/v) hydrochloric
acid for 30s, and stained with eosin for 2 min. After gradient
ethanol dehydration, permeation, and sealing, photographs were
taken under a microscope (OLYMPUS BX53).

Masson’s Staining

Paraffin sections were dewaxed into the water, stained with
Wiegert’s iron hematoxylin solution for 5min, differentiated
with hydrochloric acid alcohol, and washed with tap water.
The sections were stained with fuchsin solution for 5min,
molybdophosphoriTUNEL acid solution for 3 min, and toluidine
blue-O re-staining for 5min. The slices were soaked in 1%
glacial acetic acid for 1 min before dehydration, permeation,
and sealing. Sections were observed and photographed under
a microscope (OLYMPUS BX53). Image-Pro Plus 6.0 software
(Media Cybernetics, USA) was used to analyze images. Three
visual fields at x400 were tested randomly in each sample.
The degree of fibrosis was calculated as the percentage of
collagen area.

TUNEL Staining

Paraffin sections were dewaxed with xylene, hydrated with an
ethanol gradient, and then treated with 20 pg /ml protease
KJI without DNase at 37°C for 30 min. After repeated rinsing
with PBS, 50 pl TUNEL monitoring solution was added and
the sample was incubated at 37°C for 60 min. After washing,
the sections were sealed with an anti-fluorescence quenching
solution and observed under a fluorescence microscope (Lycra,
DL-80, Germany). Nuclei of normal and apoptotic cells appeared
light blue and light red after staining, respectively. Three visual
fields at x400 were tested randomly in each sample. The apoptotic
index value was calculated as the number of apoptotic cells
divided by the total number of cells in each field of view (x400).

Transmission Electron Microscopy
Mitochondrial ultrastructure was observed by TEM. Tissue
specimens were fixed with 3% glutaraldehyde, then re-fixed in
1% SO4, rinsed with PBS solution, and embedded in Epon
resin after ethanol gradient dehydration. Ultra-thin slices (50 nm)
were cut using a diamond knife, and the glass slides were
fixed onto the copper specimen table with conductive paste.
Platinum was sprayed onto the sample for transmission electron
microscopic observation (Hitachi H600 Electron Microscope,
Hitachi, Japan) and imaging. Magnification is x1.2k; x3.0k, and
x 8.0k, respectively.

Cell Transfection
Rat cardio myoblast H9C2 cells were cultured until 60-
70% confluent and were then transfected using Lipofectamine
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2000 (Invitrogen, Carlsbad, CA, USA) with a miR-208b
analog (100nM), a miR-208b inhibitor (100 nM), or a miR-
208b negative control (NC) vector (100nM) in serum-free
and Penicillin-Streptomycin-free medium, after 6h, the cells
were changed into complete medium and continued to be
cultured for 24 h before incubation with H,0O,.The miR-208b
analog, miR-208b inhibitor, and miR-208b NC were designed
by Gene Pharma (Suzhou, China). The sequences were as
follows: miR-208b analog; (5'-AUAAGACGAACAAAAGGU-3'
5'-CUUUUGUUCGUCUUAUUU-3’), miR-208b inhibitor; (5'-
ACCUUUUGUUCGUCUUAU-3"), miR208b Negative control
(NQC); (5'-CAGUACUUUUGUGUAGUACAA-3).

Cell Experiments

Mitochondrial dysfunction was induced in H9C2 cells by
incubation with 200 uM H,O, for 24 h to generate a model of
myocardial apoptosis. The cells were divided into the following
groups: Control, H,O,, BAIBA, miR-208b analog, miR-208b
inhibitor, miR-208b NC, and Control, H,O,, BAIBA, Compound
C. The transfection concentration of miR-208b was 100 nM.
The concentrations of BAIBA and Compound C were 30 and
10 wM, respectively.

Western Blotting

H9C2 cells or myocardial tissue were treated with RIPA lysis
buffer containing protease and phosphatase inhibitors (Sangon
Biotech, Shanghai, China), and total protein concentrations
were measured using a BCA protein assay kit (Sangon Biotech,
Shanghai, China). After denaturation at 95°C for 5min in
SDS sample buffer, proteins were separated on SDS-PAGE and
transferred to PVDF membranes. The membranes were blocked
with 5% (w/v) BSA for 1h, followed by incubation overnight at
4°C with specific antibodies (all from Abcam, Cambridge, UK)
against the following proteins: Bax (ab32503), BCL-2 (ab196495),
pro-caspase 3(ab184787), cleaved-caspase 3 (ab214430), DRP-
1 (ab184247), OPA-1 (ab42364), PGC-1 a (ab106814), SUCLA
(ab202582), ACADL (ab129711), CD36 (abl133625), CPT-
1 (ab234111), P-ACC (ab68191), ACC (ab45174), p-AMPK
(ab133448), AMPK (ab207442), and GAPDH (ab181602). After
washing, the membrane was incubated with an HRP-coupled
secondary antibody for 60min, washed again, and finally
incubated with enhanced chemiluminescence (ECL) solution
(Sigma, USA).

qRT-PCR Analysis

Myocardial tissue samples or H9C2 cell samples were
homogenized in TRIzol reagent for RNA extraction and
the RNA concentration was evaluated by spectrophotometry.
Equal amounts (2 pg) of purified RNA were used as templates,
and the First Strand cDNA synthesis kit (Sangon Biotech,
Shanghai, China) was used to synthesize cDNA and miRNA.
Quantitative RT-PCR analysis was performed on a real-time PCR
system (ABI 7500 DX) using SYBR Green Master Mix (Sangon
Biotech), cDNA template, and specific primers (miR-208-3p
primer 5'-GCGCATAAGACGAACAAAAGGT-3'). GAPDH was
used to standardize mRNA expression, while U6 (also known as
RNU6) was used to standardize miRNA expression. The relative

expression levels of the target genes were determined by the
27AACT method.

ATP Measurements

An ATP test kit (Beyotime, Shanghai, China) was used
according to the manufacturer’s instructions. Cell lysates or
myocardial tissue lysates were centrifuged at 12 000 x g
for 5min, and the supernatant was retained. One hundred
microliters of the supplied ATP solution were added to each
of the wells of 96-well plates and allowed to stand at room
temperature for 3-5min. Twenty microliters of the lysate
supernatant or standard solutions were then added, mixed
quickly, and, after 5 sec, the LUL value (relative light unit,
RLU) was determined by chemiluminescence measurement in
a luminometer.

Mitochondrial Membrane Potential

JC-1 dye (5,5) 6,6'-tetrachloro-1,1; 3,3 -tetraethyl Benzimidazole
carbonyl cyanine iodide) was used to evaluate A { m. H9C2
cells were incubated with JC-1 staining solution at 37°C for
20 minutes. The cells were then washed with JC-1 buffer
and imaged by confocal microscopy (Nikon, Al, Japan). JC-
1 can form aggregates in healthy mitochondria and has red
fluorescence (Em. 590 nm) at the polarized A ¢ m. In cells
with altered mitochondrial function, JC-1 can only form a
monomer with resultant green fluorescence (Em. 527 nm) in
the cytoplasm during depolarization. The ratio between red and
green fluorescence of HOC2 cells was used for the detection of the
mitochondrial membrane potential.

Detection of Intracellular ROS Level

The production of ROS was measured using a ROS assay
kit (Beyotime) using the 2-dichlorofluorescein diacetate (H;-
DCFDA) method. H9C2 cells were incubated with 10 uM H;-
DCFDA in the dark at 37°C for 20 min. After washing with
PBS, the cells were imaged with fluorescence microscopy (Leica
DL-80, Germany).

Non-targeted Metabolomics Sequencing

Rat myocardial tissues were used for non-targeted metabolomics
sequencing. The specific location was the anterior wall of the left
ventricle (in the BAIBA group, the area around the infarction
was used). One milliliter of 90% cold methanol was added
to 100 ml of sample, which was then homogenized using an
MP homogenizer followed by sonication at low temperature
and centrifugation. The supernatant was dried in a vacuum
centrifuge. For LC-MS analysis, the samples were re-dissolved
in 100 L acetonitrile/water (1:1, v/v). For HILIC separation,
samples were analyzed using a 2.1 x 100 mm ACQUIY UPLC
BEH 1.7pum column (Waters, Ireland). A 2 pL aliquot of
each sample was injected. In the MS-only acquisition, the
instrument was set to acquire over the m/z range 60-1000 Da.
The product ion scan was acquired using information-dependent
acquisition (IDA) with selection of the high-sensitivity mode.
The raw MS data (wiff.scan files) were converted to MzXML
files using ProteoWizard MSConvert before importing into the
freely available XCMS software. In the extracted ion features,
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only the variables with over 50% of the non-zero measurement
values in at least one group were kept. Compound identification
of metabolites in the MS/MS spectra was performed with
an in-house database established with available authentic
standards. After normalization to total peak intensity, the
processed data were uploaded before importing into SIMCA-
P (version 16.1, Umetrics, Umea, Sweden), where the data
were subjected to multivariate data analysis, including Pareto-
scaled principal component analysis (PCA) and orthogonal
partial least-squares discriminant analysis (OPLS-DA). Seven-
fold cross-validation and response permutation testing was
used to evaluate the robustness of the model. The variable
importance in the projection (VIP) value of each variable in
the OPLS-DA model was calculated to measure its contribution
to the classification. Metabolites with VIP values >1 was
further analyzed for significance using Students ¢-test at
the univariate level, with p-values < 0.05 considered as
statistically significant.

Transcriptomics Sequencing

Rat myocardial tissues were used for non-targeted metabolomics
sequencing. Specifically, the anterior wall of the left ventricle
was used; in the BAIBA group the area around the infarction
was used). Total RNA was extracted using the TRIzol(®) reagent.
Paired-end libraries were prepared using an ABclonal mRNA-
seq Lib Prep Kit (ABclonal, China). Adaptor-ligated cDNAs
were used for PCR amplification. The PCR products were
purified (AMPure XP system) and library quality was assessed
on an Agilent Bioanalyzer 4150 system. Finally, sequencing
was performed with an Illumina Novaseq 6000 /MGISEQ-T7
system. The data generated from Illumina/BGI platform were
used for bioinformatics analysis. All analyses were performed
using an in-house pipeline from Shanghai Applied Protein
Technology. In this step, the adapter sequences were removed
and low-quality sequences and reads with N ratios > 5%
were filtered out to obtain clean reads for subsequent analysis.
The clean reads were aligned separately to the reference
genome with orientation mode using HISAT2 software to
obtain mapped reads. The mapped reads were spliced using
Stringtie software, after which Gffcompare software was used
to compare them with the reference genome GTF/GFF file
to identify the original unannotated transcription region and
discover new transcripts and new genes. Feature Counts was
used to count the reads numbers mapped to each gene. The
FPKM of each gene was calculated based on the length of the
gene and reads count mapped to the gene. Differential expression
analysis was performed using the DESeq2, and genes with
[log2FC|>1 and Padj < 0.05 were considered to be differentially
expressed genes.

Joint Analysis of Sequencing Data

Principle component analysis (PCA) was performed with
SIMCA Version 14.1 using quantitative data from the two omics
analyses. All differentially expressed genes and metabolites
were queried and mapped to pathways based on the online
Kyoto Encyclopedia of Genes and Genomes (KEGG, http://
www.kegg.jp/). Enrichment analysis was also performed. R

Version 3.5.1 was used to combine the KEGG annotation and
enrichment result of the omics analyses. Venn diagrams and bar
plots were drawn. Z-score normalization was performed on the
quantitative data of the target differentially modified peptides,
and heatmaps were drawn with R Version 3.5.1 (Distance
Matrix Computation: Euclidean, Hierarchical Clustering:
complete linkage).

Statistical Analysis

GraphPad Prism5 software (GraphPad Software Company,
San Diego, CA, USA) was used to determine independent-
sample differences between two groups. The differences between
multiple groups were tested by one-way ANOVA. P-values < 0.05
were considered statistically significant.

RESULTS

Exercise Improves Cardiac Morphology
and Function in Rats With Heart Failure

After Myocardial Infarction

We established the rat model of HF after myocardial infarction
(MI) by ligation of the anterior descending coronary artery. The
immediate mortality rate of MI group was 61%, and the delayed
mortality rate was 63.9%. It is well-established that MI induces
maladaptive changes in the myocardium and extracellular matrix
(ECM), which leads to ventricular pathological remodeling
(structural and functional) and the occurrence and development
of heart failure (HF) (Figure 1). Indeed, compared with rats in
the Sham group, rats in the HF group showed morphological
abnormalities, such as incomplete structure, different size, and
disordered arrangement of cardiomyocytes (Figure1A). By
contrast, we found that 8 weeks of treadmill exercise (50 to
60% of maximum intensity, 60 min/day, 5 days/week, and at a
0% incline) reduces adverse MI-induced morphological changes.
Specifically, despite the presence of a clear ischemic necrotic
area in MI compared with the Sham group, the anterior wall
of the left ventricle was still able to support and maintain the
normal shape of the left ventricle (Figure 1A). Moreover, as
shown in (Figures 1B,C), large collagen deposits were seen in the
intercellular spaces, together with damaged cells and red blood
cells, among other abnormalities with HF, which was ameliorated
with exercise (P = 0.008). We further observed the morphology
of mitochondria in the peri-infarcted area of rats in each group.
Compared with the Sham group, the sarcoplasmic reticulum
in the HF group appeared dilated, and the transverse canal
(TT) was compressed and deformed (Figure 1D). Moreover,
the mitochondria were arranged in a disordered fashion, with
swollen mitochondrial crests and many absent cristae, and there
was significant mitochondrial vacuolation. Surprisingly, exercise
reduced mitochondrial vacuolation in the peri-infarcted area
of the HFE group, and crest structures appeared relatively
regular, suggesting exercise improved cardiac morphological
changes and function after MI (Figure 1D). Consistent with this
contention, echocardiography revealed that compared with the
Sham group, LVIDd and LVIDs in HF group had increased,
while EF, FS, and IVDs was significantly decreased, which was
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FIGURE 1 | Exercise improves cardiac morphological changes and function in rats after induced myocardial infarction. (A) The overall appearance of the hearts of rats
from the Sham, HF, HFE, and ShamE groups, scale bar = 1 cm. (B) Cardiomyocytes stained by H&E, Scale bar = 20 um, Mason tricolor-stained cardiac fibrosis,
scale bar = 20 um. (C) Quantitative analysis of collagen deposition in the left ventricle; n = 3; ***P < 0.0001; **P < 0.01. (D) Electron micrograph (TEM) of
mitochondrial morphology in a longitudinal section of ventricular muscle. Magnification, x12 000; x30 000, and x80 000. (E) M-mode echocardiography of rats in
each group. (F) Statistical analysis of left ventricular EF determined by echocardiography. n = 6; ****P < 0.0001; ***P < 0.001.
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ameliorated with exercise in the HFE group (Figures 1E,F,
Supplementary Files 3A-D).

Exercise Alleviates Apoptosis in Rats With

Heart Failure After Myocardial Infarction

In MI-induced HE apoptosis is a key mediator of adverse
left ventricular remodeling. In addition, alterations in ATP
production are thought to play a significant role in apoptosis-
induced by mitochondrial dysfunction. As shown in Figure 2,
TUNEL staining revealed that the number of apoptotic nuclei was
increased in the HF group, while exercise effectively decreased
(P = 0.0099) both the number of apoptotic nuclei and the
rate of apoptosis with HF (Figures 2A,B). In addition, ATP
production was significantly reduced in HF compared to Sham
rats, with the decrease in ATP production reversed (P = 0.0002)
by exercise training (Figure 2C). To determine why exercise
reduced the rate of apoptosis, we examined the expression
of apoptosis-related proteins. As shown in Figures 2D-F, WB
analysis showed that exercise could regulate the expression of
apoptosis-related proteins. Specifically, compared with the Sham
group, levels of cleaved/pro- caspase3 were up-regulated, while
that of BCL-2/Bax was down-regulated in HF rats, with the
pathological changes in apoptosis-related expression attenuated
(P = 0.0177; P = 0.0146) with exercise training in the HFE
group (Figures 2D-F). Therefore, it is clear that exercise may
exert beneficial effects in HF by improving energy metabolism
and reducing cellular apoptosis.

Exercise-Generated BAIBA Improves
Cardiac Function and Energy Metabolism

Disturbance in Rats With Heart Failure

B-aminoisobutyric acid (BAIBA) is a small molecule produced
by skeletal muscle during exercise that reaches distant tissues
via the bloodstream to exert beneficial physiological functions.
As BAIBA appears to mediate is beneficial effects by improving
energy metabolism (23, 25, 31). We sought to determine whether
it may contribute to the improvements in cardiac structure and
function with exercise in HF. As shown in Figure 3A, 8 weeks
of exercise training increased (P = 0.0263) the concentration
of BAIBA in the peripheral circulation of both Sham and HF
rats (Figure 3A). Given these findings, we sought to determine
whether we could mimic the beneficial effects of exercise training
in HF through BAIBA administration. Thus, we gave BAIBA
(75 mg/kg/day) to rats by oral gavage and evaluated the cardiac
function 8 weeks later to verify whether oral BAIBA could
improve the cardiac structure and function of rats with HF after
MI. As shown in Figure 3B, we found that 8 weeks of orally
administered BAIBA improved the left ventricular morphological
abnormalities in rats with HF in comparison with the HF-only
group. Specifically, BAIBA was able to alleviate cardiomyocyte
lysis and necrosis as well as to reduce the numbers of disordered
structures (Figure 3C), reduce (P = 0.0001) collagen deposition
(Figure 3D), and increase the EF (P = 0.001), FS (P = 0.0028)
and IVDs (P = 0.0002) while decrease the LVIDd (P = 0.027) and
LVIDs (P = 0.0001) (Figures 3E,F, Supplementary Files 3E-H)
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in rats with HF.TEM showed that oral administration of
BAIBA could effectively reverse the morphological destruction
of mitochondria caused by HF (Figure3G). Moreover, in
assessing cardiomyocyte apoptosis, TUNEL fluorescence staining
showed that compared with the HF group, the numbers of
apoptotic nuclei in the BAIBA-treated group were decreased
(P = 0.011) (Figures 4A,B). Consistent with reduced apoptosis,
BAIBA reversed (P < 0.0001) the decreases in ATP production
observed with HF (Figure4C). Importantly, WB showed
that BAIBA regulated the expression of apoptosis-related
proteins (Figures 4D-F) and mRNA levels (Figures 4G-I) in
a similar manner to exercise, indicating that BAIBA reversed
the adverse changes in apoptosis-related gene expression
caused by HF.

BAIBA Up-Regulated miR-208b to Improve
Disordered Energy Metabolism and

Apoptosis in Rats With HF

To further understand the mechanism by which BAIBA
improves energetics and exerts an anti-apoptotic effect, we
next performed transcriptomic sequencing on tissue from
the area surrounding the infarct in the anterior wall of the
left ventricle in the HF and BAIBA groups. An orthogonal
partial least squares discriminant analysis model (OPLS-DA)
was used to detect the polymerization and the stability of the
method. As shown in Figure 5A, the results showed a clear

separation in the two groups in terms of gene expression.
Specifically, RNA-sequencing revealed that 11 genes were
upregulated, and 18 genes were downregulated in the BAIBA
group compared to the Sham group (FC > 2.0, P < 0.05).
Importantly, the volcano plot of differentially expressed mRNAs
showed that BAIBA up-regulated the expression of miR-
208b (Figure 5B), which we have previously shown to have
a protective effect on myocardial apoptosis (26). Indeed,
consistent with sequencing results, PCR showed alterations
in miR-208b levels in response to exercise, regardless of HF
or not (Supplementary File 2A). The clustering heatmap of
DEGs showed differences in myocardial expression of miR-208b
between the BAIBA and Sham groups (Figure 5D). Importantly,
the expression of miR-208b was upregulated by BAIBA in a
dose-dependent manner, with higher concentrations of BAIBA
(10-30 uM) driving greater relative expression of miR-208b
(Figure 5C). Moreover, BAIBA administration was found to
reverse (P < 0.0001) the decrease in ATP concentrations
in H9C2 cells caused by H,O, (Figure5E). Interestingly,
administration of the miR-208b analog augmented BAIBA-
induced cardioprotective effects, which was prevented by
treatment with the miR-208b inhibitor (Figure 5F). In addition,
the alterations in the expression of apoptosis-related proteins
caused by H,O, were reversed by treatment with the miR-
208b analog, consistent with the effects of BAIBA, while the
beneficial directional changers were attenuated by the miR-208b
inhibitor (Figures 5G,H).
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BAIBA Modulates Myocardial Metabolism
Through the AMPK Pathway

It is clear from our study that upregulation of BAIBA and,
subsequently, miR-208b improved energy metabolism and
reduced apoptosis in HF rats. To further determine the
specific metabolic targets of miR-208b in cardiomyocytes,
a metabolomic profiling analysis was used. As shown in
Figure 6A, metabolites were identified in both the positive
(n = 183) and negative (n = 103) ion modes, with all metabolites
classified and counted according to their chemical taxonomy
and attribution. The OPLS-DA showed a clear separation
between the two groups in both negative and positive ion
modes (Figure 6B). Specifically, a total of 40 metabolites were
found to be differentially expressed using a strict OPLS-DA
Variable Importance for the Projection VIP >1 and P-value
< 0.05 as the screening criteria (Table 1). The hierarchical
clustering heatmap of the differential metabolites in the negative
and positive modes is shown in Figures 6C,D. Differential
abundance scores were used to analyze pathway changes in
the metabolites, which showed that the differential metabolites
were primarily involved in glycolysis and gluconeogenesis,
glyceride metabolism, the pentose phosphate pathway, insulin
resistance, purine metabolism, amino acid biosynthesis,
and amino acid metabolism, histidine metabolism, arginine
biosynthesis, glyoxylic acid, and dicarboxylic acid metabolism,
glycine, serine, and threonine metabolism, taurine and low
taurine metabolism, alanine, aspartic acid, and glutamic acid

metabolism, p-glutamate, arginine and proline metabolism
(Figure 6E), consistent with a role of BAIBA and miR-
208b modulating myocardial metabolism. Importantly, the
multi-group analysis showed that the differentially expressed
genes and metabolites were mainly enriched in the AMP-
activated protein kinase (AMPK) signaling pathway, which is
a cellular energy sensor that plays a key role in cell growth,
survival, and the maintenance of energy homeostasis. Other
pathways that were enriched, to a lesser extent, in the HIF-1
signaling, FoxO signaling, fructose and mannose metabolism,
insulin secretion, glucagon signaling, and insulin resistance
pathways (Figure 6F).

BAIBA Increases AMPK Phosphorylation,
Increases Free Fatty Acid Uptake and
Oxidation Efficiency, and Improves

Mitochondrial Function

Given the prominent enrichment of the differentially expressed
in the AMPK pathway, we further interrogated the link between
BAIBA administration and downstream changes in the AMPK
signaling pathway. In rats with HEF oral administration of
BAIBA elevated (P = 0.0003) the proportion of phospho-AMPK
(p-AMPK) (Figures 7A,B), while in H9C2 cardiomyocytes,
BAIBA also increased p-AMPK expression in the expression
in a dose-dependent manner (Figures7C,D). Transfection
of the miR-208b analog amplified (P = 0.0001) this effect
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on AMPK phosphorylation, while the miR-208b inhibitor
counteracted (P = 0.0222) the effect (Figures 5EI). Taken
together, these findings suggest that the phosphorylation of
AMPK by BAIBA may be mediated by miR-208b. As a main
metabolic switch, activated AMPK can increase the flexibility
of metabolic substrates and improve mitochondrial function
through mitochondrial biogenesis and quality control. Thus, we
next performed WB analysis of downstream AMPK proteins
in HF rat models. Fatty acids are an important metabolic
substrate in the heart, and we therefore assessed changes
in a number of these key enzymes in fatty acid oxidation
(FAO), including carnitine palmitoyltransferase-1 (CPT-1), acyl-
CoA dehydrogenase long chain (ACADL), and acetyl-CoA
carboxylase (ACC), using WB (Figure 7E). In quantifying
changes in these enzymes, compared with the HF group,
BAIBA increased (P = 0.0014) the expression of the fatty acid
uptake-related protein CD36 (Figure 7F). Moreover, BAIBA
increased the expression of p-ACC (P < 0.0001) (Figure 7G),
CPT-1 (P < 0.0001) (Figure 7H), and ACADL (P = 0.0015)
(Figure 7I), all of which would increase fatty acid uptake and
oxidation efficiency. At the same time, BAIBA also increased
the biogenesis of mitochondria and improved their functioning
(Figure 7J). Mitochondrial fusion and fission form the core of
mitochondrial quality control. Our results showed that BAIBA
ameliorated (P = 0.002; P = 0.0004) the reductions in optic
nerve atrophy 1 (OPA1) and dynamic protein-associated protein
1 (Drpl) expression, thus improving mitochondrial quality

(Figures 7K,L). Moreover, BAIBA was found to increase (P
= 0.0288) the expression of peroxisome proliferator-activated
receptor (PPAR) y coactivator-1 o (PGC-1a), which is a strong
activator of cardiac mitochondrial biogenesis (Figure 7M).
SUCLAZ2 is a core enzyme of the tricarboxylic acid cycle (TCA),
participating in acetyl-CoA oxidation; BAIBA attenuated (P =
0.0114) the decreased SUCLA expression in rats in the HF group
(Figure 7N). Therefore, our findings suggest BAIBA mediates
its beneficial effects on cardiac energetics by increasing AMPK
phosphorylation, fatty acid intake and oxidation, and improving
mitochondrial function.

The Protective Effects of BAIBA on
Apoptosis, Disordered Energy Metabolism,
Mitochondrial Function, and FA Uptake and
Oxidation Are Offset by AMPK Inhibition

Our results suggest that the protective effect of BAIBA was
mediated by the AMPK pathway. To further interrogate how
activation of this pathway attenuates apoptosis, we began by
assessing the impact of BAIBA on ROS production, which
is known initiator of cardiomyocyte apoptosis. As shown in
Figure 8A, ROS production was increase in the H,O,-treated
group compared with the controls, consistent with a link to
myocardial apoptosis. Importantly, treatment with BAIBA
reversed this effect by reducing ROS production, while treatment
with the AMPK inhibitor, Compound C, counteracted the
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BAIBA-mediated action (Figure 8A). Moreover, mitochondrial
membrane potential staining showed similar directional changes
with our treatment groups. Specifically, BAIBA treatment
counteracted the drop in mitochondrial membrane potential
caused by H,O,, which was counteracted (P = 0.0002) by
treatment with Compound C (Figures 8B,C). Treatment
with Compound C also reversed (P < 0.0001) the protective
effects of BAIBA on ATP production (Figure 8D). Consistent
with above, the BAIBA-mediated reversal of H,;O,-induced
changes in apoptosis-related protein expression was also
offset by the AMPK inhibitor (Figures 8E-G). Analysis of
the expression of proteins associated with fatty acid uptake
and pB-oxidation (Figures8H-L) as well as mitochondrial
proteins (Figures 8M-Q) further confirmed these findings,
demonstrating that BAIBA mediates its cardioprotective
effects through AMPK and that AMPK inhibition reverses
the protective effect of BAIBA on the expression of
these proteins.

DISCUSSION

The heart is an energy-consuming organ and requires sufficient
ATP to maintain its pump function. Normal cardiomyocytes
have metabolic flexibility. Various metabolic substrates including
fatty acids, carbohydrates (glucose and lactates), ketones,

and amino acids enter the tricarboxylic acid cycle to form
ATP, allowing the maintenance of normal cardiac contraction.
Mitochondria play important roles in the production of ATP.
By contrast, a loss of metabolic substrate flexibility caused
by mitochondrial dysfunction may be a key factor in heart
failure, leading to metabolic and oxidative stress as well as
increased cellular apoptosis, forming a vicious cycle. Our results
showed that in rats with HF after MI, the mitochondria were
arranged in a disordered fashion, with swollen mitochondrial
crests and many absent cristae, and there was significant
mitochondrial vacuolation. As a result, the production of ATP
decreased, which accelerated the progression of HF. Therefore,
mitochondrial function is a crucial therapeutic target for heart
failure (2, 32).

Moderate exercise is known to have a beneficial effect on
heart function in patients with HF (9). Moderate continuous
training is efficient, safe, and well tolerated by HF patients,
and it is recommended by the Heart Failure Association
Guidelines (15). Cardiac energy metabolism can be partially
restored through exercise due to improvements in oxidation
ability and by restoring energy transfer. Exercise can also
restore cardiac autophagic flux in heart failure. This is related
to improved mitochondrial quality control, bioenergetics, and
cardiac function (16). Our results showed that in rats with
HF after MI, the EF% of the exercise group was superior
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to that of the HF group. Despite being forced exercise,
which may be associated with stress responses (33), 8 weeks
of treadmill training alleviated the degree of cardiomyocyte
apoptosis surrounding the infarcted region and improved
mitochondrial morphology. The protective function of exercise
in HF patients undergoing continuous aerobic exercise training
is primarily determined by the total energy expenditure,
including the training intensity, duration, and frequency of
the training program. However, a considerable number of
patients with HF are unable to undertake effective exercise
due to circulatory disorders and skeletal muscle mitochondrial
dysfunction, among other reasons. For these patients, their
recovery can potentially be improved by the identification of the
targets of exercise-induced protection and using these to find
alternative treatments.

BAIBA is a small molecule (103.6 Da) produced by skeletal
muscles during exercise and mediates the beneficial effect of
exercise from skeletal muscle to other tissues and organs via
the endocrine system (19). BAIBA activates the fatty acid p-
oxidation pathway in the liver, converts white adipose tissue
to brown fat (25), improves insulin resistance and skeletal
myositis by the autocrine/paracrine systems, prevents diet-
induced obesity (34), and protects against metabolic dysfunction
in type 2 diabetes (22). Here, it was found that the production
of BAIBA increased after exercise in both the control group
and HF rats, which may underlie the cardioprotective effects of
exercise in HF. Importantly, we found that 8-weeks of BAIBA
administration in rats with HF improved cardiac function,

reversed metabolic stress, and reduced apoptosis. Moreover,
transcriptomic analyses revealed this protective action of BAIBA
was found to be linked to increased expression of miR-208b,
which is a heart-specific miRNA encoded on intron 27 of the
gene encoding a-MHC that is essential for the expression of
genes involved in cardiac contractility and fibrosis. An increased
plasma concentration of miR-208b has been linked to myocardial
injury and may serve as a biomarker of acute myocardial
infarction (35). Nonetheless, previous studies have demonstrated
miR-208b may serve a protective role in myocardial fibrosis
after infarction through GATA4 signaling (36). Consistent with
a cardioprotective role of miR-208b in the current study, we
have previously shown that miR-208b has a protective effect on
myocardial apoptosis (26). Specifically, our findings confirm that
BAIBA increases the expression of miR-208b in a dose-dependent
manner, and that the miR-208b analog is a downstream
mediator of the protective effects on left ventricular remodeling
and function through the reduction of metabolic stress and
apoptosis caused by mitochondrial dysfunction in rats with
HEF. Indeed, metabolomic profiling linked the protective effects
to differential regulation of metabolites involved in glycolysis,
gluconeogenesis, amino acid biosynthesis, and other metabolic
pathways, consistent with the maintenance of mitochondrial
energetics being important being a crucial therapeutic target
in HF. Importantly, we identified that the protective effect of
BAIBA on the heart in HF is linked to the AMPK signaling
pathway, with both BAIBA and miR-208b increasing AMPK
phosphorylation in a concentration-dependent manner. As
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TABLE 1 | Differential metabolites between the BAIBA and Sham groups.

Adduct Name VIP FC P-value m/z rt(S)
(M-H)- Maltose 1.747133102 1.853496517 0.001105606 341.10984 449.316
(M-H)- Inosine 12.68850649 0.712132158 0.001207444 267.07386 217.6715
(M4+CH3CO0)- D-Ribulose 1 5-bisphosphate 1.782550319 0.408627194 0.006806923 369.00044 435.2515
(M-H)- 3-Guanidinopropanoate 2.954725215 0.706925321 0.006926241 130.06213 349.242
(M-H)- Arachidic acid 1.684319676 0.568914743 0.007538358 311.29604 39.914
(M-H)- DL-2-Phosphoglycerate 7.329573369 0.381760658 0.020325427 184.98581 470.9
(2M-H)- 3-Phospho-D-glycerate 1.661451592 0.236277794 0.022903901 370.98 470.953
(M-H)- Orotidine &'-phosphate (OMP) 1.241131943 2.081168265 0.026892841 367.01093 462.396
(M-H)- Glycerol 3-phosphate 4.084530216 0.647349896 0.034960137 171.0064 430.0125
(M-H)- Oxypurinol 3.882881699 2.518632379 0.035085539 151.02612 244.2205
(M+4CH3CO0)- D-Ribose 5-phosphate 3.659360842 1.325621035 0.043880746 289.03359 461.66
(M-H)- L-Glutamate 2.849537956 0.851050259 0.043943848 146.04609 396.561
(M+Na)+ Acetylcarnitine 1.462328082 0.777352931 0.000245574 226.10363 307.7345
(M+H)+ Linoleoyl ethanolamide 1.354137268 0.655316044 0.000279653 324.28769 36.2295
(M+H)+ Phosphocreatine 2.021285259 0.491283479 0.000868958 212.0419 438.9865
(M+H)+ Nicotinamide 10.74306783 0.861527316 0.000943401 123.05523 62.2415
(M+-H)+ L-Carnosine 5.421254128 0.405729569 0.000965206 227.11325 422,118
(M4+-H)+ Hypoxanthine 11.7857247 0.749549435 0.001039384 137.04539 216.9845
(M4+-H)+ Guanosine 1.89912572 0.675033308 0.001314684 284.09775 262.743
(M+H)+ lle-Thr 1.15320574 0.437272107 0.001616012 233.14837 50.792
(M+NH4)+ Stachyose 2.154557724 2.41875441 0.001949267 684.25204 488.522
(M+H-H20)+ MG(18:2(9Z 122)/0:0/0:0)[rac] 3.985687426 0.713154762 0.002312178 337.2717 37.0085
(M+H-H20)+ 1-Stearoyl-2-arachidonoyl-sn-glycerol 3.795636092 1.243900004 0.003384257 627.5309 192.458
(M+NH4)+ Maltotriose 3.45554989 1.846746797 0.003497007 522.20034 449.2395
(M+CH3CN-+H)+ Nitrosobenzene 1.178848398 3.325302789 0.003873997 149.07237 65.885
(CM+H)+ Allopurinol riboside 3.958330117 0.666746052 0.004621944 537.16584 216.9845
(M+-H)+ 1-Myristoyl-sn-glycero-3-phosphocholine 1.456332015 0.600830069 0.005324648 468.30597 200.3165
(M4+-H)+ Xanthine 1.5674238507 1.288697953 0.005441952 153.039 219.5835
(M+Na)+ Maltopentaose 1.810989097 3.062600739 0.009029524 851.26122 507.208
(M+H)+ Prostaglandin 12 1.149081762 3.557597818 0.011067474 353.2302 161.7475
(M+H)+ Adenosine monophosphate (AMP) 1.028294798 0.585128158 0.011123783 348.06833 402.638
(M+H)+ 3-Methylhistidine 2.088235504 1.488995206 0.011725758 170.09117 432.186
(M+H)+ Thiamine monophosphate 1.534209559 0.789752069 0.014247642 345.07645 490.066
(M+H)+ L-Palmitoylcarnitine 7.742755165 0.672001197 0.014438134 400.34053 175.461
(M+H)+ Sphingomyelin (d18:1/18:0) 2.537052905 1.128875942 0.016585356 731.60242 180.9475
(M+H)+ 1-Stearoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine 5.020219423 0.643566288 0.028989733 482.32254 198.3845
(M+-H)+ Pro-Asp 1.148515883 1.075266343 0.030657874 231.09604 425.271
(M-2H+3Na)+ 1-Stearoyl-sn-glycerol 3-phosphocholine 1.914627352 0.53137472 0.03432785 590.31848 184.124
(M+H-H20)+ Methylthiouracil 1.291816999 0.788053158 0.036373882 125.01941 354.4835
(M+H)+ L-Anserine 6.031617223 0.28555341 0.04015567 241.12884 416.913

miR-208b analog transfection enhanced AMPK activation by
BAIBA, and the miR-208b inhibitor counteracted this effect,
our findings suggest a novel cardioprotective signaling cascade
in which activation of AMPK by BAIBA may be mediated
by miR-208b.

Our in vivo findings of a BAIBA-mediated increases in AMPK
supports the notion that reducing cardiomyocyte metabolic
stress is important for HF treatment and outcomes. As a cellular
energy sensor and metabolic switch, AMPK plays a key role
not only in cell growth and survival but also in systemic energy

homeostasis (37). Moreover, AMPK mediates mitochondrial
fission to cope with energy stress, which would be increased
in HF. Our findings support a mechanistic framework by
which BAIBA reduces cardiomyocyte metabolic stress and
apoptosis caused by mitochondrial dysfunction through the
miR-208b/AMPK pathway. Indeed, our results showed that
BAIBA can not only increase the expression of AMPK, but
can effectively improve the expression of proteins related
to fatty acid uptake and oxidation, which is known to have
beneficial effects in HF models (38, 39). Mechanistically, BAIBA
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Sham, HF, and BAIBA groups. n = 3; **P < 0.001. (C) Representative images of p-AMPK expression in the Control, H,02, BAIBA (10 mM), BAIBA (20 mM), and
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Light density assessment of mitochondrial protein expression in the Sham, HF, and BAIBA groups. n = 3; ***P < 0.0001; **P < 0.001; **P < 0.01; *P < 0.05.

promotes fatty acid uptake by cardiomyocytes by increasing
the translocation of the fatty acid transporter CD36 to the
membrane (40). In addition, the rate-limiting step of f-oxidation
is the CPT1-mediated mitochondrial transmembrane transfer
of fatty acids. Moreover, AMPK inhibits the production of
malonyl-CoA carboxylase (ACC) by phosphorylation, increases
the activity of CPT1, and increases the efficiency of myocardial
fatty acid p-oxidation (41). As BAIBA increases CPT-1 levels
in the context of heart failure and thereby improves the
efficiency of fatty acid oxidation and attenuates metabolic stress
(42). Indeed, we found that BAIBA effectively improved the
expression of mitochondrial proteins. As the power houses that
maintain cardiac energy supply, mitochondrial dysfunction is a
prominent mediatory of pathological processes that can drive
adverse cardiac remodeling, including redox imbalance, protein
modification, ROS signaling, ion homeostasis, and inflammation
(43, 44). However, our findings suggest BAIBA may prevent
mitochondrial dysfunction by upregulating the expression of
OPA1 and Drpl. Mitochondrial fusion and fission are the
core of mitochondrial quality control and the fusion of the
mitochondrial inner membrane is dependent on OPA1, which
maintains closure of the crest junction, preventing cytochrome ¢
release and apoptosis (45). Thus, reduced expression of OPA1 in
dysfunctional mitochondria is accompanied by the destruction

and loss of the mitochondrial crest and loosening of the
mitochondrial junction, leading to apoptosis (46, 47). Moreover,
Drpl is a GTP enzyme that mediates mitochondrial fission
(48) which promotes autophagy of damaged mitochondria (49).
By contrast, reduced levels of Drpl results in mitochondrial
elongation and accumulation of damaged mitochondria,
together with an inhibition of mitochondrial autophagy, leading
to mitochondrial dysfunction and cardiomyocyte apoptosis
(50). Thus, the improvement in mitochondrial function could
increase the stability of the mitochondrial membrane potential
and optimize the morphology of the mitochondrial crest,
thus avoiding cytochrome c release and ROS accumulation,
and ultimately preventing apoptosis. Taken together, our
findings suggest that in patients with HE, the pharmacological
activation of AMPK with BAIBA could be used as a therapeutic
strategy to improve cardiac energy supply. While SGLT2,
metformin, statins, and trimetazidine have received significant
attention in the treatment of cardiovascular diseases because
of their activation of AMPK (51-54), our findings suggest
that BAIBA administration could be an alternative therapeutic
approach to reduce metabolic stress and mitochondrial
dysfunction in HF.

In addition to regulating the metabolism of the failing heart,
AMPK can also mediate a variety of physiological signaling
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pathways (55). AMPK promotes autophagy directly through
phosphorylation of the Unc-51-like kinase 1 (ULK1) kinase
complex (56), and indirectly enhances autophagy through
mTORCI1 inactivation (57). The inhibition of mTOR affects
protein synthesis, reducing the accumulation of unfolded
proteins and thus reducing endoplasmic reticulum stress
(58). AMPK activation can also reduce inflammation and
cell death by inhibiting JNK and NF-«kB, thereby protecting
cardiomyocytes (59).

Our study is not without limitations. While our findings
show the cardioprotective effect of BAIBA is mediated through
an miR-208b/AMPK-mediated pathway, we cannot rule out
that other pathways may contribute to the protective effect on
cardiac structure and function. Moreover, we did not use double
staining to indicate which cell type in heart tissue is subjected
to apoptosis. Co-staining cardiomyocytes with TUNEL staining
would be more convincing for the presentation of the results,
though it is well-established that MI models of HF induce
cardiomyocyte apoptosis. In addition, we used GAPDH as an
internal control for normalizing expression. However, apoptosis
caused by mitochondrial dysfunction may be accompanied by
changes in glycolysis. To overcome this limitation, we further
monitored the relative levels of B-actin in our samples, with our

results indicating the relative level of GAPDH is almost equal to
that of B-actin (Supplementary File 2).

In conclusion, this study confirmed that exercise-generated
BAIBA increased AMPK phosphorylation through the
expression of miR-208b to reshape the energy metabolism
of rats with HF, improving mitochondrial dysfunction and
reducing apoptosis. But for patients with heart failure, whether
BAIBA can be used as an alternative for exercise therapy still
requires more studies.

CONCLUSION

Exercise-generated BAIBA can reduce cardiomyocyte metabolic
stress and apoptosis induced by mitochondrial dysfunction
through the miR-208b/AMPK pathway.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the
MetaboLights repository, accession number MTBLS3927; And
GEO repository, accession number GSE193432.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

14

February 2022 | Volume 9 | Article 803510


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Yu et al.

Mitochondrial Dysfunction

ETHICS STATEMENT

Animal experiments were approved by the Ethics Committee
of the First Hospital of Jilin University. The ethics number
is 20210710. Written informed consent was obtained from
the patient for the publication of this case report and any
accompanying images.

AUTHOR CONTRIBUTIONS

PY is the chief investigator, conceived the study, led

the proposal, and protocol development. WWC, MY,
and JSL contributed to study design. YNY performed
experiments, analyzed and interpreted the data, and
REFERENCES

1. He Y, Huang W, Zhang C, Chen L, Xu R, Li N, et al. Energy metabolism
disorders and potential therapeutic drugs in heart failure. Acta Pharm Sin B.
(2021) 11:1098-116. doi: 10.1016/j.apsb.2020.10.007

2. Ramachandra CJA, Hernandez-Resendiz S, Crespo-Avilan  GE,
Lin  YH, Hausenloy DJ. Mitochondria in acute myocardial
infarction and cardioprotection. EBioMedicine. (2020)

57:102884. doi: 10.1016/j.ebiom.2020.102884

3. Lopaschuk GD, Ussher JR. Evolving concepts of myocardial energy
metabolism: more than just fats and carbohydrates. Circ Res. (2016) 119:1173-
6. doi: 10.1161/CIRCRESAHA.116.310078

4. Karwi QG, Uddin GM, Ho KL, Lopaschuk GD. Loss of metabolic

flexibility in the failing heart. Front Cardiovasc Med. (2018)
5:68. doi: 10.3389/fcvm.2018.00068

5. Wang ZV, Li DL, Hil JA. Heart failure and loss of
metabolic  control. ]  Cardiovasc ~ Pharmacol.  (2014)  63:302-

13. doi: 10.1097/FJC.0000000000000054
6. Zhu H, Toan S, Mui D, Zhou H. Mitochondrial quality surveillance
as a therapeutic target in myocardial infarction. Acta Physiol. (2021)
231:e13590. doi: 10.1111/apha.13590
7. Chistiakov DA, Shkurat TP, Melnichenko AA, Grechko AV, Orekhov AN. The
role of mitochondrial dysfunction in cardiovascular disease: a brief review.
Ann Med. (2018) 50:121-7. doi: 10.1080/07853890.2017.1417631
8. Aimo A, Borrelli C, Vergaro G, Piepoli ME Caterina AR, Mirizzi G,
et al. Targeting mitochondrial dysfunction in chronic heart failure: current
evidence and potential approaches. Curr Pharm Des. (2016) 22:4807-
22. doi: 10.2174/1381612822666160701075027
9. Cattadori G, Segurini C, Picozzi A, Padeletti L, Anza C. Exercise and heart
failure: an update. ESC Heart Fail. (2018) 5:222-32. doi: 10.1002/ehf2.12225
Giuliano C, Karahalios A, Neil C, Allen J, Levinger I. The effects of resistance
training on muscle strength, quality of life and aerobic capacity in patients
with chronic heart failure - a meta-analysis. Int ] Cardiol. (2017) 227:413-
23. doi: 10.1016/j.ijcard.2016.11.023
Tucker WJ, Beaudry RI, Liang Y, Clark AM, Tomczak CR, Nelson MD, et al.
Meta-analysis of exercise training on left ventricular ejection fraction in heart
failure with reduced ejection fraction: a 10-year update. Prog Cardiovasc Dis.
(2019) 62:163-71. doi: 10.1016/j.pcad.2018.08.006
Jiang H, Jia D, Zhang B, Yang W, Dong Z, Sun X, et al. Exercise
improves cardiac function and glucose metabolism in mice with experimental
myocardial infarction through inhibiting HDAC4 and upregulating GLUT1
expression. Basic Res Cardiol. (2020) 115:28. doi: 10.1007/s00395-020-0787-1
Stolen T, Shi M, Wohlwend M, Hoydal MA, Bathen TE Ellingsen Q,
et al. Effect of exercise training on cardiac metabolism in rats with heart
failure. Scand Cardiovasc J. (2020) 54:84-91. doi: 10.1080/14017431.2019.
1658893

10.

11.

12.

13.

drafted the manuscript. HS contributed resources,
designed research, in supervised the project, and reviewed
the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China, No. 81570360.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2022.803510/full#supplementary-material

Crimi E, Ignarro L], Cacciatore F, Napoli C. Mechanisms by which exercise
training benefits patients with heart failure. Nat Rev Cardiol. (2009) 6:292-
300. doi: 10.1038/nrcardio.2009.8

McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, B6hm M,
et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure. Eur Heart J. (2021) 42:3599-726.

Campos JC, Queliconi BB, Bozi LHM, Bechara LRG, Dourado
PMM, Andres AM, et al. Exercise reestablishes autophagic flux and
mitochondrial quality control in heart failure. Autophagy. (2017)
13:1304-17. doi: 10.1080/15548627.2017.1325062

Malhotra R, Bakken K, D’Elia E, Lewis GD. Cardiopulmonary
exercise testing in  heart failure. JACC Heart Fail. (2016)
4:607-16. doi: 10.1016/j.jchf.2016.03.022

. Lunde PK, Sjaastad I, Schiotz Thorud HM, Sejersted OM. Skeletal
muscle disorders in heart failure. Acta Physiol Scand. (2001) 171:277-
94. doi: 10.1046/.1365-201x.2001.00830.x

Kitase Y, Vallejo JA, Gutheil W, Vemula H, Jihn K, Yi J, et al. -
aminoisobutyric acid, I-BAIBA, is a muscle-derived osteocyte survival factor.
Cell Rep. (2018) 22:1531-44. doi: 10.1016/j.celrep.2018.01.041

Jung TW, Park HS, Choi GH, Kim D, Lee T. PB-aminoisobutyric
acid attenuates LPS-induced inflaimmation and insulin resistance in
adipocytes through AMPK-mediated pathway. ] Biomed Sci. (2018)
25:27. doi: 10.1186/s12929-018-0431-7

Tanianskii DA, Jarzebska N, Birkenfeld AL, O’Sullivan JF Rodionov RN.
Beta-aminoisobutyric acid as a novel regulator of carbohydrate and lipid
metabolism. Nutrients. (2019) 11:524. doi: 10.3390/nu11030524

Shi CX, Zhao MX, Shu XD, Xiong XQ, Wang JJ, Gao XY, et al. -
aminoisobutyric acid attenuates hepatic endoplasmic reticulum stress and
glucose/lipid metabolic disturbance in mice with type 2 diabetes. Sci Rep.
(2016) 6:21924. doi: 10.1038/srep21924

Barlow JP, Karstoft K, Vigelso A, Gram M, Helge JW, Dela E
et al. Beta-aminoisobutyric acid is released by contracting human
skeletal muscle and lowers insulin release from INS-1 832/3 cells by
mediating mitochondrial energy metabolism. Metabolism open. (2020)
7:100053. doi: 10.1016/j.metop.2020.100053

Stautemas ], Van Kuilenburg ABP, Stroomer L, Vaz E Blancquaert L,
Lefevere FBD, et al. Acute aerobic exercise leads to increased plasma
levels of R- and S-B-aminoisobutyric acid in humans. Front Physiol. (2019)
10:1240. doi: 10.3389/fphys.2019.01240

Roberts LD, Bostrom P, O’Sullivan JE, Schinzel RT, Lewis GD, Dejam A,
et al. B-Aminoisobutyric acid induces browning of white fat and hepatic p-
oxidation and is inversely correlated with cardiometabolic risk factors. Cell
Metab. (2014) 19:96-108. doi: 10.1016/j.cmet.2013.12.003

Wang X, Yang C, Liu X, Yang P. Ghrelin alleviates angiotensin II-induced
H9c2 apoptosis: impact of the miR-208 family. Med Sci Monit Int Med ] Exp
Clin Res. (2018) 24:6707-16. doi: 10.12659/MSM.908096

20.

21.

22.

23.

24.

25.

26.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

15

February 2022 | Volume 9 | Article 803510


https://www.frontiersin.org/articles/10.3389/fcvm.2022.803510/full#supplementary-material
https://doi.org/10.1016/j.apsb.2020.10.007
https://doi.org/10.1016/j.ebiom.2020.102884
https://doi.org/10.1161/CIRCRESAHA.116.310078
https://doi.org/10.3389/fcvm.2018.00068
https://doi.org/10.1097/FJC.0000000000000054
https://doi.org/10.1111/apha.13590
https://doi.org/10.1080/07853890.2017.1417631
https://doi.org/10.2174/1381612822666160701075027
https://doi.org/10.1002/ehf2.12225
https://doi.org/10.1016/j.ijcard.2016.11.023
https://doi.org/10.1016/j.pcad.2018.08.006
https://doi.org/10.1007/s00395-020-0787-1
https://doi.org/10.1080/14017431.2019.1658893
https://doi.org/10.1038/nrcardio.2009.8
https://doi.org/10.1080/15548627.2017.1325062
https://doi.org/10.1016/j.jchf.2016.03.022
https://doi.org/10.1046/j.1365-201x.2001.00830.x
https://doi.org/10.1016/j.celrep.2018.01.041
https://doi.org/10.1186/s12929-018-0431-7
https://doi.org/10.3390/nu11030524
https://doi.org/10.1038/srep21924
https://doi.org/10.1016/j.metop.2020.100053
https://doi.org/10.3389/fphys.2019.01240
https://doi.org/10.1016/j.cmet.2013.12.003
https://doi.org/10.12659/MSM.908096
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Yu et al.

Mitochondrial Dysfunction

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Muthuramu I, Lox M, Jacobs F De Geest B. Permanent ligation of
the left anterior descending coronary artery in mice: a model of post-
myocardial infarction remodelling and heart failure. J Vis Exp. (2014)
94:52206. doi: 10.3791/52206

Amaral SL, Zorn TM, Michelini LC. Exercise training normalizes
wall-to-lumen ratio of the gracilis muscle arterioles and reduces
pressure in spontaneously hypertensive rats. ] Hypertens. (2000)
18:1563-72. doi: 10.1097/00004872-200018110-00006

Paula SM, Couto GK, Fontes MT, Costa SK, Negrao CE, Mill JG, et al. Exercise
training restores the myogenic response in skeletal muscle resistance arteries
and corrects peripheral edema in rats with heart failure. Am J Physiol Heart
Circ Physiol. (2019) 317:H87-h96. doi: 10.1152/ajpheart.00042.2019

Park BS, Tu TH, Lee H, Jeong DY, Yang S, Lee BJ, et al. Beta-aminoisobutyric
acid inhibits hypothalamic inflammation by reversing microglia activation.
Cells. (2019) 8:1609. doi: 10.3390/cells8121609

Gonzalez-Gil AM, Elizondo-Montemayor L. The role of exercise in the
interplay between myokines, hepatokines, osteokines, adipokines, and
modulation of inflammation for energy substrate redistribution and fat mass
loss: a review. Nutrients. (2020) 12:1899. doi: 10.3390/nu12061899

Shin B, Saeed MY, Esch J], Guariento A, Blitzer D, Moskowitzova K, et al. A
novel biological strategy for myocardial protection by intracoronary delivery
of mitochondria: safety and efficacy. JACC Basic Transl Sci. (2019) 4:871-
88. doi: 10.1016/j.jacbts.2019.08.007

Mousavi SR, Jafari M, Rezaei S, Agha-Alinejad H, Sobhani V. Evaluation of the
effects of different intensities of forced running wheel exercise on oxidative
stress biomarkers in muscle, liver and serum of untrained rats. Lab Anim.
(2020) 49:119-25. doi: 10.1038/s41684-020-0503-7

Jung TW, Hwang HJ, Hong HC, Yoo HJ, Baik SH, Choi KM, et al. attenuates
insulin resistance and inflammation induced by palmitate or a high fat
diet via an AMPK-PPARS-dependent pathway in mice. Diabetologia. (2015)
58:2096-105. doi: 10.1007/s00125-015-3663-z

Lu E Li SZ, Gao X, Gong YN, Shi PX, Zhang C. Diagnostic value of
circulating miR-208b and miR-499 in peripheral blood of patients with
acute myocardial infarction. J Biol Regul Homeost Agents. (2020) 34:1071-
5. doi: 10.23812/20-171-L-2

Zhou C, Cui Q, Su G, Guo X, Liu X, Zhang J. MicroRNA-208b Alleviates post-
infarction myocardial fibrosis in a rat model by inhibiting GATA4. Med Sci
Monit. (2016) 22:1808-16. doi: 10.12659/MSM.896428

Qi D, Young LH, AMPK. energy sensor and survival mechanism
in the ischemic heart. Trends Endocrinol Metab. (2015) 26:422—
9. doi: 10.1016/j.tem.2015.05.010

Gao K, Zhang J, Gao P, Wang Q, Liu Y, Liu J, et al. Qishen granules exerts
cardioprotective effects on rats with heart failure via regulating fatty acid and
glucose metabolism. Chin Med. (2020) 15:21. doi: 10.1186/s13020-020-0299-9
Kerr M, Dodd MS, Heather LC. The ‘goldilocks zone’ of fatty acid metabolism;
to ensure that the relationship with cardiac function is just right. Clin Sci.
(2017) 131:2079-94. doi: 10.1042/CS20160671

Huang Y, Zhang K, Jiang M, Ni J, Chen J, Li L, et al. Regulation of energy
metabolism by combination therapy attenuates cardiac metabolic remodeling
in heart failure. Int J Biol Sci. (2020) 16:3133-48. doi: 10.7150/ijbs.49520
Dyck JR, Lopaschuk GD. AMPK alterations in cardiac physiology
and  pathology: enemy or ally? ] Physiol. (2006) 574:95-
112. doi: 10.1113/jphysiol.2006.109389

Wolfgang MJ, Kurama T, Dai Y, Suwa A, Asaumi M, Matsumoto S, et al. The
brain-specific carnitine palmitoyltransferase-1c regulates energy homeostasis.
Proc Natl Acad Sci U S A. (2006) 103:7282-7. doi: 10.1073/pnas.0602205103
Zhou B, Tian R. Mitochondrial dysfunction in pathophysiology of heart
failure. J Clin Invest. (2018) 128:3716-26. doi: 10.1172/JCI120849

Tian R, Colucci WS, Arany Z, Bachschmid MM, Ballinger SW, Boudina
S, et al. Unlocking the secrets of mitochondria in the cardiovascular
system: path to a cure in heart failure—a report from the 2018 national
heart, lung, and blood institute workshop. Circulation. (2019) 140:1205-
16. doi: 10.1161/CIRCULATIONAHA.119.040551

Colina-Tenorio L, Horten P, Pfanner N, Rampelt H. Shaping the
mitochondrial inner membrane in health and disease. J Intern Med. (2020)
287:645-64. doi: 10.1111/joim.13031

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Alaimo A, Gorojod RM, Beauquis J, Munoz M]J, Saravia F
Kotler ML. Deregulation of mitochondria-shaping proteins Opa-1
and Drp-1 in manganese-induced apoptosis. PLoS ONE. (2014)

9:¢91848. doi: 10.1371/journal.pone.0091848

Chen L, Gong Q, Stice JP, Knowlton AA. Mitochondrial OPA1, apoptosis, and
heart failure. Cardiovasc Res. (2009) 84:91-9. doi: 10.1093/cvr/cvp181
Fonseca TB, Sanchez-Guerrero A, Milosevic I, Raimundo N. Mitochondrial
fission requires DRP1 but not dynamins. Nature. (2019) 570:E34-
e42. doi: 10.1038/s41586-019-1296-y

Tagaya M, Arasaki K. Regulation of mitochondrial dynamics and autophagy
by the mitochondria-associated membrane. Adv Exp Med Biol. (2017) 997:33-
47. doi: 10.1007/978-981-10-4567-7_3

Ikeda Y, Shirakabe A, Maejima Y, Zhai P, Sciarretta S, Toli J, et al. Endogenous
Drpl mediates mitochondrial autophagy and protects the heart against energy
stress. Circ Res. (2015) 116:264-78. doi: 10.1161/CIRCRESAHA.116.303356
Lee CC, Chen WT, Chen SY, Lee TM. Dapagliflozin attenuates arrhythmic
vulnerabilities by regulating connexin43 expression via the AMPK
pathway in post-infarcted rat hearts. Biochem Pharmacol. (2021)
192:114674. doi: 10.1016/j.bcp.2021.114674

Wang Y, An H, Liu T, Qin C, Sesaki H, Guo S, et al. Metformin

improves mitochondrial respiratory activity through activation of
AMPK. Cell Rep. (2019) 29:1511-23. doi: 10.1016/j.celrep.2019.
09.070

Sun W, Lee TS, Zhu M, Gu C, Wang Y, Zhu Y, et al. Statins activate AMP-
activated protein kinase in vitro and in vivo. Circulation. (2006) 114:2655-
62. doi: 10.1161/CIRCULATIONAHA.106.630194

Liu Z, Chen JM, Huang H, Kuznicki M, Zheng S, Sun W, et al. The protective
effect of trimetazidine on myocardial ischemia/reperfusion injury through
activating AMPK and ERK signaling pathway. Metabolism. (2016) 65:122-
30. doi: 10.1016/j.metabol.2015.10.022

Li X, Liu J, Lu Q, Ren D, Sun X, Rousselle T, et al. AMPK: a therapeutic
target of heart failure-not only metabolism regulation. Biosci Rep. (2019)
39. doi: 10.1042/BSR20181767

Kim J, Kundu M, Viollet B, Guan KL, AMPK. and mTOR regulate autophagy
through direct phosphorylation of Ulkl. Nat Cell Biol. (2011) 13:132-
41. doi: 10.1038/ncb2152

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez
DS, et al. AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol Cell. (2008) 30:214-26. doi: 10.1016/j.molcel.2008.
03.003

Park HW, Park H, Ro SH, Jang I, Semple IA, Kim DN, et al
Hepatoprotective role of Sestrin2 against chronic ER stress. Nat Commun.
(2014) 5:4233. doi: 10.1038/ncomms5233

Chen X, Li X, Zhang W, He J, Xu B, Lei B, et al. Activation of AMPK
inhibits inflammatory response during hypoxia and reoxygenation through
modulating JNK-mediated NF-kB pathway. Metabolism. (2018) 83:256-
70. doi: 10.1016/j.metabol.2018.03.004

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

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Yu, Chen, Yu, Liu, Sun and Yang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

16

February 2022 | Volume 9 | Article 803510


https://doi.org/10.3791/52206
https://doi.org/10.1097/00004872-200018110-00006
https://doi.org/10.1152/ajpheart.00042.2019
https://doi.org/10.3390/cells8121609
https://doi.org/10.3390/nu12061899
https://doi.org/10.1016/j.jacbts.2019.08.007
https://doi.org/10.1038/s41684-020-0503-7
https://doi.org/10.1007/s00125-015-3663-z
https://doi.org/10.23812/20-171-L-2
https://doi.org/10.12659/MSM.896428
https://doi.org/10.1016/j.tem.2015.05.010
https://doi.org/10.1186/s13020-020-0299-9
https://doi.org/10.1042/CS20160671
https://doi.org/10.7150/ijbs.49520
https://doi.org/10.1113/jphysiol.2006.109389
https://doi.org/10.1073/pnas.0602205103
https://doi.org/10.1172/JCI120849
https://doi.org/10.1161/CIRCULATIONAHA.119.040551
https://doi.org/10.1111/joim.13031
https://doi.org/10.1371/journal.pone.0091848
https://doi.org/10.1093/cvr/cvp181
https://doi.org/10.1038/s41586-019-1296-y
https://doi.org/10.1007/978-981-10-4567-7_3
https://doi.org/10.1161/CIRCRESAHA.116.303356
https://doi.org/10.1016/j.bcp.2021.114674
https://doi.org/10.1016/j.celrep.2019.09.070
https://doi.org/10.1161/CIRCULATIONAHA.106.630194
https://doi.org/10.1016/j.metabol.2015.10.022
https://doi.org/10.1042/BSR20181767
https://doi.org/10.1038/ncb2152
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1038/ncomms5233
https://doi.org/10.1016/j.metabol.2018.03.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Exercise-Generated β-Aminoisobutyric Acid (BAIBA) Reduces Cardiomyocyte Metabolic Stress and Apoptosis Caused by Mitochondrial Dysfunction Through the miR-208b/AMPK Pathway
	Introduction
	Materials and Methods
	Animal Experiments
	Echocardiography
	H&E Staining
	Masson's Staining
	TUNEL Staining
	Transmission Electron Microscopy
	Cell Transfection
	Cell Experiments
	Western Blotting
	qRT-PCR Analysis
	ATP Measurements
	Mitochondrial Membrane Potential
	Detection of Intracellular ROS Level
	Non-targeted Metabolomics Sequencing
	Transcriptomics Sequencing
	Joint Analysis of Sequencing Data
	Statistical Analysis

	Results
	Exercise Improves Cardiac Morphology and Function in Rats With Heart Failure After Myocardial Infarction
	Exercise Alleviates Apoptosis in Rats With Heart Failure After Myocardial Infarction
	Exercise-Generated BAIBA Improves Cardiac Function and Energy Metabolism Disturbance in Rats With Heart Failure
	BAIBA Up-Regulated miR-208b to Improve Disordered Energy Metabolism and Apoptosis in Rats With HF
	BAIBA Modulates Myocardial Metabolism Through the AMPK Pathway
	BAIBA Increases AMPK Phosphorylation, Increases Free Fatty Acid Uptake and Oxidation Efficiency, and Improves Mitochondrial Function
	The Protective Effects of BAIBA on Apoptosis, Disordered Energy Metabolism, Mitochondrial Function, and FA Uptake and Oxidation Are Offset by AMPK Inhibition

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


