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Introduction: This study aimed to explore whether aerobic exercise (AE) can
prevent fatal stress-induced myocardial injury.

Methods: Thirty C57BL/6J mice were divided into either a normal diet, high-fat
diet, or high-fat diet plus AE (n=10 per group). The AE protocol consisted of eight
weeks of swimming. At the end of the diet and AE interventions, the mice were
stimulated with fatal stress caused by exhaustive exercise (forced weight-loaded
swimming until exhaustion), after which cardiac function was evaluated using
echocardiography, myocardial ultrastructure was examined using transmission
electron microscopy, and myocardial apoptosis was assessed using western
blotting and TUNEL. Mitophagy, mitochondrial biogenesis and dynamics, and
activation of the macrophage migration inhibitor factor (MIF)/AMP-activated
protein kinase (AMPK) pathway were evaluated using quantitative PCR and
western blotting. Obesity phenotypes were assessed once per week.

Results: AE reversed high-fat diet-induced obesity as evidenced by reductions in
body weight and visceral fat compared to obese mice without AE. Obesity
exacerbated fatal stress-induced myocardial damage, as demonstrated by
impaired left ventricular ejection fraction and myocardial structure. The
apoptotic rate was also elevated upon fatal stress, and AE ameliorated this
damage. Obesity suppressed mitophagy, mitochondrial fission and fusion, and
mitochondrial biogenesis, and these effects were accompanied by suppression
of the MIF/AMPK pathway in the myocardium of mice subjected to fatal stress. AE
alleviated or reversed these effects.

Conclusion: This study provides evidence that AE ameliorated fatal stress-
induced myocardial injury in obese mice. The cardioprotective effect of AE in
obese mice might be attributed to improved mitochondrial quality.
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Highlights

1. Obesity exacerbated the fatal stress-induced cardiac
dysfunction and myocardial injury.

2. Aerobic exercise preconditioning mitigated fatal stress-
induced myocardial damage.

3. The study provides more evidence supporting the use of
exercise as a preventive measure for cardiovascular events
in individuals with obesity.

Introduction

Adverse cardiovascular events, such as cardiovascular death and
heart attack, remain the leading causes of death worldwide (1).
Obesity has escalated globally in recent years, and individuals with
obesity exhibit a higher risk of adverse cardiovascular events than
individuals of normal weight (2). Altered energy homeostasis in
individuals with obesity results in a significant myocardial burden
(3), blunted stress response (4), and increased susceptibility to
severe injury in patients with myocardial damage (5). Thus,
exploring ways to prevent adverse cardiovascular events in obesity
is clinically significant.

A growing number of studies have explored the impacts of
interventions in alleviating myocardial injury in animal models,
generally through permanent ligation of the left anterior descending
coronary artery (6) and ischemia-reperfusion injury (7), which
mimic heart attack and revascularization-related damage,
respectively. Limited studies, to our knowledge, have explored
strategies to prevent myocardial injury from extreme stresses,
such as heavy lifting and straining. However, extreme stresses are
the common triggers of adverse cardiovascular events (8, 9), and
thus warrant further research.

Our recent clinical study showed that exercise-based cardiac
rehabilitation significantly prevented cardiovascular death and
recurrent heart attack (10). In addition, recent preclinical studies
from our team investigated drug (11, 12) and non-drug (11-13)
preconditioning strategies to ameliorate muscle damage caused by
fatal stress induced by exhaustive exercise in non-obese mice. We
found that 8-12 weeks of aerobic exercise (AE) significantly
ameliorated fatal stress-induced skeletal (11) and myocardial
damage in non-obese mice (12, 13). This improvement was
accompanied by the enhancement of mitochondrial quality
control (MQC) (11, 12), and the reduction of free radical levels,
as evidenced by the increase of superoxide dismutase and decrease

Abbreviations: AE, aerobic exercise; AMPK, AMP-activated protein kinase;
BAX, BCL-2-associated X protein; BCL-2, B-cell lymphoma 2; CK, creatine
kinase; CS, citrate synthase; FBG, fasting blood glucose; HED, high-fat diet; LC3,
microtubule-associated protein 1 light chain 3; MFNI1, mitofusin 1; MQC,
mitochondrial quality control; MIF, macrophage migration inhibitor factor;
PGC-1a, Peroxisome proliferator-activated receptor gamma coactivator 1-
alpha; PINK1, PTEN-induced kinase 1; SIRT1, Sirtuin 1; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labelling.
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in malondialdehyde (11). Additionally, increasing evidence suggests
that nuclear factor erythroid 2-related factor 2 (Nrf2), a master
regulator of antioxidant defenses, and its downstream targets play a
crucial role in how oxidative stress mediates the beneficial effects of
exercise (14, 15). However, the effect of AE preconditioning on the
prevention and alleviation of exhaustive exercise-induced
myocardial injury in obese mice remains unknown.

Mitochondria are responsive to exercise in muscle (16), and
their quality is closely related to organ stress responses (17). At the
organelle level, MQC stands for the collaboration between
mitophagy, mitochondrial dynamics, and biogenesis (18). A
recent study by Sliter et al. demonstrated that suppressed
mitophagy aggravated acute myocardial injury in mice (19).
Additionally, in our experimental study with mice, we observed
that AE rectified skeletal muscle atrophy induced by a high-fat diet
(HFD) and impairments in mitochondrial oxygen consumption
rate in myotubes (20). These studies suggest that MQC may be
involved in AE-induced cardio protection.

AMP-activated protein kinase (AMPK) is a regulator of
mitochondrial biogenesis and mitophagy (21). Our recent studies
have reported that AE increases AMPK activity in the skeletal
muscle (20) and livers (22) of obese mice. In addition, a study by Ma
et al. suggested that impaired macrophage migration inhibitory
factor (MIF)/AMPK pathway activation is associated with
myocardial infarct size in mice (23). Moreover, a study by Moon
et al. suggested that MIF may play a role in the antidepressant effects
of exercise (24).

In this study, we aimed to explore whether 8-week AE
preconditioning can prevent fatal stress-induced myocardial
injury and preliminarily investigated the roles of mitophagy,
mitochondrial dynamics and biogenesis, and the MIF/AMPK
pathway in AE-mediated cardioprotection in obese mice.

Materials and methods
Animals and study design

We obtained eight-week-old male C57BL/6] mice from the
Laboratory Animal Center at Xiangya Medical School in
Changsha, China. The mice were kept in standard conditions
with a temperature of 22 + 2°C, humidity levels of 45-55%, and a
regular 12-hour light-dark cycle. The padding was renewed on
alternate days. Following a one-week feeding adaptation period, the
mice were divided into three groups receiving different diets (n=10
per group) based on the different interventions they were assigned
to receive. These interventions included a normal diet, a high-fat
diet (HFD), and an HFD plus AE preconditioning. The normal diet
group was fed standard chow consisting of 15% fat, 20% protein,
and 65% carbohydrates. Mice in the HFD groups were fed an HFD
containing 45% fat, 20% protein, and 35% carbohydrates (FBSH
BIO-PHARMACEUTICAL, Shanghai, China) for eight weeks. Mice
had free access to food and water. Mice subjected to AE
preconditioning followed by our AE training protocol described
in the section Aerobic Exercise Training Protocol below. The
experimental design is illustrated in Figure 1. All protocols were
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A schematic of the experimental design. Thirty C57BL/6J male mice were randomly divided into a normal diet, high-fat diet (HFD), or HFD plus
aerobic exercise (AE) (n=10 per group). Mice in the HFD plus AE group swam for 60 min per day, 5 days per week, for 8 weeks. Obesity phenotypes
were assessed once per week (n=10 per group). After eight weeks of intervention, obesity-related phenotypes, such as fasting blood glucose (n=10
per group) and insulin resistance levels (n=5 per group), were evaluated. Half of the mice in each group were randomly chosen to perform
exhaustive exercise (forced weight-loaded swimming until exhaustion) to induce fatal stress (n=5 per group); the other half of the mice were
allowed to rest without further intervention (n=5 per group). Prior to sacrifice, all mice were allowed 12 h of rest. Serum creatine kinase (CK) levels
were detected, and the myocardial ultrastructure was determined using transmission electron microscopy (n=5 per group). Myocardial apoptosis
was assessed using western blotting and TUNEL staining (n=5 per group). Biomarkers of mitochondrial quality control in the myocardium were

evaluated using western blotting (n=5 per group).

approved by the Experimental Animal Welfare Ethics Committee of
Central South University (approval number: CSU-2022-0282) and
were in line with the Medicine Institute of Health’s guidelines for
the use of live animals. All animal experiments complied with the
ARRIVE guidelines.

Aerobic exercise training protocol

The mouse AE training protocol followed the current guidelines
for mice exercise and training (25) and has been reported in our
previous study (12). Briefly, AE was conducted for 60 min per day,
five days per week for eight weeks. Acclimatization training was also
applied: one week before formal AE, the mice started with 10 min of
swimming training on the first day, followed by daily increases in 10
min increments until they reached 60 min per day. After
acclimatization, mice at nine weeks of age were forced to swim in
a Morris water maze for 60 min per day with a wooden rod tied to
its tail. All of the exercise training sessions were scheduled between
9 am. and 2 p.m.

Exhaustive exercise-induced fatal stress

Exhaustive exercise (EE) has been shown to induce fatal stress
in mice. We previously successfully used this method in both non-
obese (12) and obese mice (20). Briefly, after the 8-week
intervention, 5 mice were randomly selected from each group to
perform exhaustive exercise and forced weight-loaded swimming
until exhaustion. The criteria for exhaustion were defined as sinking
to the bottom of the Morris water maze and failing to hedge to the
water surface to breathe for seven seconds. To force the mice to
swim, a lead sheath load (five percent of each mouse’s weight) was
bound to their tails. A session of adaptive weight-loaded swimming
with an added load on the tail was provided to the mice before the
day of the exhaustive exercise.

Frontiers in Endocrinology

Exercise capacity and cardiac
function assessment

The maximal swimming time was noted as an indicator of
exercise capacity (n=15, five per group) (11, 12). The
echocardiography of the mice was performed prior to their
sacrifice. M-mode echocardiography (Mindray Inc., Nanjing,
China) under anesthetization was used to obtain the left
ventricular ejection fraction (LVEF) and left ventricular internal
dimensions. An experienced investigator, who was not aware of the
treatment allocation, conducted all of the analyses. The formula V =
[7.0/(2.4+D)]xD* was utilized for calculating the left ventricular
end-diastolic volume (LVEDV) and left ventricular end-systolic
volume (LVESV). Subsequently, the LVEF was calculated using the
formula: LVEF (%) = (LVEDV-LVESV)/LVEDVx100%.

Assessment of obesity-related phenotypes

Body weight was measured and recorded weekly. Visceral fat
weight, visceral fat mass/body weight ratio, and fasting blood
glucose (FBG) levels were assessed at the end of the intervention
in all mice (n=30, ten per group). We isolated and weighted visceral
adipose tissues, consisting of perirenal, mesenteric, and unilateral
epididymal adipose (n=30, ten per group). The visceral adipose was
then fixed and embedded in paraffin for hematoxylin and eosin
staining (n=15, five per group). The visceral adipocyte area was
calculated by Image] as described previously (26). For FBG, blood
was collected from the tail vein after 5 h of fasting and assayed for
glucose content by Accu-Chek glucose meter (Roche Diagnostics,
USA) (n=30, ten per group). Mice had free access to water during
the fasting period.

Serum insulin levels were evaluated at the end of the
intervention in mice without a fatal stress stimulus (n=15, five per
group). Serum was obtained by removing the eyeball after
euthanasia via pentobarbital sodium injection (150 mg/kg body
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weight). We used an enzyme-linked immunosorbent assay (ELISA)
to measure insulin concentration (CSB-E05071m; Wuhan, China).
Insulin resistance was estimated via the homeostasis model
assessment for insulin resistance (HOMA-IR): HOMA-IR = FBG
(mmol/L) x fasting insulin (mU/L)/22.5.

Myocardial injury assessment

To verify fatal stress-induced myocardial injury, serum creatine
kinase (CK) levels and myocardial ultrastructure were evaluated
and compared between mice with (n=5 per group) and without
(n=5 per group) fatal stress stimulus. The difference in response to
fatal stress between normal-diet and HFD mice was also assessed.
We used a commercial kit to measure serum CK levels (A032;
Nanjing Jiancheng, China). The ultrastructure of the left ventricular
myocardium was assessed using transmission electron
microscopy (12).

To assess the degree of myocardial damage, we examined the
activation of the apoptosis pathway using western blotting and by
measuring the apoptotic rate using terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) in left ventricular
myocardium (n=5 for each group). TUNEL assays were performed
using a commercial kit (40306ES50, Yeasen, Shanghai, China)
following the manufacturer’s instructions. Apoptosis in the
myocardium was observed under a fluorescence microscope
(BA410T, Motic) at 400x magnification, and myocardial cells with
green fluorescence staining were considered TUNEL-positive.
TUNEL-positive cells were counted to assess the proportion of
apoptotic cells using image analysis software (Image], version
1.49, USA).

Western blotting

The expression of biomarkers of mitophagy, mitochondrial
biogenesis, and mitochondrial fission and fusion (the components
of MQC), as well as MIF and AMPK proteins, were determined
using western blotting. Left ventricular myocardium protein
extracts were obtained upon homogenization of tissues in RIPA
lysis buffer (89901, Thermo Scientific, USA). After centrifuging the
homogenates, the supernatants were analyzed as previously
described (20). Polyvinylidene fluoride membranes with
transferred proteins were blocked with 5% bovine serum albumin
in phosphate-buffered saline plus 0.1% Triton X-100 (PBST) buffer
before incubating with primary antibodies overnight at 4°C. The
primary antibodies used were MIF (20415-1-AP, Proteintech,
USA), AMPK (66536-1-Ig, Proteintech, USA), phosphorylated
AMPK (pAMPK, ab23875, Abcam, UK), PTEN-induced kinase 1
(PINK1, 23274-1-AP, Proteintech, USA), microtubule-associated
protein 1 light chain 3 (LC3, 14600-1-AP, Proteintech, USA), p62
(18420-1-AP, Proteintech, USA), mitofusin 1 (MFN1, 13798-1-AP,
Proteintech, USA), DRP1 (12957-1-AP, Proteintech, USA),
peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGC-10, 66369-1-Ig, Proteintech, USA), Sirtuin 1 (SIRT1,
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13161-1-AP, Proteintech, USA), citrate synthase (CS, 16131-1-AP,
Proteintech, USA), GAPDH (10494-1-AP, Proteintech, USA),
cytochrome ¢ (10993-1-AP, Proteintech, USA), B-cell lymphoma
2 (BCL-2, ab182858, Abcam, UK), and BCL-2-associated X protein
(BAX, ab32503, Abcam, UK). Goat anti-Rabbit IgG (H+L)
(AWS0002, Abiowell, CHN) was used as a secondary antibody,
and the immunoblots were visualized and documented using an
enhanced chemiluminescence substrate. Myocardial proteins were
observed and compared with a common protein standard loaded
onto the gel using Quantity ONE.

Reverse transcription and quantitative PCR

We extracted left ventricular myocardium mRNA using TRIzol
reagent (15596026, Thermo, America). The concentration of
mRNA was measured spectrophotometrically and RNA purity
was assessed using the 260/280 ratio. RNA reverse-transcription,
cDNA amplification, and PCR quantification were done by the
PikoReal " Real-Time PCR System. MIF gene expression was
quantified using the 2"**“" method, with GAPDH and B-actin as
housekeeping genes. The used PCR primer sequences are listed in
the Table 1.

Sample size

Three types of interventions were introduced into mice: control,
HED, and HFD plus aerobic exercise, each contained 2 groups of
control and exhaustive exercise. Thus, for each of the six subgroups,
five mice were needed. The total sample size of 30 mice provided
89% power to detect differences among the means compared to the
alternative of equal means, with a significance level of o 0.05, using
an F test. The calculation was based on a pilot study that determined
the size of variation in the means as 4.11 and assumed a common
standard deviation of 5 within each group. The sample size was
determined using PASS 15.0.5.

Statistical analysis
The Shapiro-Wilk test was conducted to assess the normality

for continuous variables. To examine the differences in body weight
over time among the groups, we employed repeated measures

TABLE 1 Sequence of primers.

Genes Species Sequence
F- CATGACTTTTAGCGGCACGAACGA
MIF Mouse
R- ACCACCGATCTTGCCGATGCTG
F- GCACCACCAACTGCTTAG
GAPDH Mouse R- GGATGCAGGGATGATGTTC
) F- GTGCTATGTTGCTCTAGACTTCG
B-actin Mouse

R- ATGCCACAGGATTCCATACC
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analysis of variance (ANOVA). In the subsequent analyses,
normally distributed variables were assessed using ANOVA,
followed by a 2-sample t-test for each pair with Bonferroni
correction. For non-normally distributed variables, we employed
the Kruskal-Wallis test, followed by the Wilcoxon rank-sum test for
each pair with Bonferroni correction. The data were analyzed using
SPSS Statistics version 25, and the threshold for statistical
significance was set at P < 0.05 (two-sided).

Results

Aerobic exercise represses the progressive
development of obesity

Mice fed an HFD displayed a significant increase in body weight
(Figure 2A), visceral fat mass (Figure 2B), and visceral fat mass/
body weight ratio (Figure 2C), as well as increased adipocyte
hypertrophy (Figures 2D, E), a typical obesity phenotype,
compared to those fed a normal diet. The HFD-induced obese
phenotype was significantly attenuated by AE (Figures 2A-E).
Additionally, HFD-fed mice presented significantly higher serum
FBG, insulin, and HOMA-IR levels than the mice in the control
group, and these obesity phenotypes were also significantly
attenuated by AE (Figures 2F-H).

10.3389/fendo.2023.1223423

Aerobic exercise attenuates fatal stress-
induced cardiac dysfunction and
myocardial injury in obese mice

The EE was employed to induce fatal stress in mice (12, 20), and
resulted in a significant reduction in LVEF, indicating impaired
cardiac function. In addition, obesity exacerbated the decrease in
LVEF, whereas AE preconditioning significantly mitigated this
exacerbation (Figures 3A, B). Furthermore, we observed that
obesity impaired exercise capacity, as evaluated by the swimming
duration until exhaustion (Figure 3C). These findings indicate that
AE preconditioning effectively alleviated fatal stress-induced
impairments in cardiac function and overall function.

CK is an enzyme located in the skeletal and heart muscles that
leak into the bloodstream when these muscles are damaged, and
elevated CK levels indicate a high probability of acute myocardial
damage in patients with chest pain (27). We observed an increase in
serum CK levels using an ELISA (Figure 3D) and detected severe
myocardial mitochondria and sarcomere damage using transmission
electron microscopy (Figure 3E), indicating that exhaustive exercise-
induced fatal stress resulted in myocardial damage.

The life-or-death decision for a cell is mainly determined by the
interaction between BCL-2 family members. Among these, BCL-2
and BAX are the main pro-survival and pro-apoptotic mediators,
respectively (28). Cytochrome ¢ presents in the mitochondrial
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FIGURE 2
Eight weeks of aerobic exercise mitigates high-fat diet-induced obesity, high fasting blood glucose, and insulin resistance. (A) Changes in body
weight, (B) Visceral fat mass, and (C) Visceral fat mass/body weight ratio (n=10 per group). (D) Representative histological images of visceral adipose
tissue following hematoxylin and eosin staining and (E) Mean adipocyte area (n=5 per group). (F) Fasting blood glucose (n=10 per group), (G) insulin
(n=5 per group), and (H) HOMA-IR (n=5 per group). ND, normal diet; HFD, high-fat diet; AE, aerobic exercise; HOMA-IR, homeostasis model
assessment for insulin resistance. Data are reported as the mean + standard deviation (SD). **p<0.01.
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Aerobic exercise attenuates exhaustive exercise-induced myocardial injury in obese mice. (A) Representative M-mode images of echocardiography
in each treatment group. (B) Measurement of left ventricular ejection fraction by echocardiography. (C) Exercise capacity expressed as the
swimming duration until exhaustion. (D) Serum CK concentration in obese mice with or without fatal stress stimulus. (E) Representative transmission
electron microscopy images of the left ventricular myocardium. Damaged mitochondria, evidenced by mitochondrial swelling and the absence of
cristae, and the rupture and deformation of myofibers (red arrows) are shown in the images. mt, mitochondria; M, myofiber; the scale bar = 2 um
(F) BAX and (G) BCL-2 protein levels. (H) The BCL-2/BAX ratio. (I) Cytochrome C protein level. (J) Representative images and quantification of
TUNEL-positive neurons. (K) Apoptosis rate. ND, normal diet; HFD, high-fat-diet; AE, aerobic exercise; LVID, left ventricular internal dimension; CK,
creatine kinase; BCL-2, B-cell lymphoma-2; BAX, BCL-2-associated X protein. Data are reported as the mean + standard deviation (SD) (n=5 per

group). *p<0.05; **p<0.01

intermembrane and intercristae space in healthy conditions, but
leaks from damaged mitochondria into the cytosol to activate the
apoptotic signaling pathway (29). Overexpression of BCL-2 blocks
cytochrome c release from the mitochondria (30) whereas BAX
promotes cytochrome c leakage through BAX oligomeric pores
(31). We detected elevated cytochrome ¢ and BAX protein levels,
decreased BCL-2 levels, and a decline in the ratio of BCL-2 to BAX
upon exhaustive exercise (Figures 3F-I). These changes were
accompanied by an increase in apoptosis, as evidenced by an
increase in the percentage of TUNEL-positive cells (Figures 3], K).

Together, these results indicate that obesity impaired cardiac
and overall function, and exacerbated fatal stress-induced
myocardial injury and apoptosis. AE preconditioning significantly
alleviated fatal stress-induced cardiac injury and apoptosis and
reversed the exacerbation caused by the HFD.

Aerobic exercise counteracts
fatal stress-induced deficit in
myocardial mitochondrial quality
control in obese mice

The quality of mitochondria plays a crucial role in both apoptosis
and survival (32). Elevation of DRP1 in mice after cardiac ischemia-
reperfusion injury leads to an increase in mitochondrial fission (33),
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which may counteract damage by promoting the separation and
removal of injured mitochondrial components (12). Additionally,
obesity disorders can suppress MFN1-mediated mitochondrial fusion
in the heart (34, 35) in rats, leading to increased cardiomyocyte
apoptosis (35). Furthermore, knockout of the mitophagy regulator
PINK1 has been reported to increase serum CK levels and
susceptibility to cardiac injury in response to exhaustive exercise
(19). Moreover, impaired activity of the mitochondrial biogenesis
pathway, SIRT1/PGC-10, and reduced mitochondrial volume in
adipose tissue have been observed in obese children (36). Here, we
observed a lower conversion from LC3-I to LC3-II, a standard marker
for autophagosomes, accompanied by the suppression of PNIK1 and
higher levels of p62 in the mice myocardium after exhaustive exercise,
indicating that obesity significantly suppressed mitophagy in
response to fatal stress (Figures 4A-D). AE preconditioning
significantly reversed obesity-induced suppression of myocardial
mitophagy in mice after exhaustive exercise (Figures 4A-D). In
addition, obese mice that suffered exhaustive exercise presented a
deficit in mitochondrial biogenesis, as evidenced by significantly
lower protein expression of SIRT1 (Figure 4E), PGC-1loa
(Figure 4F), and CS (Figure 4G), a marker of mitochondrial
volume, compared to mice fed a normal diet; these phenotypes
were also significantly reversed by AE (Figures 4E-G). Moreover, in
response to fatal stress, obese mice exhibited significantly lower
protein levels of MFN1 (Figure 4H), a promoter of mitochondrial
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fusion, and DRP1 (Figure 4I), an activator of mitochondrial fission,
compared to the mice in the normal diet group, indicating impaired
myocardial mitochondrial fusion and fission. Similar to the other
phenotypes, this impairment was diminished by AE preconditioning
(Figures 4H, I).

The effects of aerobic exercise on MIF/
AMPK pathway

A previous report by Meng et al. suggested that impaired
myocardial MIF/AMPK activation exacerbates ischemia-reperfusion
injury in HFD-induced obesity (37). AMPK is a key molecular
transducer of exercise and regulator of MQC (38). In the present
study, obesity significantly suppressed the MIF/AMPK pathway
response to exhaustive exercise-induced fatal stress, as indicated by
the lower levels of MIF mRNA and protein (Figures 5A-C), pAMPK,
and the ratio of pAMPK/AMPK (Figures 5D-F) in the myocardium
of mice after exhaustive exercise. These effects were significantly
rescued by AE (Figures 5A-F).

Discussion

Extreme stress is the most common cause of myocardial injury,
followed by adverse cardiovascular events. In this study, we
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demonstrated that, in response to exhaustive exercise-induced
fatal stress, obese mice sustained myocardial damage, which may
involve a blunted MIF/AMPK pathway response, impaired MQC,
increased release of cytochrome ¢ from mitochondria, and
increased apoptosis in the myocardium. Preconditioning with AE
significantly reversed or ameliorated these changes. These results
identified AE preconditioning as a valid cardioprotective
intervention to prevent fatal stress-induced myocardial injury.

Compared to commonly used methods to establish myocardial
damage in animal models, such as coronary ischemia-reperfusion
and ligation of coronary artery, exhaustive exercise may better
mimic stress in individuals with and without cardiovascular
diseases (39, 40) and has been comprehensively applied in various
in vivo studies (11, 13). In addition, our previous study showed that
exhaustive exercise-induced fatal stress resulted in significant
myocardial injury, as evidenced by increased serum CK levels and
the broken ultrastructure of the myocardium in non-obese C57BL/
6] male mice (12). These results suggested that exhaustive exercise
can be used to elicit pathophysiological stress in animals.

A recent study by Li et al. reported that obesity spontaneously
led to increased myocardial apoptosis accompanied by impaired
cardiac structure and function in C57BLKS/] male mice (41). Our
results indicate that obesity also impairs the ability of mice to
protect the myocardium from fatal stress-induced damage. A
growing number of clinical researches have reported that physical
activity or exercise volume is significantly inversely associated with
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the risk of adverse cardiovascular events (42). In addition, several
preclinical experiments suggest that exercise preconditioning can
protect the myocardium from myocardial ischemia-reperfusion
injury in non-obese mice (43, 44). In line with these studies, our
previous study found that AE protects the myocardium from fatal
stress-induced myocardial damage (12). Moreover, the anti-
apoptotic effects of exercise, such as increasing the BCL-2/Bax
ratio and reducing apoptosis after acute myocardial infarction in
non-obese mice, have recently been reported (45). Building on these
prior works, the present study demonstrated that regular AE can
prevent fatal stress-induced myocardial apoptosis and damage in
obese mice.

Exercise is considered a non-pharmacological tool for
promoting mitochondrial health and resisting excessive apoptosis
in multiple organs (46, 47) by regulating MQC, including
mitochondrial biogenesis, fission and fusion, and mitophagy (48).
Dysfunction in MQC is closely associated with obesity and an
impaired response to stress. For example, after the knockout of 3-
cell-specific DRP1, a central regulator of mitochondrial fission, mice
presented markedly abnormal mitochondrial morphology and
impaired insulin secretion in response to high glucose stress (49).
Furthermore, our previous study demonstrated that AE could
upregulate myocardial mitophagy, and mitochondrial fusion and
biogenesis in non-obese mice (12). This study showed that AE
preconditioning regulates MQC in obese mice subjected to fatal
stress, and, together with previous work, suggests that AE is an
effective tool to rescue impaired MQC and improve the capacity in
individuals with obesity to resist fatal stress-induced
myocardial damage.

We also observed increased AMPK phosphorylation, which is
consistent with improvement in MQC in the myocardium (38).
AMPK phosphorylation has been shown to maintain mitochondrial
fission at a relatively low but effective level by upregulating
myocardial DRP1 expression, which resisted chronic
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Doxorubicin-induced increase of mitochondrial permeability
transition pore and cell apoptosis (50). In addition, a 12-week
exercise-induced increase in AMPK activation was reported to be
associated with the recovery of mitochondrial fusion suppressed by
doxorubicin, an AMPK inhibitor, in the myocardium (50).
Furthermore, the initiation of mitophagy is dependent on AMPK
activation, which promotes the removal of damaged mitochondrial
and the reduction of cytochrome c release and ROS generation from
mitochondria (38). Finally, Thr172 phosphorylation of the AMPK
o subunit promotes mitochondrial biogenesis via SIRT1 activation.
These data support a pivotal role of AMPK in regulating myocardial
MQC in overcoming fatal stress-induced mitochondrial damage
and cell apoptosis.

A study by Hyo Youl Moon et al. suggested that MIF involved
the antidepressant effect of exercise (24). Additionally, previous
studies have shown that MIF is an upstream regulator of AMPK and
cardioprotection (51, 52); sustained exogenous administration of
recombinant MIF efficiently activates AMPK phosphorylation and
prevents hearts from ischemic injury (37, 53); MIF-engineered
mesenchymal stem cells derived exosomes significantly activated
the AKT signaling pathway, one of AMPK downstream pathways,
and ameliorated cardiomyocyte apoptosis and cardiac dysfunction
in rats with myocardial infarction (54). In this study, we detected
increased MIF mRNA and protein levels in the myocardium of
obese mice subjected to fatal stress, further supporting the MIF/
AMPK pathway as a potential target for mitigating myocardial
injury resulting from pathophysiological stress.

This preliminary study has several limitations. Firstly, it only
observed the effects of an eight-week AE on cardiac function,
myocardial structure, mitophagy, mitochondrial biogenesis, and
dynamics in HFD-induced obese mice. Therefore, it cannot
conclusively determine whether the improved quality of
mitochondrial function contributes to AE-induced
cardioprotection. Further research is necessary to explore the
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regulatory network among AE, mitochondrial quality, and
cardioprotection in obesity models. Secondly, mitophagy is a
dynamic process that progresses towards obesity and adapts to
AE, hence it is better to assess the level of mitophagy activity by
autophagic flux using chloroquine or Bafilomycin Al. Thirdly, this
study only used male mice as an experimental model, which may
limit the generalizability of the findings. Thus, future studies are
encouraged to investigate the effects of varied exercise modalities on
cardioprotection in both males and females. Furthermore, a
growing body of research indicates that aerobic exercise-induced
benefits may be linked to the reinforcement of antioxidant defenses
in the body (55). However, in our study, we only observed the
potential actions associated with the MIF/AMPK pathway, MQC,
and apoptotic response in the myocardium. Consequently, we were
unable to pinpoint the primary exercise responders responsible for
protecting the myocardium from exhaustive exercise-induced
damage. Encouraging future studies to investigate the redox
mechanisms underlying aerobic exercise-induced myocardial
protection would be beneficial.

Conclusion

In this study, we provide evidence that the implementation of
AE can prevent fatal stress-induced myocardial injury in obese
mice, which offers new insights into regular AE as a precautionary
measure for preventing adverse cardiovascular events in individuals
with obesity.
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