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Exercise training combined with alprostadil improves myocardial
infarction and coronary microcirculation disorder in aged rats

by inhibiting mitogen-activated protein kinase (MAPK) signaling
pathway activation
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Background: We aimed to explore the effects and mechanisms of exercise training combined with
alprostadil (ALPR) treatment on myocardial infarction (MI) in aged rats.

Methods: Male Wistar rats were randomly divided into five groups. One day after MI induction, an
automatic biochemical analyzer was used to measure cardiac troponin I (cTnl), cardiac troponin T (¢TnT),
and creatine kinase MB isoenzyme (CK-MB) serum levels. One week after MI induction, echocardiography
was performed to examine the left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic
diameter (LVESD), left ventricular ejection fraction (LVEF), and left ventricular fraction shortening (LVFS)
rates of the rats. Parameters such as body weight (BW), heart mass index, and the heart weight (HHW)/tibia
length (TL) ratio of the rats were also calculated. Western blot was performed to assess angiogenesis and
mitogen-activated protein kinase (MAPK) signal-related protein expression.

Results: Compared with the MI group, the LVEDD and LVESD in the Trained + ALPR group
were significantly decreased, while LVEF, LVFS, HW/BW, and HW/TL were significantly increased.
Additionally, the Trained + ALPR group exhibited decreased levels of ¢Tnl, ¢TnT, and CK-MB and
significantly reduced MI size and myocardial injury. Moreover, compared with the Trained or ALPR group,
the Trained + ALPR group showed upregulated energy metabolism, increased microvessel density, and better
efficacy. Finally, the Trained + ALPR group showed a significant increase in angiogenesis-related proteins
and a significant reduction in MAPK signaling pathway-related protein activity.

Conclusions: Exercise training combined with ALPR improved MI in elderly rats by inhibiting MAPK

signaling, promoting angiogenesis, and increasing metabolism.
Keywords: Myocardial infarction (MI); exercise training; alprostadil; MAPK signaling pathway
Submitted Nov 03, 2022. Accepted for publication Dec 05, 2022.

doi: 10.21037/atm-22-5763
View this article at: https://dx.doi.org/10.21037/atm-22-5763

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2022;10(24):1324 | https://dx.doi.org/10.21037/atm-22-5763


https://crossmark.crossref.org/dialog/?doi=10.21037/atm-22-5763

Page 2 of 13

Introduction

Myocardial infarction (MI), one of the most severe ischemic
heart diseases, is the leading cause of cardiovascular
morbidity and mortality (1) and has been reported to
affect more than 50 million people worldwide. The
incidence of MI is affected by various factors, such as
gender, age, atherosclerosis, arterial hypertension, and
smoking (2). Globally, MI is the most prevalent cause of
morbidity and mortality in the elderly. As a special group
of patients, elderly patients are at high risk of suffering
from atherosclerotic cardiovascular disease due to the
physiological changes induced by age. It has been reported
that the incidence of MI increases after age 65 for men
and after age 75 for women (3). MI and stroke, major
diseases caused by atherosclerosis, may lead to loss of organ
function and even death. Many patients with progressive
MI succumb to the disease before reaching the hospital for
treatment (4). Cardiomyocytes undergo various pathological
changes after ischemia, including energy metabolism
disturbance, calcium homeostasis disturbance, overload
of reactive oxygen species, and cell death (5). The current
clinical treatment for MI is focused on its early stage.
Specifically, early treatments primarily include improving
hypertension and adjusting living habits. The incidence of
atherosclerosis-induced MI can be reduced with appropriate
lifestyle changes and medical therapy (6). When MI
occurs, early reperfusion is the only way to rescue ischemic
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cardiomyocytes. However, some reversible and irreversible
damage to cardiomyocytes will remain. Myocardial injuries
that occur at reperfusion include arrhythmias, transient
mechanical dysfunction of the heart, microvascular damage,
and oxidative stress (OS) response (7). MI is mainly
treated with drugs and surgery, but the prognosis remains
unsatisfactory (8). A study showed that the levels of YKL-
40 and sTNFR1 were associated with poor cardiac function
and prognosis (9). Given the large proportion of the elderly
in the general population, the primary tasks of public health
research are to prevent MI, improve treatment outcomes,
and promote recovery after surgery, especially in the elderly.

Prostaglandins have shown promising effects in treating
various cardiovascular diseases (10). Alprostadil (ALPR) is
a synthetic compound of prostaglandins. Initially, ALPR
was mainly adopted to treat cavernous smooth muscle-
related disorders (11), but its role in other diseases has
also been explored. Tu er 4l. reported that ALPR treated
myocardial fibrosis in rats with diabetes mellitus (DM) by
inhibiting the transforming growth factor-p1 (T'GF-p1)/
Smad2 signaling pathway (12). Zhang et al. reported that
ALPR alleviated myocardial ischemia/reperfusion (MI/R)
injury by promoting antioxidant activity and endothelial
nitric oxide (eNOS) activation in rats (13). The above
studies suggest that ALPR has an excellent protective
effect on myocardial injury, and there is no obvious adverse
reaction (14). Exercise is the preferred choice for most
patients in the early treatment and postoperative recovery
of MI. Further, since exercise training can reduce the risk
of all-cause mortality (15), it has become a cornerstone of
cardiac rehabilitation. In addition, abundant evidence has
shown that psychosocial stress and emotional distress play
an important role in the pathogenesis and progression of
major cardiovascular diseases. It has also been reported
that appropriate exercise can effectively mobilize positive
emotions in patients, thereby reducing the risk of MI
recurrence and concurrently inhibiting the development
of depression (16). A study has also shown that the risk of
early death in people with low levels of negative emotional
distress has declined by 63% compared to people with high
levels of emotional distress (17). However, there is currently
no report on the role of exercise or ALPR in elderly patients
with ML

Based on existing evidence, we hypothesized that a
combination of exercise and drug therapy would improve
the treatment outcomes of MI. Therefore, in this study, we
aimed to explore the effects of exercise training and ALPR
on MI treatment. Our goal was to determine whether their
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combination could form a new treatment strategy and
provide potential evidence for improving the treatment of
elderly patients with MI. We present the following article in
accordance with the ARRIVE reporting checklist (available
at https://atm.amegroups.com/article/view/10.21037/atm-
22-5763/rc).

Methods
Experimental animals

A protocol was prepared before the study without
registration. Twenty-five male Wistar rats aged 20 months
were purchased from Beijing Vital River Laboratory Animal
"Technology Co. Ltd. (Beijing, China). All rats were housed
in a 12/12 h dark/light environment at a temperature of
22 °C and relative humidity of 50%. Follow-up experiments
were conducted after 7 days of adaptive feeding. Our
relevant experiments were completed with the assistance
of the staff of Guangdong Experimental Animal Center.
Animal experiments were performed under a project
license (No. C202204-06) granted by Ethics Committee of
Guangdong Experimental Animal Center, in compliance
with Ethics Committee of Guangdong Experimental
Animal Center guidelines for the care and use of animals.

Establisbment and treatment of the rat model

The experimental MI model was induced by ligating
the left anterior descending (LAD) coronary artery as
previously described (18). After the rats were anesthetized
with 3% pentobarbital sodium (30 mg/kg), an ALC-V8S
small animal ventilator (Shanghai Alcott Biotechnology
Co. Ltd., China) was connected for controlled mechanical-
assisted ventilation. The rats’ extremities were connected
to the BL-420E biological and functional experimental
system (Chengdu Instrument Factory, China) with pinpoint
electrodes for the electrocardiogram (ECG) monitoring
and recording. After opening the chest, the pericardium
was opened, and the LAD coronary artery was ligated with
a 6/0 wire. The MI model was considered successfully
constructed when there was a significant increase in the
ST segment of the ECG (data not shown). The thorax was
subsequently closed.

Twenty-five rats were randomly divided into the following
five groups: Control group (n=5), MI group (n=5), exercise
training group (Trained, n=5), ALPR treatment group (n=5),
and exercise training combined with ALPR treatment group
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(Trained + ALPR, n=5). In the Control group, the LAD
coronary artery of the rats was exposed, and the suture was
threaded but not ligated. The exercise training was adapted
from the study by Shen ez 4/. (19). Before inducing the MI
model, the rats were made to perform intermittent running
on a motorized rodent treadmill five times a week, lasting
6 weeks. The 5-day incremental running treadmill test
was performed with a graded running speed. The exercise
intensity began at 10 m/min and gradually increased to
22 m/min. After the adaptive training period, the
incremental running treadmill test was conducted with
an initial speed setting of 10 m/min. Then, the speed
was increased by 22 m/min every 3 min. The MI model
was induced 2 days after completing the last exercise and
supplementation. In the ALPR group, before inducing the
MI model, the rats were injected with 8 pg/kg of ALPR (14)
via the tail vein every day for 6 consecutive weeks before MI
induction. In the Trained + ALPR group, before inducing
the MI model, the rats were made to perform weekly aerobic
training on a treadmill, and 8 pg/kg of ALPR was injected
via the tail vein every day for 6 consecutive weeks. Then,
48 h after completing the last exercise and supplementation,
the MI model was induced. One day after MI induction,
the blood tissue samples of the rats in each group were
collected; one week after the induction, echocardiography
was performed. The rats were then sacrificed, and the rat
heart tissues were collected and weighed.

Echocardiography

The occurrence of MI was determined by echocardiography
1 week after MI induction using a GE Vivid 7 Dimension
ultrasound diagnostic instrument (General Electric
Company, Boston, USA) with a 10S MHZ transducer
at 3-cm depth. The rats were weighed and injected
intraperitoneally with 3% pentobarbital sodium (30 mg/kg)
according to the physical fitness standard. After anesthesia,
the rats’ limbs were fixed on the operating table. The rats
were laid on their left side, and their chest hair was shaved.
Subsequently, a small amount of coupling agent was applied
to measure the left ventricular end-diastolic diameter
(LVEDD), left ventricular end-systolic diameter (LVESD),
left ventricular ejection fraction (LVEF), and left ventricular
fraction shortening (LVES) rate of rats in each group.

Measurement of rat beart weight (HW)
The body weight (BW) and HW of the rats were first
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weighed, and then the tibia length (TL) was measured.
After that, their heart mass index (HMI) was calculated
as (HW/BW) x100%, and their HW-to-TL ratio was
calculated as (HW/TL) x100%.

Triphenyl tetrazolium chloride (TTC) staining

The heart was removed, then the left and right atria were
removed and frozen at -20 °C for 20 min. Five myocardial
slices approximately 2-mm thick were transected vertically
in their long axis and sequentially placed in 2% TTC buffer
(Sigma-Aldrich, USA) and incubated at 37 °C for 30 min
in the dark. After staining, 10% formaldehyde was used
instead of TT'C buffer. Sections were fixed for 4-6 h, and
the infarct size was determined using Image] software.
Normal myocardial tissue was red, while infarcted areas
were grayish-white.

Masson’s trichrome stain

The heart tissues were fixed in 4% paraformaldehyde for
48 h, followed by dehydration and paraffin embedding.
Then, the embedded samples were cut into 5-pm-
thick sections. Masson staining was used to observe the
distribution and degree of myocardial interstitial fibrosis
and evaluate the degree of MI.

Hematoxylin and eosin (H&E) staining

The heart tissues of the rats in each group were fixed
in neutral formaldehyde for 20 min. Then, a 15%
ethylenediaminetetraacetic acid (EDTA) solution was
applied for decalcification, and ethanol was used for
dehydration in a stepwise manner. After routine paraffin
embedding, the heart tissues were prepared in sagittal plane
sections of approximately 4 pm thickness. Subsequently, the
sections were stained with hematoxylin for 5 min at 25 °C,
differentiated with hydrochloric acid alcohol, and turned
blue with 1% ammonia water. After rinsing with tap water,
the sections were stained with eosin for 30 s, dehydrated
with alcohol, and then treated with xylene. Afterward, the
slides were mounted, and the heart tissues were observed
under a biological microscope.

Immunobistochemistry

First, 5-pm-thick paraffin sections of heart tissue were
deparaffinized, placed in 10 mM sodium citrate solution
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(pH 6.0), and heated at 100 °C for 10 min. Then, the
sections were incubated with 3% hydrogen peroxide
to block endogenous peroxidase activity. They were
subsequently treated with 1 mM EDTA (pH 9.0) for 15 min
and then with 5% bovine serum albumin for 1 h at room
temperature. On completion of the incubation with primary
antibody CD34 overnight at 4 °C, 30 min of incubation
with the secondary antibody was performed at room
temperature. Next, treatment with diaminobenzidine or
3-amino-9-ethylcarbazole for 28 min was allowed for color
development, followed by hematoxylin counterstaining
and mounting using neutral resin. Lastly, the samples were
observed and photographed under a microscope.

Detection of biochemical reagents

Whole blood was collected from the rat through the retro-
orbital vein and placed in a 1.5 mL centrifuge tube. Then,
the blood was centrifuged at 2,000 r/min for 20 min at
4 °C, and the supernatant was collected in a new centrifuge
tube to obtain the serum. A fully automatic biochemistry
analyzer was used to detect the cardiac troponin I (cTnl),
cardiac troponin T (¢TnT), and creatine kinase MB
isoenzyme (CK-MB) serum levels in the rats.

Detection of energy metabolism indicators

A total of 50 mg of the collected rat heart tissues in each
group were placed in a homogenization tube, and 1 mL of
pre-cooled PBS buffer was added. The tissues were placed
in a low-temperature homogenizer for homogenization and
breaking. Afterward, the homogenization tube was placed
at a temperature of 4 °C and centrifuged at 12,000 g for
10 min to remove cell debris. Subsequently, the supernatant
was transferred to a new centrifuge tube. Specifically, some
supernatant was stored at -80 °C, and the others were
detected according to the instructions of the adenosine
triphosphate (ATP), adenosine diphosphate (ADP), and
adenosine monophosphate (AMP) test kits (Beyotime
Biotechnology, China).

Western blot

Total proteins of the heart tissue were extracted using
RIPA lysate (50 mM Tris, 150 mM NaCl, 1% NP-4, 0.5%
sodium deoxycholate, 0.1% SDS, PH7.4) buffer, and the
concentration of the extracted proteins was determined
using a bicinchoninic acid (BCA) kit. A total of 20 pg of the
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protein with supplementary 1x loading buffer was boiled
for denaturation. The proteins were then separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked with
5% non-fat dry milk for 1 h. Primary antibodies, including
vascular endothelial growth factor (VEGF) (ab32152,
Abcam, UK), fibroblast growth factor (FGF) (97408,
CST, USA), thrombospondin-1 (TSP-1) (37879, CST),
phosphorylated-P38 (p-P38) (4970S, CST), extracellular
signal-regulated kinase 1/2 (ERK1/2) (4695S, CST),
p-ERK1/2 (4370S, CST), c-Jun-N-terminal kinase (JNK)
(92528, CST), p-JNK (9255S, CST), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (5174S, CST)
were added for incubation overnight at 4 °C on a shaker.
Subsequently, the membranes were rinsed three times,
and a secondary antibody was added for 1 h of incubation
at 25 °C. After washing the membranes three times, a
chemiluminescence reagent was added to develop the
proteins, and image collection was conducted with the gel
imaging system. Image J software was used to analyze the
gray level of the protein bands, and GAPDH was used as an

internal control to calculate the relative protein expression.

Statistical analysis

All data were measured three times independently. The
results were expressed as the mean = standard deviation
(SD). All statistical analyses were performed using SPSS
26.0 software (IBM Corp., Armonk, NY, USA). One-way
analysis of variance (ANOVA) followed by Tukey’s method
was used for multiple group comparisons. The differences
between groups were analyzed by independent sample 7-test
analysis. P<0.05 was used as the criterion for statistical
significance.

Results

Exercise training combined with ALPR improved cardiac
function in rats with MI

We assessed the effects of exercise training combined with
ALPR treatment on cardiac function in MI rats via serum
biochemical indexes and echocardiography. The results
showed that compared with the Control group, LVEDD
and LVESD in the MI group were significantly increased,
while LVEF and LVFS were significantly decreased,
indicating the successful construction of the MI rat model.
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Additionally, compared with the MI, Trained, and ALPR
groups, the Trained + ALPR group had significantly lower
LVEDD and LVESD but significantly higher LVEF and
LVES. The cardiac function indicators in the Trained +
ALPR group were also better than those in the Trained
or ALPR groups (P<0.01; Figure 14-1D). In addition, the
Trained, ALPR, and Trained + ALPR groups exhibited
higher HW/BW and HW/TL ratios than the MI group
(P<0.05; Figure 1E,1F). Further, the detection of cardiac
biochemical indicators showed that ¢Tnl, ¢TnT, and
CK-MB serum levels in the MI group were significantly
higher than in the Control group. The ¢Tnl, ¢TnT, and
CK-MB serum levels in the Trained, ALPR, and Trained
+ ALPR groups were notably lower than that in the MI
group (P<0.01; Figure 1G-1I). Moreover, compared with
the Trained and ALPR groups, the Trained + ALPR group
displayed significantly decreased ¢Tnl, ¢TnT, and CK-MB
levels. The above results indicated that exercise training
combined with ALPR treatment significantly improved the
cardiac function of MI rats, and the efficacy was better than
exercise training or ALPR alone.

Exercise training combined with ALPR treatment reduced
the degree of MI and myocardial injury in rats

We further explored the effects of exercise training
combined with ALPR treatment on MI size and myocardial
injury in MI rats. According to the results of TTC staining
(P<0.01; Figure 2), no infarction was observed in the Control
group, while different degrees of infarction were observed
in the other four groups. Infarct size was significantly
reduced in the Trained, ALPR, and Trained + ALPR groups
compared to the MI group, with the smallest observed in
the Trained + ALPR group. Similarly, Masson’s trichrome
stain results showed no MI in the Control group, while
the other four groups presented different degrees of ML
Compared with the MI group, the MI size was significantly
reduced in the Trained, ALPR, and Trained + ALPR
groups, with the smallest observed in the Trained + ALPR
group (Figure 34). H&E staining results showed that the
Control group did not have inflammatory cell infiltration,
and their cardiomyocytes were arranged in an orderly
manner. In contrast, the MI group demonstrated increased
inflammatory cell infiltration, and their myocardial fibers
were disorderly arranged. Additionally, cardiomyocytes in
the MI group were few and accompanied by necrosis. In the
Trained and ALPR groups, inflammatory cell infiltration
was decreased, and cardiomyocytes were more ordered than
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Figure 1 Effects of exercise training combined with alprostadil treatment on cardiac function in rats with myocardial infarction. (A-D)
Echocardiography for detecting cardiac function indexes (LVEDD, LVESD, LVEF, and LVEFS) of rats in each group; (E,F) HMI (heart
weight/body weight) and heart weight-to-tibia length ratio (heart weight/tibia length) in each group; (G-I) fully automatic biochemistry

analyzer for examining the ¢Tnl, ¢TnT, and CK-MB serum levels of rats in each group. N=5 per group. *, P<0.05; **, P<0.01, vs. Control;
", P<0.01, vs. MI; %, P<0.01, vs. Trained/ALPR. LVEDD, left ventricular end-diastolic diameter; MI, myocardial infarction; ALPR,

alprostadil; LVESD, left ventricular end-systolic diameter; LVEE, left ventricular ejection fraction; LVES, left ventricular fraction shortening;

¢Tnl, cardiac troponin I; ¢TnT, cardiac troponin T; CK-MB, creatine kinase MB isoenzyme.

in the MI group, but slight edema appeared. In the Trained
+ ALPR group, cardiomyocyte inflammation was subtle, and
the cardiomyocytes were arranged neatly. Compared with
the Trained and ALPR groups, improvement in the Trained
+ ALPR group was most pronounced (Figure 3B). Thus,
these findings suggested that exercise training combined
with ALPR demonstrated promising potential in reducing
MI size and myocardial injury in rats.

© Annals of Translational Medicine. All rights reserved.

Exercise training combined with ALPR treatment
promoted microangiogenesis in the myocardial tissue of
rats with MI

In this section, we explored the effects of exercise training
combined with ALPR treatment on microangiogenesis in
the myocardial tissue of rat models. Immunohistochemistry
results showed that, compared with the Control group,
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Figure 2 Effects of exercise training combined with alprostadil treatment on myocardial infarction area in MI rats. TTC staining is used
to evaluate the myocardial infarction area. N=5 per group. **, P<0.01, vs. Control; ™, P<0.01, vs. MI; *%, P<0.01, vs. Trained/ALPR. MI,
myocardial infarction; ALPR, alprostadil; TTC, triphenyl tetrazolium chloride.

the expression of CD34 in the myocardial tissue of the
MI group was significantly reduced. Compared with the
MI group, the expression of CD34 was increased in the
Trained, ALPR, and Trained + ALPR groups. Moreover,
the expression of CD34 in the Trained + ALPR group was
higher than in the Trained or ALPR groups. These findings
showed that exercise training combined with ALPR
treatment significantly increased the microvessel density of
MI rats (Figure 44). The expression of angiogenesis factors
and FGFs was further determined. The results showed that
VEGEF and FGF expression in the myocardial tissue of the
MI group was significantly lower than in the Control group,
while TSP-1 expression was significantly increased. The
above results indicated that angiogenesis in the myocardial
tissue of the MI rats was inhibited. Compared with the MI
group, VEGF and FGF expressions in the Trained, ALPR,
and Trained + ALPR groups were increased, while TSP-
1 expression was decreased. Furthermore, the Trained +
ALPR group also showed an increase in VEGF and FGF
expression and a decrease in TSP-1 expression compared
with the Trained and ALPR groups (P<0.01; Figure 4B).
These results suggested that exercise training combined

© Annals of Translational Medicine. All rights reserved.

with ALPR promoted microangiogenesis in the myocardial
tissue of rats with ML

Exercise training combined with ALPR treatment restored
the energy metabolism of cardiomyocytes in rats with MI

The effect of exercise training combined with ALPR
treatment on the energy metabolism of cardiomyocytes was
further investigated. The results showed that, compared with
the Control group, the myocardial tissue of the rats in the MI
group exhibited remarkably decreased ATP levels, notably
increased ADP and AMP levels, and significantly reduced
ATP/ADP and ATP/AMP ratios. In addition, compared
with the MI group, the ATP level in the Trained, ALPR,
and Trained + ALPR groups was significantly increased,
while the ADP and AMP levels were significantly decreased.
Compared with the Trained or ALPR groups, the Trained +
ALPR group displayed a marked increase in ATP level, ratios
of ATP/ADP and ATP/AMP, and a remarkable decrease in
ADP and AMP levels (P<0.05; Figure SA-5E). All in all, these
observations suggested that exercise training combined with
ALPR treatment effectively restored the energy metabolism
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Figure 3 Effects of exercise training combined with alprostadil treatment on myocardial pathological injury in MI rats. (A) The MI area of

the rats in each group is shown using Masson’s trichrome stain. Red indicates viable myocardium; blue indicates fibrosis due to myocardial

infarction. (B) The myocardial cell injury of the rats in each group is shown using H&E staining; green arrow: inflammatory cell infiltration

or cardiomyocyte necrosis; blue arrow: cardiomyocyte; yellow arrow: edema. N=5 per group. MI, myocardial infarction; ALPR, alprostadil;

H&E, hematoxylin and eosin.

of cardiomyocytes in MI rats.

Exercise training combined with ALPR treatment
inbibited the activation of the mitogen-activated protein
kinase (MAPK) signaling pathway in the myocardial
tissues of rats with MI

To explore the mechanism of exercise training combined
with ALPR in treating MI rats, we detected the MAPK
signaling pathway-related proteins using Western blotting.
The results showed that compared with the Control
group, the ratios of p-P38/P38, p-ERK1/2/ERK1/2, and
p-JNK/JNK in the myocardial tissue of the MI group
were notably increased. The Trained, ALPR, and Trained
+ ALPR groups presented significantly decreased p-P38/
P38, p-ERK1/2/ERK1/2, and p-JNK/JNK ratios in the
myocardial tissue compared with the MI group. Moreover,

© Annals of Translational Medicine. All rights reserved.

the ratios of p-P38/P38, p-ERK1/2/ERK1/2, and p-JNK/
JNK in the Trained + ALPR group were significantly
lower than those in the Trained and ALPR groups (P<0.05;
Figure 6). Based on these findings, we can deduce that
exercise training combined with ALPR treatment exerted
its effects by regulating the MAPK/ERK signaling pathway.

Discussion

In this study, we observed significant effects on MI rats
by combining exercise training with ALPR treatment.
Specifically, exercise training combined with ALPR
treatment improved cardiac function in MI rats, relieved
myocardial cell damage, and promoted microangiogenesis
and energy metabolism. In addition, exercise training
combined with ALPR treatment inhibited MAPK signaling
pathway activation and alleviated MI and coronary
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Figure 4 Exercise training combined with alprostadil treatment promotes microangiogenesis in the myocardial tissue of MI rats. (A)
The expression of CD34 of the rats in each group is detected by immunohistochemistry. (B) Western blot detects the expression of
microangiogenesis-related proteins (VEGE, FGEF, and TSP-1) in the cardiomyocytes of the rats in each group. N=5 per group. **, P<0.01, vs.
Control; # P<0.01, vs. MI; &%, P<0.01, vs. Trained/ALPR. MI, myocardial infarction; ALPR, alprostadil; VEGE, vascular endothelial growth
factor; FGE, fibroblast growth factor; TSP-1, thrombospondin-1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 5 Effects of exercise training combined with alprostadil treatment on the energy metabolism of cardiomyocytes in MI rats. (A-C)
The content of ATP, ADP, and AMP in cardiomyocytes of rats in each group is detected by biochemical reagents; (D,E) the ratios of ATP/
ADP and ATP/AMP in rats in each group. N=5 per group. **, P<0.01, vs. Control; *, P<0.01, vs. MI; *%, P<0.01, vs. Trained/ALPR. ATP,
adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; MI, myocardial infarction; ALPR, alprostadil.
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Figure 6 Exercise training combined with alprostadil treatment inhibits the activation of the MAPK signaling pathway in the myocardial
tissues of MI rats. Western blot detects the protein expression of P38, p-P38, ERK1/2, p-ERK1/2, JNK, and p-JNK. N=5 per group. **,
P<0.01, vs. Control; *, P<0.01, vs. MI; *%, P<0.01, vs. Trained/ALPR. MI, myocardial infarction; ALPR, alprostadil; ERK1/2, extracellular
signal-regulated kinase 1/2; JNK, c-Jun-N-terminal kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MAPK, mitogen-

activated protein kinase; p, phosphorylated.

microcirculation disorders in elderly rats. Moreover, the
effects of exercise training combined with ALPR were
better than exercise training or ALPR alone. The outcomes
of this study suggested that exercise training combined with
ALPR effectively treated ML

Cardiac remodeling is a process of compensatory changes
caused by MI, hypertension, and other heart diseases (20).
Left ventricular (LV) remodeling is mainly manifested as
changes in ventricular size and function (21). This study
also revealed that the LVEDD and LVESD in the MI group
were significantly higher than those of the Control group,
and the LVEF and LVFS were significantly decreased.
Moreover, the Trained + ALPR group demonstrated the
most significant reduction in LVEDD and LVESD and
increased LVEF and LVFS, suggesting that combination
therapy could improve LV function after MI. In addition
to the LVEDD and LVESD parameters, LV mass index is
also an important indicator of cardiac function (22). This
study also revealed that combination therapy significantly
decreased LV mass index despite increased LV mass index
after MI. The above results suggest that combination
therapy improved MI injury by reducing LV hypertrophy.

According to previous studies, cardiomyocyte apoptosis
is a major mechanism in the pathogenesis of several primary
heart diseases (23,24). In addition, cardiomyocyte apoptosis
after MI also plays a role in MI recurrence (25,26). In this
study, we observed the MI area and found that the infarct
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area in the MI group was much larger than that in the
control group. However, the infarct area in the Trained +
ALPR group remained much lower than in the MI, Trained,
or ALPR groups. As the most specific markers of cardiac
injury, ¢cTnl, ¢TnT, and CK-MB are often applied to
diagnose subacute MI (27). The above markers are released
from dead cells within 2—4 and 3-4 h after the onset of
MI symptoms (28). In this study, the MI group showed
a significant increase in ¢T'nl, ¢TnT, and CK-MB levels;
in contrast, these factors were significantly lower in the
Trained + ALPR group. H&E staining also indicated that
combination therapy significantly reduced cardiomyocyte
injury in MI rats.

ATP is essential for normal cardiac function, including
myofibril contraction, ion transport, and cardiomyocyte
viability (29,30). Creatine phosphokinase is an enzyme
found in many tissues, including cardiac muscle tissue,
which helps regulate the level of ATP within the cells.
A study reported that the concentrations of creatine
phosphocreatine and ATP are significantly decreased in the
heart of MI patients compared with healthy controls (31).
Specifically, myocyte loss and/or reduced mitochondrial
production of high-energy phosphoryl can cause a
reduction in the content of CK that transfers into myofibrils
in viable myocytes through CK flux, resulting in a decrease
in ATP levels (32). In this study, the myocardial tissue of
the rats in the MI group displayed a significant decrease in
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ATP levels compared with the Control group. Moreover,
exercise training or ALPR not only significantly increased
ATP levels in the myocardial tissue of the MI rats but
also had the best efficacy. The exercise training combined
with ALPR group showed the most significant efficacy. In
addition, a study shows that aerobic rehabilitation exercise
with appropriate intensity can improve the physiological
and psychological state of cardiac function in patients with
MI (33). Based on the above findings, it can be concluded
that combination therapy effectively improved the energy
metabolism of cardiomyocytes in MI rats.

According to an extensive body of previous research
on the mechanisms associated with MI, activation of the
MAPK signaling pathway can cause pathological myocardial
hypertrophy and cardiac remodeling, leading to heart
failure (34). MAPKSs have three subfamilies: ERK1/2, JNK,
and P38. MAPK signaling promotes nuclear factor-kappa
B (NF-«B) to trigger additional inflammatory cytokines,
thereby inducing further damage within myocardial
tissues (35). The MAPK/ERK signaling pathway has been
well studied and is known to be involved in regulating
multiple biological processes, such as the survival, growth,
and death of various cells and the immune response
associated with inflammation (36). In this study, compared
with the Control group, the ratios of p-P38/P38, p-ERK1/2/
ERK1/2, and p-JNK/JNK in the myocardial tissue of the
MI group were markedly increased; in contrast, the ratios
of p-P38/P38, p-ERK1/2/ERK1/2, and p-JNK/JNK in
the myocardial tissue of the Trained + ALPR group were
notably reduced. Based on the above outcomes, exercise
training combined with ALPR treatment exerted its effect
by regulating the MAPK/ERK signaling pathway.

Conclusions

In summary, exercise training combined with ALPR
treatment demonstrated significant positive effects on aged
rats with MI. Additionally, exercise training combined with
ALPR treatment showed that it could protect the heart by
regulating the MAPK signaling pathway and demonstrated
better efficacy than exercise training or ALPR treatment
alone. Therefore, exercise training combined with ALPR
may have great potential in the early treatment of MI, and
the mechanism deserves further study.
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