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Preconditioning with acteoside ameliorates myocardial
ischemia-reperfusion injury by targeting HSP90AA1
and the PI3K/AKkt signaling pathway
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Abstract. The present study aimed to investigate the
cardioprotective effects of acteoside (AC) on myocardial
ischemia-reperfusion injury (MIRI). To meet this aim, a
network pharmacological analysis was conducted to search
for key genes and signaling pathways associated with AC and
MIRI. The infarct size of the rat heart was evaluated using
2,3,5-triphenyltetrazolium chloride staining, and the serum
levels of creatine kinase MB isoenzyme, cardiac troponin I,
malondialdehyde and superoxide dismutase were subsequently
detected in an in vivo experiment. The inhibitory effect of
AC on oxidative stress was further confirmed by assessing
the intracellular accumulation of reactive oxygen species
(ROS). Hematoxylin and eosin staining was subsequently
carried out to observe cardiac histopathological damage. The
anti-apoptotic effects of AC were determined using terminal
deoxynucleotidyl-transferase-mediated dUTP nick end
labeling assay and Hoechst 33342 staining, and the expres-
sion levels of apoptosis-associated proteins in the myocardial
tissue were assessed using immunohistochemical analysis. In
addition, cell viability was determined using a Cell Counting
Kit-8 assay, and the expression levels of key target proteins
associated with AC and MIRI were detected by western blot
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analysis. The results suggested that pretreatment with AC
could mitigate MIRI-induced myocardial damage, oxidative
stress and apoptosis. The anti-apoptotic effects of AC were
associated with elevated Bcl-2 levels, and reduced caspase-3
and Bax expression levels in myocardial tissue. In vitro, AC
pretreatment both led to an increased rate of cell survival and
alleviated oxidative stress, as demonstrated by a decreased
level of intracellular ROS accumulation. Moreover, guided
by the network pharmacological analysis, heat-shock protein
90AA1 (HSP90AA1) and the phosphoinositide 3-kinase
(PI3K)/serine-threonine protein kinase (Akt) signaling
pathway emerged as key targets for the action of AC against
MIRI. Furthermore, the western blot analysis results showed
that pretreatment with AC led to a significant increase in the
activity of the PI3K/Akt signaling pathway, in addition to
increased expression levels of glycogen synthase kinase-3f
and HSP90OAAL1. Taken together, the findings of the present
study revealed that AC may exert cardioprotective effects on
MIRI through suppressing apoptosis and oxidative stress by
regulating the expression and activity of key proteins.

Introduction

Myocardial ischemia (MI) occurs when there is an interrup-
tion of blood supply to the heart. The restoration of blood flow
to the ischemic myocardium results in more severe damage
compared with that prior to reperfusion, this is known as
MI-reperfusion injury (MIRI). MIRI may occur during the
recovery phases of various cardiovascular diseases, including
those associated with coronary artery bypass surgery, coro-
nary angioplasty or thrombolysis, heart transplantation and
open-heart surgery (1,2). Patients with MIRI typically experi-
ence a worsening of symptoms, including a sudden drop in
blood pressure, cardiac dysfunction, arrhythmias and even
sudden death (3). MIRI has become a considerable concern
in the treatment of MI, as it can worsen the outcome of
patients. The underlying mechanisms responsible for MIRI are
complex, multi-factorial and interconnected. Oxidative stress,
intracellular calcium overload, energy metabolism disorders,
apoptosis, endoplasmic reticulum stress, disruption of the
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mitochondrial membrane potential and the interplay among
these various factors all contribute to endothelial injury and
cell death in MIRI (4,5).

Acteoside (AC), also known as verbascoside or kusaginin,
is a natural phenolic glycoside that is commonly found in
several species of plant, such as Cistanche deserticola and
Rehmannia glutinosa. Owing to its natural, safe and effective
properties, AC may be used as an additive to enhance the nutri-
tional value and health benefits of food (6,7). AC possesses
multiple pharmacological properties, including anti-oxidative,
anti-inflammatory, antitumor, anti-aging, cardioprotective,
neuroprotective and cartilage-protective properties (8.9).
Our previous findings revealed that, in a rat model of MIRI,
pretreatment with AC was able to alleviate pain, attenuate
pathological changes in the myocardial structure, and reduce
the serum levels of cardiac enzymes and noradrenaline.
These protective effects of AC were found to be mediated
by inhibiting oxidative stress and reducing the apoptosis of
cardiomyocytes (Li ef al, unpublished data).

To further investigate the complex mechanisms underlying
the action of AC against MIRI, the present study used network
pharmacological analysis, which identified heat shock protein
90AA1 (HSP90AAI) as an important target. HSP90 is an
abundant protein that has a key role in cells and carries out a
diverse range of functions (10,11). HSP90OA A1 is a fundamental
and highly conserved molecular chaperone belonging to the
HSP90 family of proteins. HSP90OA AL fulfills a key role, both
in terms of maintaining cellular homeostasis and in regulating
a number of cellular processes, including protein folding,
protein stability and protein degradation. It also participates in
signaling pathways involved in cell proliferation, differentia-
tion, survival and apoptosis (12,13). In addition to HSP90OA A1,
the phosphoinositide 3-kinase (PI3K)/serine-threonine protein
kinase (Akt) signaling pathway has emerged as a key target
of AC against MIRI. The PI3K/Akt signaling pathway exerts
protective effects in MIRI via inhibiting apoptosis, promoting
cell survival and proliferation, regulating energy metabolism
and mitigating inflammatory responses (14,15). Drugs that
activate the PI3K/Akt signaling pathway have shown promise
in ameliorating MIRI (16,17). Furthermore, ischemic or phar-
macological preconditioning has been shown to activate the
PI3K/Akt signaling pathway, thereby providing protection
against subsequent MIRI (18).

Using network pharmacological analysis, the present study
aimed to first screen and analyze the key genes and signaling
pathways that are associated with AC and MIRI. Molecular
docking was subsequently used to validate the interaction
between AC and the key target proteins. MIRI models using
Sprague-Dawley (SD) rats and H9c2 cells were then established
to further confirm the cardioprotective effects of AC. Finally,
the protein levels of HSP90OA A1, PI3K, Akt and glycogen
synthase kinase-3p (GSK-3f), which acts downstream of Akt,
were assessed using a series of in vivo and in vitro experiments.

Materials and methods

Ethics statement. All experimental protocols carried out in
the present study were approved by the Biology and Animal
Ethical Committee of the Basic Medical College, Jiamusi
University (approval no. JDJCYXY-2024-0021; Jiamusi,

China), and were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals published by the
National Institutes of Health (19). An outline of the general
protocol of the present study is shown in Fig. 1.

Network pharmacological analysis: Identification of key
targets associated with both AC and MIRI. Targets for AC
were sourced and screened through a search of databases,
including the Swiss Target Prediction (http:/www.swis-
stargetprediction.ch/) and Similarity Ensemble Approach
(https://sea.bkslab.org/) databases, by inputting the Simplified
Molecular Input Line Entry System for AC. Following data
refinement, duplicative genes were highlighted and the gene
names were retrieved from the UniProt (https:/www.uniprot.
org/) database. Genes associated with MIRI were subsequently
identified and selected from the GeneCards (https:/www.
genecards.org/) and DisGeNET (https://www.disgenet.org/)
databases. The genes retrieved from both databases were
selected as the MIRI-associated genes. Finally, comparing
among the retrieved AC targets and the MIRI-associated
genes, overlapping targets were identified for further down-
stream analysis.

Construction of the protein-protein interaction (PPI) network.
Overlapping target genes were inputted into the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING
12.0; https://string-db.org), with the species selected as ‘Homo
sapiens’ to obtain the PPI interaction network. Cytoscape
(version 3.7.0) software (https://cytoscape.org/) was subse-
quently used for visualization of the PPI network. In the PPI
network, nodes and edges represent proteins and their interac-
tions, respectively.

Gene ontology (GO) and kyoto encyclopedia of genes and
genomes (KEGG) pathway enrichment analyses. After having
identified the intersecting target genes between AC and MIRI,
GO and KEGG pathway enrichment analyses were carried out
using the DAVID v2024q2 database (https://david.ncifcrf.gov/),
with P<0.05 selected as the cut-off criterion. The online plat-
form of Microbiome Informatics (https://www.bioinformatics.
com.cn/basic_local_go_pathway_enrichment_analysis_122)

was used to create bar charts to display the results of the GO
term enrichment analysis, and bubble plots were constructed
to show the results of the KEGG pathway enrichment analysis.

Construction of the AC-key target genes/pathways-MIRI
network. Cytoscape software was used for visualization of the
AC-key target genes/pathways-MIRI network.

Molecular docking analysis. PubChem (https:/pubchem.
ncbi.nlm.nih.gov/) and Protein Data Bank (https://www.rcsb.
org/) databases were used to obtain the 3D structure of AC
and the protein structures of the key targets. Autodock Vina
software 1.1.2 (The Scripps Research Institute; https://vina.
scripps.edu/downloads/) was subsequently used for molecular
docking analysis.

AC preconditioning. A total of 45 male SD rats (age, 8 weeks;
body weight, 230-250 g) were obtained from the Experimental
Animal Center of the Second Hospital Affiliated to Harbin
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Figure 1. General protocol of the present study. (A) Illustrative diagrams and measurements acquired from Sprague-Dawley rats. (B) Illustrative diagrams
and measurements acquired from H9c2 cells. MIRI, myocardial ischemia-reperfusion injury; AC, acteoside; ECG, electrocardiogram; TTC, 2,3,5-triphe-
nyltetrazolium chloride; H&E, hematoxylin and eosin; CK-MB, creatine kinase MB isoenzyme; cTnl, cardiac troponin I; MDA, malondialdehyde; SOD,
superoxide dismutase; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling; IHC, immunohistochemistry; p-, phosphorylated;
PI3K, phosphoinositide 3-kinase; HSP9OA A1, heat-shock protein 90AA1; Akt, serine-threonine protein kinase; GSK-38, glycogen synthase kinase-33; CCK-8,
Cell Counting Kit-8; H/R, hypoxia/reoxygenation; ROS, reactive oxygen species.

Medical University (Harbin, China). Considerations for animal
welfare included making every possible effort to alleviate
suffering and distress, alongside the utilization of anesthetics
and the implementation of controlled living environments.
The rats were housed under standard conditions (temperature,
24.0+2.0°C; humidity, 40-60%; a 12-h light/dark cycle) with
unrestricted access to food and water. To ensure a sanitary envi-
ronment, the bedding was replaced every 2 days. After 7 days of
adaptive feeding, the rats were evenly and randomly divided into
three groups, namely the Sham group (n=15), the MIRI group
(n=15) and the AC + MIRI group (n=15). The rats in the AC +
MIRI group were intragastrically administered 80 mg/kg AC
once daily for 7 days, whereas the rats in the other two groups
intragastrically received a volume of 1 ml/100 g water. AC was
purchased from Jiangsu Yongjian Pharmaceutical Technology
Co., Ltd. and was dissolved in saline solution.

Establishment of the MIRI rat model. The duration of the exper-
iment was ~5 h including the operation preparation, anesthesia,

establishment of MIRI, specimen collection and euthanasia of
animals [intraperitoneal injection of 1% sodium pentobarbital
(150 mg/kg)]. Animal health and behavior were monitored
during the whole experiment. If a rat displayed persistent signs of
distress, such as respiratory distress, convulsions, or continuous
and severe abnormalities in electrocardiogram (ECG) record-
ings, immediate euthanasia was carried out Thoracotomies
were conducted in rats after they had been anesthetized with
2% isoflurane, as previously described (20). The left anterior
descending (LAD) coronary artery was blocked using a 6-0
silk suture for 30 min, followed by 120 min of reperfusion. The
presence of MI was verified according to the elevation of the
ST segment, as it appeared on an ECG. The rats in the Sham
group underwent an identical surgical procedure, but without
the occlusion of the artery. In the present study, during the
reperfusion phase, one rat in the MIRI group underwent eutha-
nasia as aforementioned due to severe arrhythmias. Successful
euthanasia was confirmed through monitoring the cessation of
respiration, heartbeat and pupil dilation (21).
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Evaluation of the infarct size in MIRI. After having established
the MIRI rat model, 2,3,5-triphenyltetrazolium chloride (TTC)
staining was used to evaluate the infarct size. The rats were
sacrificed under anesthesia via the intraperitoneal injection of
1% sodium pentobarbital at a dose of 150 mg/kg, as previously
described (21), and their hearts were harvested and frozen
for slicing. Subsequently, the hearts were cut into five 2-mm?®
slices, and incubated in TTC solution (Nanjing Jiancheng
Bioengineering Institute) in the dark at 37°C for 30 min, before
being preserved in 4% paraformaldehyde (PFA) overnight at
4°C. The infarct tissue was found to exhibit a distinct white
color, in contrast with the viable tissue, which was stained red.
The infarct size was analyzed using Image-Pro Plus (version
6.0; Media Cybernetics, Inc.), and the results were expressed
as the percentage of infarct area relative to the entire area.

Biochemical detection of the levels of serum markers.
For serum collection, the rats were placed in an induction
chamber and received 3% isoflurane; respiration, heart rate
and muscle relaxation were assessed to ensure an appropriate
depth of anesthesia. Subsequently, the rats were transferred
to an operating table and anesthesia was maintained using
2% isoflurane. Whole blood (400-500 pl) was then obtained
from the abdominal aorta, which was used to yield 300-400 p1
serum. After blood collection, the rats were was immediately
euthanized (20). Whole blood samples were centrifuged at
15,000 x g for 25 min at 4°C and the supernatant was extracted.
Subsequently, myocardial injury markers were analyzed in
the supernatant by ELISA. Serum levels of creatine kinase
MB isoenzyme (CK-MB) and cardiac troponin I (cTnl) were
analyzed using their respective ELISA kits (cat. nos. H197-1-1
and H149-2-2; Nanjing Jiancheng Bioengineering Institute),
following the manufacturer's instructions. The concentrations
of malondialdehyde (MDA) and superoxide dismutase (SOD)
in the serum were also quantified using the corresponding
biochemical assay kits (cat. nos. A003-1-2 and A001-3-2;
Nanjing Jiancheng Bioengineering Institute), following the
manufacturer's protocols.

Histological analysis. Hematoxylin and eosin (H&E)
staining was performed to observe the extent of cardiac
histopathological damage. Following reperfusion for 120 min,
the hearts were collected and preserved in 4% PFA for 24 h
at room temperature. Subsequently, the myocardial tissue
of the ventricles underwent routine H&E staining. After
undergoing the standard alcohol-xylene treatment procedure,
the ventricular tissues were embedded within paraffin wax
blocks. Paraffin-embedded sections (4 ym) were then mounted
onto slides, and were stained with hematoxylin and eosin for
10 min at room temperature. Finally, histological images were
captured under an optical microscope (E200MV microscope;
Nikon Corporation).

Terminal deoxynucleotidyl-transferase-mediated dUTP nick
end labeling (TUNEL) staining. Apoptosis of cardiomyo-
cytes in the ventricular tissues was subsequently detected by
observing the cells using fluorescence microscopy with an
Olympus IX71 microscope (Olympus Corporation), with the
application of a TUNEL assay kit (cat. no. G1504; Wuhan
Servicebio Technology Co.,Ltd.), following the manufacturer's

instructions. The percentages of apoptotic cells were deter-
mined by calculating the ratio of TUNEL-positive cells to the
total number of cells, with five focal planes being analyzed
for each group. Briefly, TUNEL staining was performed as
follows: Paraffin-embedded sections were washed three
times with PBS (pH 7.4) for 5 min each time. After PBS
was removed, DAPI dye solution (cat. no. G1012; Wuhan
Servicebio Technology Co., Ltd.) was added and incubated at
room temperature for 10 min in the dark. The slide was then
placed in PBS (pH 7.4) and washed three times with agitation
(5 min each).

Immunohistochemical analysis. Levels of apoptosis-
associated proteins in the myocardial tissue, including Bcl-2
(1:100; cat. no. BA0412; Wuhan Boster Biological Technology
Co., Ltd.), Bax (1:100; cat. no. A00183; Wuhan Boster
Biological Technology Co., Ltd.) and caspase-3 (1:100; cat.
no. M00334-9; Wuhan Boster Biological Technology Co.,
Ltd.), were determined by immunohistochemical analysis.
Briefly, the hearts were collected and preserved in 4% PFA
for 24 h at room temperature, then embedded in paraffin for
sectioning. The 4-ym sections were dewaxed in water and
then underwent antigen retrieval in EDTA (pH 8.0) at ~98°C
for 20 min. After natural cooling, the sections were placed in
PBS (pH 7.4) and washed three times with agitation (5 min
each). For staining of intracellular antigens, 0.1% Triton X-100
was used as the permeabilization reagent. The sections were
then incubated with 3% hydrogen peroxide solution at room
temperature for 25 min in the dark, and were placed in PBS
(pH 7.4) and washed three times with agitation (5 min each).
Subsequently, the sections were uniformly covered with 3%
BSA (cat. no. GC305010; Wuhan Servicebio Technology Co.,
Ltd.) and were blocked at room temperature for 30 min. The
sections were incubated with primary antibodies raised against
the proteins of interest at 4°C overnight, followed by incuba-
tion with a biotin-labeled IgG secondary antibody (1:200;
cat. no. GB23303; Wuhan Servicebio Technology Co., Ltd.)
at room temperature for 50 min. Following 3,3'-diaminoben-
zidine staining and subsequent hematoxylin counterstaining,
a light microscope was used to observe the expression levels
of Bcl-2, Bax and caspase-3. ImageJ software (version 1.51n;
National Institutes of Health) was used to analyze the average
optical density values, which were calculated as the integrated
density divided by the area.

Cell culture. The H9c2 rat myocardial cell line was obtained
from Haixing Biotechnology Co., Ltd. The H9c2 cells
were cultured in DMEM (cat. no. SH30243.FS; Cytiva),
supplemented with 10% fetal bovine serum (FBS; cat.
no. BC-SE-FBSO01; Nanjing SenBeilia Biological Technology
Co., Ltd.) and Penicillin-Streptomycin Solution (100X; cat.
no. C0222; Beyotime Institute of Biotechnology) in a humidi-
fied incubator (Shanghai Lishen Scientific Equipment Co.,
Ltd.) maintained at 37°C in the presence of 5% CO,.

Cell counting kit-8 (CCK-8) assay. H9c2 cell viability
was assessed using a CCK-8 assay (Beyotime Institute of
Biotechnology), following the manufacturer's instructions.
Briefly, 3x10° cells were plated in each well of a 96-well culture
plate and exposed to various concentrations of AC (0, 20, 40,
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60, 80, 100 pzg/ml) for 24 h under hypoxia/reoxygenation (H/R)
conditions (22,23). Subsequently, 10 ul CCK-8 solution was
added to each well and incubated at 37°C for 1.5 h. Finally, the
absorbance of the samples was quantified at 450 nm using a
BioTek® Synergy H1 microplate reader (Agilent Technologies,
Inc.).

Establishment of the H/R cell model. H9c2 cells were divided
into the Control group, the H/R group and the AC + H/R
group. The cells in the AC + H/R group were pretreated with
80 pg/ml AC (dissolved in DMEM) for a duration of 24 h at
37°C. The cells in the H/R and the AC + H/R groups were
then subjected to hypoxic conditions (1% O,) in glucose and
FBS-free culture medium, whereas the cells in the Control
group were untreated. After 8 h of oxygen deprivation, the
HOc2 cells were reoxygenated for 12 h in normal condition as
aforementioned (22,23).

Quantification of the accumulation of reactive oxygen species
(ROS) in H9c2 cells. The ROS assay kit (cat. no. CA1410;
Beijing Solarbio Science & Technology Co., Ltd.) was used
to assess the accumulation of ROS in the H9¢c2 cells of each
group. Briefly, the cells were incubated in DMEM lacking FBS,
but containing 10 yM dichlorodihydrofluorescein diacetate
(DCFH-DA), at 37°C for 20 min. Following this incubation,
the cells were washed three times with DMEM to remove
any excess reagent. Subsequently, the levels of fluorescence
resulting from the DCFH agent were visualized using a Leica
DMI fluorescence microscope (Leica Microsystems GmbH).

Hoechst 33342 staining. Hoechst 33342 staining (cat.
no. C0030; Beijing Solarbio Science & Technology Co.,
Ltd.) was conducted to evaluate the level of apoptosis of the
HOc2 cells in each group. The H9c2 cells were seeded in
6-well plates at a density of 3x10° cells per well. Cells were
then incubated with 1 ml Hoechst 33342 for 5 min at room
temperature, followed by washing of the wells three times with
PBS. Subsequently, the fluorescence of the H9c2 cells in each
group was observed under a Leica DMI 4000 fluorescence
microscope (Leica Microsystems GmbH).

Western blot analysis. RIPA lysis buffer (Beyotime Institute of
Biotechnology) supplemented with 1% phenylmethylsulfonyl
fluoride was used to extract total protein from the cardiac tissue
or H9¢2 cells. The samples were incubated at 4°C for 15 min
for adequate lysis, followed by centrifugation at 15,000 x g
for an additional 15 min at 4°C. The supernatant was then
collected and subjected to boiling to denature the proteins. The
protein concentration of the samples was determined using a
BCA assay kit (Beyotime Institute of Biotechnology). Equal
amounts (20 pg) of protein were then separated by SDS-PAGE
on 10-12.5% gels, followed by transfer of the proteins onto
a polyvinylidene fluoride membrane. The membrane was
subsequently incubated with EpiZyme™ Protein Free Rapid
Blocking Buffer (cat. no. PS108P; Epizyme, Inc.) at room
temperature for 15 min. Membranes were then incubated
overnight with the primary antibodies of interest at 4°C. The
primary antibodies and their respective dilutions were as
follows: Anti-HSP90OAAT1 (1:2,000 dilution; cat. no. BF0O084;
Affinity Biosciences), anti-PI3K (1:2,000; cat. no. BM5187,
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Wuhan Boster Biological Technology, Ltd.), anti-phos-
phorylated (p)-PI3K (1:2,000; cat. no. AF3242; Affinity
Biosciences), anti-Akt (1:2,000; cat. no. AF0836; Affinity
Biosciences), anti-p-Akt (1:2,000; cat. no. BM4744; Wuhan
Boster Biological Technology, Ltd.), anti-GSK-3 (1:2,000; cat.
no. AF5016; Affinity Biosciences), anti-p-GSK3 (1:2,000; cat.
no. AF2016; Affinity Biosciences) and anti-GAPDH (1:3,000;
cat. no. GB11002-100; Wuhan Servicebio Technology Co.,
Ltd.) Subsequently, the membrane was incubated with a horse-
radish peroxidase-labeled secondary antibody (1:2,000; cat.
no. AS014; ABclonal Biotech Co., Ltd.). for 50 min at 37°C.
The visualization of protein bands was achieved using an
ECL kit (cat. no. MA0186; Dalian Meilun Biology Technology
Co., Ltd.) and the results were analyzed using a 5200 Multi
gel imaging system (Tanon Science and Technology Co.,
Ltd.). Semi-quantification of the protein bands was performed
using ImagelJ software, and the protein levels were normalized
against those of GAPDH, which served as the control.

Statistical analysis. Quantitative data are presented as the
mean + standard deviation. The in vitro experiments were
repeated at least three times. For comparisons among multiple
groups, one-way ANOVA was carried out, followed by Tukey's
post hoc test, utilizing SPSS 27.0 software (IBM Corp.). P<0.05
was considered to indicate a statistically significant difference.

Results

Determination of the overlapping targets between AC and
MIRI. From the database searches, a total of 2,875 genes
associated with MIRI and 44 AC-associated target genes
were identified. A comparison of the MIRI genes with the
AC-associated targets revealed a total of 23 common genes
(Fig. 2A).

Determination of the key targets of AC against MIRI.
Intersection targets that were identified between AC and MIRI
were inputted into the STRING database. Nodes without
connections in the network diagram were removed to obtain
the visualization of the PPI network (Fig. 2B). GO enrichment
analysis revealed that AC may participate in various biological
processes, mainly ‘positive regulation of protein phosphoryla-
tion’, ‘positive regulation of MAP kinase activity’, ‘positive
regulation of ERK1 and ERK?2 cascade’ and ‘positive regu-
lation of endothelial cell migration’ (Fig. 2D). The primary
cellular components (e.g. ‘extracellular region’, ‘extracellular
exosome’, ‘extracellular space’, ‘extracellular matrix’ and
‘perinuclear region of cytoplasm’) and molecular functions
(e.g. ‘integrin binding’, ‘heparin binding’, ‘enzyme binding’
and ‘chemoattractant activity’) associated with AC and MIRI
are also shown in Fig. 2D. Furthermore, the KEGG enrichment
analysis revealed that the overlapping genes were associated
with ‘Pathways in cancer’, ‘PI3K/Akt signaling pathway’ and
‘Calcium signaling pathway’ (Fig. 2E).

Construction of AC-target genes/pathways-MIRI network.
As shown in Fig. 2C, the therapeutic mechanism under-
lying how AC may ameliorate MIRI involves key targets
including HSP90A A1, fibroblast growth factor 2 and IL2.
Some of the implicated pathways include the PI3K/Akt
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Figure 2. Network pharmacological analysis identified the key targets associated with both AC and MIRI. Molecular docking analysis confirmed the interac-
tions of AC with the key targets. (A) A Venn diagram illustrating the targets of AC and MIRI revealed an overlap of 23 targets. (B) Visualization of the
protein-protein interaction network. (C) Construction of AC-key target genes/pathways-MIRI network. (D) Results of GO enrichment analysis. (E) Results
of KEGG pathway enrichment analysis. Molecular docking analyses of AC and (F) GSK-3p, (G) Akt. (H) PI3K and (I) HSP90AA1. MIRI, myocardial
ischemia-reperfusion injury; AC, acteoside; BP, biological processes; CC, cellular components; MF, molecular functions; PI3K, phosphoinositide 3-kinase;
HSP90A A1, heat-shock protein 90AA1; Akt, serine-threonine protein kinase; GSK-3f, glycogen synthase kinase-3p.

signaling pathway, tumor signaling pathways and the Rapl  signaling pathway emerged as the primary targets for AC
signaling pathway. Based on the outcomes of the network  against MIRI. according to the calculation performed using
pharmacological analysis, HSP9OAA1 and the PI3K/Akt Cytoscape software.
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Molecular docking of AC with key target proteins. Molecular
docking analysis was subsequently carried out to confirm the
interactions of AC with HSP90OA A1, PI3K, Akt and GSK-3p
(Fig. 2F-I). The outcomes revealed that the binding energies
between AC and these key proteins were all below-5.0 kcal/mol.
GSK-3p exhibited the strongest binding affinity, as evidenced
by the lowest (most negative) binding energy.

Establishment of the MIRI rat model using ECG monitoring.
As shown in Fig. 3A, the representative ECG scans in the three
experimental groups prior to thoracotomy were all normal.
Notable elevations of the ST segments in rats with MIRI
following LAD coronary artery occlusion were observed
during the period of ischemia, when compared with the rats
in the Sham group. During the reperfusion phase, the ECG
for the Sham group remained normal. In comparison with
the Sham group, the MIRI group exhibited a slower heart
rate accompanied by persistent elevation in the ST segment.
Notably, the rats in the AC + MIRI group exhibited markedly
reduced ST segments and a rapid heart rate compared with
those in the MIRI group.

Preconditioning with AC leads to a reduction in the MI area
in rats. MI size was assessed using TTC staining. The results
revealed that the MIRI experimental group had the largest MI
size among the three groups. In comparison with the MIRI
group, the MI size in the AC + MIRI group was significantly
reduced (Fig. 3D and E). The results of TTC staining further
confirmed the successful establishment of the MIRI rat model,
as well as the cardioprotective effects exerted by precondi-
tioning with AC.

Preconditioning with AC attenuates MIRI in rats. H&E staining
revealed that distinct pathological hallmarks of myocardial
damage had occurred in the MIRI group, including myocar-
dial fiber fracture, cellular edema, hemorrhage and necrosis.
However, these histological characteristics of myocardial
structure injury were observed to be less severe in the AC +
MIRI group (Fig. 3F). In addition, the establishment of MIRI
led to significant myocardial injury in rats, as evidenced
by the elevated serum levels of cTnl and CK-MB; however,
pretreatment with AC mitigated the abnormal changes in these
biochemical markers (Fig. 3B and C). Taken together, these
findings corroborated the aforementioned results that precon-
ditioning with AC may attenuate MIRI in rats.

Preconditioning with AC inhibits cardiomyocyte apoptosis
in the rat model of MIRI. TUNEL staining revealed that
preconditioning with AC decreased the apoptosis of cardio-
myocytes triggered by MIRI (Fig. 4B and F). Subsequently,
the expression levels of proteins associated with apoptosis
were examined using immunohistochemical analysis (Fig. 4A,
C and E). The findings demonstrated that the expression
levels of Bax and caspase-3 were simultaneously suppressed,
whereas those of Bcl-2 were increased by AC preconditioning,
thereby confirming the inhibitory effect of AC on apoptosis
during MIRI.

Preconditioning with AC alleviates H/R injury in H9c2 cells.
Following the incubation of the H9c2 cells with increasing
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concentrations of AC (0, 50, 100, 150 and 200 pg/ml) for 24 h,
cell viability was examined using a CCK-8 assay. The results
suggested that, at AC concentrations of >100 pg/ml, there was
adecrease in cell viability (Fig. 5A). Subsequently, the optimal
concentration of AC for H9¢c2 cells subjected to H/R injury
was assessed. The H9c2 cells were divided into the Control
group, the H/R group and the AC + H/R group. Prior to the
establishment of the H/R injury cell model, the H9c2 cells in
the AC + H/R group were exposed to increasing concentra-
tions of AC (20, 40, 60, 80 and 100 pg/ml) for a duration of
24 h. Based on the results of the CCK-8 assay, a concentration
of 80 ug/ml AC was selected for further experiments (Fig. 5SB).
A significant reduction in the viability of the H9c2 cells was
observed following H/R intervention when compared with
the Control group. The application of 80 xg/ml AC resulted
in significant amelioration of cell viability when compared
with the H/R group (Fig. 5C). Furthermore, compared with in
the Control group, detrimental morphological changes of the
HOc2 cells, characterized by a loss of membrane integrity and
shrinkage were observed in the H/R group, this was prevented
with AC preconditioning (Fig. 5D). Finally, Hoechst 33342
staining demonstrated that H/R injury led to an increase in
the apoptotic rate of the H9¢2 cells when compared with the
Control group, whereas preconditioning with AC attenuated
the apoptotic response in H9¢c2 cells subjected to the H/R
condition (Fig. 6A).

Preconditioning with AC suppresses oxidative stress during
the establishment of MIRI in vivo and in vitro. To evaluate the
antioxidant potential of AC, the levels of SOD and MDA were
detected within the myocardial tissues, as well as ROS levels
in the H9c2 cells. The results revealed that rats subjected to
MIRI displayed increased MDA activity and diminished SOD
levels, when compared with the Sham group (Fig. 3G and H).
In addition, there was a marked elevation in the intracellular
ROS concentration in the H/R group compared with the
Control group (Fig. 5E). Notably, preconditioning with AC
mitigated this increase.

Preconditioning with AC has a cardioprotective effect
against MIRI through modulation of the expression levels
of HSP90AAI, PI3K, Akt and GSK-33. Western blot analysis
was used to detect the expression levels of key target proteins
associated with AC and MIRI in vivo and in vitro. As shown
in Fig. 4G-K, there was an upregulation in the expression of
HSP90AAL1 in myocardial tissue in both the MIRI and the
AC + MIRI groups when compared with the Sham group.
Notably, the AC + MIRI group exhibited a more pronounced
increase in the expression of HSP9OAA1 when compared
with the MIRI group. Furthermore, the AC + MIRI group
demonstrated increased expression of the phosphory-
lated forms of the proteins of interest, p-PI3K, p-Akt and
p-GSK3p, compared with both the MIRI and Sham groups.
These outcomes are consistent with the findings in the MIRI
rat model (Fig. 6B-F).

Discussion

The risk of MIRI increases with longer durations of isch-
emia and more severe ischemic conditions (24). Ischemic
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Figure 3. Preconditioning with AC attenuates myocardial damage caused by MIRI and inhibits oxidative stress in rats. (A) Representative electrocardiograms
of rats subjected to either Sham, MIRI or AC + MIRI treatment before ischemia, during ischemia and during reperfusion (n=15). Quantification of serum
(B) CK-MB (n=6) and (C) cTnl levels in rats subjected to either Sham, MIRI or AC + MIRI treatment (n=10). (D) Representative images of 2,3,5-triphenyltet-
razolium chloride-stained heart sections of rats subjected to either Sham, MIRI or AC + MIRI treatment (n=5). (E) Quantification of myocardial infarct size
in rats subjected to either Sham, MIRI or AC + MIRI treatment. (F) Representative images of hematoxylin and eosin-stained heart section in rats subjected
to either Sham, MIRI or AC + MIRI treatment (n=5). Quantification of serum (G) MDA and (H) SOD levels in rats subjected to either Sham, MIRI or AC +

MIRI treatment (n=6). Data are presented as the mean + standard deviation. "P<0.05; “P<0.01;

P<0.001. MIRI, myocardial ischemia-reperfusion injury;

ACI, acteoside; CK-MB, creatine kinase MB isoenzyme; cTnl, cardiac troponin I; MDA, malondialdehyde; SOD, superoxide dismutase.

preconditioning, ischemic postconditioning, remote ischemic
conditioning, cell therapy and pharmacological interventions
have been developed to prevent or alleviate MIRI, and to
improve patient outcomes (25,26). The present study revealed
that AC preconditioning may be a promising therapeutic

method for MIRI. The main findings were, i) AC attenuated
cardiac injury, as evidenced by a reduced infarct area, altered
serum levels of biochemical markers, reduced pathological
damage of myocardial tissue and improved H9c2 cell viability;
ii) AC inhibited the apoptosis of cardiomyocytes and oxidative
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Figure 4. Preconditioning with AC suppresses cardiomyocyte apoptosis and regulates the expression of key target proteins in rats during MIRI (n=5).
(A) Representative immunohistochemistry sections of Bax, Bcl-2 and caspase-3 expression in myocardial tissue from rats subjected to either Sham, MIRI or
AC + MIRI treatment. (B) Representative TUNEL assay sections of myocardial tissue from rats subjected to either Sham, MIRI or AC + MIRI treatment.
Quantification of (C) Bax, (D) Bcl-2 and (E) caspase-3 expression in myocardial tissue of rats subjected to either Sham, MIRI or AC + MIRI treatment.
(F) Quantification of cardiomyocyte apoptosis in rats subjected to either Sham, MIRI or AC + MIRI treatment. (H) Western blot analysis detected the levels
of HSP9OA A1 and phosphorylation of PI3K, Akt and GSK3f in the myocardial tissue of rats subjected to either Sham, MIRI or AC + MIRI treatment.
Semi-quantification of (G) p-PI3K, (I) p-GSK-3p, (J) p-Akt and (K) HSP9OAALI in rats subjected to either Sham, MIRI or AC + MIRI treatment. Data are
presented as the mean + standard deviation. "P<0.05, “P<0.01, ““P<0.001. MIRI, myocardial ischemia-reperfusion injury; AC, acteoside; TUNEL, terminal
deoxynucleotidyl transferase mediated dUTP nick end labeling; p-, phosphorylated; PI3K, phosphoinositide 3-kinase; HSP90A A1, heat-shock protein 90AAI;
Akt, serine-threonine protein kinase; GSK-3f3, glycogen synthase kinase-3[3.

stress during MIRI; and iii) AC both increased the expression  the body to neutralize or eliminate ROS through antioxidant
levels of HSP9OA A1, and regulated the expression and activa-  mechanisms (27). Oxidative stress is considered to be a key
tion of key target proteins, including PI3K, Akt and GSK-3p. initiating factor in the pathogenesis of injuries, such as those

Damage due to oxidative stress arises when there is an  that arise from MIRI. Numerous studies have suggested that
imbalance between the production of ROS and the ability of  the suppression of oxidative stress may serve as an effective
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Figure 5. Preconditioning with AC improves cell viability and morphological alterations, while it mitigates oxidative stress in H9c2 cells against MIRI. (A) CCK-8
assay was utilized to assess the impact of various concentrations of AC on the viability of H9¢c2 cells. (B) CCK-8 assay was used to determine the final concentra-
tion of AC (80 ug/ml) used to treat the H9¢c2 cells. (C) CCK-8 assay showed the H9c2 cells exposed to H/R had reduced cell viability, which was prevented by
preconditioning H9¢2 cells with AC. (D) Representative microscopic images showed the morphological changes of H9c2 cells subjected to H/R and AC + H/R
compared with control cells (magnification x200; scale bar, 200 ym). (E) Representative microscopic images showed the intracellular reactive oxygen species
levels of H9¢2 cells subjected to H/R and AC + H/R compared with control cells (magnification x200; scale bar, 100 ym). Data are presented as the mean =+ stan-
dard deviation. "P<0.05 and "“P<0.001 vs. the Control group or as indicated. H/R, hypoxia/reoxygenation; AC, acteoside; CCK-8, Cell Counting Kit-8.

strategy to alleviate MIRI (28,29). AC demonstrates protec-
tion against oxidative stress triggered by IRI, as evidenced
by a reduction in the levels of ROS and MDA, and increased
production of SOD and catalase (CAT) (30,31). Consistent
with these findings, the present study revealed that H9c2 cells
subjected to H/R injury exhibited excessive ROS generation,
and in a rat model of MIRI, serum MDA levels were elevated
and SOD levels were reduced. However, pretreatment with
AC caused a significant increase in the antioxidant capacity
of cardiomyocytes, effectively alleviating the harmful conse-
quences of ROS. By eliminating ROS and enhancing the
antioxidant defenses, AC reduced oxidative stress, thereby
mitigating the initial insult of MIRI.

Studies have shown that the apoptosis of cardiomyocytes
contributes to determining the extent of myocardial tissue damage
and subsequent cardiac dysfunction (32,33). Cardiomyocyte
apoptosis may be triggered by oxidative stress, calcium over-
load, inflammation and energy depletion during MIRI. Several
signaling pathways have been shown to be associated with
mediating cardiomyocyte apoptosis. The mitochondrial pathway,
which is mediated by the Bcl-2 family of proteins and caspase
cascade activation, is particularly important. MIRI causes an
impairment of mitochondrial function, resulting in the release of
cytochrome ¢ and other apoptotic factors into the cytosol, thereby
activating caspase cascades that ultimately lead to cardiomyocyte
apoptosis. A recent study demonstrated the protective role of AC
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Figure 6. Preconditioning with AC suppresses apoptosis and regulates the expression of key target proteins in H9c2 cells subjected to H/R. (A) Representative
microscopic images of Hoechst 33342 staining shows the apoptosis of control H9¢2 cells, and H9¢2 cells subjected to H/R and AC + H/R (magnification x200;
scale bar, 100 pm). (B) Western blot analysis detected the expression levels of HSP9OA A1, and the levels of p-PI3K, p-Akt and p-GSK-3f3 in control H9¢2 cells,
and H9c2 cells subjected to H/R and AC + H/R. Semi-quantification of (C) p-PI3K, (D) p-Akt, (E) p-GSK-3p and (F) HSP90AA1 in the H9c2 cells of three

groups. Data are presented as the mean + standard deviation. "P<0.05; “P<0.01;

Hhok

P<0.001. H/R, hypoxia/reoxygenation; AC, acteoside; p-, phosphorylated;

PI3K, phosphoinositide 3-kinase; HSP9OA A1, heat-shock protein 90AA1; Akt, serine-threonine protein kinase; GSK-3p3, glycogen synthase kinase-3[3.

against sepsis-triggered cardiomyopathy, which was achieved
through decreasing the levels of oxidative stress, inflammation and
apoptosis, while concurrently promoting mitochondrial biogen-
esis (34). Based on these insights, the anti-apoptotic potential of
AC in MIRI was investigated in the present study. As predicted,
the results of the TUNEL staining, Hoechst 33342 staining and
immunohistochemical analysis suggested that preconditioning
with AC may prevent MIRI-induced cardiomyocyte apoptosis
by upregulating the expression of Bcl-2, and downregulating the
expression of Bax and caspase-3. Furthermore, previous studies
have highlighted the capacity of AC to influence other apoptotic
signaling pathways, including the Akt/GSK-3f and nuclear factor
erythroid 2-related factor 2/antioxidant response element path-
ways, which further reinforce its anti-apoptotic function (35,36).
Network pharmacological analysis, an emerging inter-
disciplinary field, has been shown to have an important role
in advancing drug discovery and development, as well as in
elucidating the complex mechanisms underlying therapeutic
interventions (37). Therefore, network pharmacological
analysis was used in the present study to screen the possible
key targets that may participate in the mechanism underlying
the therapeutic action of AC against MIRI and furthermore,
molecular docking was used to predict the binding orienta-
tion of AC to target proteins at the molecular level. These
analyses revealed that the screened key targets, HSP90OAAI,
PI3K, Akt and GSK-3p, all exhibited good binding with AC.

The expression levels of HSP90OA A1, PI3K and Akt, as well as
GSK-3p, the downstream signaling molecule of Akt, were also
assessed in both H9c2 cells and the myocardial tissue of rats.
Moreover, changes in the expression levels of p-PI3K, p-Akt
and p-GSK-3p were assessed. Preconditioning with AC was
found to increase both the expression levels of HSP90OAAI,
and the phosphorylated forms of PI3K, Akt and GSK-38.

As has been demonstrated previously, HSPO9OAAL1 acts as
an important molecular chaperone, facilitating the accurate
folding and stabilization of several client proteins. This
function is important in terms of preserving the structural
integrity and functional capabilities of cardiomyocytes, both
during and after ischemia and reperfusion events (12,13).
By preserving the function of client proteins involved in
cell survival and repair, HSP9OAA1 may contribute to
the cardioprotective effects of AC observed during MIRI,
including the regulation of signaling pathways involved
in cell stress responses, inflammation and repair (38). The
possible downstream signals of HSP9OAA1 during MIRI
are autophagy-related genes, MAPK, NF-«B and hypoxia
inducible factor-1a/BCL2/BNIP3, amongst others (39,40).
A previous study suggested that microRNA-1 (miR-1) has
a regulatory role in MIRI and HSP9OA A1 has been identi-
fied as a novel target gene of miR-1. The downregulation of
miR-1 post-ischemia-reperfusion has been reported to result
in an increase in the expression of HSP90A A1, which may
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Figure 7. A schematic summary of the possible protective mechanism of AC against MIRI: AC inhibited the apoptosis of myocardial cells and oxidative
stress. AC also regulated the expression and activation of key target proteins, including HSP90A A1, PI3K, Akt and GSK-3p. ROS, reactive oxygen species;
AC, acteoside; PI3K, phosphoinositide 3-kinase; HSP9OA A1, heat-shock protein 90AA1; Akt, serine-threonine protein kinase; GSK-3f, glycogen synthase

kinase-33; MIRI, myocardial ischemia-reperfusion injury.

be associated with the recovery of cardiomyocytes (41).
HSP90AAL1 has also been shown to attenuate apoptosis in
neonatal rat ventricular cells subjected to oxygen-glucose
deprivation, a model of ischemia (41). Considering its role
in protecting cardiomyocytes from IRI, HSP9OAA1 may
represent a potential therapeutic target for the treatment of
MI and other associated cardiovascular diseases.

The PI3K/Akt signaling pathway is an important
signaling cascade that regulates a range of cellular functions,
including cell survival, proliferation and metabolism (42).
The importance of the PI3K/Akt pathway in protection
from ischemia-reperfusion damage has been demonstrated
by a number of studies (43,44). PI3K is a lipid kinase that
becomes activated in response to various extracellular
stimuli. Upon activation, PI3K converts phosphatidylinositol
4,5-bisphosphate into phosphatidylinositol 3,4,5-trisphos-
phate, which acts as a second messenger to recruit Akt to the

plasma membrane, where Akt becomes phosphorylated and
activated by phosphoinositide-dependent kinase 1. Activated
Akt subsequently proceeds to phosphorylate downstream
targets, such as GSK-3f3, a downstream target of Akt that
is inactivated by Akt-mediated phosphorylation and is
involved in multiple cellular processes, including glycogen
metabolism, cell survival and apoptosis (45,46). Apoptosis
and oxidative stress are contributors to MIRI, and previous
studies have shown that the activation of Akt not only
inhibits the apoptosis-promoting proteins Bad and caspase-9
to block the intrinsic and extrinsic apoptotic pathways, but it
also promotes the expression of antioxidant enzymes, such as
SOD, CAT and glutathione peroxidase (47,48). According to
these studies and the findings of the present study, it may be
hypothesized that AC prevents oxidative damage and apop-
tosis by regulating the expression levels and the function of
HSP90A AT, PI3K, Akt and GSK-3f during MIRI.
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The interplay between HSP90OAA1 and the PI3K/Akt
signaling pathway in MIRI is multifaceted. HSPO9OA A1 has
been shown to interact directly with and stabilize key compo-
nents of the PI3K/Akt pathway, including Akt itself and
upstream activators (49). This interaction ensures the sustained
activation of the PI3K/Akt pathway, which is key for cardio-
protection during ischemia and reperfusion. HSP9OAA1 may
also regulate the PI3K/Akt pathway indirectly by modulating
the expression or activity of other proteins that influence this
signaling cascade. HSP90OA A1 has been shown to regulate
other cardioprotective pathways, such as those involving
NF-xB and ERK, which can crosstalk with the PI3K/Akt
pathway to further enhance cell survival (50,51).

In conclusion, the present study suggested that the
cardioprotective effects of AC preconditioning on MIRI
were achieved through a complex mechanism that includes
attenuation of oxidative stress and the apoptosis of
cardiomyocytes, which thereby modulates the function of
HSP90AA1 and the PI3K/Akt signaling pathway (Fig. 7).
These results have emphasized the therapeutic potential
of AC as a novel agent for the prevention and treatment of
MIRI. However, the present study is limited by the fact that
the precise mechanism through which HSP90A A1 engages
with and influences the PI3K/Akt signaling pathway, as well
as the processes of oxidative stress and apoptosis, remains
incompletely understood. Furthermore, the interaction
between AC and HSP90A A1, PI3K, Akt and GSK-3f needs
experimental confirmation. Therefore, future studies will
focus on elucidating the detailed interactions among these
key proteins and the intervention of AC on MIRI, with the
aim of providing novel evidence in support of the clinical
application of AC. Subsequent in vivo experiments, will
utilize the co-immunoprecipitation (IP) technique to confirm
the interactions among these key proteins. Additionally, IP
experiments will be conducted to investigate the interactions
between AC and these key proteins. In vitro experiments will
also be carried out using LY294002, a specific inhibitor of
PI3K, to determine the mechanism of action of AC in H9¢c2
cells.
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