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Background: Isoproterenol (ISO) induces oxidative and apoptotic damage in cardiomyocytes. This study aimed to investigate
whether hesperidin (HES) confers a protective effect against ISO-induced injury in H9¢2 cardiomyocytes and to determine
whether this effect modulates the Protein Kinase B (Akt)/Glycogen Synthase Kinase-3 Beta (GSK3/) signaling pathway.
Methods: H9¢2 rat embryonic cardiomyocytes were treated with ISO to establish the optimal injury concentration and with
varying HES doses (5, 10, 20 uM) to define a safe and effective range (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, MTT assay). The cells were divided into five groups: Control, ISO alone, and ISO plus HES at each concentration. The
viability and proliferative capacity of the cells were assessed using MTT and 5-Ethynyl-2’-deoxyuridine (EdU) assays. Markers
of injury and oxidative stress—Lactate dehydrogenase (LDH) release, glutathione (GSH), catalase (CAT), and malondialdehyde
(MDA) levels, superoxide dismutase (SOD) activity, and intracellular reactive oxygen species (ROS)—were measured. Apoptosis
and mitochondrial function were assessed using Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain-
ing, 5,5',6,6'-tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye for membrane potential, and Western
blotting for B-cell lymphoma 2 (Bcl-2), Bel-2-associated X protein (Bax), Cysteine-aspartic acid protease-3 (caspase-3), PTEN-
induced putative kinase 1 (PINK1), Parkin and cytochrome C. Akt/GSK3/ pathway activation was analyzed using quantitative
real-time polymerase chain reaction (QRT-PCR) and phospho-specific Western blotting. The role of Akt was confirmed by co-
treatment with the Akt-specific inhibitor VIII.

Results: Compared to ISO alone, HES dose-dependently enhanced cell viability and proliferation, significantly reduced LDH
release, MDA, and ROS levels, while increasing GSH and CAT levels, as well as SOD activity (p < 0.05). Results from the
TUNEL assay and JC-1 staining demonstrated that treatment with HES markedly reduced the proportion of apoptotic cells and
effectively maintained the integrity of the mitochondrial membrane potential (p < 0.05). Western blot analysis showed that HES
treatment upregulated the levels of anti-apoptotic protein Bcl-2 and mitochondrial quality control proteins PINK1 and Parkin,
while downregulating the levels of pro-apoptotic proteins Bax, caspase-3, and cytochrome C (p < 0.05). Treatment with HES
notably enhanced the phosphorylation levels of both Akt and GSK3/ proteins (p < 0.05), indicating activation of this signaling
cascade. These protective effects were abolished in the presence of Akt inhibitor VIII, confirming reliance on Akt/GSK3/ sig-
naling.

Conclusion: Hesperidin exerts significant cardioprotective effects by alleviating ISO-induced oxidative stress, mitochondrial im-
pairment, and apoptotic injury in H9¢2 cardiomyocytes, an effect largely attributed to its activation of the Akt/GSK3 signaling
pathway, thereby highlighting its therapeutic potential in cardiac protection.
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Introduction dysfunction has been identified as a major contributor to

ischemic myocardial injury [2]. Abnormalities in mito-

Cardiovascular diseases remain a leading cause of
mortality and morbidity in China, with high rates of disabil-
ity and death imposing a significant health burden [1]. De-
spite the adoption of advanced therapeutic strategies, my-
ocardial injury often occurs as an unavoidable outcome.
Among various pathological mechanisms, mitochondrial

chondrial energy metabolism, structure, and dynamics are
closely associated with cardiac dysfunction [3,4]. Disrup-
tion of mitochondrial homeostasis contributes to myocar-
dial hypertrophy, arrhythmia, and heart failure, yet the un-
derlying molecular mechanisms remain largely unclear [5].
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Therefore, clarifying the regulatory network of mitochon-
drial metabolism and identifying novel therapeutic targets
are critical for preventing myocardial injury.

Although several anti-ischemic drugs are available in
clinical practice, their efficacy and safety profiles are lim-
ited, and novel agents with multitarget regulatory actions
are urgently needed [6]. Traditional Chinese medicine
(TCM) offers unique advantages due to its holistic and
multitarget pharmacological properties [7]. Growing evi-
dence indicates that TCM can modulate myocardial energy
metabolism, suppress oxidative stress and apoptosis, allevi-
ate inflammation, and improve endothelial function during
myocardial ischemia [8]. These multifaceted effects sug-
gest that TCM-derived compounds may offer therapeutic
potential for mitochondrial protection and cardiomyocyte
survival.

Hesperidin (HES), a flavonoid glycoside abundantly
present in citrus fruits, has garnered increasing attention
for its cardiovascular protective effects. As a bioactive
polyphenolic compound, HES exhibits antioxidative, anti-
inflammatory, antihypertensive, and hypolipidemic activi-
ties [9,10]. Accumulating evidence supports its potential
to improve multiple cardiovascular risk factors, making it a
promising candidate for myocardial protection [11]. How-
ever, studies specifically examining the protective effects
and molecular mechanisms of HES in isoproterenol (ISO)-
induced myocardial injury remain limited.

Recent findings suggest that the PI3K/Protein Kinase
B (Akt)/Glycogen Synthase Kinase-3 Beta (GSK3/5) sig-
naling pathway plays a pivotal role in regulating mitochon-
drial function and cardiomyocyte apoptosis [12—14]. Acti-
vation of Akt leads to phosphorylation of GSK34 at Ser9,
resulting in its inactivation and subsequent inhibition of
apoptosis, thereby exerting cardioprotective effects [15—
18]. Based on these findings, we hypothesize that HES
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may mitigate ISO-induced myocardial injury by activating
the Akt/GSK3 [ signaling pathway and restoring mitochon-
drial homeostasis. This study aims to elucidate the molec-
ular mechanisms underlying the cardioprotective effects of
HES in H9¢2 cells, providing experimental evidence for its
potential application in ischemic heart disease.

Materials and Methods

Cell Culture

Rat embryonic myocardial cells (H9¢c2, CL-0089)
were sourced from Wuhan Procell Life Science & Tech-
nology Co., Ltd (Wuhan, China). Short tandem re-
peat profiling was performed to authenticate the cell line,
and mycoplasma contamination testing confirmed that
the cells were free of infection. The H9c2 cells were
grown in Dulbecco’s Modified Eagle Medium (DMEM,
high glucose, 11965092, Thermo Fisher, Waltham, MA,
USA), supplemented with 10% fetal bovine serum (FBS,
A5669401, Thermo Fisher, Waltham, MA, USA) and 1%
penicillin-streptomycin solution (C0222, Beyotime, Shang-
hai, China). Cell cultures were incubated under standard
conditions at 37 °C in a 5% CO- atmosphere with saturated
humidity. Cells in the exponential growth phase and ex-
hibiting optimal morphology were selected for experimen-
tal use.

Cell Treatment and Grouping

HO9c2 cells exhibiting uniform growth and appropri-
ate confluency were randomly assigned to five experimen-
tal groups. In the Control group (Control): Cells were cul-
tured under standard conditions without any special treat-
ment, serving as the normal control. ISO group: Cells were
treated with 10 uM ISO (1351005, purity >98.5%, Sigma-
Aldrich, St. Louis, MO, USA) in DMEM (11965092,
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Thermo Fisher, Waltham, MA, USA) containing 10% FBS
(A5669401, Thermo Fisher, Waltham, MA, USA) for 24
hours to simulate the pathological state induced by ISO.

HES groups: Based on the ISO group, cells were
further treated with HES (MB5810-1, MeilunBio, Dalian,
China) at final doses of 5, 10, and 20 uM, respectively, in
DMEM (11965092, Thermo Fisher, Waltham, MA, USA)
supplemented with 10% FBS (A5669401, Thermo Fisher,
Waltham, MA, USA).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) Assay

The MTT assay was conducted to determine the opti-
mal ISO concentration for inducing myocardial injury and
to evaluate the cytotoxicity and safe concentration range of
HES.

(1) Determination of ISO concentration: H9c2 car-
diomyocytes were plated in 96-well plates at a density of
5 x 10* cells per well and cultured for 24 hours. Cells
were then exposed to various concentrations of ISO (2.5,
5, 10, 20, and 40 uM) [19] for 24 hours. Cell viability
was assessed using the MTT assay (M8180, Solarbio, Bei-
jing, China), and absorbance was recorded at 492 nm with
amicroplate spectrophotometer (CMaxPlus, Molecular De-
vices, USA). The inhibition rate was calculated, and 10 uM
ISO was identified as the optimal concentration for induc-
ing reproducible cell injury with moderate viability reduc-
tion.

(2) Determination of the safe concentration of HES:
Similarly, cells were treated with different concentrations
of HES (5, 10, 20, 40, 60, 80, and 100 uM) [20] for 24
hours to evaluate cytotoxicity. Cell viability was measured
via the same MTT method, and concentrations below 20
UM exhibited no significant cytotoxic effects.

(3) Effect of Akt inhibitor VIII: To evaluate the effect
of Akt signaling inhibition, H9¢2 cells were treated with
various concentrations of Akt inhibitor VIII (0.1, 0.2, 0.5,
1, and 2 uM) [21], and cell viability was assessed using the
MTT assay as described above.

Based on these results, cells were randomly divided
into five groups for subsequent experiments: Control, ISO,
and HES (5, 10, and 20 uM). The Control group was cul-
tured in high-glucose DMEM alone; the ISO group was
treated with 10 uM ISO for 24 hours; and the HES groups
received 5, 10, or 20 pM HES in combination with ISO for
24 hours.

5-Ethynyl-2'-deoxyuridine (EdU) Cell Proliferation
Assay

Cells were cultured with 10 uM EdU at 37 °C for 2
h, fixed with 4% paraformaldehyde (P1110, Solarbio, Bei-
jing, China) for 10 min, washed with phosphate-buffered
saline (PBS) (P1020, Solarbio, Beijing, China), and per-
meabilized with 0.5% Triton X-100 (0694, LABLEAD,
Beijing, China) for 10 min. The click reaction was per-
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formed according to the EdU Kit protocol (C0075S, Be-
yotime, Shanghai, China). Nuclei were stained with 1
pg/mL 4’,6-diamidino-2-phenylindole (DAPI, C1002, Be-
yotime, Shanghai, China) for 10 min at room temperature
(RT) in the dark. Fluorescence images were acquired using
a fluorescence microscope (CKX53, OLYMPUS, Tokyo,
Japan). EdU-positive cell percentage was quantified by Im-
agelJ (version 1.46; National Institutes of Health, Bethesda,
MD, USA) to assess proliferation.

Biochemical Assays

The culture media supernatants from each H9¢2 cell
group were harvested, and the levels of Lactate dehydroge-
nase (LDH) (C0016, Beyotime, Shanghai, China) release,
superoxide dismutase (SOD) (BC5165, Solarbio, Beijing,
China) activity, malondialdehyde (MDA) (BC0025, Solar-
bio, Beijing, China) content, glutathione (GSH) (S0053,
Beyotime, Shanghai, China) levels, and catalase (CAT)
(BC0205, Solarbio, Beijing, China) activity were deter-
mined following the manufacturers’ protocols.

2/, 7'-Dichlorodihydrofluorescein Diacetate
(DCFH-DA) Assay

Following treatment, culture medium was removed
from each H9¢2 group, and cells were washed thrice with
PBS. Then, 1 mL of 10 uM DCFH-DA (CA1410, Solarbio,
Beijing, China) was added per well. After 30-min incuba-
tion at 37 °C, the dye was removed, and cells were washed
twice with PBS. For nuclear counterstaining, cells were in-
cubated with DAPI solution (C1002, Beyotime, Shanghai,
China) for 5 min at room temperature and rinsed gently
with PBS. Fluorescence images were captured with a fluo-
rescence microscope (CKXS53, OLYMPUS, Tokyo, Japan),
and intensity was quantified via ImageJ (V1.46; National
Institutes of Health, USA).

TUNEL Assay

Cells were fixed in 4% paraformaldehyde for 10 min,
rinsed with PBS, and then permeabilized using 0.3% Tri-
ton X-100 for 5 min at RT. Cells were then incubated with
TUNEL solution (T2195, Solarbio, Beijing, China) for 1 h
at 37 °C in the dark. Nuclei were stained with 1 pg/mL
DAPI for 10 min at RT, protected from light. Fluores-
cence images were acquired using a fluorescence micro-
scope (CKX53, OLYMPUS, Tokyo, Japan). The propor-
tion of TUNEL-positive cells was quantified with Imagel
(V1.46; National Institutes of Health, USA) to assess apop-
tosis.

Mitochondrial Membrane Potential (MMP)
Detection

A 5,5',6,6'-Tetrachloro-1,17,3,3'-
tetracthylbenzimidazolylcarbocyanine  iodide  (JC-1)
staining buffer (1x) was prepared by diluting 5x JC-1
buffer (C2006, Beyotime, Shanghai, China) with distilled
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water at a ratio of 1:4 and kept on ice. After treatment,
cells were washed twice with PBS. Cells were incubated
with JC-1 working solution, and incubated at 37 °C for
20 min. The supernatant was discarded, followed by two
washes of the cells with 1x JC-1 buffer. Ultimately, 2
mL of culture medium was introduced into each well.
Fluorescence images were immediately captured using an
inverted fluorescence microscope (CKX53, OLYMPUS,
Tokyo, Japan).

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was isolated from each group utilizing a
total RNA extraction reagent (R0016, Beyotime, Shang-
hai, China). Subsequently, the extracted RNA was reverse-
transcribed into cDNA using a reverse transcription kit
(KR116, Tiangen Biotech, Beijing, China). Quantitative
PCR was conducted employing specific forward and re-
verse primers on a real-time PCR instrument (LightCy-
cler96, Roche, Switzerland), with S-actin serving as an in-
ternal reference. Gene expression was quantified via the
2~AACT method; primer sequences are shown in Table 1.

Table 1. Primer information.

Gene Primer sequence (5'—3')

ks F: TACCTGAAGCTACTGGGCAAGGG
R: CGGTCGTGGGTCTGGAATGAG

GSK3p F: CCAGGTGGAGGACCATTTGC
R: ACTCTACACCAGCAGCAGCC

B-actin F: TCAGGTCATCACTATCGGCAAT

R: AAAGAAAGGGTGTAAAACGCA

Akt, Protein Kinase B; GSK3[3, Glycogen Synthase Kinase-3
Beta.

Western Blotting (WB)

After treatment, H9c2 cells underwent triple PBS
rinses and were subsequently lysed on ice for 30 min us-
ing radioimmunoprecipitation assay (RIPA) buffe (P0013C,
Beyotime, Shanghai, China) to obtain total protein ex-
tracts. Proteins were then separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(POO15A, Beyotime, Shanghai, China) and subsequently
transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking, membranes were treated with the fol-
lowing primary antibodies diluted 1:1000 as follows: B-
cell lymphoma 2 (Bcl-2, GB153375, Servicebio, Wuhan,
China), Bcl-2-associated X protein (Bax, GB12690, Ser-
vicebio, Wuhan, China), Cleaved cysteine-aspartic protease
3 (p-Caspase-3, PA5-118735, Thermo Fisher, Waltham,
MA, USA), Caspase-3 (19677-1-AP, Proteintech, Wuhan,
China), Cytochrome c¢ (Cyto-C, GB12080, Servicebio,
Wuhan, China), p-Akt (66444-1-Ig, Proteintech, Wuhan,

China), Akt (10176-2-AP, Proteintech, Wuhan, China), p-
GSK33 (GB114582, Servicebio, Wuhan, China), GSK33
(82061-1-RR, Proteintech, Wuhan, China), and [-actin
(66009-1-Ig, Proteintech, Wuhan, China). After incubation
with HRP-conjugated secondary antibody (SA00001-1-A,
SA00001-4, Proteintech, Wuhan, China), protein bands
were detected via enhanced chemiluminescence (P0O018S,
Beyotime, Shanghai, China) using the Fusion FX7 imaging
platform (Peqlab, Erlangen, Germany). The relative inten-
sity of each band was analyzed and measured with ImageJ
software (V1.46; National Institutes of Health, USA).

Akt/GSK3 3 Pathway Inhibition Assay

To verify whether HES activates the Akt/GSK32 sig-
naling pathway, the Akt-specific inhibitor VIII (abs810176,
Absin, Shanghai, China) was employed in subsequent ex-
periments. Based on a preliminary gradient inhibition as-
say (0.1, 0.2, 0.5, 1, and 2 uM), 0.1 uM was identified as
the optimal concentration [21], effectively suppressing Akt
phosphorylation without inducing cytotoxicity. After ISO
treatment, H9¢c2 cells were pretreated with 0.1 uM Akt in-
hibitor VIII for 30 min, followed by co-treatment with HES
at its maximum concentration (20 pM) for an additional 24
hours. Cells were then collected for further analysis.

Statistical Analysis

All experiments were independently repeated at least
three times. For each biological replicate, measurements
were performed in triplicate technical replicates. Statis-
tical analysis was performed using GraphPad Prism ver-
sion 9.5 (GraphPad Software, La Jolla, CA, USA). Data
are expressed as the mean + standard deviation (z = +
SD). Prior to analysis, data were tested for normality us-
ing the Shapiro-Wilk test and for homogeneity of variance
using Levene’s test. One-way ANOVA was performed for
comparisons among multiple groups when assumptions of
normality and homogeneity of variance were met. If these
assumptions were not satisfied, appropriate non-parametric
tests (such as the Kruskal-Wallis test) were used instead. A
p < 0.05 was considered a statistically significant differ-
ence.

Results

HES Attenuates ISO-Induced Injury in H9¢c2
Cardiomyocytes

As demonstrated by the MTT assay, cell viability de-
clined progressively in a concentration-dependent manner
following 24 hours of exposure to ISO at concentrations
ranging from 2.5 to 40 uM. At 10 puM, cell viability de-
creased to approximately 60%, indicating substantial my-
ocardial injury, and damage became more pronounced at
a concentration >20 uM (Fig. 1A, p < 0.05). Therefore,
ISO at a concentration of 10 uM was selected for estab-
lishing the cardiomyocyte injury model. Different levels of
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Fig. 1. Impact of HES on ISO-triggered damage in H9¢2 cardiomyocytes. (A) Survival rate of H9c2 cells following 24 h treatment
with varying concentrations of ISO. (B) Cell viability following treatment with increasing concentrations of HES. (C) HES-mediated
protection against ISO-triggered cytotoxicity in H9c2 cells. (D) EdU assay assessing HES’s influence on ISO-reduced cell proliferation
in H9¢2 cells (200 x magnification, scale bar: 50 um). (E) Activity of SOD. (F) Levels of MDA. (G) Release of LDH. (H) GSH levels. (I)
CAT levels. (J) Intracellular ROS detected via DCFH-DA staining (400 x magnification, scale bar: 25 um). Data are presented as mean
4+ SD,n=3. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control; ns, not significant; “p < 0.05, *p < 0.01, **p < 0.001 vs. ISO. HES,
hesperidin; 1SO, Isoproterenol; EdU, 5-Ethynyl-2’-deoxyuridine; SOD, superoxide dismutase; MDA, malondialdehyde; LDH, Lactate
dehydrogenase; GSH, glutathione; CAT, catalase; DCFH-DA, 2’,7’-Dichlorodihydrofluorescein diacetate.
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HES (5-100 uM) alone were applied to H9c2 cells; con-
centrations <20 pM exhibited no significant cytotoxicity,
whereas concentrations >40 pM notably suppressed cell vi-
ability (Fig. 1B, p < 0.05). Therefore, HES concentrations
of'5, 10, and 20 uM were selected as the working concentra-
tions for the following experimental procedures. Upon co-
treatment with ISO and increasing concentrations of HES,
cell viability was progressively restored (Fig. 1C, p < 0.05).

In the EdU proliferation assay, the nuclei of the Con-
trol group exhibited blue staining by DAPI, and prolifer-
ating cells exhibited strong red fluorescence due to EAU
incorporation. Compared with the Control group, cells in
the ISO-treated group showed a significant reduction in the
number of red EdU-positive nuclei, reflecting a marked
suppression of cellular proliferative activity. In contrast,
HES administration increased the number of EdU-positive
cells relative to the ISO group, demonstrating a significant
enhancement of proliferative capacity (Fig. 1D, p < 0.05).
These findings demonstrate that HES effectively restores
ISO-impaired cell viability and proliferation in H9¢2 car-
diomyocytes.

To elucidate the protective effects of HES against
ISO-induced injury in H9¢2 cardiomyocytes, key oxida-
tive stress-related markers were evaluated. Compared with
the Control group, ISO treatment significantly suppressed
antioxidant defenses (SOD activity, GSH and CAT lev-
els), while markedly increasing MDA levels, LDH release,
and intracellular ROS levels, indicating pronounced ox-
idative stress and membrane damage. All five parame-
ters improved to varying extents after treatment with HES
at concentrations of 5, 10, and 20 uM. Notably, the HES
groups demonstrated significant restoration of SOD activ-
ity, GSH and CAT levels, alongside substantial reductions
in MDA, LDH, and ROS levels (Fig. 1E-J, p < 0.05).
The findings indicate that HES can significantly reduce
ISO-triggered oxidative damage and cell injury in H9c2
cardiomyocytes, demonstrating a protective effect that in-
creases with dosage.

HES Ameliorates ISO-Induced Mitochondrial
Dysfunction and Apoptosis in H9c2 Cells

TUNEL staining revealed a significant increase in
apoptotic nuclei in the ISO group compared with the Con-
trol group, while HES treatment markedly reduced the num-
ber of TUNEL-positive cells, indicating effective suppres-
sion of ISO-induced apoptosis (Fig. 2A, p < 0.05). JC-1
staining showed that ISO exposure induced a marked loss
of MMP, reflected by a decreased red-to-green fluorescence
ratio, whereas HES significantly restored MMP levels, sug-
gesting protection of mitochondrial integrity (Fig. 2B, p <
0.05).

Western blot results demonstrated that ISO signifi-
cantly upregulated pro-apoptotic proteins (Bax, p-Caspase-
3/Caspase-3, and Cytochrome C) while downregulating
the anti-apoptotic protein Bcl-2 and mitochondrial quality

control-associated proteins PINK 1 and Parkin (p < 0.05).
HES treatment effectively reversed these changes, restoring
Bcl-2 levels, enhancing PINK1 and Parkin expression, and
reducing Bax, p-Caspase-3/Caspase-3, and Cytochrome C
levels (Fig. 2C, p < 0.05).

Collectively, these findings suggest that HES atten-
uates ISO-induced mitochondrial apoptosis and improves
mitochondrial homeostasis, potentially through activation
of the Akt/GSK3 /3 signaling pathway, thereby exerting car-
dioprotective effects.

HES Mitigates 1SO-Induced Damage in H9c2
Cardiomyocytes Through Activation of the
Akt/GSK3 3 Pathway

Western blot analysis showed that ISO treatment
significantly decreased the phosphorylation ratios of p-
Akt/Akt and p-GSK38/GSK3 /3 compared with the Control
group; HES treatment, particularly at concentrations of 10
pM and 20 pM, restored these phosphorylation levels in a
concentration-dependent manner (Fig. 3A,B; p < 0.05), in-
dicating reactivation of the Akt/GSK3 3 pathway.

Consistent with the protein data, qRT-PCR analysis
demonstrated that ISO suppressed the mRNA expression
of Akt and GSK3 4, whereas HES significantly upregulated
their transcription (Fig. 3C, p < 0.05). These results suggest
that the cytoprotective effects of HES against ISO-induced
damage are, at least in part, mediated through activation of
the Akt/GSK3 signaling cascade.

Suppression of Akt Signaling Diminishes HES'’s
Protective Impact Against ISO-Triggered Injury in
H9c2 Cardiomyocytes

To further confirm the involvement of the Akt/GSK3/3
signaling pathway in HES-mediated cardioprotective ef-
fects, Akt inhibitor VIII was used. H9¢2 cells were treated
with varying concentrations of the inhibitor (0.1, 0.2, 0.5, 1,
and 2 uM), and Western blot analysis showed that 0.1 uM
was sufficient to markedly suppress Akt phosphorylation
without causing significant cytotoxicity (Fig. 4A,B; p <
0.05). Higher concentrations did not further inhibit Akt,
and slightly reduced cell viability; therefore, 0.1 uM was
chosen for subsequent experiments.

Cells were then assigned to four groups: ISO, ISO
+ HES (20 uM), ISO + Akt inhibitor (0.1 uM), and ISO
+ HES (20 uM) + Akt inhibitor (0.1 pM). MTT and EdU
assays revealed that HES treatment significantly improved
cell viability and proliferation compared with ISO alone.
However, Akt inhibition partially reversed these protec-
tive effects of HES, as indicated by reduced cell viability
and fewer EdU-positive cells in the ISO + HES + inhibitor
group (Fig. 4C-E; p < 0.05).

Consistently, HES markedly enhanced antioxidant en-
zyme activities, including SOD, GSH, and CAT, and de-
creased oxidative stress markers (MDA, LDH, ROS) rela-
tive to ISO alone. Co-treatment with Akt inhibitor VIII at-
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Control; ns, not significant; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. ISO.
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tenuated these antioxidant effects, resulting in lower SOD,
GSH, and CAT levels and higher MDA, LDH, and ROS lev-
els compared with the ISO + HES group (Fig. 4F-K; p <
0.05).

These results indicate that the protective and antioxi-
dant effects of HES are at least partially mediated through
activation of the Akt/GSK3/3 signaling pathway.

Akt Signaling Pathway Plays a Central Role in
HES's Mitigation of Mitochondrial Impairment and
Apoptotic Cell Death Induced by ISO

TUNEL staining revealed a significant reduction in
apoptotic cells in the ISO + HES group compared with
ISO alone (Fig. 5A, p < 0.05), indicating a potent anti-
apoptotic effect of HES. Co-treatment with Akt inhibitor
VIII markedly increased apoptosis, partially reversing the
protective effect of HES.

Consistently, JC-1 staining showed that HES signif-
icantly restored mitochondrial membrane potential, evi-
denced by an increased red-to-green fluorescence ratio
compared with ISO alone, whereas Akt inhibition attenu-
ated this improvement (Fig. 5B; p < 0.05).

Western blot analysis further confirmed these find-
ings. Compared with ISO alone, HES treatment upreg-
ulated the anti-apoptotic protein Bcl-2 and mitochondrial
quality control proteins PINK1 and Parkin, while reducing
pro-apoptotic markers Bax, p-Caspase-3/Caspase-3, and
Cytochrome C. These protective effects of HES were par-
tially reversed by Akt inhibitor VIII (Fig. 5C; p < 0.05).

Collectively, these results indicate that HES miti-
gates apoptosis and mitochondrial dysfunction in H9c2
cardiomyocytes, at least in part through activation of the
Akt/GSK3 signaling pathway.

Akt Inhibitor VIII Attenuates the HES-Induced
Activation of the Akt/GSK3 3 Pathway

WB analysis revealed that p-Akt/Akt and p-
GSK35/GSK303 levels were markedly elevated in the
ISO + HES group compared with ISO alone, indicating
that HES effectively activates the Akt/GSK3/3 signaling
pathway. However, co-treatment with Akt inhibitor VIII
significantly reduced the phosphorylation of Akt and
GSK30, thereby attenuating the activation of this pathway
and partially reversing the effect of HES (Fig. 6A,B,
p < 0.05). Consistent with the WB results, qRT-PCR
analysis showed that HES significantly upregulated the
mRNA expression of Akt and GSK33 compared with
ISO treatment alone, whereas the co-treatment with Akt
inhibitor VIII diminished these increases (Fig. 6C, p <
0.05).

Collectively, these findings indicate that HES confers
cytoprotective effects in H9c2 cardiomyocytes primarily
through activation of the Akt/GSK3/ signaling pathway,
while pharmacological inhibition of Akt markedly weakens
this protective effect.


https://www.discovmed.com/

761

A inhibitor VIII (uM) 7 B 1507

Control 01 0.2 0.5 1 2
p-Akt W . W 60 kDa

- - - - 100—

: > 50

. 0' o_
B-actin | AN D D S G | 4> Da TN

p-AKT/B-actin

Cell viability (%)

o NN
& L &E oF &°
(&) R &
inhibitor VIl (M) © inhibitor VIII (uM)
C 200 E
- ISO
= 150
2
E 100 HES - + - +
> o
= Inhibitor. VIII
g 5o b - + +
(8]
0
HES - DAPI
Inhibitor. VIl -
1SO (10 pM)
D 100
2
=~ 80
2
S
@ 60
8
° 40
2
‘@ 20
4 Merge
0
HES -
Inhibitor. VIll -
1SO (10 uM)
. 2.0 300 ** 15 ek 60 -
F G - H [ J .
80 T 15 it = £ M
o) £ i I 200 o 3 1 w ® a0
[ 35 o
5 60 _E_ o . I % 5 s
g 4 g 3 100 5 s * S 2 ;
7] S 05 o ‘ P
20 g
0.0 0 0 0
0 HES -  + -« HES -  + -+ HES -  + -« HES -  + -+
InhlblerSVIII N Inhibitor. VI - - + + Inhibitor. VIl - - + + Inhibitor. VIl - - + + Inhibitor. VIIl - N . 5
~ lsoomm) (10 uM) ISO (10 uM) 1SO (10 pM) 1SO (10 pM) 1SO (10 pM)
K ISO
HES - + - +
Inhibitor. VI i} . +
200
@
g_
g5 150
2=
5t
238 10
g‘é
E§ 50
3]
a
0
HES -
Inhibitor. VIl -
T iso@omm

Fig. 4. Inhibition of Akt signaling via inhibitor VIII compromises HES-mediated protection against ISO-triggered damage in
HO9c2 cells. (A) WB analysis showing inhibition of Akt phosphorylation by Akt inhibitor VIII at concentrations of 0.1, 0.2, 0.5, 1, and
2uM (n = 3). (B,C) MTT assay evaluating cell viability. (D) Measurement of cell proliferation through the EdU assay (n = 3). (E)
Representative images of EdU staining (n = 3, 200 x magnification, scale bar: 50 um). (F) Activity of SOD. (G) MDA concentration.
(H) LDH release level. (I) GSH levels. (J) CAT levels. (K) ROS fluorescence intensity in H9¢c2 cells (400 x magnification, scale bar:
25 um). Data are presented as mean & SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 vs. ISO group; *p < 0.05, #p < 0.05, #p <
0.001 vs. ISO + HES group.


https://www.discovmed.com/

762

A

@
[e]

HES
Inhibitor. VIl

DAPI

Tunel

Merge

B

...I +

7]

HES
Inhibitor. VIII

JC1
polumer

JC-1
monomer

Merge

ISO

.. +

HES
Inhibitor. VIII

Bcl-2

Bax

p-Caspase-3

Caspase-3

Cyto-C

PINK1

Parkin

B-actin

26 kDa

21 kDa

19 kDa

32 kDa

12 kDa

65 kDa

52 kDa

42 kDa

? o
- +
..+ + ...+ +

<
£
°
k4
e
o
©
o

0
HES

Inhibitor. VIl -

0.5

p-Caspase-3/Caspase-3

0.0
HES

Inhibitor. VIl -

PINK1/B-actin

0
HES

Inhibitor. VIl -

ok

+

- +
+ +

1SO (10 pM)

Fk
+

*k
##

*
- +
+ +

1SO (10 M)

Ees
+

*
i
*
- +
+ +

1SO (10 uM)

Relative TUNEL-positive
cell count (% of Control)

a
-3

100

a
o

T
Mo

Inhibitor. VIl -

N w o

Fluoresence intensity
ratio (red/green)
-

0
HES

Inhibitor. VIIl -

Bax/B-actin

0.0-
HES

Inhibitor. VIIl -

1.5

o
1

Cyto-C/B-actin
14
o
1

0.0-
HES

Inhibitor. VIl -

Parkin/B-actin

0
HES

Inhibitor. VIl -

#r#
-
*hx
+ - +
+ +
1SO (10 uM)
.
#H2
*
+ - +
- + +
1SO (10 M)
-
**
##
ok
- s
+ +
1SO (10 pM)
*x
#i#
.
+ - +
+ +
1SO (10 pM)
*hx
###
.
+ - +
+ +
1SO (10 pM)

Fig. 5. Akt signaling pathway mediates the protective effects of HES against ISO-induced apoptosis in H9¢c2 cells. H9c2 cells
subjected to different treatments: ISO, ISO + HES (20 uM), ISO + Akt inhibitor (0.1 uM), and ISO + HES (20 uM) + Akt inhibitor
(0.1 uM). (A) TUNEL staining to assess cell apoptosis (200x magnification, scale bar: 50 pm). (B) JC-1 staining to evaluate MMP

(200 magnification, scale bar: 50 um). (C) WB analysis of mitochondrial apoptosis-related protein expression. Data are expressed as
mean + SD, n=3. *p < 0.05, *¥p < 0.01, ***p < 0.001 vs. ISO group; “p < 0.01, *p < 0.001 vs. ISO + HES group.


https://www.discovmed.com/

A ISO

HES - + - +

Inhibitor. VIII _ . .
p-Akt | W SN s S | 60 kDa
Akt | — S | 60 kDa
p-GSK3R | s SEEEES w S | 46 kDa
GSK3B | (s aaeb IS S | 46 kDa
B-actin - o = - 4Da

763

B 200+ o 200 e
150 3
c e 150 .
72
< 0]
E 100 @ 100
-y *k 5, *k
50 Q 504
o
0-! 0-
) 'HES + ; : HES + - +
Inhibitor. VIIl - Inhibitor. VIIl - + s
1SO (10 uM) 1SO (10 uM)
c  2.0q 5 87
9 .g
§ ﬁ *kk
£ 157 5 &7
g X Q
S )
S < 1.0 23 4
- [0
Z% x
£ wk EDS e
2 05 s 2
2 = sk
® [T}
€ .o © o
HES + - + HES + - +
Inhibitor. VIl - + + Inhibitor. VIII - - + +
1ISO (10 pM) ISO (10 pM)

Fig. 6. Effects of Akt inhibitor VIII on HES-induced activation of the Akt/GSK3/ signaling pathway. H9c2 cells subjected to
different treatments: ISO, ISO + HES (20 uM), ISO + Akt inhibitor (0.1 uM), and ISO + HES (20 pM) + Akt inhibitor (0.1 uM). (A)
WB assay revealing the protein expression levels pertinent to the Akt/GSK3/3 pathway. (B) Quantitative analysis of WB results. (C)
gRT-PCR measurement of Akt and GSK33 mRNA expression in cells. Data are expressed as mean £+ SD, n = 3. **p < 0.01, ***p <
0.001 vs. ISO group; *p < 0.01, *p < 0.001 vs. ISO + HES group.

Discussion

Cardiovascular diseases, as prevalent global health is-
sues, pose significant threats to human health. Myocar-
dial cell damage is a common endpoint in various cardio-
vascular diseases, and therefore, highlighting the impor-
tance of identifying effective agents to ameliorate myocar-
dial cell injury and improve clinical outcomes. ISO, a cate-
cholamine /3-adrenergic receptor agonist, when used exces-
sively or for prolonged periods, can induce myocardial cell
injury and is commonly used to establish damage models
[22,23]. HES represents a flavonoid glycoside that exists
within citrus fruits. Although a study has shown its protec-
tive effects against ISO-induced cardiac hypertrophy [24],
research at the myocardial cellular level remains limited. In
the present study, an ISO-induced in vitro injury model us-
ing H9¢2 cardiomyocytes was established to examine the
effects of HES on these cells.

Our findings indicate that HES markedly enhances the
survival of H9¢2 cells after exposure to ISO, improves cell
vitality, and promotes cell proliferation. HES also signif-
icantly reverses ISO-induced oxidative imbalance. Previ-
ous research has shown that stimulation of the Akt signaling
pathway promotes the upregulation of antioxidant defense
enzymes, including HO-1 and SOD, consequently reducing
oxidative stress and protecting cardiomyocytes from dam-
age [25,26]. These findings suggest that the protective ef-
fects of HES may be partially attributed to modulation of
Akt-mediated antioxidant responses.

ISO induces excessive ROS production, leading to
cell apoptosis [27]. Our findings demonstrate that treat-
ment with HES markedly decreased the percentage of
ISO-induced apoptotic H9¢2 myocardial cells in a dose-
dependent manner (p < 0.001), indicating a protective ef-
fect of HES on these cells. Cyto-C is a major marker of
mitochondrial-mediated apoptosis [28,29], and the increase
and release of pro-apoptotic protein Cyto-C can activate
caspase-3, leading to myocardial cell apoptosis [30,31].
Cyto-C release and mitochondrial activity are primarily reg-
ulated by proteins from the Bel-2 family [32,33]. In our
study, TUNEL and JC-1 staining experiments revealed that
HES effectively reduced the percentage of apoptotic cells
and restored mitochondrial membrane potential. WB analy-
sis further revealed that administration of HES markedly in-
creased the expression of the anti-apoptotic protein Bcl-2 (p
< 0.001), while concurrently reducing the expression lev-
els of pro-apoptotic markers, including Bax, Cytochrome C,
and Caspase-3 (p < 0.001), indicating that HES may protect
myocardial cells by inhibiting the mitochondrial apoptosis
pathway. Moreover, ISO exposure markedly reduced the
expression of mitochondrial quality control proteins PINK 1
and Parkin, indicating impaired mitochondrial homeostasis
under oxidative stress. HES treatment restored their expres-
sion, suggesting that HES alleviates mitochondrial damage
and preserves mitochondrial function in ISO-treated cells.

GSK33-regulated mitochondrial signaling and apop-
tosis play a critical role in myocardial ischemia [34-36].
The biological activity of GSK3/ is regulated by two spe-
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cific amino acid residues (Ser9 and Tyr216), and activation
of Akt leads to phosphorylation of GSK3 5 at Ser9, resulting
in its inactivation and reduction of apoptosis, thereby exert-
ing a myocardial protective effect [37,38]. In the present in-
vestigation, HES exposure significantly elevated the phos-
phorylation levels of Akt and GSK303 (p < 0.001) in H9¢2
cardiomyocytes subjected to ISO-induced injury, imply-
ing that HES may exert its protective effects by mitigat-
ing ISO-induced cellular damage through regulation of the
Akt/GSK3j signaling pathway. Akt-mediated phosphory-
lation of GSK3 3 may contribute to the maintenance of mi-
tochondrial integrity by modulating mitochondrial mem-
brane potential, oxidative balance, and the expression of
mitochondrial quality control proteins such as PINK1 and
Parkin. Moreover, impaired Akt/GSK3/5 signaling under
ISO exposure may exacerbate mitochondrial dysfunction
and apoptosis, while HES restores this pathway to preserve
mitochondrial homeostasis.

To further validate the role of the Akt/GSK3 3 signal-
ing pathway in the protective effects of HES, we used the
Akt inhibitor VIII in co-treatment experiments. The re-
sults showed that Akt inhibitor VIII partially suppressed
the protective effects of HES, as compared to the ISO +
HES group. The improvement in cell vitality and reduc-
tion in apoptotic cells were diminished, and HES’s protec-
tive effects on oxidative stress indicators were significantly
weakened. In mitochondrial function and apoptosis-related
assays, Akt inhibitor VIII reduced HES’s ability to restore
mitochondrial membrane potential and regulate apoptosis-
related protein expression. These observations further con-
firm that the cardioprotective effects of HES against ISO-
induced myocardial injury are closely associated with its
ability to regulate and activate the Akt/GSK30 signaling
pathway.

Nevertheless, this study has several limitations. All
experiments were conducted in vitro, and no in vivo valida-
tion was performed. Although the concentrations of HES
used in this study (5-20 uM) were selected based on previ-
ous literature and demonstrated efficacy in cellular models,
their physiological relevance remains uncertain. Therefore,
whether the effective concentrations observed in vitro can
be achieved in vivo requires further investigation. Future
studies involving animal models and pharmacokinetic anal-
yses are needed to determine the bioavailability and thera-
peutic potential of HES under physiological conditions.

Conclusion

In conclusion, HES mitigates ISO-induced myocar-
dial cell injury by stimulating the Akt/GSK3/ signaling
pathway, alleviating oxidative stress, maintaining mito-
chondrial function, and inhibiting apoptosis. These find-
ings provide valuable experimental evidence supporting the
prospective use of HES for the prevention and treatment of
cardiovascular diseases and offer insights into its underly-
ing molecular mechanisms of action.
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