Received: 11 January 2026 | Revised: 31 March 2026

Accepted: 3 May 2026

DOI: 10.1002/ame2.70230

ORIGINAL ARTICLE

re WILEY

Chrysina lleviatesp ressure overload-induced myocardial
remodelingt hroughr egulating the PISK/AKT/NRF2
pathway-mediated oxidative stress response

Yijia Wang! | Xing Feng! | ShuhuiZhao' | YuchongFu! | Ao Zhang! |
Xiaofeng Shen? | Bowen Yu? | Yihao Wang? | JiahuiLin? | Bing Zhang® |
Weiping Ji** | Lianpin Wu>® | Xiaoling Guo*>*®

1Basic Medical Research Center, The Second Affiliated Hospital and Yuying Children's Hospital of Wenzhou Medical University, Wenzhou, China

2Department of General Surgery, The Second Affiliated Hospital and Yuying Children's Hospital of Wenzhou Medical University, Wenzhou, China

3Engineering Research Center of Techniques and Instruments for Diagnosis and Treatment of Congenital Heart Disease, Institute of Developmental and
Regenerative Medicine, Xin Hua Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, China

“National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical

College, Beijing, China

5Zhejiang-Ireland Joint Laboratory for Precision Diagnosis and Treatment of Valvular Heart Diseases, The Second Affiliated Hospital of Wenzhou Medical

University, Wenzhou, China

$Department of Cardiology, The Second Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

Correspondence

Weiping Ji, Department of
GeneralSurgery, the Second Affiliated
Hospital and Yuying Children's Hospital of
Wenzhou Medical University, Wenzhou,
Zhejiang, China.

Email: jiweiping19841022@126.com

Lianpin Wu, Zhejiang-Ireland Joint
Laboratory for Precision Diagnosis and
Treatment of Valvular Heart Diseases, the
Second Affiliated Hospital of Wenzhou
Medical University, Wenzhou, Zhejiang,
China.

Email: 198019@wzhealth.com

Xiaoling Guo, Basic Medical Research
Center, The Second Affiliated Hospital and
Yuying Children's Hospital of Wenzhou
Medical University, 109 Xueyuan West
Road, Wenzhou 325027, Zhejiang, China.
Email: guoxling@wmu.edu.cn

Fundingi nformation

The Key Research and Development
Program of Zhejiang Province, Grant/
Award Number: 2023C03018; Natural

Abstract

Background: Oxidative stress plays a pivotal role in the pathogenesis of heart failure
and is closely linked to myocardial remodeling, which includes myocardial hypertro-
phy and fibrosis. Chrysin (CHR) has multiple medicinal effects such as antioxidant,
anti-inflammatory, and anti-apoptosis. This research seeks to investigate whether
CHR can protect against pressure overload-induced myocardial remodeling and to
explore the underlying mechanism.

Methods: Transverse aortic constriction (TAC) surgery was conducted to establish
a model of cardiac hypertrophy on male C57BL/6J mice. A model of cardiomyocyte
hypertrophy in H9C2 cells induced by angiotensin Il (Ang Il) was also established.
Results: The results showed that CHR significantly improved survival and cardiac
function, reduced myocardial hypertrophy and fibrosis, inhibited the expression of
inflammatory mediators TNF-a and IL-1B, suppressed cell apoptosis rate, downregu-
lated the levels of Bcl-2 Associated X protein (BAX) and Cleaved-Caspase-3, and up-
regulated B-cell ymphoma/leukemia 2 (BCL-2) expression in TAC surgical mice or Ang
ll-treated H9C2 cells. CHR could also upregulate the levels of antioxidant enzymes

SOD1 and HO-1 by mediating the nuclear translocation and expression of NRF2 to
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by pressure overload.

KEYWORDS

1 | INTRODUCTION

The main feature of heart failure is impaired left ventricular systolic
function, accompanied by several pathological changes such as my-
ocardial hypertrophy, fibrosis, apoptosis, and inflammation.! Heart
failure is regarded as the terminal stage of multiple heart diseases,
including myocardial infarction, hypertension, and myocarditis.?*
The mortality rate of heart failure is significantly high, which im-
poses a big burden on both the medical system and on the families
of patientsf"5 Myocardial remodeling constitutes a key pathologi-
cal driver underlying the progression of heart failure.® Myocardial
remodeling, characterized by hypertrophy, indicates an adap-
tive compensatory response of the heart to preserve contractile
function. However, under persistent pressure overload, this com-
pensatory mechanism progressively transitions into decompensa-
tion, ultimately leading to heart failure.” Myocardial remodeling is
mainly manifested as myocardial hypertrophy, extracellular matrix
deposition, and fibrosis.® The excessive pressure load on the left
ventricle, resulting from aortic valve stenosis or hypertension, can
potentially lead to heart failure in clinical situations.” Consequently,
it is imperative to understand the pathophysiological mechanism of
myocardial remodeling and to explore innovative therapeutic strat-
egies aimed at effectively mitigating the progression of myocardial
remodeling.

Oxidative stress response is closely correlated with the patho-
genic mechanism of myocardial remodeling.!® Accumulating evi-
dences from both experimental and clinical studies indicate that
oxidative stress is significantly aggravated in myocardial remod-
eling and heart failure.!® Nuclear factor erythroid 2-related factor
2 (NRF2) is a key downstream effector of the phosphatidylinosi-
tol-3-kinase (PI3K)/serine/threonine-protein kinase B (AKT) path-
way; at the same time, it functions as a primary regulatory factor
in antioxidant response.11 NRF2 activation exerts a cytoprotective
effect against oxidative stress by upregulating the expression of
antioxidant enzymes heme oxygenase-1 (HO-1) and superoxide dis-
mutase (SOD).12

counteract oxidative stress response. The further mechanism investigation utilizing
bioinformatics analysis and western blot revealed that the disease of heart failure
is associated with the phosphatidylinositol-3-kinase (PI3K)/serine/threonine-protein
kinase B (AKT) signaling pathway.

Conclusions: Collectively, our findings demonstrated that CHR might exert the im-
provement effects on pressure overload-induced myocardial remodeling with hy-
pertrophy and fibrosis through regulating the PISBK/AKT/NRF2 pathway-mediated
oxidative stress response to alleviate myocardial cell inflammation and apoptosis, sug-

gesting that CHR may be a promising therapeutic agent for cardiac diseases induced

apoptosis, chrysin, inflammation, myocardial remodeling, oxidative stress

Chrysin (CHR) is a bioactive flavone extracted from the blue
passion flower, propolis, honey, and others.*® This substance ex-
erts many different pharmacological properties, such as antioxi-
dant, anti-inflammatory, antibacterial, antiapoptotic, antidiabetic,
hepatoprotective, and nephroprotective activities.!*'> Research
work has shown that CHR administration decreased malondialde-
hyde levels and simultaneously enhanced the function of primary
reactive oxygen species (ROS)-scavenging enzymes, including
SOD, catalase, and glutathione S-transferase.’® CHR could regu-
late the PIBK/AKT pathway in neuroblast cells under oxygen-glu-
cose deprivation condition.}” Additionally, CHR has been shown to
mitigate myocardial oxidative damage triggered by a high-fat diet
through upregulating NRF2.28 Prior study has also demonstrated
that matairesinol could alleviate pressure overload-induced cardiac
remodeling through regulating the PI3K/AKT/FOXO1 pathway.*’

To date, the effects of CHR on pressure overload-induced myo-
cardial remodeling have not been investigated. Due to its excellent
efficacy and low toxicity, CHR may be regarded as an available an-
tioxidant for cardiovascular diseases. We will explore whether CHR
alleviates myocardial remodeling with cardiac hypertrophy and fi-
brosis in transverse aortic constriction (TAC) surgical mice and an-
giotensin Il (Ang Il)-treated H9C2 cells as well as try to elucidate the

potential mechanism.

2 | MATERIALS AND METHODS

2.1 | Reagentp rocessing

CHR powder (Aladdin, Shanghai, China) was dissolved in a solution
consisting of 50% PEG300 (MedChemExpress, Shanghai, China)
and 50% NaCl (Aladdin). All reagents at working concentration
were freshly prepared and used immediately. For in vivo experi-
ment, 150mg/kg of CHR solution was prepared 2h earlier based
on our pre-experimental concentration exploration and previous

report.?’ The optimal working concentrations of CHR and Ang Il
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(MedChemExpress) applied in in vitro experiments were determined

based on cell counting kit-8 (CCK-8) assays.

2.2 | Animals

Six-week-old male C57BL/6J mice were obtained from Weitong Lihua
Laboratory Animal Technology (Jiaxing, China). They were housed in
a specific-pathogen-free animal facility under a 12-hour light-dark
cycle. The ambient temperature was controlled at 23+2°C, and am-
bient humidity was between 45% and 55%. All mice were provided
free access to food and water. After a 1-week acclimatization pe-
riod to laboratory conditions, the corresponding experiments were

performed.

2.3 | Mouse TACm odel

TAC surgery was conducted according to previous studies.??
Briefly, C57BL/6J mice were subjected to anesthesia using 3% iso-
flurane and then immobilized on the operating table. They were
then connected to a small animal ventilator through tracheal in-
tubation to prevent pneumothorax during operation. An incision
~5mm in length was made along the sternum body, and the thymus
was retracted to expose the aortic arch. A 7-0 nylon suture was
passed through the connective tissue between the brachiocephalic
trunk and the left common carotid artery. Then, a 27G needle was
carefully positioned as a spacer for ligation. Subsequently, after
gentle removal of the needle, the surgical area was prepared for
thoracic suturing, and the wound was disinfected with iodophor.
Once the mice resumed spontaneous respiration, they were discon-
nected from the ventilator. Mice were assigned randomly to four
experimental groups (n=10 per group): sham group, CHR group,
TAC group, and TAC+ CHR group. Mice in the sham group or the
CHR group underwent the same surgical procedure, but TAC sur-
gery was not performed. After TAC surgery, mice in the CHR and
the TAC +CHR groups were orally administered 150mg/kg of CHR
for 28 consecutive days. Mice in the sham group as well as the TAC

group daily received an equal volume of 0.9% saline by oral gavage.

2.4 | Echocardiography

Cardiac function parameters of mice across all experimental groups
were assessed 28days after TAC surgical operation. Mice were anes-
thetized with isoflurane; their chest hair was removed, and then they
were positioned supine on a conductive sheet with their limbs secured.
The chest region was covered with an ultrasound coupling agent prior
to detection. Once the heart rate stabilized between 400 and 450
beats per min, ultrasound images of the left ventricular long axis were
obtained using a 30-MHz mouse ultrasound probe (VisualSonics Vevo
2100, Canada), which was positioned at 30° to the long axis of the
mouse's body. Subsequently, the probe was rotated clockwise by 90°

to obtain the short-axis ultrasound images. Utilizing the clearly visible
cross section of the papillary muscle, two hyperechoic clusters were
identified as a reference, and three complete cardiac cycles were re-
corded using M-mode ultrasound. Data were then conducted to de-
termine parameters such as the left ventricular fractional shortening
(LVFS) and the left ventricular ejection fraction (LVEF).

2.5 | Histopathological staining

Each mouse heart was subjected to perfusion using 0.9% physi-
ological saline, subsequently excised, washed with phosphate-
buffered saline (PBS), and fixed in 4% paraformaldehyde at room
temperature for 24h.2223 After fixation, the tissues were dehy-
drated through a graded ethanol series (70%, 80%, 90%, 95%, and
100%), cleared in xylene, and embedded in paraffin. Transverse
sections (5pm thick) were obtained using a paraffin microtome
(Leica, Hesse-Darmstadt, Germany). The paraffin sections were
placed in an oven and heated for 2h. After the tissues were de-
waxed with xylene and dehydrated through a graded ethanol
series, they were stained with hematoxylin and eosin, Masson's
trichrome, and Tianwolf scarlet. Finally, the tissue sections were
mounted using neutral balsam and allowed to dry completely.
Their morphological characteristics and the degree of fibrosis
were examined using a case scanner (KFBIO, KFPRO-005, Ningbo,
China). ImageJ software (version 1.54) (NIH, MD, USA) was used

to perform quantitative assessment.

2.6 | Immunohistochemistry

Paraffin-embedded sections of mouse cardiac tissues were pre-
pared based on the aforementioned procedure. After the tissues
were dewaxed and dehydrated through a graded ethanol and xy-
lene series, we performed antigen retrieval using sodium citrate
buffer. Once the samples had cooled naturally, they were rinsed
with PBS. Endogenous peroxidase activity was then blocked. The
tissue sections were then placed in 5% bovine serum albumin (BSA)
at room temperature for 1 h. The samples were incubated over-
night with primary antibodies (presented in Table S1) at 4°C. Then
these samples were rinsed with PBS. The sections were treated
with enzyme-conjugated secondary antibodies (1:50, Beyotime,
Shanghai, China) at 37°C for 2 h. 3,3'-Diaminobenzidine (DAB)
chromogenic solution was used to treat the samples, which were
monitored under a light microscope until the background turned
light brown. After the samples were washed with PBS, they were
counterstained with hematoxylin for several minutes. Then, the
samples were washed again with running water. The stain was
cleared using a gradient of ethanol and xylene. The prepared slides
were mounted with neutral resin. After the slides became dry, the
extent of fibrosis and inflammatory infiltration in each tissue sam-
ple was assessed utilizing a case scanner. Subsequent quantitative
assessment was performed using ImageJ software (version 1.54).
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2.7 | Wheat germ agglutinin staining

The prepared paraffin sections were dewaxed and dehydrated
through a graded ethanol and xylene series, and then immersed in
sodium citrate solution to facilitate antigen retrieval. After the sec-
tions were cooled naturally and washed thrice with PBS, wheat germ
agglutinin (WGA) staining solution (Thermo Fisher, MA, USA) was em-
ployed to treat the sections for 1 h at room temperature. Subsequently,
these samples were mounted with 4',6-diamidino-2-phenylindole
(DAPI)-containing antifade medium. The cellular morphology was ob-
served using a Keyence fluorescence scanning microscope (BZ-X100,
Keyence Corporation, Osaka, Japan), and ImageJ software (version

1.54) was employed to conduct quantitative analysis.

2.8 | TUNELs taining

Mouse cardiac tissue paraffin-embedded sections were prepared and
treated using the aforementioned method. To prepare the cell climb-
ing samples, the coverslips with cells were initially fixed at ambient
temperature using 4% paraformaldehyde for 30min. After having
washed with PBS, these cell coverslips were treated with 0.3% PBS-
Triton X-100 for 10 min for permeabilization. According to the manu-
facturer's instructions, both tissue sections and cell climbing samples
were treated with proteinase K at 37°C for 30min. After having
washed with PBS, we incubated the samples with the prepared ter-
minal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) working solution (E-Ck-A320, Elascience, China) at 37°C
for 1h and then washed with PBS. The converter-peroxidase (POD)
reagent and DAB chromogenic substrate were subsequently used in
sequence to treat samples. Finally, the samples were counterstained
with DAPI. The apoptotic cells were observed using a Keyence fluo-
rescence scanning microscope. The apoptotic cells were quantita-

tively counted using ImageJ software (version 1.54).

2.9 | H9C2 cell culture and treatment

We cultured H9C2 cells in high-glucose Dulbecco's modified Eagle's
medium (Thermo Fisher) containing 10% fetal bovine serum (Gibco,
USA) and 1% penicillin/streptomycin. Then they were incubated at
37°C with 5% CO,. To determine the optimal working concentra-
tion of Ang Il, H9C2 cells were exposed to varying concentrations
of Ang Il. Subsequently, based on the working concentration of the
Ang ll-induced cardiomyocyte hypertrophy model, H?C2 cells were
treated with different doses of CHR to determine its best concen-
tration using the CCK-8 assay. The experimental groups were as fol-
lows: control group, CHR group, Ang Il group, Ang II+CHR group,
and Ang Il+CHR+740Y-P (PI3K agonist) group. The Ang Il+CHR
or the Ang Il + CHR + 740Y-P group was treated with Ang Il 24 h ear-
lier and then treated with either CHR or a combination of CHR and
740Y-P for another 24 h. The concentration of 740Y-P was set at
20 pmol/L according to previous studies.?*

2.10 | CCK-8assay

The CCK-8 kit (NCM, Suzhou, China) was used to analyze the vi-
ability of H9C2 cells with different treatments. H9C2 cells were
seeded into 96-well plates at a density of 5x 10° cells per well and
cultured for 24hina 5% CO, incubator at 37°C. Subsequently, H9C2
cells were incubated with different concentrations of Ang 1 (0, 0.01,
0.1, 1, 10, 100, and 1000nmol/L) or CHR (0, 50, 100, 150, 200, and
250nmol/L), and maintained in the incubator for another 24 h. For
the Ang I+ CHR group, H?C2 cells were first subjected to Ang Il for
24 h; then the medium was replaced with a fresh medium containing
different concentrations of CHR (50, 100, 150, and 200nmol/L) for
an additional 24 h. Finally, a mixture of 90uL of fresh medium and
10pL of CCK-8 solution was added to each well and incubated at
37°C for 1h. A microplate reader (version 7.1, Thermo Fisher) was

used to detect the absorbance at 450 nm.

2.11 | AnnexinV and Pl assay

The annexin V-allophycocyanin/propidium lodide (V-APC/PI) ap-
optosis assay kit (Becton Dickinson, NJ, USA) was used to detect
apoptosis. Initially, the culture supernatant of cells was aspirated;
then the cells were digested using trypsin free of ethylenediamine-
tetraacetic acid (EDTA) (Gibco). A total of ~1 x 10° cells were washed
with precooled PBS and centrifuged. Then, we used 100uL of 1x
annexin V binding buffer to resuspend the cells and added 5pL of
annexin V-APC and 5 pL of PI. The mixture was incubated for 20 min
under light-free conditions. Finally, 400 pL of 1x annexin V binding
buffer was added to the mixture, and the samples were analyzed
using flow cytometry (Beckman, CA, USA).

2.12 | ROSd etection

ROS production in H?C2 cells in each group was detected using
flow cytometry. After the different treatments, the culture super-
natant of H9C2 cells was removed, and diluted 2',7'-dichlorodihydr
ofluorescein diacetate (DCFH-DA) (10 pmol/L, Solarbio) was added
to each well. Then, H9C2 cells were incubated for 20min at 37°C.
Then, they were digested by trypsin free of EDTA and centrifuged.
Subsequently, they were suspended in precooled PBS as the wash-
ing buffer. Finally, the intracellular ROS levels were assessed using

flow cytometer (Beckman).

2.13 | Immunofluorescences taining

We subjected cells in all groups to 4% paraformaldehyde for 30 min.
Then, we washed the cells with PBS and permeabilized them using
0.5% PBS-Triton X-100 for 5min. We blocked the samples with 5%
BSA over a 1-hour period. Thereafter, the cells were treated with
a primary antibody (provided in Table S1) at 4°C for 14 h. Next, we
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washed the cells with PBS and then incubated with fluorochrome-
conjugated secondary antibodies for 2h at room temperature.
Subsequently, they were mounted using a DAPI-containing antifade
mounting medium and stored in the dark. Finally, a Keyence fluores-
cence microscope was used to obtain images.

2.14 | Differentially expressed genes and pathway
enrichment analysis

RNA-seq data were downloaded from the comprehensive gene
expression database (GEO) with accession number GSE175764,
which includes heart tissue samples from healthy individuals (n=5)
and heart failure individuals with myocardial remodeling (n=5).
The experimental data were analyzed using R software (version
4.5.0). To identify potential pathogenic factors, we employed the
DESeqgDataSetFromMatrix function in the DESeqg2 package (ver-
sion 1.48.1) for data format conversion and then identified differen-
tially expressed genes (DEG) between two groups using the DESeq2
package. The significant DEGs met an absolute log2 fold change (FC)
of 21 and a corrected p-value (false discovery rate) of <0.05. The
volcano plot of DEGs was constructed using the ggplot2 package in
R software, whereas the gene heat map of DEGs was prepared using
the pheatmap package (version 1.0.13). The clusterProfiler package
(version 4.16.0) facilitated gene ontology (GO) pathway and function
enrichment analysis to elucidate the biological roles and underlying
pathways associated with the DEGs. In addition, we established a
threshold of <0.05 for the corrected p-values to perform pathway
enrichment analysis and explore the interconnections among them.

2.15 | Westernb lot

Approximately 50 mg of left ventricular tissues was collected from
the hearts of mice in each group. RIPA lysate (Solarbio, Beijing,
China) was supplemented with protease and phosphatase (Solarbio)
inhibitors (100:1), and the tissues were homogenized using a tissue
homogenizer (60Hz, 90s). The homogenate was allowed to stand
at 4°C for 30min and then centrifuged (12000g, 30min, 4°C). The
supernatant was collected for protein extraction. In the cell experi-
ment, H9C2 cells from each group were washed with PBS, and RIPA
lysis buffer containing phosphatase and protease inhibitors was
added. The cells were lysed on ice for 30min, and the cell lysates
were scraped and collected. After centrifugation using the afore-
mentioned condition, the supernatant was obtained.

Protein concentration was determined using the Bicinchoninic
acid (BCA) protein quantification kit (NCM). An equal amount of pro-
tein (40 ug per lane) was loaded for each sample, which was separated
using 7.5%, 10%, or 12.5% sodium dodecyl sulfate-polyacrylamide
gel. Then, the proteins were transferred onto polyvinylidene fluoride
membranes (Thermo Fisher), which were blocked with 5% skimmed
milk for 2h. Subsequently, these membranes were treated with pri-
mary antibodies (Table S1) at optimized dilution at 4°C overnight and

then washed with Tris-buffered saline with Tween 20. The mem-
branes were then incubated with horseradish peroxidase-conjugated
rabbit or mouse secondary antibodies at a dilution of 1:1000 for 2h
at room temperature and rinsed with TBST. Finally, the protein bands
were detected using the enhanced chemiluminescence chromogenic
kit (EpiZyme, Shanghai, China) under the ChemiDoc XRS imaging sys-
tem (Bio-Rad, CA, USA). To ensure signal linearity, membranes were
exposed for different durations, and nonsaturated images were used
for densitometric analysis. Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used as the internal reference. The target protein
expression levels were normalized to GAPDH and expressed as FC
relative to the control group.

2.16 |
reaction

Real-time quantitative polymerase chain

Trizol reagent was employed to isolate total RNA from mouse car-
diac tissues and H9C2 cells (Invitrogen, CA, USA). The quantification
concentration of RNA was analyzed utilizing a NanoDrop spectro-
photometer (Thermo Fisher). Complementary DNA was synthesized
by reverse transcription using the HiScript Il Q RT SuperMix reverse
transcription kit (Vazyme, Nanjing, China). Real-time quantitative pol-
ymerase chain reaction (RT-gPCR) was executed using the Bio-Rad
CFX Manager system, with Gapdh serving as the internal reference
gene. The quantitative analysis of each gene was performed using the

2725 method. The details of all primers are presented in Table S2.

2.17 | Statisticala nalysis

Data are expressed as mean+standard deviation and were pro-
cessed using GraphPad Prism, version 9 (CA, USA). In all figure
legends, n denotes the number of biological replicates. We used
Student's t-test to compare two groups and one-way analysis of
variance (ANOVA) to compare each group, with Dunnett's multi-
ple comparison method applied subsequently. A p-value <0.05 was
considered significant, whereas a p-value > 0.05 was considered not

significant (ns).

3 | RESULTS

3.1 | CHRimproved cardiac function and
myocardial hypertrophy of mice subjected to TAC
surgery

To explore the optimal in vivo dose of CHR, combined with the re-
ported effective dose of CHR (50mg/kg) in other studies,>>?® an-
other dose of CHR (150mg/kg) was investigated in this study. LVEF
and LVFS, two critical indicators for cardiac function assessment,
were measured using echocardiography.27 Our results demonstrated
that in TAC surgical mice, the 150-mg/kg CHR treatment exhibited
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significant improvement in cardiac function than the 50-mg/kg CHR
treatment, specifically LVEF and LVFS (Figure S1A,B). Furthermore,
Western blot analysis also revealed that in TAC surgical mice, the ex-
pression of hypertrophic markers myosin heavy chain 7 (MYH7) and
atrial natriuretic peptide (ANP), along with myocardial fibrosis-related
proteins collagen | and collagen lll, was significantly downregulated
by the 150-mg/kg CHR treatment compared to the 50-mg/kg CHR
treatment (Figure S1C,D). Therefore, based on its superior therapeutic
effects in improving cardiac function as well as reducing hypertrophic
and fibrotic markers compared to the 50-mg/kg dose, the working
dose of CHR was set at 150mg/kg for subsequent experiments.

The probability of survival in each group was assessed, revealing
that mice in both the sham-operated and the CHR groups exhibited
complete survival, whereas the survival rates of mice in the TAC and the
TAC+CHR groups were 73.3% and 86.7% respectively, indicating that
CHR could improve the survival rate of mice subjected to TAC surgery
(Figure 1A). Additionally, we used echocardiography to evaluate the car-
diac function of mice in all groups (Figure 1B). Echocardiography results
showed that compared to the sham group, there was a significant decline
in LVEF and LVFS levels in the TAC group, and there was no significant
difference in the relevant parameters between the sham and the CHR
groups. However, the TAC+CHR group exhibited significant improve-
ment in LVEF and LVFS levels in contrast to the TAC group (Figure 1C).
Besides, the heart weight-to-body weight (HW/BW) ratio and the left
ventricular weight-to-body weight (LW/BW) ratio of mice were sta-
tistically elevated in the TAC group, relative to the sham group or the
CHR group, but CHR intervention could effectively reverse this trend
(Figure 1D). We further validated the expression levels of myocardial hy-
pertrophy-associated indexes such as MYH7, brain natriuretic peptide
(BNP), and ANP, using RT-gPCR (Figure 1E) and Western blot (Figure 1F)
assays. The findings indicated that the messenger RNA (MRNA) and the
protein expression of MYH7, BNP and ANP was significantly elevated
in the TAC group relative to the sham and the CHR groups, which could
be significantly restrained by CHR treatment (Figure 1E,G). To visually
assess the effects of CHR on myocardial hypertrophy, the standardized
images of mouse hearts were obtained from each group, showing that
compared with the sham or the CHR group, the heart size of the TAC
group was substantially larger, but CHR administration could alleviate
it in the TAC group significantly (Figure 1H). Further evidences from HE
staining and WGA staining showed that the cross-sectional area of car-
diomyocytes, along with the thickness of the left ventricular septum and
posterior wall, increased, and the intercellular space reduced in the TAC

group relative to the sham or the CHR group, but CHR intervention sig-
nificantly abrogated these phenotypes (Figure 1H,l). Collectively, these
outcomes suggested that CHR could ameliorate the cardiac dysfunction

and myocardial hypertrophy of mice subjected to TAC surgery.

3.2 | CHRa lleviated myocardialf ibrosis of TAC
surgical mice

To determine the role of CHR in heart failure-associated myocar-
dial fibrosis in TAC surgical mice, we performed Masson's trichrome
staining (Figure 2A). Our findings revealed that relative to the sham
and the CHR groups, substantial collagen deposition, namely fibrosis
in the interstitial spaces and surrounding blood vessels, was promi-
nently observed in the TAC group, and CHR treatment significantly
lowered collagen distribution in these areas of TAC surgical mice,
with a more uniform distribution pattern (Figure 2B). Additionally,
we quantitatively analyzed the proportion of collagen types using
polarized light microscopy (Figure 2C). The results showed that com-
pared with the TAC group, the collagen Il level in the TAC+CHR
group significantly increased (Figure 2D). Immunohistochemical
analysis (Figure 2E) further demonstrated that the number of
Transforming growth factor-beta (TGF-B) positive cells in the TAC
group was higher than that in the sham or the CHR group, but CHR
intervention could significantly decrease the number of TGF-§ posi-
tive cells in mice subjected to TAC surgery (Figure 2F). Additionally,
the expression abundances of TGF-p and collagen | associated with
myocardial fibrosis were assessed using Western blot (Figure 2G)
and RT-qPCR (Figure 2I). Quantitative analysis results indicated that
compared to the sham or the CHR group, the levels of TGF-f and col-
lagen | were statistically upregulated in the TAC group, but there was
a conspicuous decrease in TGF-p and collagen | in the TAC+CHR
group (Figure 2H,1). These findings suggested that CHR could effec-
tively mitigate myocardial fibrosis of mice subjected to TAC surgery.

3.3 | CHRa ttenuatedc ardiomyocyteo xidative
stress, inflammation, and apoptosis of TAC
surgical mice

Pressure overload-induced heart failure is inevitably accompanied
by oxidative stress and inflammatory reaction in cardiomyocytes.'’

FIGURE 1 Chrysin (CHR) improved the cardiac function and myocardial hypertrophy of mice subjected to transverse aortic constriction
(TAC) surgery. (A) The survival rates of mice in each group. (B) The cardiac function of mice in different groups using echocardiography.

(C) The quantitative statistics of left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS). (D) The statistical
analysis of the heart weight/body weight ratio (HW/BW) and the left ventricular weight/body weight ratio (LW/BW). (E) The messenger
RNA (mRNA) expression levels of Myh7, Nppb, and Nppa. (F) The protein expression of MYH7, ANP, and BNP using Western blot. (G) The
quantitative statistics of protein bands. (H) Gross comparison of hearts in each group (left), hematoxylin and eosin (HE) staining (middle).
Scale bar=2.5mm. Imaging area: Transverse section of the whole heart. Fluorescence staining of wheat germ agglutinin, right (WGA). Scale
bar=50um. Imaging area: Mid-left ventricular transverse section with papillary muscles. () The quantitative statistics of the cross-sectional
area of cardiomyocytes in each group. All images were obtained from transverse sections (5pum thick). All data are presented as mean+SD
(standard deviation). n=5-6; *p<0.05, **p <0.01, and ***p <0.001 indicate significant differences; and ns>0.05 means no significant
difference.
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FIGURE 2 Chrysin (CHR) alleviated myocardial fibrosis of mice caused by transverse aortic constriction (TAC) surgery. (A) Masson's
trichrome staining. Scale bar=50pum. Imaging area: Perivascular region of the left ventricle. (B) The quantitative statistics of Masson's
trichrome staining. (C) Polarized light microscopy (PLM). The section orientation is transverse (5 um thick). Scale bar=11.34 um. Imaging area:
Perivascular region of the left ventricle. (D) Quantitative statistical analysis of collagen lll proportion. (E) Immunohistochemical staining of
TGF-p. Scale bar=50pum. Imaging area: Left ventricular anterior wall. (F) The quantitative statistics of TGF-f immunohistochemical staining.
Scale bar=50pum. (G) The protein expression of collagen | and TGF-B using Western blot. (H) The quantitative statistics of protein bands. (I)
The messenger RNA (mRNA) expression of collagen | and TGF-p using real-time polymerase chain reaction (RT-PCR). All images are from

transverse sections (5 pum thick). All data are presented as mean+SD (standard deviation). n=5-6; *p<0.05, **p<0.01, and ***p<0.001
indicate significant differences; and ns >0.05 means no significant difference.

To define the cardioprotective efficacy of CHR on TAC surgical
mice, we used Western blot to detect the expression of oxidative
stress response and inflammation-related key indicators, such as
superoxide dismutase 1 (SOD1), HO-1, tumor necrosis factor-a
(TNF-a), and interleukin-1p (IL-1p) (Figure 3A). Results demon-
strated that compared with the sham or the CHR group, the TAC
group exhibited a statistical downregulation of oxidative stress re-
sponse proteins SOD1 and HO-1, alongside a significant upregula-
tion of inflammation-related proteins TNF-a and IL-1B. However,
CHR administration effectively reversed these phenomena
(Figure 3B). In addition, heart failure induced by pressure overload
is characterized not only by the induction of pathological processes
such as myocardial hypertrophy and fibrosis but also by the irre-
versible apoptotic events.?® TUNEL assay was conducted to assess
cardiomyocyte apoptosis in all groups (Figure 3C). Quantitative
analyses demonstrated that relative to the sham or the CHR group,
the amounts of TUNEL staining positive cells (green) increased sig-
nificantly in the TAC group, but after CHR treatment, there was
a significant reduction in TUNEL staining positive cells subjected
to TAC surgery (Figure 3D). Meanwhile, RT-gPCR (Figure 3E) and
Western blot (Figure 3F) were used to analyze the expression
of apoptosis-related proteins such as Bcl-2 Associated X protein
(BAX), cleaved-caspase-3, and B-cell lymphoma/leukemia 2 (BCL-
2). Quantitative data revealed that in contrast to the sham and the
CHR groups, the TAC group exhibited a statistical upregulation of
the apoptotic marker cleaved-caspase-3 and BAX-to-BCL-2 ratio.
Conversely, BCL-2 expression was statistically downregulated in
the TAC group. Particularly, these alterations were significantly
reversed after CHR treatment in mice subjected to TAC surgery
(Figure 3E,G). These findings suggested that CHR exerted a potent
protective effect by effectively alleviating cardiomyocyte oxidative
stress, inflammatory responses, and apoptosis in mice subjected to
TAC surgery.

3.4 | CHRe xertedp rotectivee ffectso n TAC
surgicalm icet hrought he PI3BK/AKT/NRF2p athway

To investigate CHR potential protective mechanism against myo-
cardial remodeling, the gene expression profiles between healthy
individuals and heart failure individuals with myocardial remod-
eling were analyzed using bioinformatics analysis. DEGs, includ-
ing 1220 upregulated genes and 1063 downregulated genes, were

exhibited using a volcano plot (Figure 4A). Additionally, a heat map
was constructed to illustrate the relative abundance of these DEGs
(Figure 4B). Based on analysis of five databases—comparative toxi-
cogenomics database (CTD), therapeutic target database (TTD),
traditional Chinese medicine systems pharmacology database and
analysis platform (TCMSP), GeneCards, and DrugBank—a Venn dia-
gram of “drug disease” revealed 164 overlapping genes associated
with CHR and heart failure (Figure 4C). Protein-protein interaction
network of these overlap genes highlighted 10 key target genes
shared by CHR and heart failure, such as Src, Akt1, Tnf, II-6, II-1p,
Nos1, Calm3, Jun, Nf-kb1, and Esrl1, that were linked to oxidative
stress and inflammatory response (Figure 4D). In addition, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis was conducted on the top 35 DEGs with a p-value
<0.05, indicating that the PISK/AKT signaling pathway, apoptosis,
and hypertrophic cardiomyopathy were involved in significant en-
richment (Figure 4E). GO enrichment analysis of biological process
(Figure S2A), molecular function (Figure S2B), and cell component
(Figure S2C) associated with these shared target genes was ana-
lyzed using the STRING database, further demonstrating that oxi-
dative stress response was the crucial biological process in heart
failure. We performed molecular docking between CHR and the
aforementioned key common target genes using AutoDockTools,
version 1.5.7. The docking results showed that the binding energies
of CHR with three key target genes, Akt1, II-15, and II-6, were - 4.82,
-4.29, and - 5.99 kcal/mol, respectively (Figure S2D). A lower bind-
ing energy indicates more stable binding. Moreover, we performed
Western blot to assess the expression of key proteins involved in
the aforementioned finding pathway (Figure 4F). Relative to the
sham or the CHR group, the ratios of p-PI3K/PI3K and p-AKT/AKT
are significantly upregulated in the TAC group, and the expres-
sion level of NRF2 was significantly reduced, but CHR interven-
tion could significantly attenuate these trends in TAC surgical mice
(Figure 4G). These results implied that CHR might exert cardiopro-
tective effects on TAC surgical mice through modulating the PISK/
AKT/NRF2 pathway.

3.5 | CHRinhibited the hypertrophy and fibrosis of
ang ll-treated H9C2 cells

Toassess theimpact of CHR on H9C2 cells treated with Ang I, we em-
ployed CCK-8 assay to explore the optimal working concentrations
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FIGURE 3 Chrysin (CHR) attenuated cardiomyocyte oxidative stress, inflammation, and apoptosis of transverse aortic constriction (TAC)
surgical mice. (A) The protein expression of oxidative stress indicators superoxide dismutase 1 (SOD1) and heme oxygenase-1 (HO-1) as well
as inflammatory indicators tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1p) using Western blot. (B) The quantitative statistics of
these protein bands. (C) TUNEL staining in each group. Scale bar=50pum. Imaging area: Left ventricular anterior wall. (D) The quantitative
statistics of TUNEL staining positive cells. (E) The messenger RNA (mMRNA) expression of apoptotic indicators Bax,B cl-2, and Bax/Bcl-2.

(F) The protein expression of apoptotic indicators BAX, BCL-2, and cleaved-caspase-3 using Western blot. (G) The quantitative analysis

of protein bands. All images are from transverse sections (5 pm thick). All data are presented as mean=+SD (standard deviation). n=5-6;
*p<0.05, **p<0.01, and ***p <0. 001 indicate significant differences; and ns>0.05 means no significant difference.

of Ang Il and CHR. A gradient concentration of Ang Il was used to
treat H9C2 cells, and CCK-8 analysis indicated that 1000nmol/L
Ang Il exerted a significant inhibitory effect on the viability of H9C2
cells (Figure S3A). Consequently, the optimal working concentra-
tion of Ang Il was set as 1000nmol/L in this study. Concurrently,
the cytotoxicity of CHR at different concentrations was evaluated
using CCK-8 assay, demonstrating that CHR exhibited no toxicity to
H9C2 cells within the tested ranges (Figure S3B). Additionally, Ang
ll-treated H9C2 cells were administrated increasing doses of CHR,
showing that 150-nmol/L CHR could significantly elevate the viabil-
ity of Ang lI-treated H9C2 cells, so this dose was chosen as the op-
timal working concentration of CHR (Figure S3C).

Fluorescence staining of a-actinin was employed to assess cel-
lular hypertrophy of H9C2 cells in each group (Figure 5A), revealing
that compared to the control or the CHR group, Ang Il exposure
led to a significant enlargement of the cross-sectional area in H9C2
cells, whereas CHR treatment significantly reduced the cell cross-
sectional area in Ang ll-treated H9C2 cells. Particularly, 740Y-P
administration exerted a contrary effect and reversed the effect
of CHR (Figure 5B). Meanwhile, we assessed the expression lev-
els of hypertrophy-related indicators (Myh7, Nppa, and Nppb) and
fibrosis-associated genes (collagen | and Tgf-p) in each group using
RT-gPCR. The results demonstrated that these indicators signifi-
cantly increased in the Ang Il group relative to the control or the
CHR group. However, CHR treatment partially reversed this up-
regulation in Ang ll-treated H9C2 cells (Figure 5C). Moreover, the
expression levels of hypertrophy and fibrosis markers in Ang Il-ex-
posed H9C2 cells treated with or without 740Y-P were assessed
using gPCR (Figure 5D). The results showed that compared with
the Ang Il group, CHR treatment significantly downregulated the
expression of these markers in Ang |l-treated H9C2 cells, whereas
740Y-P administration exerted a contrary effect and reversed the
effect of CHR. These findings further demonstrated that CHR
could attenuate hypertrophy and fibrosis of Ang Il-treated H?C2
cells to some extent.

3.6 | CHR mitigated oxidative stress response and
inflammation of H9C2 cells treated with ang Il

To assess the potential of CHR in mitigating cellular oxida-
tive stress response and inflammation induced by Ang II, H9C2
cells were exposed to 1000nmol/L Ang Il. Immunofluorescence
staining assay (Figure 6A) demonstrated that compared with the

control or the CHR group, Ang Il stimulation significantly inhibit
the translocation of the oxidative stress factor NRF2 into the
nucleus, and CHR treatment was found to promote the nucleus
translocation and expression of NRF2 in Ang Il-treated H9C2
cells, but this effect was particularly counteracted by the PI3K
agonist 740Y-P (Figure 6B). Western blot was employed to detect
the expression of the oxidative stress-related NRF2 downstream
molecules SOD1 and HO-1 (Figure 6C). The assay results dem-
onstrated that compared with the control and the CHR groups,
the expression of SOD1 and HO-1 was statistically downregulated
in the Ang Il group. Conversely, CHR administration significantly
upregulated the levels of these proteins in Ang Il-exposed H9C2
cells (Figure 6D). Moreover, the expression of SOD1 and HO-1
was assessed in Ang ll-treated H9C2 cells treated with or without
740Y-P using Western blot (Figure 6E). Results revealed that com-
pared with the Ang Il group, CHR treatment significantly upregu-
lated the expression of SOD1 and HO-1 in Ang ll-treated H9C2
cells, but 740Y-P administration exhibited the opposite effect and
could neutralize the effect of CHR (Figure 6F). In addition, the ROS
intensity of the H?C2 cells in each experimental group was exam-
ined via flow cytometry (Figure S3D). The result trend was almost
consistent with the earlier result of NRF2 immunofluorescence
staining (Figure S3E).

Oxidative stress response is usually accompanied by inflam-
matory reaction.?’ Fluorescence staining of the inflammatory
factor IL-1p was performed (Figure 7A), and the expression of the
inflammation-related proteins TNF-a and IL-1p was detected using
Western blot in all groups (Figure 7B,C). Quantitative analyses re-
vealed that Ang Il exposure significantly elevated the levels of these
inflammatory factors in contrast to the control or the CHR group,
and CHR treatment could effectively ameliorate Ang Il stimulation
(Figure 7D,E), but 740Y-P administration could significantly offset
the effect of CHR (Figure 7D,F). These data implied that CHR could
attenuate oxidative stress and inflammation response in Ang IlI-
treated H9C2 cells.

3.7 | CHRinhibited apoptosis of H9C2 cells treated
witha ng Il

Apoptosis is usually the ultimate event of cellular oxidative stress
and inflammation.%° Apoptosis of H?C2 cells in each experimental
group was evaluated via TUNEL staining assay (Figure 8A). Results
indicated that the number of apoptotic cells was almost negligible
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FIGURE 4 Chrysin (CHR) exerted protective effects on transverse aortic constriction (TAC) surgical mice through the PI3K/AKT-
mediated nuclear factor erythroid 2-related factor 2 (NRF2) pathway. (A) A volcano plot illustrating differentially expressed genes (DEG)
between healthy individuals and heart failure individuals with myocardial remodeling. (B) A heat map depicting the DEGs. (C) A Venn
diagram of “drug disease” representing the overlap target genes between CHR and heart failure. (D) A protein-protein interaction (PPI)
network diagram highlighting key target genes shared by CHR and heart failure. (E) Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis of the top 35 DEGs with p-values <0.05. (F) The expression of the PISK/AKT pathway-related index proteins
using Western blot. (G) The quantitative analysis of protein bands. All data are presented as mean + SD (standard deviation). n=5; *p <0.05,
**p<0.01, and ***p <0.001 indicate significant differences; and ns>0.05 means no significant difference.
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in the control and the CHR groups, and Ang Il exposure signifi-
cantly increased the positive cells (green) of TUNEL staining, but
CHR treatment could effectively decrease the TUNEL staining
positive cell percentage in Ang Il-treated H?C2 cells, which could
be counteracted by 740Y-P intervention (Figure 8B). Meanwhile,
flow cytometry was conducted to detect the apoptosis rate of
H9C2 cells in each group (Figure 8C). The data indicated that the
apoptotic rate of H9C2 cells was relatively low in both the control
and the CHR groups, and Ang Il treatment significantly elevated
the apoptotic rate of H?C2 cells, whereas CHR administration ef-
fectively exerted a suppressive effect on the apoptotic rate of Ang
Il-exposed H9C2 cells, but 740Y-P could significantly neutralize
the effect of CHR (Figure 8D). Moreover, Western blot assays were
performed to detect expression changes in apoptosis-related pro-
teins among the different groups (Figure 8E,F). Quantitative anal-
yses revealed that the expression trend of these proteins across
the different groups was nearly consistent with the result of flow
cytometry except for the BCL-2 level (Figure 8G,H). These data
suggested that CHR could inhibit apoptosis of Ang Il-treated H?C2
cells.

3.8 | CHR exerted protective functions on ang Il-
treated H9C2c ellst hrought he PISK/AKT-mediated
NRF2p athway

To elucidate the potential mechanism of CHR on Ang ll-treated
H9C2 cells, Western blot was employed to assess the expression
of crucial markers implicated in the PI3K/AKT-mediated NRF2
signaling pathway, which was based on the in vivo findings men-
tioned earlier (Figure 9A,B). Our findings revealed that compared
to the control or the CHR group, the ratios of p-PI3K/PI3K and
p-AKT/AKT were significantly elevated, and the level of NRF2
was statistically decreased in Ang ll-treated H?C2 cells, whereas
CHR treatment significantly reversed this aforementioned trend
(Figure 9C). In addition, the PI3K agonist 740Y-P could further
increase the ratios of p-PI3K/PI3K and p-AKT/AKT as well as de-
crease the NRF2 expression in H9C2 cells treated with Ang Il, and
counteract the CHR function (Figure 9D). Collectively, these out-
comes revealed that CHR might exert its cytoprotective effects
on Ang ll-treated H9C2 cells through the PI3K/AKT-mediated
NRF2 pathway.

Collectively, CHR might mitigate oxidative stress response by
the PI3K/AKT-mediated NRF2 pathway to reduce inflammation and
apoptosis to further exert the protective effects on pressure over-
load-induced heart failure accompanied by myocardial hypertrophy
(Figure 10).

4 | DISCUSSION

Heart failure represents a significant contributor to global mor-
tality rates, which is characterized by ventricular hypertrophy,

cardiac apoptosis, and myocardial inflammation accompanied by
cardiac fibrosis, a pathological hallmark that represents the com-
mon terminal phase of diverse cardiovascular pathologies.31’33
Myocardial remodeling, a significant risk factor for heart failure,
can be induced by pressure overload that develops from the com-
pensatory phase to the decompensatory phase.®* Physiological
myocardial remodeling does not result in heart failure, which is
regarded as a normal mechanism of the body's adaptive response
to physiological alterations.®®> However, pathological myocardial
remodeling, induced by persistent endogenous or exogenous
pressure overload, can result in heart failure.®® The exact patho-
genic mechanism underlying myocardial remodeling has not yet
been fully elucidated. Therefore, it is highly significant to elucidate
the underlying mechanism of pathological myocardial remodeling
and to develop intervention drugs that can effectively reverse this
pathological process.

A TAC model in mice or rats serves as the predominant method
for developing the myocardial remodeling model, including car-
diac hypertrophy accompanied by fibrosis in animals.®” Myocardial
hypertrophy and cardiac fibrosis manifest as a compensatory or
adaptive response to mitigate cardiac wall stress induced by var-
jous stimulation.®® In this study, we primarily simulated patho-
logical myocardial remodeling induced by TAC surgery and found
significant cardiac hypertrophy and fibrosis, characterized by de-
teriorated cardiac function, increased gross heart mass, enlarged
myocardial cell volume, expanded cross-sectional area, thickened
left ventricular septum and posterior wall, and accumulated fi-
brotic scar tissues in TAC surgical mice. The typical manifestations
of pathological myocardial remodeling are two key phenotypic
changes: increased heart weight and expanded cardiomyocyte
volume. Then, the intensified myocardial fibrosis can cause irre-
versible alterations in cardiac structural remodeling and functional
deterioration, which ultimately result in heart failure.®? The heart-
secreted hormones BNP and ANP are detectable when the left
ventricular volume increases.*° TGF-p can be upregulated in myo-
cardial disorders, exerting a critical effect on cardiac remodeling
through modulating the phenotypic and functional properties of
cardiomyocytes.*! CHR, a flavonoid compound mainly extracted
from plant extracts, exhibits various pharmacological activities,
including antioxidative, anti-inflammatory, antimutagenic, and
antibacterial properties.***® In our study, CHR treatment demon-
strated significant enhancement of cardiac function, reduction in
heart size and cross-sectional area of cardiomyocytes, suppres-
sion of cardiac wall thickness and accumulation of fibrotic scar,
and downregulation of BNP, ANP, TGF-B, and collagen | expres-
sion in both TAC surgical mice and Ang llI-treated H9C2 cells. This
study reveals the protective role of CHR in cardiac hypertrophy
models, but certain limitations still exist. As a typical flavonoid
compound, CHR is characterized by low oral bioavailability and
rapid in vivo metabolism“?; although oral gavage of CHR (150 mg/
kg) exhibited clear cardioprotective effects in mice, species differ-
ences in metabolic enzyme activity and gastrointestinal absorp-
tion efficiency between humans and mice may lead to insufficient
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FIGURE 5 Chrysin (CHR) inhibited the cellular hypertrophy and fibrosis of angiotensin Il (Ang Il)-treated H9C2 cells. (A)
Immunofluorescence staining of a-actinin in each group. Scale bar=50pum. (B) The quantitative statistics of a-actinin expression. (C) The
messenger RNA (MRNA) expression of myocardial hypertrophy indicators Myh7, Nppa, and Nppb as well as fibrosis indicators Tgf-$ and
collagen I. (D) The mRNA expression of myocardial hypertrophy indicators Myh7, Nppa, and Nppb as well as fibrosis indicators Tgf-$ and
collagen | in angiotensin Il (Ang Il)-exposed H9C2 cells treated with or without 740Y-P. All data are presented as mean +SD (standard
deviation). n=5-6; *p<0.05, **p<0.01, and ***p <0.001 indicate significant differences; and ns>0.05 means no significant difference.
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FIGURE 6 Chrysin (CHR) mitigated oxidative stress response of angiotensin Il (Ang Il)-treated H9C2 cells. (A) Immunofluorescence staining of
nuclear factor erythroid 2-related factor 2 (NRF2) in each group. Scale bar=50pm. (B) The quantitative statistics of NRF2 expression. (C) The protein
expression of oxidative stress indicators superoxide dismutase 1 (SOD1) and heme oxygenase-1 (HO-1) using Western blot. (D) The quantitative
statistics of protein bands. (E) The protein expression of oxidative stress indicators SOD1 and HO-1 in Ang ll-exposed H9C2 cells treated with or
without 740Y-P was analyzed using Western blot. (F) The quantitative statistics of protein bands. All data are presented as mean+SD (standard
deviation). n=5; *p<0.05, **p<0.01, and ***p<0.001 indicate significant differences; and ns >0.05 means no significant difference.
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FIGURE 7 Chrysin (CHR) alleviated inflammation of angiotensin Il (Ang Il)-treated H9C2 cells. (A) Immunofluorescence staining of
interleukin-1p (IL-1p) in each group. Scale bar=50pum. (B) The protein expression of inflammatory indicators tumor necrosis factor-o (TNF-o)
and IL-1p using Western blot. (C) The protein expression of inflammatory indicators TNF-a and IL-1p in Ang II-exposed H9C2 cells treated
with or without 740Y-P using Western blot. (D) The quantitative statistics of IL-18 expression. (E) The quantitative statistics of protein bands.
(F) The quantitative statistics of protein bands. All data are presented as mean+SD (standard deviation). n=5; *p <0.05, **p<0.01, and

***p <0.001 indicate significant differences; and ns>0.05 means no significant difference.

CHR concentrations in human myocardial tissue at the same dose,
potentially compromising its therapeutic efficacy in clinical trans-
lation. Future research should incorporate nanoformulation tech-
niques to improve its bioavailability.*?

Myocardial remodeling is associated with the disruption of
cardiomyocyte homeostasis, encompassing oxidative stress re-
sponse, cellular inflammation, and apoptosis.43 Our finding sup-
ported the antioxidative role of CHR in TAC surgical mice, which
was consistent with prior research, indicating that CHR had the
cytoprotective effects against aluminum phosphide-mediated

myocardial toxicity in rat by modulation of oxidative stress re-
sponse.** Prolonged stress on the heart can result in increased
oxygen consumption by myocardial cells, which subsequently
triggers a state of relative hypoxia, leading to the interruption
of energy metabolism and the leakage of mitochondrial ROS.#>4¢
In this study, we detected the increase in ROS levels as well as
the decrease in SOD1 and HO-1 levels in TAC surgical mice and
Ang ll-stimulated H?C2 cells, which were significantly reversed
after CHR intervention. Antioxidant enzymes such as SOD1 and
HO-1 are integral to the catalysis of superoxide free radicals and
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FIGURE 8 Chrysin (CHR)inhibited cell apoptosis of angiotensin Il (Ang Il)-treated H9C2 cells. (A) TUNEL staining of H9C2 cells in each
group. Scale bar=50um. (B) The quantitative statistics of TUNEL staining. (C) Detection of the apoptosis rate of cells using flow cytometry

in each group. (D) The statistical analysis of apoptosis rate. (E) The protein expression of apoptosis-related proteins BAX, BCL-2, and cleaved-
caspase-3 using Western blot. (F) The protein expression of apoptosis-related proteins BAX, BCL-2, and cleaved-caspase-3 using Western blot.
(G) The quantitative statistics of protein bands. (H) The quantitative statistics of protein bands. All data are presented as mean=+SD (standard
deviation). n=3-5; *p<0.05, **p<0.01, and ***p <0.001 indicate significant differences; and ns>0.05 means no significant difference.



WANG ET AL.

(A) (8)
Pi3K [ R W B 55 kDa
p-PI3K [ S8 S8 @ | 85 kDa
AKT 65 kDa
p-AKT 65 kDa
NRF2 [SESR SN 5% sww| 110 kDa

GAPDH [ A ) 36 kDa )

5
o

be
@«

p-PIBKIPI3K
p-AKT/AKT
b

(-
o

20 dek * Yede e *
Anglll - - + + & = 15 2
CHR e + o + E 1.5 ® ¥ is " : .
9 1.0 5
i 5 % 0s
(©€) 205 m o m
PI3K | s— s | 85 kDa & & & S & &8
P ¥ L K ‘«@ ;\@
N
| *kk * «®
) E 2.0 2.0 *
3 e sk
pat [ OO WO csk0a o) . ol
= = .

P-AKT/AKT
=
> =]
| ode
G
v
NRF2 /GAPDH
o
> o o
| g
.

Ang Il + + + + S
g & & & @,{ﬁ v‘&\ .0& SR ‘s_\s
CHR - + - + T &
© & F N
740Y-P -~ -+ + L K
& v,o‘b
e
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as PI3K, p-PI3K, AKT, p-AKT, and NRF2 in different groups using Western blot. (C) The quantitative statistics of protein bands. (B) The
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and ns>0.05 means no significant difference.
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FIGURE 10 Schematic diagram of the potential effect mechanism of chrysin (CHR) on pressure overload-induced myocardial remodeling.

peroxides, thereby constituting the core of the body's antioxidant ginsenosides, has been demonstrated to attenuate cardiac hyper-
defense system and mitigating tissue damage associated with ox- trophy induced by TAC surgery via the suppression of oxidative

idative stress.*” Ginsenoside Rd., a major bioactive component of stress.®®
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Oxidative stress response is considered as a pivotal patho-
logical process, which contributes to inflammation and apopto-
sis of cardiomyocytes in chronic heart failure.*® Cardiomyocytes
are responsible for electrical conduction and cardiac contraction,
and are integral to the maintenance of metabolic equilibrium and
cardiac pumping function.*’ Previous research has demonstrated
that after TAC surgery, the release of pro-inflammatory indicators
such as TNF-a and IL-1p facilitated the infiltration of inflamma-
tory cells into the myocardial tissues.”® The present study also
identified significant upregulation of these inflammatory factors
in TAC surgical mice and Ang ll-treated H9C2 cells. It is worth
noting that this upregulation was substantially reversed after
treatment with CHR.

In addition, the induction of cardiomyocyte apoptosis is a critical
driver for the occurrence and progression of heart failure.”! Inhibiting
cardiomyocyte apoptosis can effectively enhance the survival rate
of heart failure patients while mitigating ventricular remodeling and
dysfunction.>? In this study, TUNEL staining was employed to detect
cellular apoptosis, demonstrating that CHR significantly attenuated
apoptosis in both TAC surgical mice and Ang IlI-stimulated H9C2
cells. Apoptosis is initiated via the endogenous apoptotic pathway,
which is triggered by the activation of intracellular signals, including
BAX, BCL-2, and cytochrome C.>3 Upon release into the cytoplasm,
these signals initiate the caspase cascade, involving the sequential
activation of caspase-9 and caspase-3, ultimately leading to DNA
fragmentation and chromatin condensation, thereby exerting a
pivotal role in the modulation of apoptotic processes.54 Our study
confirmed that CHR significantly upregulated BCL-2, simultaneously
downregulated BAX and cleaved-caspase-3, and reduced the pro-
portion of apoptotic cells, thus inhibiting apoptosis in TAC surgical
mice and Ang ll-stimulated H9C2.

To elucidate the underlying protective mechanism of CHR in
alleviating myocardial remodeling, the gene expression profiles
between healthy individuals and heart failure patients with myo-
cardial remodeling were analyzed using bioinformatics analysis,
and the key protein expression in the crucial pathway was further
verified using Western blot. We found that there were 10 key tar-
get genes shared by CHR and heart failure, namely Src, Akt1, Tnf,
II-6, 1I-1p3, Nos1, Calm3, Jun, Nf-kb1, and Esrl, which were associ-
ated with oxidative stress response and inflammation reaction.>
Furthermore, the PISK/AKT signaling pathway, apoptosis, and hy-
pertrophic cardiomyopathy were defined as critical contributors
to the pathogenesis of heart failure via KEGG pathway enrichment
analysis. Particularly, the PIBK/AKT signaling pathway has been
confirmed to be a mediator of oxidative stress, inflammation,
and apoptosis, which are critical physiological processes involved
in diverse diseases.’®>” Prior studies have found that the PI3K/
AKT signaling pathway could mitigate stress overload-induced
myocardial remodeling and heart failure.’” Besides, the PI3K/AKT
signaling pathway is implicated in the modulation of inflammatory
responses.’®

The PISK/AKT pathway is an important upstream regulator

of NRF2, a master regulator of the antioxidant response.*>*® A

previous report has indicated that TRIM26 overexpression sup-
presses the PISK/AKT pathway activation, and administration
of the PI3K agonist 740Y-P can abrogate the antitumor activ-
ity of TRIM26 in PTC cells.”” NRF2 is a pivotal regulator in the
body's response to oxidative stress.® Particularly, our study con-
firmed that CHR could significantly reverse the elevated p-PI3K/
PI3K and p-AKT/AKT ratios in both TAC surgical mice and Ang
ll-treated H9C2 cells. The compound 740Y-P is known to mod-
ulate the PIBK/AKT pathway.59 Our results revealed that the an-
tioxidative, anti-inflammatory, and antiapoptotic effects of CHR
could be almost abrogated by 740Y-P treatment, suggesting that
CHR might exert protective effects against TAC surgical mice and
Ang ll-treated H9C2 cells through modulating the PISK/AKT-
mediated NRF2 pathway. Additionally, other research studies
have demonstrated that oxidative stress led to an increase in ROS
level, which in turn triggered the PI3K/AKT signaling cascade,
and subsequently activated the NRF2 receptor.®! Relevant stud-
ies have shown that the PIBK/AKT/NRF2 pathway can achieve
cross-regulation with other myocardial remodeling-related path-
ways (e.g., mitogen-activated protein kinase [MAPK] and nuclear
factor kappa B [NF-xB]).%2"%* It is speculated that CHR may exert
its effects through the synergistic action of multiple pathways.
For example, the NF-xB pathway, as a core regulatory pathway
of inflammatory responses, can be activated by oxidative stress,
whereas NRF2 and NF-kB exhibit a mutually inhibitory regula-
tory relationship.®>%¢ It is hypothesized that CHR may indirectly
inhibit NF-xB pathway activity by activating NRF2, thereby fur-
ther enhancing its anti-inflammatory effects. However, this hy-
pothesis still requires experimental validation in future studies.
Furthermore, MAPK pathways (e.g., p38 MAPK and extracellular
signal-regulated kinase 1/2) are involved in pressure overload-
induced myocardial hypertrophy and fibrosis.®” Whether CHR
regulates these pathways and whether it exhibits synergistic or
antagonistic interactions with the PISK/AKT/NRF2 pathway war-
rant further investigation.

Certainly, our current study still has several limitations that
need to be addressed in future studies. First, we did not conduct
in vivo rescue experiments to further confirm the protective mech-
anism of CHR in TAC surgical mice. Transgenic mice with condi-
tional knockout of key target genes should be introduced in future
studies. Second, the in vitro experiments did not employ primary
cardiomyocytes, which would provide more convincing evidence.
Third, the therapeutic effect of CHR on pressure overload-related
cardiac dysfunction, myocardial remodeling, and even heart failure
should be verified in future clinical studies. Fourth, the therapeutic
efficacy of CHR in cardiac dysfunction associated with pressure
overload-induced myocardial remodeling and even heart failure
requires validation through future clinical research. For instance,
there is an immediate need to conduct integrated pharmacokinetic
and pharmacodynamic studies in larger animal models (e.g., pigs)
to verify target organ exposure and therapeutic effects, thereby
providing critical preclinical data to support its eventual translation
to clinical trials.
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Although the mechanism mediating the pathological changes
responsible for myocardial remodeling has not been fully eluci-
dated, our present study revealed that CHR might exert protective
effects against pressure overload-induced myocardial remodeling
through modulating the PI3BK/AKT/NRF2 pathway-mediated ox-
idative stress response to alleviate myocardial cell inflammation
and apoptosis, suggesting that CHR may be a promising therapeu-

tic agent for pressure overload-induced cardiac diseases.
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