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Icariin ameliorates hypertension-induced cardiomyocyte
senescence by promoting PTEN-dependent autophagy
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Abstract: Background: Age-related cardiovascular decline contributes to the development and progression of hy-
pertension. Aims: This study aimed to investigate the protective effects of icariin (ICA) on hypertension-induced
cardiomyocyte senescence and to explore the specific role of phosphatase and tensin homolog (PTEN). Methods:
C57BL/6 mice were fed a high-salt diet to induce hypertension and subsequently treated with ICA for 8 weeks. Blood
pressure and cardiac function were monitored to evaluate the therapeutic efficacy of ICA. In vitro, HOC2 cells that
were treated with angiotensin Il were used to mimic hypertension-associated stress. Cardiomyocyte senescence
was assessed using senescence-associated B-galactosidase (SA-B-Gal) staining, reactive oxygen species (ROS) de-
tection, and western blotting (WB) for senescence markers (p53, p21, and p16). The involvement of the PTEN/
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway and autophagy was examined using
molecular docking, WB, PTEN siRNA knockdown, and pharmacologic inhibition of autophagy. Results: Compared to
the model group, ICA treatment significantly lowered blood pressure and ameliorated left ventricular dysfunction. In
both in vivo and in vitro experiments, ICA markedly reduced cardiomyocyte senescence, as evidenced by reductions
in SA-B-Gal activity, ROS accumulation, and the expression of p53, p21, and pl16. Mechanistically, ICA enhanced
PTEN activity by reducing its phosphorylation, thereby inhibiting the PI3K/AKT pathway and promoting autophagy.
Notably, the anti-senescence effects of ICA were abolished by PTEN knockdown or autophagy inhibition, indicating
that ICA functions through a PTEN-dependent autophagic mechanism. Conclusions: Icariin ameliorates hyperten-
sion-induced cardiomyocyte senescence by enhancing PTEN activity, inhibiting the PI3K/AKT signaling pathway,
and restoring autophagy. These findings suggest that ICA may be a promising therapeutic candidate for delaying
hypertension-associated cardiac aging.
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Introduction

Hypertension, characterized by chronically hi-
gh blood pressure (BP), remains a substantial
global health challenge and is a leading con-
tributor to ischemic heart disease, stroke, and
chronic kidney disease [1, 2]. Despite advanc-
es in antihypertensive pharmacotherapy, the
prevalence of hypertension continues to rise,
partly due to aging populations and unhealthful
lifestyles [3, 4]. Pathologically, hypertension is
a hemodynamic disorder closely associated
with accelerated cardiovascular aging [5-7].

Senescent cardiomyocytes undergo irreversible
cell-cycle arrest and acquire a senescence-
associated secretory phenotype (SASP), a key
driver of hypertensive cardiac remodeling and
heart failure [8]. During hypertension, sus-
tained pathologic stress accelerates the aging
process of myocardial cells, as characterized by
the accumulation of cellular senescence mark-
ers and the progressive loss of physiological
function, thereby contributing to hypertensive
myocardial remodeling [9]. A previous study
demonstrated a vicious cycle between hyper-
tension and cardiovascular aging, with each
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accelerating and aggravating the other [6].
Therefore, targeting the molecular mechanisms
driving cardiomyocyte senescence is a promis-
ing therapeutic strategy for hypertensive heart
disease [10].

As an evolutionarily conserved process, auto-
phagy degrades damaged organelles and pro-
teins and recycles their components to pre-
serve cellular homeostasis [11]. Impaired au-
tophagic flux is a hallmark of biological aging
and contributes to the accumulation of cellular
damage in cardiovascular diseases [12, 13].
Recent studies suggest that restoring autopha-
gy can delay vascular and cardiac senescence
[13-16]. Phosphatase and tensin homolog
(PTEN) exerts its tumor-suppressive effects
[17] by inhibiting the phosphoinositide 3-kina-
se (PI3K)/protein kinase B (AKT) signaling
pathway [18, 19]. By dephosphorylating phos-
phatidylinositol-3,4,5-trisphosphate (PIP3), PT-
EN inhibits AKT activation, which serves as a
key molecular switch for autophagy induction
[20, 21]. Recent reports have shown that PTEN
plays an important role in delaying hyperten-
sion-associated vascular aging [22]. However,
the contribution of PTEN-mediated autophagy
to hypertensive cardiomyocyte senescence
remains unclear.

Current antihypertensive therapies have sever-
al limitations, including adverse effects and
incomplete protection against end-organ dam-
age [23, 24]. Consequently, natural compounds
from Traditional Chinese Medicine (TCM) have
attracted increasing attention because of their
multi-target pharmacologic activities [25]. Ica-
riin (ICA), a flavonoid and the major bioactive
component of Epimedii Folium (Herba Epime-
dii) [26], has traditionally been used to “tonify
the kidney” and treat age-related conditions
[27, 28]. Contemporary pharmacologic evi-
dence indicates that ICA possesses potent
antioxidant, anti-inflammatory, and cardiopro-
tective properties [29-34]. Although ICA has
been shown to protect against cardiovascular
injury [26], the precise molecular mechanisms
by which it modulates cardiomyocyte senes-
cence, particularly whether it acts through the
PTEN/autophagy axis, remain unclear.

In this study, we hypothesized that ICA amelio-
rates hypertension-induced cardiomyocyte se-
nescence by promoting PTEN-dependent auto-
phagy. To test this, we established an in vivo
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mouse model of hypertension using a high-salt
(HS) diet. Given that a HS diet reportedly acti-
vates the cardiac renin-angiotensin system
(RAS) and enhances angiotensin Il (Ang )
availability in the heart [35, 36], Ang ll-treated
HOIC2 cells were used to mimic this local Ang
ll-rich environment in vitro. By integrating net-
work pharmacology, molecular docking, and
experimental validation, we investigated the
therapeutic effects of ICA and its underlying
mechanisms involving the PTEN/PISK/AKT sig-
naling pathway.

Materials and methods
Animals and experimental design

ICA (purity > 98%, CAS 489-32-7) were pur-
chased from Shanghai TOPSCIENCE Biotech-
nology. Male C57BL/6 mice (6-8 weeks old,
n = 27) and experimental diets were obtained
from Beijing Huafukang Biological Technology.
The mice were maintained at 22 + 1°C under
a 12-h light/dark cycle, with food and water
provided ad libitum. They were randomly divid-
ed into three groups (n = 9/group): Control
group, fed a normal-salt diet containing 0.5%
sodium chloride (NaCl) for 12 weeks; Model
group, fed a HS diet containing 8% NaCl for
12 weeks; and HS + ICA group, fed the HS diet
for 4 weeks to establish hypertension, follow-
ed by daily intraperitoneal (i.p.) injection of ICA
(40 mg/kg, dissolved in vehicle) for 8 weeks
while maintaining the HS diet. Body weight,
food intake, and water consumption were mea-
sured weekly.

At the end of the 12-week experimental period,
mice were anesthetized with 2% sodium pento-
barbital, followed by blood collection through
enucleation of the eyeball, and then immedi-
ately euthanized by cervical dislocation. Sub-
sequently, plasma, liver, adipose tissue, heart,
and skeletal muscle were sequentially harvest-
ed. Hearts were rapidly excised and processed
for histologic and molecular analyses. The mice
in each experimental group (n = 9) were ran-
domly allocated into three subsets (n = 3/sub-
set) for paraffin sectioning, frozen sectioning,
and protein extraction, respectively.

Ethics statement: All animal procedures were
conducted following the Guide for the Care and
Use of Laboratory Animals and were approv-
ed by the Animal Care and Use Committee of
Shandong First Medical University (Approval
No. W202502210022).
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Blood pressure (BP) measurement and echo-
cardiography

BP was measured using a noninvasive tail-cuff
system (Softron Biotechnology, Beijing, China).
Conscious mice were placed in a restrainer on
a warming pad. Systolic BP (SBP), diastolic BP
(DBP), and mean BP (MBP) were calculated as
the averages of three consecutive stable mea-
surements. Cardiac function was evaluated un-
der 1.5% isoflurane anesthesia using a Vevo-
2100 high-resolution imaging system (Visual-
Sonics, Toronto, Canada). From parasternal sh-
ort-axis views at the papillary muscle level, we
acquired M-mode images and then calculated
left ventricular ejection fraction (LVEF), frac-
tional shortening (LVFS), LV internal diameters
(LVIDs/LVIDd), and posterior wall thickness
(LVPWs/LVPWd). Echocardiographic assess-
ment was performed in five randomly selected
mice from each experimental group. This sub-
set-based strategy was adopted because the
ultrasound facility was located on a separate
campus, and transporting the entire cohort
could have induced stress-induced hemody-
namic alterations and increased the risk of ani-
mal mortality, compromising data integrity and
animal welfare. Random selection was used to
minimize selection bias.

Histologic analysis

Heart tissues were fixed in 4% paraformalde-
hyde for 24 h, embedded in paraffin, and cut
into 5-um-thick sections. Senescence-Associa-
ted B-galactosidase (SA-B-Gal) staining (Sol-
arbio, Beijing, China) was performed on frozen
sections according to the manufacturer’s in-
structions to assess cardiomyocyte senes-
cence. Masson’s trichrome (Solarbio, Beijing,
China) staining was performed on paraffin-
embedded sections according to the manufac-
turer’s instructions to evaluate myocardial col-
lagen deposition.

Myocardial fibrosis was quantified in Masson’s
trichrome-stained sections using Imagel) soft-
ware. Following color deconvolution and thresh-
olding, the fibrotic area was calculated as the
percentage of the blue-stained area relative to
the total myocardial tissue area in each field.

Cell culture and treatments

The H9C2 rat cardiomyoblast cell line (CL-
0089, Procell) was maintained in Dulbecco’s
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modified Eagle medium supplemented with
10% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin at 37°C in a humidified atmo-
sphere containing 5% CO,. Ang Il was obtained
from GLPBIO (GP10023, Shanghai, China). To
mimic hypertension-associated stress in vitro,
HOC2 cells were treated with Ang Il (800 nM).
Based on the results of Cell Counting Kit-8
(CCK-8) assays, an ICA concentration of 15 yM
was selected for subsequent experiments. To
investigate the underlying mechanism, cells
were pre-treated with the autophagy inhibitor
chloroquine (CQ, 20 uM; Macklin, Shanghai,
China) or transfected with PTEN-siRNA (Sang-
on, Shanghai, China) before to Ang II/ICA sti-
mulation.

Cell viability assay and transfection

HOC2 cells were seeded in 96-well plates and
subjected to the indicated treatments for 48 h.
Cell viability was subsequently assessed using
a CCK-8 (Dojindo, Kumamoto, Japan) according
to the manufacturer’s instructions. Absorbance
at 450 nm was measured after incubation with
the CCK-8 reagent using a microplate reader.

For PTEN silencing, HO9C2 cells were transfect-
ed with siPTEN or control siRNA using Lipo-
fectamine 2000 (Invitrogen) following the man-
ufacturer’s instructions.

Assessment of reactive oxygen species (ROS)
and cellular senescence

Intracellular ROS levels were detected using
the fluorescent probe 2',7’-dichlorodihydrofluo-
rescein diacetate (DCFH-DA; Dojindo, Kuma-
moto, Japan). Post-treatment, cells were ex-
posed to DCFH-DA for 30 min at 37°C, washed
with Hanks’ balanced salt solution (HBSS), and
counterstained with Hoechst 33342. Fluoresc-
ence images were acquired using a fluores-
cence microscope.

SA-B-gal Staining Cellular senescence was
assessed using a SA-B-gal staining kit. Frozen
heart sections or cultured cells were fixed for
15 min, washed, and incubated with the stain-
ing solution at 37°C in a CO,-free environment
for 2 weeks. Senescent cells (stained blue)
were visualized and quantified under a light mi-
croscope.

Western blot analysis

Heart tissues or HOC2 cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer sup-
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plemented with protease and phosphatase
inhibitors (Solarbio, Beijing, China) for total pro-
tein extraction. After BCA quantification, equal
amounts of protein were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel ele-
ctrophoresis and transferred onto polyvinyli-
dene fluoride (PVDF) membranes. The mem-
branes were blocked with 5% nonfat milk and
incubated overnight at 4°C with primary anti-
bodies against p53, p21, pl6, p62, microtu-
bule-associated protein 1 light chain 3 beta
(LC3B) (Zen-Bioscience), glyceraldehyde-3-ph-
osphate dehydrogenase (GAPDH) (Proteintech),
PTEN, p-PTEN (Ser380), PI3K, p-PI3K, AKT, and
p-AKT (Zen-Bioscience/Abcam). After washing,
the membranes were incubated with horserad-
ish peroxidase (HRP) - conjugated secondary
antibodies (ZEN-Bioscience/Yeasen). Protein
bands were visualized using an enhanced che-
miluminescence detection kit (Yeasen). The list
of antibodies used in this study is presented in

Supplementary Table 1.

Band intensities were quantified by densitome-
try using ImageJ software. The signals for phos-
phorylated and total proteins were indepen-
dently normalized to GAPDH. Relative phos-
phorylation levels were then calculated as the
ratio of the normalized phosphorylated protein
level to the corresponding normalized total pro-
tein level: (phosphorylated protein/GAPDH)/
(total protein/GAPDH). Statistical comparisons
were performed using these normalized phos-
phorylation ratios.

Network pharmacology and molecular docking
target prediction

ICA targets were predicted using SwissTarget-
Prediction and PharmMapper, with an initial
score threshold > O. Hypertension-associated
genes were retrieved from the Online Mendelian
Inheritance in Man (OMIM) and GeneCards
databases using the keyword “hypertension”.
The initial searches identified 563 candidate
genes in GeneCards and 987 candidate genes
from OMIM. To obtain a high-confidence and
clinically relevant target set, further filtering
was performed. For GeneCards, only genes
with relevance scores above the 90th percen-
tile of the retrieved candidate genes were
retained; for OMIM, only genes with document-
ed causal variants or confirmed hypertension-
associated entries were included. The filtered
gene sets were merged, and duplicate entries
were removed, resulting in a final set of 289
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unique hypertension-related genes. The over-
lapping targets between ICA and hypertension
were identified by intersecting the two target
sets and visualized using Venny 2.1 diagrams.

PPl network: The overlapping targets were
imported into the STRING database to identify
potential interactions among their encoded
proteins. STRING assigns interaction confi-
dence scores, which are commonly classified
as low (< 0.4), medium (0.4-0.7), or high (> 0.7).
The organism was set to “Homo sapiens”, and
a minimum required interaction score of 0.4
was applied to construct the protein-protein
interaction (PPIl) network. The acquired results
were imported into Cytoscape 3.9.1 for visual-
ization and further analysis. An ICA-target-
hypertension network was subsequently con-
structed to illustrate the relationships among
ICA, its potential targets, and hypertension-
associated proteins.

Molecular docking: PTEN protein structure
(Protein Data Bank [PDB] ID: 1D5R) was
obtained from the RCSB Protein Data Bank
(https://www.rcsb.org/) and prepared using
the Protein Preparation Wizard in the Schro-
dinger Maestro platform (version 11.9). This
procedure included the removal of crystallo-
graphic water molecules, addition of missing
hydrogen atoms, assignment of bond orders,
and reconstruction of missing peptide seg-
ments. The protein structure was then subject-
ed to restrained energy minimization and geo-
metry optimization using the OPLS3e force
field. Ligands were prepared using the LigPrep
module with the default settings. For receptor-
grid generation, a 15 A x 15 A x 15 A box was
centered on the centroid of the co-crystallized
ligand (coordinates: x = 34.95,y = -87.75, z =
24.95). Molecular docking and virtual screen-
ing were performed using the standard preci-
sion (SP) mode of the Glide module. The pre-
dicted binding potential was evaluated based
on the docking score and interaction types
(e.g., hydrogen bonds, 1-11 stacking).

Cellular thermal shift assay (CETSA)

HOC2 cells were treated with ICA (100 uM, 1 h)
or an equivalent volume of vehicle (DMSO, final
concentration < 0.1%) for 1 h. The cells were
then harvested, resuspended in HBSS, and
divided into equal aliquots. The aliquots were
heated at the indicated temperatures ranging
from 30 to 50°C for 3 min and, then cooled.
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After three freeze-thaw cycles, the samples
were centrifuged to separate the soluble pro-
tein fractions. PTEN levels in the soluble frac-
tions were determined by western blotting to
evaluate ICA-induced changes in PTEN thermal
stability.

Statistical analysis

Results were expressed as mean * standard
deviation (SD). GraphPad Prism software (ver-
sion 9.0) was used for the statistical analyses.
Student’s t-test was used for two-group com-
parisons. Multiple group comparisons were
performed using one-way analysis of variance
followed by Tukey’s (equal variances) or Tam-
hane’s T2 (unequal variances). Statistical sig-
nificance was set at P < 0.05.

Results

ICA ameliorated elevated BP and cardiac dys-
function in HS diet-induced hypertensive mice

To evaluate the therapeutic effects of ICA on
hypertension, we established a mouse model
of hypertension using an HS diet. Compared to
the controls, HS-fed mice exhibited substan-
tially higher SBP, DBP, and MBP (P < 0.01).
Notably, ICA significantly attenuated these in-
creases in BP (Figure 1A, 1B), whereas heart
rate (HR) remained unaffected across all gro-
ups (Figure 1C). No significant differences in
body weight or food intake were observed am-
ong the groups (Figure 1D, 1E). However, the
increased water intake in HS-fed mice was
mitigated by ICA treatment (Figure 1D). Addi-
tionally, HS-fed mice exhibited an elevated
heart weight (HW)-to-body weight (BW) ratio,
indicating cardiac hypertrophy, whereas ICA
treatment reduced this ratio (Figure 1F).
Echocardiographic assessment further reveal-
ed that ICA ameliorated HS-induced cardiac
remodeling and dysfunction. Specifically, ICA
treatment significantly reduced LVPWd, IVSd,
and LVESD and restored the HS diet-induced
alterations in LVEF and LVIDd (Figure 1G, 1H).
These findings indicate that ICA effectively low-
ers BP and protects against hypertension-asso-
ciated cardiac remodeling and dysfunction.

ICA attenuated cardiomyocyte senescence in
vitro and in vivo

To assess histopathologic changes in the myo-
cardium, heart tissues from HS-fed mice were
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examined. Western blotting revealed that ICA
reduced the cardiac expression of the senes-
cence-associated proteins p53, p21, and p16
in vivo (Figure 2A, 2B). Supporting these find-
ings, ICA administration visibly decreased the
senescence burden in the hearts of hyperten-
sive mouse, as revealed by SA-B-Gal staining
(Figure 2C). In addition, compared to the model
mice, the hearts in ICA-treated mice exhibited
less collagen deposition on Masson staining
(Figure 2D).

CCK-8 assays were then performed to select
the optimal ICA concentration for in vitro experi-
ments. Ang |l significantly reduced cell viability
at 800 nM, whereas ICA exerted its optimal
protective effects at 15 uM; therefore, these
concentrations were selected for subsequent
experiments (Figure 3A). Given the important
role of oxidative stress in cellular senescence,
intracellular ROS levels were measured to eval-
uate the antioxidant effect of ICA. ICA markedly
suppressed Ang ll-induced ROS accumulation
in H9C2 cells (Figure 3B, 3C). Furthermore,
SA-B-Gal staining indicated that ICA markedly
reduced cellular senescence compared to that
in the Ang ll-treated model group (Figure 3D).
Consistent with the in vivo findings, ICA revers-
ed the Ang ll-induced increases in p53, p21,
and p16 expression (Figure 3E).

Network pharmacology identified the PTEN/
PI3K/AKT pathway and autophagy as potential
mechanistic targets

To elucidate the potential molecular mecha-
nisms underlying the effects of ICA, we per-
formed network pharmacology analyses. A
total of 12,366 potential ICA targets and 289
hypertension-associated targets were identi-
fied, of which 247 were shared between the
two target sets (Figure 4A). A PPl network was
subsequently constructed (Figure 4B), and the
top 10 hub genes were identified using the
maximal clique centrality (MCC) algorithm, in-
cluding BCL2, MMP9, AKT1, and PTEN (Figure
4C).

Gene ontology (GO) enrichment analysis indi-
cated that these overlapping targets were
involved in biological processes associated
with signal transduction, BP modulation, and
positive regulation of autophagy (Figure 4D).
Furthermore, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis
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Figure 1. ICA ameliorated hemodynamic measurements and cardiac dysfunction in HS diet-fed mice. A, B. Compari-
son of SBP, DBP, and MBP among groups; C. Comparison of HR among groups; D. Average daily water intake and
food intake; E. Changes in body weight over time; F. HW/BW ratio; G. Representative M-mode echocardiographic im-
ages of the left ventricle; H. Quantitative analysis of echocardiographic parameters, including LVPWd, IVSd, LVESD,
LVEF, and LVIDd. Notes: BP, blood pressure; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pres-
sure; MBP, mean blood pressure; HW, heart weight; BW, body weight; LVPWd, left ventricular posterior wall thick-
ness at end-diastole; 1VSd, interventricular septal thickness at end-diastole; LVESD, left ventricular end-systolic
diameter; LVEF, left ventricular ejection fraction; LVIDd, left ventricular internal diameter at end-diastole. A-F. Data
are presented as mean * SD (n = 9 mice/group). G, H. Data are presented as mean + SD (n = 5 mice/group). P <
0.05, P < 0.01, and """P < 0.001 versus the designated control or model group.
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lysates from the three groups; C. Representative images of SA-B-Gal staining in heart tissue sections (x10 maghnifi-
cation; Scale bar = 20 um); D. Representative images and quantitative analysis of Masson’s staining in heart tissue
sections (x20 maghnification; Scale bar = 50 um). Notes: Data are presented as mean + SD (n = 3). P < 0.01, “*P

< 0.001 and ***P < 0.0001.

further identified the PIBK-AKT signaling path-
way and cellular senescence among the signifi-
cantly enriched pathways (Figure 4D). Coll-
ectively, these bioinformatic findings suggest
that ICA may alleviate hypertension-induced
cellular senescence by modulating autophagy
through the PTEN/PI3K/AKT axis.
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Target engagement between ICA and PTEN

Based on the network pharmacology predic-
tions, we hypothesized that PTEN may be a
direct molecular target of ICA. To investigate
the potential molecular interactions between
ICA and PTEN, a docking model was estab-
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Figure 3. ICA attenuated Ang ll-induced cardiomyocyte senescence in H9C2 cells. A. CCK-8 assays used to deter-
mine the experimental concentrations of Ang Il and ICA. HOC2 cells were treated with varying concentrations of Ang
Il or ICA for 48 h; B, C. Representative fluorescence images of ROS production detected using the DCFH-DA probe
(green) and quantitative analysis of ROS levels. Nuclei were stained with Hoechst 33342 (blue) (x10 maghnification;
Scale bar = 50 um); D. Representative images and quantitative analysis of SA-B-Gal staining (x10 magnification;
Scale bar = 20 um); E. Representative western blotting and quantitative analysis of senescence markers p53, p21,
and p16. Notes: ROS, reactive oxygen species; Data are presented as mean + SD (n = 3 independent experiments).

“P < 0.05, P < 0.01, P < 0.001 and ****P < 0.0001.

lished using the crystal structure of PTEN (PDB
ID: 1D5R). The binding pocket was defined by
the centroid of the co-crystallized ligand, with
the grid box centered at x = 34.95,y =-87.75, z
= 24.95. The interactions between ICA and key
residues within the predicted PTEN-binding
pocket, including hydrogen bonds, - stacking,
and hydrophobic contacts, and the binding
potential was evaluated based on the docking
score. Molecular docking analysis revealed that
ICA fitted well into the predicted binding pocket
of PTEN, with a high binding affinity (binding
energy < -6 kcal/mol) (Table 1). Visualization
of the docked complex indicated that ICA
formed stable hydrogen bonds with key amino
acid residues, including LYS-330, HIS-272,
ASP-92, and ASN-94, and forms a r-7 interac-
tion with HIS-93 (Figure 5A-D). To experimen-
tally validate this physical interaction, we per-
formed a CETSA. ICA treatment markedly en-
hanced PTEN thermal stability compared to the
control treatment, supporting an interaction
between ICA and PTEN (Figure 5E, 5F).

ICA attenuated cardiomyocyte senescence by
promoting autophagy

To determine whether autophagy is required for
the anti-senescence effects of ICA, cells were
treated with chloroquine (CQ), an autophagy
inhibitor. As shown in Figure 6A, ICA restored
cell viability in Ang ll-treated cells, and this pro-
tective effect was abolished by CQ cotreat-
ment. Similarly, SA-B-Gal staining revealed that
CQ reversed the ICA-mediated reduction in the
proportion of senescent cells (Figure 6B, 6C).
Western blotting showed that ICA treatment
restored autophagic flux, as indicated by de-
creased p62 expression and increased LC3B-
Il/1 ratio, as well as reduced expression of sen-
escence markers (p53, p21, and p16). However,
CQ suppressed p62 degradation and promoted
LC3B-Il accumulation, while preventing the ICA-
mediated reduction in senescence-associated
protein expression (Figure 6D). These findings
suggest that the anti-senescence effects of ICA
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in H9C2 cells are dependent, at least in part,
on enhanced autophagic activity.

ICA modulated the PTEN/PI3K/AKT signaling
pathway

Given that PTEN suppresses PISK/AKT signal-
ing, we investigated whether ICA affected this
signaling axis. In the model group, we observed
increased phosphorylation of PTEN (indicative
of inactivation), accompanied by increased ph-
osphorylation of PISK and AKT. ICA treatment
significantly reduced the levels of p-PTEN,
p-PI3K, and p-AKT to levels comparable to th-
ose in the control group (Figure 7). These ch-
anges in PTEN/PI3K/AKT signaling were acc-
ompanied by alterations in autophagy-related
proteins. Specifically, compared to the con-
trol group, the LC3B-Il/I ratio was markedly
decreased in the model group, whereas ICA
treatment significantly increased this ratio
to a level comparable to that of the control
group. Conversely, p62 expression exhibited
the opposite trend. These findings suggest that
ICA reduces PTEN phosphorylation at Ser380
and suppresses PI3K/AKT signaling, thereby
enhancing autophagy.

PTEN knockdown abolished the protective ef-
fects of ICA

To determine whether PTEN mediates ICA-in-
duced protection, H9C2 cells were transfected
with siPTEN. PTEN knockdown significantly exa-
cerbated Ang ll-induced cell viability loss and
senescence (SA-B-Gal-positive cells) compared
to the model group (Figure 8A, 8B). Notably, ICA
failed to restore cell viability or reduce the pro-
portion of senescent cells following PTEN
knockdown (Figure 8A, 8B). Furthermore, west-
ern blotting data indicated that PTEN knock-
down was associated with sustained activation
of PI3K/AKT signaling, as indicated by increased
p-PI3K and p-AKT levels. PTEN knockdown was
also associated with reduced autophagic activ-
ity (evidenced by increased p62 expression and
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Figure 4. Network pharmacology analysis of ICA targets in hypertension. A. Venn diagram showing the overlap be-
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Table 1. Target protein docking results for the compound

Target Compound ggr:ftil:gd Bir;lg(izgifnnoel)rgy Combination Type
PTEN Icariin o < J -7.160 Hydrogen bond, Hydrophobic interaction, m-stacking
o Io n1:ﬁl;):°N
::m) OH OH

GH

Note: Binding energy function. AGbind = Clipo-lipoXf(rir)+Chbond-neut-neut}>g(Ar)h(Ax)+Chbond-neut-charged Y.g(Ar)
h(Aa)+Cmax-metal-ionXf(rim)+CrotbHrotb+Cpolar-phobVpolar-phob+Ccoul Ecoul+CvdwEvdW+solvationterms.

decreased LC3B-Il/I ratio), together with elevat-
ed p53, p21, and pl6 levels (Figure 8C).
Crucially, ICA treatment did not reverse these
signaling alterations or reduce the expression
of senescence-associated proteins in PTEN-
silenced cells. Collectively, these findings indi-
cate that the effects of ICA on cell senescence
and autophagic activity are dependent on the
PTEN/PI3K/AKT axis.

Discussion

In this study, we provide evidence that ICA ame-
liorates hypertension-induced cardiomyocyte
senescence through a mechanism involving
PTEN-dependent autophagy. By integrating in
vivo and in vitro experiments, as well as bioin-
formatic tools, we demonstrated that ICA inter-
acts with PTEN and reduces its phosphoryla-
tion, thereby suppressing aberrant PISK/AKT
signaling, restoring autophagic flux, and ulti-
mately alleviating cardiac senescence and
dysfunction.

Hypertension is a leading cause of heart failure
[37]. Although hemodynamic overload is a pri-
mary driver of hypertensive cardiac injury, accu-
mulating evidence suggests that accelerated
biological aging of the myocardium also plays a
fundamental role in hypertensive cardiac
remodeling [8]. A previous study showed that
cardiac remodeling represents an adaptive
response to hypertension-induced myocardial
stress but is characterized by hypertrophy,
fibrosis, inflammation, mitochondrial injury,
impaired autophagy, and increased apoptosis
as the disease progresses [5]. These patholog-
ic changes, including left ventricular wall thick-
ening, collagen accumulation, and fibrosis,
overlap with features of cardiac aging [©].
Although conventional antihypertensive drugs
effectively lower BP, they may not fully arrest
the underlying process of cellular senescence
[23, 24]. Hence, interventions targeting cellular
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aging have emerged as an attractive approach
for treating hypertension and reversing the
associated myocardial remodeling [22].

Previous studies have indicated that resvera-
trol attenuates doxorubicin-induced premature
cardiomyocyte senescence [38, 39]. Further-
more, Cui et al. reported that Pinggan-Qianyang
decoction delayed vascular aging in spontane-
ously hypertensive rats through regulation of
the Sirtuin 1 (SIRT1)-PTEN pathway. ICA, an ab-
undant flavonoid derived from Epimedii Folium,
has been used in TCM to treat age-related dis-
eases [40]. Although its antioxidant and anti-
inflammatory properties have been well docu-
mented [41], the effects of ICA on cardiomyo-
cyte senescence in hypertension have remain-
ed unclear. Our findings confirm that ICA lowers
BP in HS-fed mice and preserves cardiac func-
tion and structure. Mechanistically, we postu-
late that attenuated polydipsia in ICA-treated
mice reflects restored systemic osmotic ho-
meostasis, potentially mediated by enhanced
renal sodium excretion and a subsequent re-
duction in plasma osmolality. Additionally, im-
provements in renal concentrating ability, pos-
sibly by regulation of aquaporin-2 expression,
cannot be excluded. Nevertheless, whether
these effects are secondary to hemodynamic
changes or direct actions on the central thirst-
regulatory requires dedicated electrophysio-
logic or pharmacologic investigation in future
studies.

The ability of ICA to suppress the p53/p21/pl6
senescence signaling was a major finding of
our study. In our in vivo model, an HS diet was
used because it has been reported to activate
the local tissue cardiac RAS, despite suppress-
ing systemic renin levels [35, 36]. The resulting
local increase in Ang Il may stimulate NADPH
oxidase (NOX)-dependent ROS production,
leading to DNA damage and premature cellular
senescence [42]. This justifies our use of Ang
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[I-treated HOC2 cells as an in vitro mimic of the
local Ang ll-rich cardiac environment associat-
ed with HS intake. ICA significantly inhibited
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ROS production and downreg-
ulated p53, p21, and pl6
expression. Given that p16 is
a well-established marker of
persistent cell-cycle arrest,
whereas p21 participates in
the acute responses to DNA
damage [43, 44], the ability
of ICA to suppress both p26
and p21 suggests that it
may act at multiple stages of
the senescence response and
potentially limit the progres-
sion from oxidative stress
to persistent cellular senes-
cence [45, 46].

Autophagy is an essential cel-
lular quality-control system.
Aging and hypertension typi-
cally compromise autophagic
activity, resulting in the accu-
mulation of damaged mito-
chondria and protein aggre-
gates [47]. Consistent with
this established mechanism,
we observed autophagy-relat-
ed protein expression in the
model group, as evidenced by
p62 accumulation and a
reduced LC3B-II/LC3B-I ratio.
Such impairment establishes
a vicious cycle in which dys-
functional mitochondria gen-
erate additional ROS, further
accelerating senescence [12,
48]. ICA treatment restored
autophagic flux. Moreover, CQ,
an autophagy inhibitor, atten-
uated the protective effects of
ICA, supporting the involve-
ment of autophagic degrada-
tion in the effects of ICA. By
clearing damaged cellular
components, ICA may inter-
rupt the ROS-induced-sene-
scence feedback loop.

A key mechanistic finding of
this study was the involve-
ment of PTEN, a negative reg-

ulator of the PI3K/AKT signaling pathway [18,
19]. Although PI3K/AKT signaling generally sup-
ports cell survival, its persistent activation can

Am J Transl Res 2026;18(10):9048-9066
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Figure 6. ICA ameliorated cardiomyocyte senescence by promoting autophagy (CQ blockage experiment). HOC2
cells were treated with Ang 1l (800 nM) and ICA (15 puM) in the presence or absence of the chloroquine (CQ; 20
uM). A. Cell viability measured by CCK-8 assay; B, C. Representative SA-B-Gal staining images and quantification,
revealing that CQ attenuated the anti-senescence effects of ICA (x10 magnification; Scale bar = 50 um); D. Repre-
sentative western blots and quantitative analysis of the senescence-associated proteins (p53, p21, and p16) and
the autophagy-related markers (p62, LC3B). Notes: Data are presented as mean + SD (n = 3). P < 0.05, P < 0.01,
P < 0.001 and ""P < 0.0001.
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Figure 7. ICA modulated the PTEN/PI3K/AKT signaling pathway and autophagy-related protein expression in H9C2
cells. A. Representative western blots of PTEN/PI3K/AKT pathway proteins (p-PTEN, PTEN, p-PI3K, PI3K, p-AKT, and
AKT) and autophagy-related proteins (p62 and LC3B) in H9C2 cells; B. Quantitative analysis of protein expression
levels and phosphorylation levels. Notes: Data are presented as mean + SD (n = 3). "P < 0.05, P < 0.01, and *™"P
< 0.001.
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Figure 8. PTEN knockdown attenuated the protective effects of ICA in Ang Il-treated H9C2 cells. HOC2 cells were
transfected with PTEN-siRNA or negative control siRNA before Ang Il and ICA treatment. A. Cell viability measured
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by CCK-8 assay, showing that PTEN knockdown attenuated the protective effect of ICA; B. Representative SA-B3-gal
staining images and quantification (x10 magnification; Scale bar = 50 um); C. Representative western blotting and
quantitative analysis of senescence markers, autophagy markers, and PI3K/AKT signaling pathway components.
Phosphorylation levels were quantified as the ratio of phosphorylated protein to total protein, with both signals first
normalized to GAPDH. Notes: Data are presented as mean + SD (n = 3). "P < 0.05, ""P < 0.01, and ""P < 0.001.

stimulate mTOR activation and promote “gero-
conversion”, a process of cellular senescence
[17, 20]. In the context of metabolic stress, we
observed increased PTEN phosphorylation,
accompanied by enhanced PIBK and AKT
phosphorylation. Molecular docking and CETSA
results provide compelling evidence that ICA
interacts with a binding pocket in PTEN.
Structurally, this binding likely stabilizes PTEN
in an active conformation or prevents its in-
hibitory phosphorylation. ICA treatment subse-
quently decreased p-PTEN levels (restoring its
phosphatase activity) and suppressed PI3K/
AKT signaling. PTEN knockdown attenuated
the effects of ICA on PI3K/AKT signaling,
autophagy-related proteins, and senescence-
associated markers, indicating that PTEN is
an important mediator of ICA activity. These
observations are consistent with recent stu-
dies revealing that PTEN-mediated signaling
promotes autophagy and supports metabolic
homeostasis [49, 50].

Nevertheless, this study had several limita-
tions. First, H9C2 cells are cardiomyoblasts
and do not fully recapitulate the electrophysio-
logical and contractile properties of adult car-
diomyocytes. Future studies using primary
adult cardiomyocytes or human induced plurip-
otent stem cell-derived cardiomyocytes would
strengthen the translational value. Second,
although our results support PTEN as a poten-
tial target of ICA, the detailed structural basis
of the ICA-PTEN interaction warrant further
investigation using X-ray crystallography. Third,
although the in vivo effects of the HS diet were
interpreted partly in relation to elevated local
cardiac Ang Il levels, we did not directly mea-
sure Ang Il concentration in the myocardial
interstitium of HS diet-fed mice. Although previ-
ous studies support the dissociation between
local and systemic RAS activity under HS con-
ditions, the lack of direct measurement in our
model remains a limitation. Future studies
employing cardiac microdialysis or tissue mass
spectrometry are warranted to confirm local
cardiac Ang Il levels.
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Conclusion

Our study suggested that ICA ameliorates
hypertension-induced cardiomyocyte senes-
cence by modulating PTEN, suppressing the
PIBK/AKT signaling pathway, and enhancing
autophagic activity. These findings provide
new insight into the cardioprotective and anti-
senescence effects of ICA and highlight PTEN-
mediated autophagy as a potential therapeutic
mechanism in hypertensive heart disease.
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Supplementary Table 1. Listofantibodies used in this study

Target Protein Host Species  Dilution Catalog Number Manufacturer
Senescence Markers

p53 Rabbit 1:2000 10442-1-AP Proteintech, China

p21 Rabbit 1:2000 28248-1-AP Proteintech, China

pl6 Rabbit 1:2000 R23896 Zen-Bioscience, China
Autophagy Markers

p62/SQSTM1 Rabbit 1:2000 380612 Zen-Bioscience, China

LC3B Rabbit 1:2000 350140 Zen-Bioscience, China
Signaling Pathway

PTEN Rabbit 1:2000 ab32199 Abcam, UK

p-PTEN (Ser380) Rabbit 1:2000 381402 Zen-Bioscience, China

PI3K Mouse 1:2000 251221 Zen-Bioscience, China

p-PI3K (Tyr467/Tyr199) Rabbit 1:2000 310164 Zen-Bioscience, China

AKT (Pan) Rabbit 1:2000 23412 Zen-Bioscience, China

p-AKT (Ser4d73) Rabbit 1:2000 381555 Zen-Bioscience, China
Loading Control

GAPDH Rabbit 1:2000 10494-1-AP Proteintech, China
Secondary Antibodies

HRP-conjugated Goat Anti-Rabbit IgG H&L Goat 1:5000 511203 Zen-Bioscience, China

HRP-conjugated Goat Anti-Mouse IgG H&L Goat 1:5000 34851ES60 YEASEN, China




