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Abstract

Background: This study aimed to elucidate the protective effects of β-ecdysterone (β-Ecd) against premature senescence in human
aortic smooth muscle cells (HASMCs) and to unravel the underlying mechanisms. Methods: HASMCs’ senescence was induced with
angiotensin II (Ang II), and cells were then treated with β-Ecd. Cell viability was assessed using the Cell Counting Kit-8 (CCK-8)
assay. Cellular senescence was evaluated by senescence-associated β-galactosidase (SA-β-gal) staining, cell cycle analysis, and west-
ern blotting for the senescence-associated proteins  tumor protein p53 (p53) and cyclin-dependent kinase inhibitor 1A (p21). IL-6 and
MCP-1 levels in culture supernatants were measured using enzyme-linked immunosorbent assay (ELISA). Autophagy was assessed by
microtubule-associated protein 1A/1B light chain 3 (LC3) immunofluorescence, autolysosome staining, and western blotting for LC3
and sequestosome 1 (p62). Intracellular reactive oxygen species (ROS) were quantified by flow cytometry. Transcriptomic profiling
using Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), and Gene Set Enrichment Analysis (GSEA), along
with analyses and molecular docking, was used to explore potential mechanisms, with key findings validated by western blot. Results:
Ang II induced pronounced senescence in HASMCs, characterized by increased SA-β-gal activity, elevated p53 and p21 expression,
G0/G1 cell cycle arrest, impaired autophagic flux, increased ROS accumulation, and elevated secretion of IL-6 and MCP-1. CCK-8
assays confirmed that β-Ecd did not affect HASMCs’ viability at concentrations up to 200 µM. Treatment with 200 µM β-Ecd effec-
tively attenuated Ang II–induced senescence, restoring cell cycle distribution, reducing p53 and p21 expression, and suppressing IL-6
and MCP-1 secretion. β-Ecd also enhanced autophagic activity, as evidenced by increased LC3II levels, reduced p62 accumulation,
and enhanced autophagosome–lysosome fusion, while significantly decreasing intracellular ROS levels. Inhibition of autophagy with
bafilomycin A1 abolished the protective effects of β-Ecd. Transcriptomic and bioinformatics analyses revealed enrichment for pathways
related to autophagy regulation, with a prominent role for the PI3K/protein kinase B (AKT)/mechanistic target of rapamycin (mTOR)
signaling axis. Consistently, western blot analysis showed that β-Ecd suppressed Ang II–induced phosphorylation of AKT and mTOR.
Modulation of AKT activity further supported its involvement in β-Ecd–mediated protection, as AKT inhibition mimicked this effect.
In contrast, AKT activation counteracted the pro-autophagic and anti-senescent effects of β-Ecd. Molecular docking further suggested
favorable interactions between β-Ecd and AKT isoforms as well as mTOR. Conclusion: β-Ecd attenuates Ang II–induced premature
senescence in HASMCs by enhancing autophagy and limiting oxidative stress, a process mediated by suppressed AKT/mTOR signaling.
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1. Introduction

The global burden of atherosclerotic cardiovascular
disease (ASCVD) is increasingly shifting toward younger
adults. From 1990 to 2019, the prevalence of ischemic
heart disease, ischemic stroke, and peripheral arterial dis-
ease among individuals aged 20 to 52 years increased by
20.55%, 11.50%, and 7.38%, respectively [1]. These epi-
demiological changes suggest a need for a thorough under-
standing of the molecular mechanisms underlying early-
onset vascular aging and for exploring potential preven-

tive strategies. Vascular smooth muscle cells (VSMCs)
senescence is recognized as an essential contributor to the
initiation and progression of ASCVD. Senescent VSMCs
participate in plaque instability, vascular remodeling, and
chronic inflammation, thereby contributing to the develop-
ment of atherosclerosis, hypertension, pulmonary hyperten-
sion, and aneurysm formation [2,3]. Previous studies have
shown that multiple stress-related processes, including im-
paired autophagy, oxidative stress, persistent inflammation,
and altered calcium signaling, can promote VSMC senes-
cence [4,5]. Accordingly, therapeutic strategies targeting
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VSMC senescence may have potential value in reducing
cardiovascular risk.

Angiotensin II (Ang II), a key effector peptide of the
renin–angiotensin–aldosterone system, plays an essential
role in vascular pathophysiology. By promoting excessive
production of reactive oxygen species (ROS) and activating
NF-κB-dependent inflammatory signaling, Ang II impairs
antioxidant defenses, disrupts mitochondrial function, and
contributes to premature senescence of vascular cells [6,7].
Increasing evidence from Ang II–induced models of vascu-
lar injury indicates that impaired autophagy is closely as-
sociated with ROS accumulation and enhanced cell death,
thereby aggravating vascular dysfunction [8,9]. In ad-
vanced atherosclerosis, deletion of themacrophage-specific
autophagy-related gene Atg5 suppresses autophagy, in-
creases oxidative stress, and promotes apoptosis, thereby
promoting plaque necrosis [9]. Collectively, these find-
ings indicate that oxidative stress arising from defective
autophagy is an essential factor in vascular aging. Given
that mTOR and lysosomal signaling pathways are well-
recognized regulators of both autophagy and cellular ag-
ing, modulation of the PI3K/AKT/mTOR pathway has been
proposed as a potential therapeutic strategy for ASCVD
[3,4].

Natural products with multitarget properties have at-
tracted increasing interest as potential sources for drug
discovery in cardiovascular research. Achyranthes biden-
tata Blume, a traditional East Asian medicinal herb, has
long been used to improve circulation and manage vascu-
lar disorders [10,11]. Pharmacological studies have shown
that its bioactive components exhibit anti-inflammatory,
antioxidant, neuroprotective, and anti-atherosclerotic ef-
fects [11–13]. Among these components, β-Ecd, also
known as 20-hydroxyecdysone, is considered one of the
major active phytosterols [14,15]. Previous studies have
reported that β-Ecd displays a range of biological activi-
ties, including lipid-lowering [16], anti-inflammatory [17],
anti-apoptotic [18], neuroprotective [19], antioxidant [20],
and autophagy-promoting effects [21]. However, it re-
mains unclear whether β-Ecd can alleviate Ang II-induced
VSMC senescence by coordinating autophagy and ROS
metabolism. In this study, we investigated the role of β-
Ecd in vascular protection and assessed its potential to delay
vascular aging and mitigate ASCVD progression.

2. Materials and Methods
2.1 Cell Culture

Human aortic smooth muscle cells (HASMCs; Cata-
log No. HTX2073P, Otwo Biotech, Shenzhen, China) were
cultured in Smooth Muscle Cell Medium (SMCM; Catalog
No. 1101, ScienCell, San Diego, CA, USA). Cells were
maintained at 37 °C in a humidified incubator with 5%CO2.
HASMCs between passages three and eight were used for

all experiments. Cell line identity was validated by short
tandem repeat (STR) profiling, and all cultures tested neg-
ative for mycoplasma.

2.2 Establishment of Cell Senescence Model and
Experimental Groups

Cellular senescencewas induced by treatingHASMCs
with 2 µM Ang II (Catalog No. MB1677, Meilunbio,
Dalian, China) for 72 h; this group was designated as the
Ang II group . To evaluate the protective effects of β-Ecd,
cells were pretreated with 50, 100, or 200 µM β-Ecd (Cata-
log No. S25531, Yuanye, Shanghai, China) prior to Ang
II exposure, designated as the low-, medium-, and high-
dose β-Ecd groups, respectively. For mechanistic analy-
ses, cells in the high-dose β-Ecd group were additionally
treated with 50 nM bafilomycin A1 (BafA1; Catalog No.
HY-100558, MCE, Shanghai, China), 10 µM SC79 (Cat-
alog No. HY-18749, MCE, Shanghai, China), or 2.5 mM
N-acetyl-L-cysteine (NAC; Catalog No. A9165, Sigma,
Shanghai, China), referred to as the BafA1, SC79, andNAC
groups, respectively. In parallel, cells in the Ang II group
were treated with 10 µMMK-2206 (Catalog No. GC16304,
Glpbio, Shanghai, China) and designated as the MK-2206
group. Untreated HASMCs served as the control group.

2.3 Cell Viability Assay
HASMCs were seeded into 96-well plates and treated

with different concentrations of β-Ecd for 72 h. Subse-
quently, 10 µL of CCK-8 reagent (Catalog No. MA0218-
5, MeilunBio, Dalian, China) was added to each well, fol-
lowed by incubation at 37 °C for 4 h. Absorbance was
measured at 450 nm using a microplate reader (SpectraMax
iD3; Molecular Devices, USA). Cell viability was analyzed
and plotted using GraphPad Prism version 10.1.2 (Graph-
Pad Software LLC, San Diego, CA, USA).

2.4 β-Galactosidase (SA-β-gal) Staining
HASMCs (2.5 × 104 cells/well) were seeded in 24-

well plates, pretreated with β-Ecd or BafA1 as described
above, and subsequently exposed to Ang II for 72 h.
Cells were fixed and stained using a commercial SA-β-
gal staining kit (Catalog No. GC16304, Beyotime, Shang-
hai, China), followed by incubation overnight at 37 °C in a
CO2-free incubator. Senescent cells exhibiting blue stain-
ing were observed and quantified using an IX73 inverted
microscope (Olympus, Tokyo, Japan).

2.5 Enzyme-Linked Immunosorbent Assay (ELISA)
Cell culture supernatants were collected after treat-

ment with varying concentrations of β-Ecd or Ang II for
72 h to measure IL-6 and MCP-1 levels. ELISA assays
were performed according to the manufacturer’s instruc-
tions (Catalog No. E-EL-H6156, Elabscience, Wuhan,
China; Catalog No. E-EL-H6005, Elabscience, Wuhan,
China). Absorbance was measured at 450 nm using a Spec-
traMax iD3 microplate reader (Molecular Devices, USA).
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2.6 RNA Sequencing and Bioinformatics
Total RNA was extracted from HASMCs in the Ang

II group and the 200 µM β-Ecd group (n = 3 per group)
after 72 h of treatment. RNA library preparation and se-
quencing were conducted on the Illumina NovaSeq X Plus
platform (Illumina, San Diego, CA, USA) by Hangzhou
Kaitai Biotechnology (Hangzhou, China). Differentially
expressed genes (DEGs) were identified using edgeR ver-
sion 4.0.0 (Bioconductor, http://www.bioconductor.org)
with thresholds of |log2 fold change| >1 and adjusted p <

0.05. Volcano plots were generated using ggplot2. Func-
tional enrichment analyses, including Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses, were performed using clusterProfiler (p
< 0.05). Gene set enrichment analysis (GSEA) was per-
formed using the fgsea package, with |normalized enrich-
ment score| >1 and p < 0.05. Data visualization was per-
formed using ggplot2, TBtools-II, and the Bioinformatics
platform (https://www.bioinformatics.com.cn).

2.7 Cell Cycle Analysis
HASMCs were treated with 200 µM β-Ecd or 2.5

mM NAC, followed by exposure to 2 µM Ang II for 72
h. Cells were fixed in 70% ethanol overnight at 4 °C,
stained with propidium iodide (Catalog No. C1052, Bey-
otime, Shanghai, China), and analyzed by flow cytometry
using a LongCyte C2060 system (Beijing Challen Biotech-
nology, China).

2.8 Western Blot Analysis
Cells were lysed using RIPA buffer (Catalog No.

P0013B, Beyotime, Shanghai, China), and protein con-
centrations were determined using a BCA assay. Equal
amounts of protein were separated by SDS-PAGE and
transferred to PVDFmembranes (Catalog No. ISEQ00010,
Sigma-Aldrich, USA). After blocking, membranes were
incubated overnight at 4 °C with primary antibodies
against p53 (Catalog No. AP062-1, Beyotime, Shanghai,
China), p21 (Catalog No. AP021-1, Beyotime, Shang-
hai, China), LC3 (Catalog No. 14600-1-AP, Proteintech,
Wuhan, China), p62 (Catalog No. 18420-1-AP, Protein-
tech,Wuhan, China), mTOR (CatalogNo. 66888-1-Ig, Pro-
teintech,Wuhan, China), phosphorylatedmTOR (p-mTOR;
CatalogNo. 67778-1-Ig, Proteintech,Wuhan, China), AKT
(Catalog No. BM4400, Boster, Wuhan, China), phos-
phorylated AKT (p-AKT; Catalog No. BM4744, Boster,
Wuhan, China), and GAPDH (Catalog No. BM3874,
Boster, Wuhan, China), followed by incubation with HRP-
conjugated secondary antibodies (Catalog No. AS014, AB-
clonal, Wuhan, China; Catalog No. AS003, ABclonal,
Wuhan, China). Protein bands were visualized using en-
hanced chemiluminescence (MeilunBio, Dalian, China)
and quantified with ImageJ software (NIH, Bethesda, MD,
USA).

2.9 ROS Detection
Cells were incubated with 10 µM DCFH-DA (Cata-

log No. S0033S, Beyotime, Shanghai, China) for 20 min at
37 °C, washed with PBS. Samples were acquired on a BD
FACSAria II flow cytometer (BD Biosciences, USA) and
analyzed using FlowJo software version 10.8.1 (BD Bio-
sciences, Ashland, OR, USA) to quantify intracellular ROS
levels.

2.10 Immunofluorescence Staining
HASMCs cultured on coverslips were fixed with

ethanol, permeabilized with Triton X-100, and blocked
with goat serum. Cells were incubated overnight at 4 °C
with a primary antibody against LC3 (Catalog No. 14600-
1-AP, Proteintech, Wuhan, China), followed by incuba-
tion with a fluorophore-conjugated an AF647-labeled Goat
Anti-Rabbit IgG (H+L) secondary antibody (Catalog No.
A0468, Beyotime, Shanghai, China). Nuclei were coun-
terstained, and LC3-positive puncta were visualized us-
ing a Revolve fluorescence microscope (Aperbio, Suzhou,
China).

2.11 Autophagy-Lysosome Detection
Cells were incubated with DAL Green dye (Catalog

No. D675, Dojindo, Japan) for 30 min, followed by treat-
ment with Ang II, β-Ecd, or BafA1 for 6 h. Fluorescence
signals were observed using a Revolve confocal imaging
system (Aperbio, Suzhou, China).

2.12 Molecular Docking
The three-dimensional structure of β-Ecd was ob-

tained from PubChem and optimized using Chem3D ver-
sion 22.0 (PerkinEImer Inc., Waltham, MA, USA). Crys-
tal structures of AKT1, AKT2, AKT3, and mTOR were
downloaded from the RCSB Protein Data Bank. Molecular
docking simulations were performed using AutoDock Vina,
and docking poses were visualized with PyMOL. Bind-
ing energies lower than –5 kcal/mol were considered in-
dicative of stable interactions. Additional docking valida-
tion was conducted using the CB-Dock2 platform (https:
//cadd.labshare.cn/cb-dock2).

2.13 Statistical Analysis
All experiments were independently repeated at least

three times. Data are presented as mean ± standard devia-
tion (SD). Statistical analyses were performed using Graph-
Pad Prism version 10.1.2. Data normality was assessed us-
ing the Shapiro–Wilk test. Comparisons among multiple
groups were conducted using one-way analysis of variance
followed by Tukey’s post hoc test. A value of p< 0.05 was
considered statistically significant.
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Fig. 1. β-Ecd attenuates Ang II–induced senescence in HASMCs. (A) Effects of β-Ecd on HASMCs viability after 72 h of treatment,
as determined by CCK-8 assay. (B) Representative SA-β-gal staining images showing SA-β-gal–positive HASMCs under the indicated
treatment conditions. Blue staining indicates SA-β-gal-positive cells. Scale bar = 100 µm. (C) Quantification of SA-β-gal–positive
cells (n = 3). (D) Western blot analysis of p53 and p21 protein expression in HASMCs treated with Ang II in the presence or absence
of β-Ecd. (E,F) Quantitative analysis of p53 and p21 protein expression normalized to GAPDH (n = 3). (G) Flow cytometric analysis
of cell cycle distribution in HASMCs treated with Ang II and/or β-Ecd. (H) Statistical analysis of the proportions of cells in the G0/G1,
S, and G2/M phases (n = 3). (I,J) ELISA-based quantification of IL-6 and MCP-1 secretion in HASMCs culture supernatants following
Ang II stimulation with or without β-Ecd treatment (n = 3). Values are expressed as mean± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
HASMCs, Human aortic smooth muscle cells; CCK-8, Cell Counting Kit-8; β-Ecd, Ecdysterone; Ang-II, Angiotensin II; SA-β-gal,
Senescence-Associated β-Galactosidase; p53, Tumor protein p53; p21, Cyclin-dependent kinase inhibitor 1A; ELISA, Enzyme-linked
immunosorbent assay.
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Fig. 2. Transcriptomic changes induced by β-Ecd in senescent HASMCs. (A) Volcano plot of DEGs identified in HASMCs treated
with β-Ecd compared with the Ang II group. Red dots indicate upregulated genes, green dots indicate downregulated genes, and gray
dots represent genes that did not exhibit significant changes in expression. (B) KEGG pathway enrichment analysis of DEGs. Bar height
represents the number of enriched genes, and color intensity reflects the level of statistical significance. *p < 0.05, **p < 0.01, ***p <
0.001. (C) GO enrichment analysis of DEGs displayed as a bubble plot. Bubble size corresponds to the number of enriched genes, and
bubble color denotes enrichment significance. (D) GSEA of Reactome pathways associated with DEGs. (E) Bubble plot summarizing
significantly enriched Reactome pathways identified by GSEA. (F) Heatmap showing enriched Reactome pathways and their associated
DEGs. DEGs, Differentially Expressed Genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; GSEA, Gene
Set Enrichment Analysis.
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Fig. 3. β-Ecd enhances autophagy activity in HASMCs. (A) Representative immunofluorescence images showing LC3 distribution
in HASMCs under the indicated treatment conditions (scale bar = 50 µm). (B) Quantitative analysis of LC3 fluorescence intensity (n
= 3). (C) Western blot analysis of the autophagy-related proteins LC3 and p62 in HASMCs. (D,E) Densitometric analysis of LC3 and
p62 protein expression levels normalized to GAPDH (n = 3). (F) Autolysosome staining was used to assess autophagic flux in HASMCs
under the indicated conditions (scale bar = 50 µm). Values are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. LC3,
Microtubule-associated protein 1A/1B light chain 3; p62, sequestosome 1; Baf A1, Bafilomycin A1.

3. Results
3.1 β-Ecd Attenuates Ang II–Induced HASMCs
Senescence

Cell viability assays showed that exposure to β-Ecd
at concentrations up to 200 µM for 72 h did not signifi-

cantly affect HASMCs’ viability compared with controls,
indicating that β-Ecd within this concentration range was
not cytotoxic (Fig. 1A).

To evaluate the effects of β-Ecd on Ang II–induced
senescence, HASMCs were pretreated with increasing con-
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centrations of β-Ecd and subsequently exposed to Ang II.
SA-β-gal staining demonstrated amarked increase in senes-
cent cells following Ang II treatment. Pretreatment with
200 µM β-Ecd significantly reduced the proportion of SA-
β-gal-positive HASMCs (Fig. 1B,C). Consistent with these
results, Ang II–induced upregulation of p53 and p21 was
significantly attenuated by β-Ecd pretreatment, as deter-
mined by Western blot analysis (Fig. 1D–F).

Cell cycle analysis further revealed that Ang II in-
duced pronounced G0/G1 phase arrest, accompanied by
a reduction in G2/M phase cells. β-Ecd treatment par-
tially reversed Ang II–induced cell cycle arrest, promot-
ing progression into the G2/M phases (Fig. 1G,H). Because
cellular senescence is often accompanied by activation of
the senescence-associated secretory phenotype (SASP), we
next assessed inflammatory cytokine secretion. ELISA
analysis showed that Ang II increased IL-6 and MCP-1 se-
cretion in HASMCs, whereas 200 µM β-Ecd significantly
inhibited this response (Fig. 1I,J). Overall, these results in-
dicate that β-Ecd mitigates Ang II–induced HASMC senes-
cence, as evidenced by normalization of the cell cycle dis-
tribution and reduced SASP factor production.

3.2 Transcriptomic Profiling of β-Ecd–Treated HASMCs

RNA sequencing analysis revealed 137 DEGs be-
tween the β-Ecd–treated group and the Ang II groups, of
which 130 were upregulated and 7 downregulated (Fig. 2A;
Supplementary Table 1). KEGG pathway enrichment
analysis revealed 18 significantly enriched pathways, with
the PI3K–AKT signaling pathway among the most promi-
nently represented (Fig. 2B). GO enrichment analysis in-
dicated that the DEGs were significantly enriched in terms
related to cytoplasmic microtubule organization, TOR sig-
naling, protein kinase A binding, and small GTPase binding
(Fig. 2C).

GSEA identified 99 enriched Reactome pathways
(Supplementary Table 2), among which 12 were posi-
tively enriched. These pathways were mainly involved
in cell cycle regulation, PLK1-mediated signaling, G2/M
phase transition, DNA repair, centrosome maturation, and
mitotic progression (Fig. 2D,E). Heatmap visualization fur-
ther highlighted 47 DEGs with relatively high normal-
ized expression, including CDK1, NEK2, HSP90AA1, and
CENPF, which are involved in mitotic control and cell pro-
liferation (Fig. 2F). Taken together, these results indicate
that β-Ecd treatment is associated with changes in gene ex-
pression related to cell cycle progression and proliferation,
potentially relevant to Ang II–induced senescence.

3.3 β-Ecd Promotes Autophagy and Reduces ROS
Accumulation

Immunofluorescence analysis showed that LC3
puncta were significantly reduced in Ang II–treated
HASMCs compared with control cells. This reduc-
tion was partially inhibited following β-Ecd treatment

(Fig. 3A,B). Consistent with these observations, Western
blot analysis demonstrated that Ang II treatment decreased
the LC3II/LC3I ratio and increased p62 protein levels,
whereas β-Ecd treatment attenuated these changes. The
addition of the autophagy inhibitor BafA1 abolished the
effects of β-Ecd, resulting in LC3II accumulation and
increased p62 levels (Fig. 3C–E). Autophagic flux analysis
showed that Ang II reduced autolysosome formation,
while β-Ecd significantly enhanced it. In contrast, BafA1
treatment markedly reduced autolysosome formation in
Ang II + β-Ecd–treated cells (Fig. 3F).

ROS measurements revealed that Ang II significantly
increased intracellular ROS levels. Treatment with NAC
inhibited ROS generation, while β-Ecd produced a similar
suppressive effect. In contrast, BafA1 attenuated the an-
tioxidant effect ofβ-Ecd (Fig. 4A–D). Consistent with these
findings, SA-β-gal staining demonstrated that β-Ecd treat-
ment reduced Ang II-induced cellular senescence, whereas
BafA1 restored senescence levels (Fig. 4E,F). Similarly, β-
Ecd decreasedAng II–induced upregulation of p53 and p21,
while BafA1 partially counteracted this effect (Fig. 4G–I).
Overall, these findings indicate that the anti-senescent ef-
fects of β-Ecd in HASMCs are closely associated with en-
hanced autophagic activity and reduced ROS accumulation.

3.4 β-Ecd Attenuates Ang II–Induced Activation of
AKT/mTOR Signaling

Western blot analysis showed that Ang II treatment
significantly increased the ratios of p-AKT/AKT and p-
mTOR/mTOR compared with control cells. Pretreat-
ment with β-Ecd markedly reduced both p-AKT/AKT
and p-mTOR/mTOR ratios, suggesting reduced activation
of AKT/mTOR signaling (Fig. 5A–C). In addition, com-
pared with the Ang II group, treatment with the AKT in-
hibitor MK-2206 significantly decreased the levels of p-
AKT/AKT, p-mTOR/mTOR, as well as the senescence-
associated proteins p53 and p21 (Fig. 5D–I). Conversely,
treatment with the AKT activator SC79 largely inhibited
the effects of β-Ecd, restoring AKT and mTOR phos-
phorylation and the expression of p53 and p21 (Fig. 5D–
I). These results further support the involvement of the
AKT/mTOR pathway in the anti-senescence effect of β-
Ecd on HASMCs.

Molecular docking analysis suggested potential inter-
actions between β-Ecd and components of the AKT/mTOR
pathway. β-Ecd showed favorable predicted binding en-
ergies with AKT1, AKT2, AKT3, and mTOR (–8.0, –
8.5, –8.7, and –8.6 kcal/mol, respectively) and formed
multiple hydrogen bonds. Specifically, β-Ecd formed
hydrogen bonds with ARG328, TYR38, and LYS30 on
AKT1; VAL272, TYR327, ASP324, and LEU52 on AKT2;
GLU154, GLN44, GLN38, and GLU109 on AKT3; and
GLU95, GLN140, ASP322, and ARG227 on mTOR
(Fig. 6A–D). These interactions were further supported by
CB-Dock2 analysis, which yielded comparable or slightly
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Fig. 4. Autophagy-associated regulation of oxidative stress and senescence by β-Ecd in HASMCs. (A) Representative flow cy-
tometry plots showing intracellular ROS levels in HASMCs following the indicated treatments. (B) Quantification of intracellular ROS
levels in each group (n = 3). (C) Flow cytometric analysis of ROS levels following combined β-Ecd and BafA1 treatment. (D) Quanti-
tative comparison of ROS levels in HASMCs (n = 3). (E) Representative SA-β-gal staining images used to evaluate cellular senescence
in HASMCs (scale bar = 100 µm). (F) Quantification of SA-β-gal–positive cells (n = 3). (G) Western blot analysis of the senescence-
associated proteins p53 and p21 in HASMCs. (H,I) Quantitative analysis of p53 and p21 protein expression levels normalized to GAPDH
(n = 3). Values are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. NAC, N-acetyl-L-cysteine.

stronger predicted binding energies (–8.2 to –9.4 kcal/mol;
Fig. 6E–H). Taken together, these results indicate that β-
Ecd attenuates Ang II–induced HASMC senescence, asso-
ciated with reduced AKT/mTOR signaling activity, which
may involve interactions with components of this pathway.

4. Discussion

Substantial evidence indicates that VSMCs within
atherosclerotic plaques exhibit reduced proliferative capac-
ity and gradually acquire features of cellular senescence,
which contributes to plaque instability and disease progres-
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Fig. 5. β-Ecd attenuates Ang II–induced activation of the AKT/mTOR signaling pathway in HASMCs. (A) RepresentativeWestern
blot images showing total and phosphorylated AKT and mTOR protein levels in HASMCs under the indicated treatment conditions.
(B,C) Quantitative analysis of the p-AKT/AKT and p-mTOR/mTOR ratios in each group (n = 3). (D) Representative Western blot
images showing p-AKT, AKT, p-mTOR, mTOR, p53, and p21 expression in HASMCs following modulation of AKT signaling with
MK-2206 or SC79. (E,F) Quantitative analysis of p-AKT/AKT and p-mTOR/mTOR ratios (n = 3). (G–I) Quantification of p53 and p21
protein expression levels normalized to GAPDH (n = 3). Data are presented as mean± SD. *p< 0.05, **p< 0.01, ***p< 0.001. AKT,
Protein Kinase B; p-AKT, Phosphorylated AKT; mTOR, Mechanistic Target of Rapamycin; p-mTOR, Phosphorylated mTOR.
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Fig. 6. Molecular docking analysis of β-Ecd with components of the AKT/mTOR signaling pathway. (A–D) Predicted binding
modes of β-Ecd with AKT1, AKT2, AKT3, and mTOR, as determined by AutoDock Vina and visualized using PyMOL. (E–H) Inde-
pendent docking analysis of β-Ecd with AKT1, AKT2, AKT3, and mTOR was performed using the CB-Dock2 platform.

sion [22]. Previous studies have shown that β-Ecd can
restore impaired autophagy in a tert-butyl hydroperoxide-
induced apoptosis model of rat nucleus pulposus cells [21]
and, when combined with paeoniflorin, exerts protective ef-
fects against oxidative stress and ferroptosis in a model of
cardiac hypertrophy [20]. However, the role of β-Ecd in
regulating premature senescence in HASMCs remains un-
clear. In this study, we show that β-Ecd attenuates Ang II–
induced senescence in HASMCs and reduces intracellular
ROS accumulation. These effects are accompanied by en-
hanced autophagic activity and suppression of AKT/mTOR
signaling, suggesting a mechanistic link between β-Ecd–
mediated autophagy regulation and the alleviation of cellu-
lar senescence.

SA-β-gal activity and the upregulation of p53 and
p21 are widely recognized markers of cellular senescence,
with cell cycle arrest representing another key hallmark
[23,24]. In the present study, Ang II treatment markedly
increased SA-β-gal positivity, elevated p53 and p21 ex-
pression, and induced G0/G1 phase arrest in HASMCs.
Notably, treatment with 200 µM β-Ecd effectively atten-
uated these senescence-associated alterations. In addi-
tion to these cell-intrinsic senescence markers, senescent
VSMCs actively influence the vascular microenvironment
through the SASP, characterized by increased secretion
of pro-inflammatory cytokines and chemokines. In line
with this, our results showed that Ang II treatment en-
hanced the secretion of the SASP factors IL-6 and MCP-
1, whereas β-Ecd significantly suppressed their production.
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Fig. 7. Proposed mechanism by which β-Ecd delays HASMCs senescence. β-Ecd enhances autophagic activity and promotes
autophagosome–lysosome fusion in HASMCs, thereby reducing intracellular oxidative stress and improving cellular homeostasis. These
effects collectively alleviate Ang II–induced premature senescence in HASMCs. The autophagy-regulating action of β-Ecd appears to
be mediated, at least in part, through inhibition of the AKT/mTOR signaling pathway. Created with BioRender.com.

These results suggest that β-Ecd not only alleviates intrin-
sic senescence-related alterations in HASMCs but may also
attenuate the pro-inflammatory paracrine effects of senes-
cent cells, which are implicated in vascular inflammation
and plaque progression.

Autophagy is a fundamental cellular process that
maintains protein and organelle homeostasis and con-
tributes to the regulation of cellular senescence. When this
process is impaired, damaged proteins and organelles accu-
mulate, oxidative stress increases, and VSMC senescence
and atherosclerosis progression are consequently acceler-
ated [22,25]. LC3II, which localizes to autophagosome
membranes, is commonly used as a marker of autophago-
some formation [26], whereas p62 accumulation reflects
defective autophagic degradation [27]. It has been reported
that elevated autophagy can inhibit Ang IIinduced senes-
cence in VSMCs [28]. Our data indicate that Ang II treat-
ment reduced the LC3II/LC3I ratio and increased p62 ex-
pression. In contrast, β-Ecd treatment restored LC3II lev-
els and reduced p62 accumulation. Moreover, pharmaco-
logical inhibition of autophagy with BafA1, which blocks
autophagosome–lysosome fusion [29], partially attenuated
the protective effects of β-Ecd, supporting the involvement
of autophagy activation in its anti-senescent action.

In our Ang II–treated HASMC model, increases in
ROS were closely associated with defective autophagy
and the development of a senescent phenotype. Ang II
markedly elevated intracellular ROS and, concurrently,
impaired autophagic flux, as indicated by a reduced
LC3II/LC3I ratio, p62 accumulation, and decreased au-
tolysosome formation. These changes occurred alongside
increased SA-β-gal positivity, upregulation of p53 and p21,
G0/G1 arrest, and elevated secretion of IL-6 and MCP-

1. Treatment with β-Ecd improved autophagic flux, re-
duced ROS levels, and attenuated the secretion of senes-
cence markers and SASP factors. Prior work has linked
oxidative stress to the establishment and maintenance of
stress-induced senescence through metabolic disruption,
mitochondrial injury, and persistent DNA damage signal-
ing [30,31], and ROS scavenging has been reported to blunt
Ang II–driven senescence phenotypes [32]. Importantly,
blockade of autophagosome-lysosome fusion with BafA1
largely abolished the ROS-lowering and anti-senescent ef-
fects of β-Ecd, demonstrating that an intact autophagic pro-
cess is essential for β-Ecd–mediated protection. Together,
our data suggest that β-Ecd lowers ROS primarily by en-
hancing autophagic function. Although we did not directly
assess mitochondrial function, previous study has estab-
lished a close association between mitophagy, ROS, and
cellular senescence. Impairment of mitophagy results in
excessive mitochondrial aggregation, leading to increased
intracellular ROS accumulation and accelerated cellular
senescence [33]. Future studies will examine mitophagy
to clarify the contribution of mitochondrial dysfunction to
the senescence program and to determine how β-Ecd mod-
ulates this process.

The PI3K/AKT/mTOR pathway is a central regula-
tor of autophagy and cellular senescence and has been
implicated in the progression of atherosclerosis [34,35].
In addition, modulation of PI3K/AKT/mTOR signaling
through P2RY12 receptor activation [36] or Sirtuin 3 [37]
has been reported to influence senescence and oxidative
stress by regulating autophagy. In this study, AngII treat-
ment enhanced the phosphorylation of AKT and mTOR
in HASMCs. This activation was significantly inhibited
by β-Ecd, an effect similar to that of MK-2206. Con-
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versely, SC79 attenuated the inhibitory effects of β-Ecd
on the AKT/mTOR signaling pathway and senescenceas-
sociated markers, providing functional evidence that the
AKT/mTOR pathway is involved in the protective effects
of β-Ecd. Furthermore, molecular docking suggested po-
tential binding of β-Ecd to AKT isoforms and mTOR, sup-
porting a plausiblemolecular basis for pathwaymodulation.

In summary, our findings demonstrate that β-
Ecd attenuates Ang II–induced premature senescence in
HASMCs by restoring autophagic flux, reducing oxida-
tive stress, and suppressing AKT/mTOR signaling (Fig. 7).
Given the critical role of VSMC senescence in atheroscle-
rosis pathogenesis, this study provides mechanistic insight
into the vascular protective effects of β-Ecd and suggests
that it may be relevant to strategies targeting vascular aging
and atherosclerotic disease progression.

5. Limitations
Several limitations of this study should be noted. First,

although pharmacological approaches were used to modu-
late AKT signaling, the inclusion of genetic strategies, such
as siRNA-mediated knockdown or overexpression of key
pathway components, would provide more substantial ev-
idence of causal involvement. Second, the present find-
ings are based on in vitro HASMC models; validation in in
vivo atherosclerosis models will be necessary to assess their
translational relevance. Thirdly, while molecular docking
analyses serve as a preliminary indication of potential direct
interactions between β-Ecd and the AKT/mTOR pathway,
definitive identification of key functional binding sites will
require future studies using site-directed mutagenesis or ge-
netic silencing.

6. Conclusion
β-Ecd attenuates Ang II–induced senescence in

HASMCs by enhancing autophagic activity and limiting in-
tracellular ROS accumulation, effects that are associated
with suppression of the AKT/mTOR signaling pathway.
These findings suggest that β-Ecd may have the potential to
modulate vascular senescence and maintain vascular home-
ostasis, while providing mechanistic insight into strategies
to target vascular aging–related cardiovascular diseases.
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