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Abstract
Objective  This study aimed to reveal the role and mechanism of MG-132 in delaying hyperlipidemia-induced 
senescence of vascular smooth muscle cells (VSMCs).

Methods  Immunohistochemistry and hematoxylin-eosin staining confirmed the therapeutic effect of MG-132 on 
arterial senescence in vivo and its possible mechanism. Subsequently, VSMCs were treated with sodium palmitate 
(PA), an activator (Recilisib) or an inhibitor (Pictilisib) to activate or inhibit PI3K, and CCK-8 and EdU staining, wound 
healing assays, Transwell cell migration assays, autophagy staining assays, reactive oxygen species assays, senescence-
associated β-galactosidase staining, and Western blotting were performed to determine the molecular mechanism 
by which MG-132 inhibits VSMC senescence. Validation of the interaction between MG-132 and PI3K using molecular 
docking.

Results  Increased expression of p-PI3K, a key protein of the autophagy regulatory system, and decreased expression 
of the autophagy-associated proteins Beclin 1 and ULK1 were observed in the aortas of C57BL/6J mice fed a high-
fat diet (HFD), and autophagy was inhibited in aortic smooth muscle. MG-132 inhibits atherosclerosis by activating 
autophagy in VSMCs to counteract PA-induced cell proliferation, migration, oxidative stress, and senescence, thereby 
inhibiting VSMC senescence in the aorta. This process is achieved through the PI3K/AKT/mTOR signaling pathway.

Conclusion  MG-132 activates autophagy by inhibiting the PI3K/AKT/mTOR pathway, thereby inhibiting palmitate-
induced proliferation, migration, and oxidative stress in vascular smooth muscle cells and suppressing their 
senescence.
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Introduction
Vascular smooth muscle cells (VSMCs) are a funda-
mental component of the vascular wall and are primar-
ily responsible for regulating vascular contraction and 
diastole, which controls vascular blood flow and blood 
pressure [1]. There is increasing evidence that VSMC 
senescence is one of the crucial factors affecting the 
occurrence and development of atherosclerosis (AS), 
and inhibiting VSMC senescence is considered to be an 
important strategy for the treatment of AS [2, 3].

Autophagy is a cellular self-regulatory process that 
maintains a stable internal cellular environment by break-
ing down and removing damaged proteins and organelles 
from the cell [4], which is intricately regulated by vari-
ous factors such as nutritional status, energy metabolism, 
and cellular stress, and the PI3K/AKT/mTOR axis plays a 
pivotal role in this process. Phosphatidylinositol 3-kinase 
(PI3K) is a significant signal-transducing enzyme that 
phosphorylates phosphatidylinositol diphosphate (PI(4,5)
P2) to phosphatidylinositol trisphosphate (PI(3,4,5)P3), 
which activates intracellular signaling pathways. Pro-
tein kinase B (AKT), a classical downstream molecule of 
PI3K, can activate the mammalian target of rapamycin 
(mTOR) via phosphorylation. mTORC1 phosphorylates 
its downstream molecules, which promotes protein syn-
thesis and cell proliferation, and cell growth, metabolism, 
and survival [5–7]. Activation of the PI3K/AKT/mTOR 
signaling pathway can inhibit the initiation of autophagy, 
regulate the expression of autophagy-related genes, or 
inhibit the activity of autophagy-related signaling path-
ways [8–10].

Cellular senescence is the process by which the 
functional and metabolic activities of a cell gradually 
decrease, eventually leading to cell death. Recent studies 
have demonstrated a crucial correlation between senes-
cence and autophagy in VSMCs, in which autophagy 
removes aged and damaged organelles, thereby attenu-
ating the cellular senescence process [11]. As individuals 
age and adopt unhealthy dietary habits, the autophagic 
function of VSMCs progressively weakens, resulting in 
the accumulation of intracellular waste materials and 
compromised organelle function, thereby accelerating 
the senescence process [12, 13]. Consequently, enhancing 
autophagic activity in VSMCs may serve as a strategy to 
delay senescence onset and maintain vascular health.

MG-132 (Z-Leu-Leu-Leu-al) functions as a proteasome 
inhibitor, effectively impeding the protein hydrolysis 
activity of the 26 S proteasome complex, with an IC50 of 
100 nM. The molecular structural formulae are depicted 
in Fig.  1. Moreover, MG-132 acts as a potent activator 
of autophagy, stimulating the autophagic pathway and 
mitigating the accumulation of intracellular debris and 
damaged organelles [14]. Therefore, it is hypothesized 
that MG-132 could impede atherosclerosis development 

and decelerate vascular aging. Further exploration of the 
underlying mechanism is imperative.

In this study, we aimed to investigate the effect of 
MG-132 on the senescence process of VSMCs induced 
by sodium palmitate (PA), to provide a theoretical basis 
for the development of MG-132 as a drug to delay AS.

Materials and methods
Experimental animals
SPF grade 30 8-week-old healthy male C57BL/6J mice 
(weight 20–22 g) were purchased from Changchun Fen-
glong Biotechnology Co. The experimental animals were 
kept in the Experimental Animal Centre of the First 
Hospital of Jilin University. All animal experiments were 
approved by the Ethics Committee for Animal Experi-
ments of the First Hospital of Jilin University (NO.0845). 
The experiments were conducted according to the Regu-
lations on the Administration of Laboratory Animals.

Main instruments and reagents
MG-132 was purchased from TergetMol (Shanghai, 
China). Pictilisib and Recilisib were purchased from 
MedChemExpress (Shanghai, China), ,sodium palmitate 
was purchased from sigma (Shanghai, China).A mouse 
immunohistochemistry (IHC) kit was purchased from 
Yeasen (Shanghai, China). Total cholesterol (TC), triglyc-
eride (TG), low-density lipoprotein cholesterol (LDL-
C), and high-density lipoprotein cholesterol (HDL-C) 
kits were purchased from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). The Cell Autophagy 
Staining Assay Kit, Senescence β-Galactosidase Staining 
Kit, BeyoClick™ EDU-594 Cell Proliferation Assay Kit, 
and Reactive Oxygen Species Assay Kit were purchased 
from Beyotime (Shanghai, China). The 10% fetal lamb 
serum, 1% penicillin and streptomycin, Cell Counting 
Kit, BCA Protein Concentration Kit, RIPA Lysate, PMSF, 
Color Prestained Protein Molecular Weight Standard, 
and Universal Antibody Diluent were purchased from 
Seven (Beijing, China). DMEM (low glucose) medium, 
and Fetal Bovine Serum were purchased from Shanghai 
Zhong Qiao Xin Zhou Biotechnology Co. PI3K (R22768), 
p-PI3K (341468), AKT (342529), p-AKT (381555), mTOR 
(380411), p-mTOR (381557), ULK1 (381887), Beclin 
1 (381896), OPN (R26171), α-SMA (R23450), NQO1 
(381695), HO-1 (R24541), p21 (382492), P53 (345567), 
IL-1β (516288), TNF-α (346654) and GAPDH (380626) 
were purchased from ZenBio (Chengdu, China).High-
sig ECL Western Blotting Substrate (Cat. No.:180–501; 
Tanon, Beijing, China).

Dosing reagent
Dissolve 200  mg of MG-132 in 2.1025 mL of DMSO 
to prepare a 200 mM MG-132 stock solution. Dilute 
the MG-132 stock solution with saline to 1  mg/kg for 
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injection into mice. Dilute the MG-132 stock solution 
with DMEM to 40 µM. Dissolve 1  mg of Recilisib in 
2.9692 mL of DMSO to prepare a 1 mM Recilisib stock 
solution. Dissolve 1  mg of Pictilisib in 1.9469 mL of 
DMSO to prepare a 1 mM Pictilisib stock solution. Dilute 
the Recilisib stock solution with DMEM to 50 µM and 
the Pictilisib stock solution to 2 nM. The DMSO concen-
tration is less than 0.05% in all cases, thus excluding the 
influence of DMSO. The PA is dissolved in sterile PBS 
and heated at 70 °C. The PA is then added to 10% BSA for 
5 min at 50 °C to give 20 mM PA.

Experimental methodology
Establishment and experimental grouping of the 
hyperlipidemic mouse model
The mice were randomly divided into 3 groups, the con-
trol group, the HF group, and the HF + MG-132 group, 
with 10 mice in each group. The normal control group 
was fed a normal diet, and the other groups were fed a 
high-fat diet. 5 weeks later, the mice in the MG-132 group 
were intraperitoneally injected with 1 mg/kg MG-132 per 
day, and those in the normal group and the model group 

were intraperitoneally injected with the same volume of 
saline. Each group was treated for 4 weeks.

TC, TG, LDL-C and HDL-C assays
After treatment the mice in each group were weighed 
every 3 days, blood was collected from the retro-orbital 
venous plexus once a week, and the serum was centri-
fuged at 4℃ and 3000 r/min. Total cholesterol (TC), 
triglycerides (TG), low-density lipoprotein cholesterol 
(LDL-C), and high-density lipoprotein cholesterol (HDL-
C) were analyzed by an automatic biochemical analyzer.

Specimen collection
After completion of the experiment, the mice were anaes-
thetized and sacrificed by isoflurane inhalation, blood 
was collected from the heart apex, and then aortic tissues 
were removed and fixed in 4% paraformaldehyde solution 
for 96 h. After being rinsed and cleaned with saline, they 
were placed in a sealed box at -20 °C for storage.

Hematoxylin-eosin (HE) staining
The aortic tissues of each group, were subjected to 
paraformaldehyde and gradient sedimentary sugar 

Fig. 1  Molecular Formula of MG-132
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dehydration, paraffin embedding, slicing, baking, dewax-
ing with xylene and gradient ethanol, rehydration, and 
HE staining, After completion of the staining, the excess 
staining solution was removed, the tissues were dehy-
drated, cleared with xylene and sealed with neutral 
gum, and three randomly selected fields of view were 
observed for histopathological observation under the 
light microscope.

Immunohistochemical staining
Paraffin sections of each group of aortic tissues were 
sequentially subjected to dewaxing and hydration, anti-
gen repair, blocking of endogenous peroxidase, serum 
closure, primary antibody incubation, rewarming, sec-
ondary antibody incubation, color development, hema-
toxylin restaining and sealing of the sections according 
to the manufacturer’s instructions. The stained sections 
were observed and evaluated under a light microscope.

Cell culture and grouping
The VSMCs used in the study were purchased from 
Guangzhou Landm Biotechnology Co. All VSMCs used 
in the study were of the 10th generation. VSMC strains 
were kept in our research laboratory. Upon retrieval from 
liquid nitrogen, the VSMCs were cultured in serum-free 
medium supplemented with 10% fetal bovine serum, 
passaged, and utilized for experiments the following day 
once they reached a cell density of 90% in the culture 
dish. The experimental groups included: a control group - 
cultured in serum-free medium; a PA group - cultured in 
serum-free medium containing 40 µM PA; PA + MG-132 
group - cultured in serum-free medium containing 40 
µM PA and 40 µM MG-132; a PA + MG-132 + Pictilisib 
group - cultured in serum-free medium containing 40 
µM PA and 2 nM Pictilisib; and a PA + MG-132 + Reci-
lisib group cultured in serum-free medium containing 40 
µM PA, 40 µM MG-132, and 50 µM Recilisib. The cells 
in each group were incubated for 24  h in the modified 
culture medium, after which the respective indices were 
measured.

CCK8 assay
VSMCs were cultured in 96-well plates (5 × 103 cells per 
well), and the cells were treated with different concentra-
tions of PA and/or MG-132 for 24 h after cell adhesion. 
Subsequently, 20 µL of CCK8 reagent was added to each 
well, and the plates were incubated for another 30 min at 
37  °C. The absorbance was measured using an enzyme-
linked immunosorbent assay at a wavelength 570 nm.

EdU assay
VSMCs were inoculated into 6-well plates at an inoculum 
density of 5 × 105 cells/well. After 24  h of incubation in 
conditioned medium, 1  ml of fresh medium was added 

after the medium was aspirated. Subsequently, preheated 
EDU working solution was added and incubated for 2 h. 
After completing EdU labeling, the sections were fixed, 
washed, permeabilized, subjected to a click reaction and 
stained. Finally, fluorescence detection and imaging were 
performed.

Wound healing assay
A 6-well plate was inoculated with cells at a density 
of 5 × 105 cells/well. Pipette tips were placed vertically 
marked when the cell density reached more than 90%. 
The plates were incubated with serum-free medium sup-
plemented with or without PA and MG-132 for 24 h. The 
VSMCs were observed and photographed at 0 and 24 h 
and the wound healing rate was determined by measur-
ing the scratch area using ImageJ software.

Transwell cell migration assay
In the lower chamber, 700 µL of serum-free medium con-
taining 10% FBS was added, while in the upper chamber, 
conditioned medium was added and resuspended, and 
200 µL of VSMC cell suspension was collected for a total 
of 5 × 104 cells. The cells were incubated for 24  h under 
normal conditions and the cell chambers were washed 
with PBS and fixed with 4% paraformaldehyde. Finally, 
the cells were stained with 0.1% crystal violet for 10 min, 
rinsed and immersed in PBS several times, removed from 
the small chamber, the liquid was aspirated from the 
upper chamber, and the cells on the upper surface of the 
bottom membrane of the upper chamber were carefully 
removed with a wet cotton swab. The lower surface of the 
bottom membrane was observed under a microscope and 
photographed.

Autophagy staining assay
A 6-well plate was inoculated with cells at a density of 
5 × 105 cells/well. The cells were cultured in conditioned 
medium for 24 h. After the medium was aspirated, 1 ml 
of monodansylcadaverine (MDC) staining solution was 
added to each well, and the cells were then cultured in a 
cell culture incubator at 37 °C for 30 min, protected from 
light. The MDC stain was aspirated and washed three 
times with assay buffer, using 1  ml of assay buffer each 
time. The assay buffer was aspirated, and 1  ml of assay 
buffer was added. The VSMCs were excited with UV light 
under a fluorescence microscope, green fluorescence 
was observed, and images were taken. The cells were 
observed for green fluorescence, and images were taken.

Reactive oxygen species assay
VSMCs were inoculated into 6-well plates at a density of 
5 × 105 cells/well. The cells were cultured in conditioned 
medium for 24  h. After aspirating the medium, 1  ml of 
diluted DCFH-DA was added to each well and incubated 
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for 20 min in a cell culture incubator at 37 °C. The cells 
were washed three times with serum-free cell culture 
medium, excited with UV excitation light under a fluo-
rescence microscope, after which the green fluorescence 
was observed and photographed.

Senescence β-Galactosidase staining
VSMCs were inoculated into 6-well plates at a density of 
5 × 105 cells/well. The cells were cultured in conditioned 
medium for 24 h. after aspirating the medium, the cells 
were washed with PBS once, and 1 ml of β-galactosidase 
staining fixative was added, and fixed at room tem-
perature for 15  min. the cell fixative was aspirated, and 
the cells were washed with PBS three times, each time 
for 3  min. the PBS was aspirated, and 1  ml of staining 
working solution was added to each well. the cells were 
incubated at 37℃ overnight, and then observed and pho-
tographed under the micro-scope.

Western blotting
Total cellular protein was extracted according to the kit 
instructions. After collection of the supernatant, total 
cellular proteins were quantified using the BCA pro-
tein content assay. The proteins were then denatured 
and inactivated in a metal bath at 95 °C for 5 min. Equal 
amounts of protein before electrophoresis were loaded 
onto a sodium dodecyl sulfate polyacrylamide gel and 
transferred to a polyvinylidene fluoride membrane using 
a transfer system. The membrane was blocked with 5% 
skim milk for one hour and incubated with the appropri-
ate antibody overnight at 4 °C. Finally, the blot was incu-
bated with an HRP-conjugated secondary antibody for 
one hour at room temperature in synergy with the blot. 
Immunoreactive proteins were photographed and visu-
alized with enhanced chemiluminescence (ECL) solu-
tion. The band density in the images was quantified using 
Image J software.

Molecular docking validates the binding ability of MG-132 to 
PI3K
The 3D structure of MG-132 was retrieved through the 
PubChem website (https://pubchem.ncbi.nlm.nih.gov//), 
the spatial coordinates of the 3D structure in the SDF 
format file were downloaded, and the resulting SDF file 
was converted to the PDB for-mat by OpenBabel-2.4.1 
software. The RCSB PBD database (https://www.rcsb.
org/) was used to download the 3D structure of the PI3K 
protein in PDB format. Ligand molecules and water 
molecules were removed using PyMOL software. Next, 
molecular docking was performed using AutoDock Vina 
to verify the binding between the target and MG-132, 
and the optimal docking method was selected to visualize 
the results by PyMOL software.

Statistical analysis
All the statistical data are expressed as the mean ± stan-
dard deviation. One-way analysis of variance (ANOVA) 
was performed using SPSS 21 software (SPSS Inc., Chi-
cago, IL, USA) and multiple comparisons were per-
formed using the Newman-Keuls method. Images were 
analyzed using ImageJ software, and GraphPad Prism 9 
was used for plotting. Statistical significance was set at 
p < 0.05. The experiments were all repeated more than 
three times and the results are expressed as x ±s.

Results
MG-132 inhibits vascular structural transformation in 
hyperlipidaemic mice
The results demonstrated that hyperlipidemic mice, fol-
lowing continuous exposure to a high-fat diet exhibited 
a progressive increase in body weight over time, accom-
panied by elevated levels of total cholesterol (TC), tri-
glycerides (TG), and low-density lipoprotein cholesterol 
(LDL-C), as well as a reduction in high-density lipopro-
tein cholesterol (HDL-C) concentration. Compared to 
those of high-fat (HF) group, the body weights of the 
HF + MG-132 group began to decrease beginning in the 
third week (P < 0.05) but decreased significantly in the 
fourth week (P < 0.01), despite no significant differences 
observed in the serum levels of TC, TG, LDL-C, and 
HDL-C (Fig.  2A and B).Histological analysis employing 
hematoxylin and eosin (HE) staining revealed that the 
thoracic aortic walls of mice in the HF group exhibited 
fractured elastic fibers, pronounced proliferation and 
disorganized arrangement of vascular smooth muscle 
cells, arterial wall thickening, and mild lipid deposition in 
specific arterial segments. These pathological alterations 
were mitigated to varying degrees in the HF + MG-132 
group compared to those in the HF group (Fig.  2C).In 
conclusion, the administration of MG-132 in hyperlipid-
emic mice induced by a high-fat diet led to a reduction 
in body weight and amelioration of aortic wall lesions, 
suggesting a potential therapeutic benefit of MG-132 in 
attenuating the adverse effects of high-fat diet-induced 
hyperlipidemia.

MG-132 inhibits autophagy and senescence of VSMCs 
during arterial ageing in hyperlipidaemic mice
Immunohistochemical analysis revealed aberrant expres-
sion of p-PI3K, a key regulator of the autophagic pro-
cess, in the HF group compared to the control group 
(P < 0.001). Furthermore, the levels of the autophagy-
associated proteins Beclin 1 and ULK1 were signifi-
cantly reduced (P < 0.01) in the HF group. In contrast, 
the HF + MG-132 group exhibited a significant decrease 
in p-PI3K expression compared to that in the HF group 
(P < 0.001), accompanied by a notable increase in Beclin 
1 and ULK1 expression (P < 0.01). Moreover, significantly 

https://pubchem.ncbi.nlm.nih.gov//
https://www.rcsb.org/
https://www.rcsb.org/
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greater levels of the vascular aging-related proteins p21 
and p53, senescence-associated secretory phenotype 
(SASP) Markers (IL-1β and TNF-α) were detected in 
the HF group than in the control group (P < 0.001), and 
these levels were significantly lower in the HF + MG-132 
group than in the HF group (P < 0.01). These prelimi-
nary findings hint at the potential of MG-132 to impact 
vascular aging and its association with arteriosclerosis 
by influencing vascular smooth muscle autophagy. Fur-
ther investigations are warranted to elucidate the precise 
mechanism underlying this effect (Fig. 3).

Sodium palmitate promotes senescence of VSMCs
To study the effect of sodium palmitate on the prolif-
eration of VSMCs, the CCK-8 and EdU assays were 
performed. The results of CCK-8 assay showed that the 
proliferation viability of VSMCs decreased continuously 
at 48 and 72 h of continuous PA induction, but induction 

of PA at different concentrations for 24  h resulted in a 
proliferation rebound of VSMCs. That is, the prolifera-
tion of VSMCs increased in a concentration dependent 
manner when the PA concentration exceeded 10 µM 
compared to 0 µM (P < 0.001). Conversely, VSMC prolif-
eration was significantly inhibited when the PA concen-
trations exceeded 320 µM (P < 0.001, Fig. 4A). Excessive 
PA exposure may have profound effects on the physiolog-
ical activity and morphological structure of VSMCs. In 
order to observe the early initial stage of cellular senes-
cence before the onset of growth arrest,, PA concentra-
tions of 10 µM and 40 µM were selected for subsequent 
experiments to evaluate the impact of PA on early VSMC 
senescence. The EDU assay results demonstrated a sig-
nificant increase in VSMC EDU incorporation in the 10 
µM and 40 µM PA groups compared to 0 µM PA group 
(P < 0.01), indicating a dose-dependent response Fig. 4B). 

Fig. 2  MG-132 inhibits vascular structural transformation in hyperlipidaemic mice. (A) Changes in the body weight of mice with feeding time. n = 10. (B) 
serum TC, TG, LDL-C, and HDL-C levels in mic with feeding time. n = 10. (C) HE staining of mouse aorta, Scale bars = 200 μm, and 100 μm
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These findings further support that PA can stimulate 
VSMC proliferation.

To investigate the effect of sodium palmitate on the 
migratory capacity of VSMCs, wound healing and Tran-
swell migration assays were performed. The results 

showed that PA treatment significantly increased the 
migration of VSMCs in a dose-dependent manner 
(P < 0.05,Fig. 4C and D).

The results of reactive oxygen species staining revealed 
a dose-dependent increase in oxidative stress levels in 

Fig. 3  MG-132 inhibits autophagy and senescence of VSMCs during arterial ageing in hyperlipidaemic. Immunohistochemistry analysis of p21, p53, 
IL-1β, TNF-α, p-PI3K, Beclin 1, and ULK1 in mouse aortas, Scale bars = 100 μm. n = 10. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Control; # P < 0.05, ## P < 0.01, ### 
P < 0.001 vs. HF
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Fig. 4 (See legend on next page.)
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VSMCs following PA treatment (P < 0.001, Fig.  4E), as 
well as the downregulation of antioxidative stress pro-
teins such as NQO1 and HO-1 (P < 0.001), as detected by 
Western blot, indicating that PA was able to activate oxi-
dative stress in VSMCs.

Furthermore, β-galactosidase staining demonstrated 
that PA induced VSMC senescence in a dose-dependent 
manner (P < 0.01, Fig. 4F), Western blot analysis revealed 
that PA treatment significantly upregulation the expres-
sion of senescence-related proteins, including p21 and 
p53, senescence-associated secretory phenotype (SASP) 
Markers (IL-1β and TNF-α) (P < 0.01), In addition, PA 
treatment decreased the expression of the contractile 
phenotypic marker α-SMA (P < 0.001) and increased 
the expression of the synthetic phenotypic marker OPN 
(P < 0.001, Fig.  4G). These findings provide further evi-
dence that PA promotes VSMC senescence and pheno-
type changes.

Sodium palmitate inhibits autophagy in VSMCs via the 
PI3K/AKT/mTOR axis
To investigate the impact of sodium palmitate on cel-
lular autophagy and its associated proteins, western 
blot and autophagy staining assays were performed. 
Western blot analysis revealed that PA treatment dose-
dependently increased in the expression of the VSMC 
autophagy-related proteins p-PI3K/PI3K, p-AKT/AKT, 
and p-mTOR/mTOR (P < 0.05), while the levels of ULK1 
and Beclin 1 were dose-dependently reduced (P < 0.001, 
Fig. 5A). Additionally, the results of the cellular autoph-
agy staining assay demonstrated that PA dose-depend-
ently inhibited the activation of autophagosomes in 
VSMCs (P < 0.001,Fig.  5B). These findings suggest that 
PA can induce the phosphorylation of PI3K/AKT/mTOR, 
leading to mTOR axis phosphorylation and inhibition of 
autophagy in VSMCs.

MG-132 activates autophagy in VSMCs via PI3K
To investigate whether autophagy is activated in VSMCs 
by MG-132 via PI3K, PI3K was activated using Reci-
lisib and inhibited using Pictilisib. Subsequently, the 
role of PI3K in the mechanism of action of MG-132 was 
examined. Western blot analysis revealed a significant 
decrease in the expression of the autophagy-related pro-
teins p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR in 

the VSMCs of the PA + MG-132 group (P < 0.001). Con-
versely, compared with those in the PA + MG-132 group, 
the expression of ULK1 and Beclin 1 in the PA + MG-132 
group VSMCs was significantly greater (P < 0.001). Fur-
thermore, in VSMCs from the PA + MG-132 + Pictilisib 
group, the expression of the autophagy-related proteins 
p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR was 
further decreased (P < 0.001), while the expression of 
ULK1 and Beclin 1 was further increased (P < 0.001). 
Interestingly, the PI3K activator Recilisib partially 
reversed the regulatory effect of MG-132 on autophagy-
related proteins (P < 0.01, Fig. 6A).

The results of the cellular autophagy staining assay 
demonstrated a significant increase in autophagosome 
activation of VSMCs in the PA + MG-132 group com-
pared to the PA group (P < 0.001). Moreover, compared 
with that in the PA + MG-132 group, the autophago-
some activation of VSMCs in the PA + MG-132 + Pictil-
isib group was further enhanced (P < 0.001). Notably, 
Recilisib, a PI3K activator, reversed MG-132-induced 
autophagy in VSMCs (P < 0.001, Fig. 6B), suggesting that 
PI3K plays a pivotal role in the activation of autophagy in 
VSMCs induced by MG-132.

MG-132 inhibits senescence of VSMCs through PI3K
To investigate whether VSMC proliferation could be 
inhibited by MG-132 through PI3K, CCK8 and EDU 
assays were conducted. The CCK-8 assay revealed a 
significant reduction in the proliferation of VSMCs in 
the PA + MG-132 group compared to that in PA group 
(P < 0.001). Furthermore, the proliferation of VSMCs 
in the PA + MG-132 group was further decreased com-
pared with that in the PA + MG-132 + Pictilisib group 
(P < 0.001). These findings suggest that MG-132 can sup-
press the aberrant proliferation of VSMCs and that this 
effect can be potentiated by the PI3K inhibitor Pictilisib. 
Conversely, the MG-132-induced inhibition of VSMC 
proliferation was reversed upon administration of the 
PI3K activator Recilisib (P < 0.001,Fig. 7A). The results of 
the EdU assay confirmed that PI3K plays a crucial role in 
inhibiting the aberrant VSMC proliferation induced by 
MG-132 (Fig. 7B).

To investigate the impact of MG-132 on the migratory 
capacity of VSMCs via PI3K, wound healing and Tran-
swell migration experiments were conducted. The results 

(See figure on previous page.)
Fig. 4  Sodium palmitate promotes abnormal proliferation and migration of VSMCs, increases oxidative stress levels, and promotes senescence. (A, B) 
CCK-8 and EDU assays were used to assess the proliferative capacity of VSMCs. n = 3. (C) Wound healing assays were used to assess the migratory capacity 
of VSMCs. Scale bar = 200 μm. n = 3. (D) Transwell assays confirmed the migration-promoting effect of palmitic acid. Scale bar = 50 μm. (E) Reactive oxy-
gen species staining used to assess the level of oxidative stress in VSMCs. n = 3. (F) β-galactosidase staining was used to assess the level of senescence in 
VSMCs. Scale bar = 50 μm. n = 3. (G) Western blotting was used to assess the expression of the senescence-associated proteins p21 and p53, senescence-
associated secretory phenotype (SASP) Markers (IL-1β and TNF-α), the downregulation of the antioxidative stress proteins NQO1 and HO-1, the upregu-
lation of the synthetic phenotypic marker OPN, and the downregulation of the contractile phenotypic marker α-SMA. All images were processed with 
ImageJ, and the data are expressed as the mean ± standard deviation, followed by the Newman-Keuls multiple comparison test. * P < 0.05, ** P < 0.01, *** 
P < 0.001 vs. PA (0 µM)
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from the migration and Transwell assays demonstrated a 
significant reduction in the migratory ability of VSMCs 
in the PA + MG-132 group compared to that in the PA 
group (P < 0.001). Additionally, the migratory capacity of 
VSMCs in the PA + MG-132 + Pictilisib group was further 
diminished compared to that in the PA + MG-132 group 
(P < 0.01). Interestingly, treatment with the PI3K activa-
tor Recilisib reversed the inhibitory effect of MG-132 on 
VSMC migratory ability (P < 0.001, Fig. 7C and D).

The potential inhibitory effect of MG-132 on oxidative 
stress in VSMCs through the PI3K pathway was investi-
gated by performing a reactive oxygen species staining 
assay. The results of the reactive oxygen species assay 
revealed a significant reduction in oxidative stress levels 
in VSMCs treated with PA + MG-132 compared to those 
in the PA group (P < 0.001). Interestingly, further reduc-
tions in oxidative stress levels were observed in VSMCs 
treated with Pictilisib compared to those in VSMCs in 

Fig. 5  Sodium palmitate promotes phosphorylation of PI3K/AKT/mTOR axis and inhibits autophagy in VSMCs. (A) Western blot analysis of the expression 
of the autophagy-related proteins p-PI3K /PI3K, p-AKT /AKT, p-mTOR/mTOR, ULK1, and Beclin 1 in VSMCs. n = 3. (B) Autophagy staining assay for evaluat-
ing the level of autophagy in VSMCs. n = 3. All images were processed with ImageJ and the data are expressed as mean ± standard deviation, followed by 
the Newman-Keuls multiple comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. PA(0 µM)
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the PA + MG-132 group (P < 0.001). Moreover, the addi-
tion of the PI3K activator Recilisib reversed the effect of 
MG-132 on oxidative stress levels in VSMCs (P < 0.001, 
Fig.  7E). Western blot results showed that the expres-
sion of the antioxidative stress proteins NQO1 and HO-1 
was significantly elevated in VSMCs in the PA + MG-132 
group compared to those in the PA group (P < 0. 001), 
and the expression of NQO1 and HO-1 was further 
increased in the VSMCs in the PA + MG-132 + Pictilisib 

group (P < 0.01). However, Recilisib was able to inhibit 
the expression of these genes.

Furthermore, compared with that in the PA group, 
β-galactosidase staining significantly decreased the 
area of positive staining in the VSMCs treated with 
PA + MG-132 (P < 0.001). Notably, the area of positively 
stained VSMCs in the PA + MG-132 + Pictilisib group was 
further reduced compared to that in the PA + MG-132 
group (P < 0.01). Importantly, the PI3K activator Recilisib 

Fig. 6  MG-132 promotes autophagy in VSMCs induced by sodium palmitate via PI3K. (A) Western blot analysis of the expression of the autophagy-related 
proteins p-PI3K /PI3K, p-AKT /AKT, p-mTOR/mTOR, ULK1, and Beclin 1 in VSMCs. n = 3. (B) Autophagy staining assay for evaluating the level of autophagy 
in VSMCs. n = 3. All images were processed with Image J volume and the data were expressed as mean ± standard deviation, followed by Newman-Keuls 
multiple comparison test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. PA; ## P < 0.01, ### P < 0.001 vs. PA + MG-132
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Fig. 7 (See legend on next page.)
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reversed the effect of MG-132 on β-galactosidase staining 
in VSMCs (P < 0.001, Fig. 7F). Western blotting revealed 
that the expression of the senescence-associated proteins 
p21 and p53, senescence-associated secretory pheno-
type (SASP) Markers (IL-1β and TNF-α) in VSMCs was 
significantly decreased in the PA + MG-132 group (P < 0. 
001), and PA + MG -132 + Pictilisib further decreased the 
expression of p21 and p53, senescence-associated secre-
tory phenotype (SASP) Markers (IL-1β and TGF-β) in 
VSMCs (P < 0. 001), and compared with the PA group, 
the PA + MG-132 group exhibited increased expression 
of α-SMA, a contractile phenotype marker (P < 0.01), 
and suppressed expression of OPN, a synthetic pheno-
type marker, Additionally, Pictilisib further increased 
the expression of α-SMA, and Pictilisib further sup-
pressed the expression of OPN (P < 0.01); however, when 
we treated VSMCs with Recilisib, a PI3K activator, the 
expression of these senescence-related proteins signifi-
cantly increased (P < 0.001), whereas the expression of 
the contractile phenotypic marker α-SMA decreased 
(P < 0.001) and the expression of the synthetic pheno-
typic marker OPN increased (P < 0.001,Fig. 7G), suggest-
ing that PI3K plays a key role in the inhibitory effects of 
MG-132 on senescence and phenotypic transformation 
in VSMCs.

Molecular docking validated the interaction of MG-132 
with PI3K
The molecular docking results showed that the bind-
ing energy of MG-132 to PI3K was − 7.7 kcal mol− 1, the 
ligand carbon atoms of MG-132 formed hydrophobic 
interactions with the PI3K amino acid residues GLU, 
TYR, LYS, LEU, and ILE, and the distances between the 
interacting carbon atoms were 3.88, 3.74, 3.72, 3.55, and 
3.78, respectively. The MG-132 provided acceptor atoms 
to form hydrogen bonds with donor atoms provided by 
PI3K amino acid residue ARG, with a hydrogen atom to 
acceptor atom distance of 2.33, a donor to acceptor atom 
distance of 3.29, and a donor angle of 163.43 (Fig.  8). 
The above results indicate that there is a strong interac-
tion between MG-132 and PI3K, and that PI3K may be a 
direct target of MG-132.

Discussion
The results of this research suggested that MG-132 can 
directly target PI3K, inhibit the AKT/mTOR pathway, 
activate autophagy in VSMCs, suppress cell prolifera-
tion and migration, reduce oxidative stress levels, mod-
ulate intracellular homeostasis, and delay senescence 
in VSMCs by inhibiting high-fat-induced phosphoryla-
tion of PI3K (Fig. 9, as illustrated by Figdraw). This find-
ing provides new insights into the role of autophagy in 
VSMC senescence and suggests that manipulating cel-
lular autophagy could represent a novel therapeutic 
strategy for treating human cardiovascular diseases asso-
ciated with atherosclerosis.

High concentrations of free fatty acids (FFAs) due to 
disorders of fatty acid metabolism are direct triggers of 
atherosclerosis, ultimately leading to thickening, hard-
ening and plaque formation in the vessel wall. In food, 
palmitic acid is the main source of saturated fatty acids 
among free fatty acids [15, 16]. Excessive consumption of 
foods with high palmitic acid content can cause elevated 
blood lipids, which ultimately leads to cardiovascular dis-
eases such as AS [17–20]. In this study, C57BL/6J mice 
were fed high-fat chow, and after five consecutive weeks 
of feeding, the serum levels of TC, TG, and LDL-C were 
significantly elevated, HDL-C levels were significantly 
reduced, and elastic fiber rupture, the number of VSMC 
increasing, and the arterial wall thickened can be found 
in the thoracic aortic wall of the mice, Whereas the arte-
rial wall of the mice given MG-132 showed that mild 
lipid deposition. In vitro culture of VSMCs treated with 
sodium palmitate for 24  h revealed that the cell prolif-
eration, migration and oxidative stress were significantly 
increased, while the addition of MG-132 significantly 
decreased cell proliferation, migration and oxidative 
stress. These results indicated that MG-132 could inhibit 
the proliferation and migration of VSMCs, attenuate 
high-fat diet-induced aortic lesions, which maybe inhibit 
the occurrence and development of hyperlipemia and 
atherosclerosis.

Recent studies have shown that the metabolism of pal-
mitic acid plays an important role in maintaining the 
normal function and structure of VSMCs, but high con-
centrations of palmitic acid can lead to osteoblastic dif-
ferentiation and calcium deposition in VSMCs, and can 
increase oxidative stress and inflammatory responses, 

(See figure on previous page.)
Fig. 7  MG-132 inhibits aberrant proliferation, migration and oxidative stress of VSMCs via PI3K and delays senescence. (A, B) CCK-8 and EDU assays 
were used to assess the proliferative capacity of VSMCs. n = 3. (C) Wound healing assays were used to assess the migratory capacity of VSMCs. Scale bar 
= 200 μm. n = 3. (D) Transwell assays confirmed the migration-promoting effect of palmitic acid. Scale bar = 50 μm. (E) Reactive oxygen species staining 
used to assess the level of oxidative stress in VSMCs. n = 3. (F) β-galactosidase staining was used to assess the level of senescence in VSMCs. Scale bar 
= 50 μm. n = 3. (G) Western blotting was used to assess the expression of the senescence-associated proteins p21 and p53, senescence-associated 
secretory phenotype (SASP) Markers (IL-1β and TNF-α), the downregulation of the antioxidative stress proteins NQO1 and HO-1, the upregulation of 
the synthetic phenotypic marker OPN, and the downregulation of the contractile phenotypic marker α-SMA. All images were processed with ImageJ, and 
the data are expressed as the mean ± standard deviation, followed by the Newman-Keuls multiple comparison test. * P < 0.05,** P < 0.01,*** P < 0.001 vs. PA; 
# P < 0.05,## P < 0.01,### P < 0.001 vs. PA + MG-132
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Fig. 9  Mechanism of action of MG-132 in delaying VSMC senescence

 

Fig. 8  Molecular docking results for MG-132 and PI3K
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mitochondrial damage and energy metabolism disor-
ders, as well as lipid deposition, thereby accelerating cel-
lular senescence or death, promoting vascular sclerosis 
and plaque formation, and favouring the development 
of atherosclerosis [16, 21–25]. In addition, senescence 
of VSMCs may also lead to enhanced proliferation and 
migration, decreasing the normal repair and protective 
functions of the vascular wall, as well as the regulatory 
effects on the vascular endothelium, and increasing the 
susceptibility of the vascular wall to injury and inflam-
mation [2, 26–28].The results of this study showed that 
the abdominal aortas of high-fat-fed mice overexpressed 
the senescence-related proteins p21 and p53, senescence-
associated secretory phenotype (SASP) Markers (IL-1β 
and TNF-α), and the high-fat-induced vascular aging 
was significantly ameliorated by the administration of 
MG-132. In vitro experiments also verified our specu-
lations, when we treated in vitro cultured VSMCs with 
sodium palmitate for 24  h, the level of oxidative stress 
and the percentage of β-galactosidase staining was both 
significantly increased, as did the levels of the p21 and 
p53, senescence-associated secretory phenotype (SASP) 
Markers (IL-1β and TNF-α) proteins, which are used 
to characterize VSMC senescence and decreased in the 
expression of the anti-oxidative stress-related proteins 
NQO1 and HO-1. After MG-132 was added, the level 
of oxidative stress and the percentage of β-galactosidase 
positive cells both significantly reduced, while inhibiting 
the expression of p21 and p53 and promoting the expres-
sion of NQO1 and HO-1. These findings suggest that 
MG-132 can inhibit oxidative stress and delay senescence 
in VSMCs, which may be beneficial for AS treatment.

Autophagy is an intracellular self-degradation pro-
cess that involves the encapsulation of damaged or aged 
intracellular proteins, organelles, and other materials 
into VSMCs, which are then transported to lysosomes 
for degradation and reuse [29]. Interestingly, we found 
that autophagy seems to play an important role in high-
fat diet-induced vascular smooth muscle senescence and 
therapeutic processes. Phosphatidylinositol-3 kinase 
(PI3K) is an essential cell signaling protein involved in 
the regulation of a variety of physiological processes such 
as cell proliferation, survival, and metabolism, and Unc-
51-like autophagy activating kinase 1(ULK 1) and Beclin 
1 are two key proteins in the process involved of cellu-
lar autophagy. It has been shown that the expression of 
ULK1 and Beclin 1 de-creases with age in animal mod-
els, implying that senescence is often accompanied by 
impaired autophagy [30–32]. By immunohistochemis-
try, we found that aortic p-PI3K was overexpressed and 
that the expression of ULK1 and Beclin 1 was suppressed 
in high-fat diet-fed mice, but the high-fat diet-induced 
impairment of autophagy was significantly amelio-
rated by MG-132 treatment. This finding suggested that 

high-fat diet-induced vascular senescence may be associ-
ated with impaired autophagy and that MG-132 may play 
a therapeutic role by activating the autophagic pathway.

To explore the mechanism of autophagy, we treated 
VSMCs cultured in vitro with sodium palmitate for 24 h. 
The results showed that the phosphorylation levels of 
autophagy-related proteins PI3K, AKT, and mTOR in the 
VSMCs induced by sodium palmitate were significantly 
increased, the expression levels of ULK1 and Beclin 1 
were significantly decreased, the MG-132 treatment 
decreased the phosphorylation levels, and the expression 
levels of ULK1 and Beclin 1 increased. The results of cel-
lular autophagy staining showed a significant decrease 
in autophagy fluorescence intensity induced by PA, and 
a significant increase in the fluorescence intensity of cel-
lular autophagy staining after the addition of MG-132, 
suggesting that MG-132 activates autophagy in VSMCs. 
When Pictilisib (PI3K inhibitor) was used, the activation 
of autophagy was further enhanced by MG-132, which 
inhibited the phosphorylation of PI3K, AKT, and mTOR, 
while Recilisib (PI3K activator) reversed the effect of 
MG-132. Studies have shown that in cellular autophagy, 
PI3K promotes the formation of autophagic vesicles 
through the production of phosphatidylinositol-3 phos-
phate (PI3P), which forms specific structural domains on 
the membrane of autophagic vesicles, recruits autoph-
agy-associated proteins, and facilitates membrane fusion 
and expansion of autophagic vesicles. Autophagy reduces 
oxidative damage and endoplasmic reticulum stress 
through phagocytosis and degradation; thus, the promo-
tion of autophagy improves cellular antioxidant capacity, 
and reduces DNA damage and inflammatory responses 
[33–37]. mTOR, a mammalian target of rapamycin, is a 
recognized downstream signaling molecule of AKT can 
directly affects the initiation and execution of cellular 
autophagy by regulating the phosphorylation status of 
ULK1. This detailed regulatory mechanism ensures that 
cells can flexibly adjust their autophagic activities under 
different environmental conditions to maintain intracel-
lular homeostasis and adapt to the demands of the exter-
nal environment. In conclusion, our results revealed that 
MG-132 inhibited the PA-induced aberrant proliferation 
and migration of VSMCs, reduced the level of oxidative 
stress, and delayed senescence in association with the 
reduced activity of the PI3K/AKT/mTOR pathway and 
activation of cellular autophagy. The molecular docking 
technique also theoretically demonstrated that the ligand 
carbon atom of MG-132 could form strong hydropho-
bic interactions with the PI3K amino acid residues GLU, 
TYR, LYS, LEU, and ILE, and at the same time, MG-132 
could provide an acceptor to form a hydrogen bond with 
the donor provided by ARG, which verified the target-
ing relationship between MG-132 and PI3K. However, 
there are limitations to this study, firstly, the relationship 
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between autophagy and senescence also needs to be fur-
ther clarified, and secondly, the mechanism of action of 
MG-132 is multifaceted and may involve various cellular 
pathways other than senescence and autophagy. Future 
studies could further enhance the exploration of the rela-
tionship between autophagy and senescence, as well as 
the specific molecular targets and downstream effects 
of MG-132 treatment, in order to fully understand its 
impact on vascular biology.

In conclusion, it can be concluded that MG-132 acti-
vates sodium palmitate-induced autophagy in human 
vascular smooth muscle cells and inhibits senescence via 
the PI3K/AKT/mTOR axis.
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