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Abstract. Reactive oxygen species (ROS) production has been 
implicated in the promotion of cellular senescence. Celastrol, 
a quinone methide triterpenoid isolated from the Celastraceae 
family, exerts antioxidant effects and enhances autophagy in 
various cell types. Since autophagy serves an important role in 
regulating ROS, it was hypothesized that the antioxidant effect 
of celastrol is via enhanced autophagy, thus inhibiting cell 
senescence. Therefore, the present study used a Senescence 
β-Galactosidase Staining kit, western blot analysis and cell 
cycle analysis to investigate whether celastrol alleviates angio-
tensin (Ang) II-induced cellular senescence by upregulating 
autophagy in vascular smooth muscle cells (VSMCs). The 
results demonstrated that celastrol reduced Ang II-induced 
senescence of VSMCs. Ang II-induced generation of ROS 
and the subsequent VSMC senescence were counteracted by 
pretreatment with celastrol, determined by a ROS assay kit. 
Celastrol significantly upregulated VSMC autophagy, which 
reduced intracellular ROS and the subsequent cellular senes-
cence induced by Ang II. Furthermore, celastrol markedly 
suppressed activity of the mechanistic target of rapamycin 
signaling pathway in VSMCs. In conclusion, the present 
study demonstrated that celastrol counteracts VSMC senes-
cence probably by reducing ROS production via activation of 

autophagy, which may hold promise for the prevention and 
treatment of aging-associated cardiovascular disorders such 
as atherosclerosis.

Introduction

The senescence of vascular smooth muscle cells (VSMCs) 
serves a causal role in the pathogenesis and development of 
vascular aging, that is closely associated with cardiovascular 
diseases (1). Senescent cells exhibit increased oxidative stress, 
telomere dysfunction and stable growth arrest (2) as well as 
increased expression of senescence-associated β-galactosidase 
(SA-β-gal), p53, p21 and p16 (3,4). High intracellular levels of 
reactive oxygen species (ROS) are known to induce premature 
senescence (5). Recent studies suggested that ROS-induced 
senescence involves reinforcement of positive feedback 
signaling, further amplifying senescent signals, and ultimately 
the senescent phenotype (5,6).

Ang II serves an important role in the pathogenesis of 
various human diseases including atherosclerosis, and inhibi-
tion of Ang II activity has been demonstrated to reduce the 
morbidity and mortality due to cardiovascular diseases (7). 
Ang II increases ROS production and reduces cellular anti-
oxidant capacity, leading to vascular senescence through a 
p53/p21-dependent mechanism in VSMCs (4). A growing body 
of evidence has demonstrated that treatment with biological 
substances and pharmaceuticals can reduce premature cellular 
senescence, providing a potential treatment for aging-associ-
ated diseases (8,9).

Celastrol is a quinone methide triterpenoid isolated from 
the traditional Chinese medicinal plant Tripterygium wilfordii 
Hook f. Celastrol has attracted increasing attention due to its 
potential therapeutic effects on inflammation and metabolic 
disorders (10,11). There is accumulating evidence that celastrol 
can also favorably affect cardiovascular function by preventing 
circulatory failure (12), atherosclerosis (13) or myocardial 
ischemic injury (14). Our previous study demonstrated that 
celastrol exerted inhibitory effects on platelet activation 
which could contribute to both thrombotic and inflammatory 
events (15). A recent study reported that a short-term treatment 
using tripterine (celastrol) reduced ox-low-density lipoprotein 
(LDL)-induced ROS generation in endothelial progenitor 
cells (16). It remains unknown whether celastrol counteracts 
cellular senescence by reducing ROS.
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Among the mechanisms regulating ROS, autophagy serves 
an important role (17). Autophagy is a type of evolution-
arily conserved mechanism that is linked to several cellular 
signaling pathways and can impact VSMC survival and 
function. Upregulation of autophagy with stimuli, including 
intracellular or extracellular factors, can protect VSMCs 
against cell death (18,19). A recent study reported that defec-
tive autophagy in VSMCs accelerates senescence and promotes 
ligation-induced neointima formation and diet-induced 
atherogenesis, implying that stimulating autophagy could be 
a novel strategy in the treatment of arterial diseases (20). In 
the present study, it was hypothesized that celastrol serves an 
anti-senescence role by inducing autophagy to reduce ROS 
production, using VSMCs.

Materials and methods

Chemicals, reagents and antibodies. Celastrol, N-acetyl-L- 
cysteine (NAC), 3-methyladenine (3Ma), bafilomycin A1 
(Baf A1), rapamycin (Rapa) and dimethyl sulfoxide (DMSO) 
were provided by Sigma-Aldrich (Merck KGaA, Darmstadt, 
Germany). Angiotensin II (Ang II) was obtained from EMD 
Millipore (Billerica, MA, USA). A Senescence β-galactosidase 
staining kit (cat. no. 9860), polyclonal rabbit antibodies against 
LC3A/B (cat. no. 4108), phosphorylated (p)-protein kinase B 
(Akt; cat. no. 9271), Akt (cat. no. 9272), p-mechanistic target 
of rapamycin (mTOR; cat. no. 2971), mTOR (cat. no. 2972), 
p-ribosomal protein S6 kinase β1 (p70S6K; cat. no. 9205), 
p70S6K (cat. no. 9202) and β-Actin (cat. no. 4967), and the 
monoclonal rabbit antibody against GAPDH (cat. no. 2118) 
were all purchased from Cell Signaling Technology, Inc. 
(Danvers, MA, USA). Monoclonal mouse antibodies against 
p21 (cat. no. sc-6246) and p53 (cat. no. sc-99) were from Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA). Polyclonal rabbit 
antibodies against p-phosphoinositide 3 kinase (PI3K; cat. 
no. ab182651) and PI3K (cat. no. ab40755) were obtained from 
Abcam (Shanghai, China). A polyclonal goat CY5-conjugated 
secondary antibody (cat. no. A10523) was from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA). An ROS assay kit and a 
Cell Counting kit-8 (CCK-8) were from the Beyotime Institute 
of Biotechnology (Haimen, China). Fetal bovine serum (FBS) 
and Dulbecco's modified Eagle's medium (DMEM) were 
provided by Gibco; Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA).

Ethics and animal protocols. A total of 20 Sprague-Dawley 
rats (150-180 g, 6 weeks of age) were obtained from the 
Laboratory Animal Center of the Third Military Medical 
University (Chongqing, China). The animals had free access 
to food and water and were housed at a temperature of 25˚C 
with 45-70% humidity, under a 12-h light/dark cycle in the 
specific pathogen free facility at Laboratory Animal Center 
of Third Military Medical University (Chongqing, China). All 
procedures were conducted in accordance with the animal 
care guidelines approved by the Animal Ethics Committee 
of the Third Military Medical University. The animal care 
and procedures were in accordance with the guidelines of the 
National Institutes of Health (Bethesda, MD, USA). Thoracic 
aortas were isolated from euthanized rats, and all efforts were 
made to minimize any pain to the animals.

Isolation and culture of VSMCs. Primary rat VSMCs were 
isolated from the thoracic aorta of Sprague-Dawley rats by 
an explant method as previously described (21). Briefly, male 
Sprague-Dawley rats were anaesthetized with 5% chloral 
hydrate (1 ml/100 g body weight) and sacrificed to obtain 
VSMCs from the thoracic aorta. VSMCs were cultured in 
DMEM supplemented with 10% FBS at 37˚C in a humidified 
atmosphere containing 5% CO2. The medium was changed 
every 2-3 days, and VSMCs at passages 3-8 were used for all 
experiments.

Analysis of cellular senescence. Senescent cells were identi-
fied using a Senescence β‑Galactosidase Staining kit. Briefly, 
VSMCs were seeded into 6-well plates (NEST, Wuxi, China) 
at 2x105/well. At 80% confluence, VSMCs were pretreated 
with celastrol at 10, 50 or 100 nM for 12 h before the addition 
of 100 nM Ang II for 2 days. Subsequently, cells were fixed 
with the fixative solution, rinsed twice with PBS and incubated 
with the β‑galactosidase staining solution at 37˚C overnight in 
a dry incubator (without CO2). For 3Ma or Baf A1 stimulation, 
cells were pretreated with 3 mM 3Ma or 50 nM Baf A1 for 2 h.

Cell cycle analysis. The cell cycle analysis was performed 
according to the manufacturer's protocol. Briefly, after serum 
starvation for 12 h, VSMCs were treated with 50 nM celastrol 
for 12 h before incubation with Ang II for 2 days at 37˚C. 
Subsequently, cells were harvested and fixed in 70% ethanol, 
stained for DNA content with propidium iodide for 30 min 
at room temperature and detected using a flow cytometer 
(BD FACScan, BD Biosciences, Franklin Lakes, NJ, USA). 
Fluorescence dot plots were analyzed and reconstructed with 
FlowJo version 7.2.5 software (FlowJo LLC, Ashland, OR, 
USA).

Western blot analysis. Western blot assays were performed as 
previously described (22). Briefly, VSMCs were harvested and 
lysed in RIPA buffer (Beyotime Institute of Biotechnology, 
Haimen, China), which contained a cocktail of both protease 
and phosphatase inhibitors (Roche Diagnostics, Basel, 
Switzerland). Following extraction from VSMCs, the protein 
concentration was determined by the BCA protein assay 
(Beyotime Institute of Biotechnology). Samples containing 
30 µg of protein were subjected to 10% SDS-PAGE and sepa-
rated. Following protein transfer to nitrocellulose membranes 
(EMD Millipore), the membranes were blocked and incubated 
with primary antibodies overnight (12 h) at 4˚C, then washed 
three times with TBST (Tris-buffered saline; 10 mM Tris-HCl 
pH 7.5, 150 mM NaCl and 0.1% Tween-20) for 30 min and incu-
bated with secondary antibodies for 1 h at room temperature. 
Membranes were washed four times with TBST for 40 min. 
The protein signals were detected using the SuperSignal West 
Pico Chemiluminescent Substrate (Pierce; Thermo Fisher 
Scientific, Inc.). The relative protein levels were analyzed 
by Image J software version 1.6.0_24 (National Institutes of 
Health, Bethesda, MD, USA).

Determination of intracellular ROS. A ROS assay kit was 
used to determine the intracellular ROS generation. In brief, 
quiescent cells were incubated with 50 nM celastrol for 12 h 
before stimulation with 100 nM Ang II for 12 h, and then 
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incubated with 2, 7-DCFH-DA in DMEM without FBS at 
37˚C for 30 min and rinsed three times with PBS. ROS levels 
were measured by using a flow cytometer.

Immunofluorescent staining of LC3. Cells were fixed with 
4% paraformaldehyde for 20 min, rinsed three times with 
PBS, blocked with 1% bovine serum albumin (Beyotime 
Institute of Biotechnology) for 1 h, and incubated with a 
rabbit anti-LC3 A/B antibody for 1 h at room temperature. 
Subsequently, the cells were washed and incubated with a 
CY5-conjugated secondary antibody for 1 h at room tempera-
ture. Immunofluorescence was detected by using a confocal 
microscope (TCS-SP5, Leica Microsystems GmbH, Wetzlar, 
Germany).

Statistical analysis. Data analysis was performed using 
GraphPad Prism 5.0 software package (GraphPad Software, 
Inc., La Jolla, CA, USA). All experimental data are expressed 
as the mean ± standard error with each experiment repeated at 
least three times. The statistical analysis was performed with 
SPSS software version 20.0 (IBM Corp., Armonk, NY, USA). 
The data comparisons were analyzed using one-way analysis 
of variance followed by Bonferroni's multiple comparisons 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Celastrol treatment counteracts Ang II‑induced cellular 
senescence in VSMCs. Senescent cells are characterized by 
stable growth arrest (2) and increased expression of SA-β-gal, 
p53, p21 and p16 (3,4). Treatment with celastrol alone had little 
effect on VSMC senescence compared with treatment with 
the vehicle control (DMSO). A significant increase in VSMC 
senescence upon stimulation with Ang II was evidenced by 
the increase in the number of SA-β-gal-positive cells. In this 
setting, celastrol demonstrated a dose-dependent inhibition 
of VSMC senescence with its maximal effect achieved at 
50 nM (Fig. 1A). Protein expression levels of p53 and p21 were 
significantly increased in VSMCs after a 2‑day period of stim-
ulation with Ang II. Pretreatment with celastrol significantly 
counteracted this effect of Ang II on (Fig. 1B). Flow cytometry 
was also used to investigate the effect of celastrol on the cell 
cycle of VSMCs. The senescent cells were defined as arrested 
primarily in the G0/G1 phase but occasionally at the S or G2 
phase. After stimulation with 100 nM Ang II for 2 days, the 
percentage of G0/G1 phase cells was significantly increased 
compared with that of the DMSO control group. In contrast, 
in VSMCs treated with Ang II, the number of G0/G1-arrested 
cells was decreased while the number of cells in S/G2 phase 
was increased by celastrol (50 nM)-pretreatment (Fig. 1C), 
indicating that the proliferative capacity of senescent VSMCs 
induced by Ang II was restored by celastrol.

Celastrol alleviates senescence through reducing ROS 
activity in VSMCs. Intracellular ROS serves a major role in 
the development of Ang II-induced cellular senescence (23), 
which can be alleviated by the specific ROS scavenger NAC 
in VSMCs (8). A ROS assay kit was used to investigate 
whether celastrol attenuated the Ang II-induced ROS activity 

in VSMCs. Treatment with celastrol alone had little effect on 
basal ROS generation, similar to that of the DMSO control 
(Fig. 1D). ROS production was increased in the Ang II-treated 
group and this was significantly decreased in the celas-
trol‑pretreated group, although such inhibitory efficacy was 
less potent compared with cells treated with NAC (Fig. 1D). 
These results suggested that the effects of celastrol on cellular 
senescence in VSMCs are potentially mediated through the 
inhibition of ROS production.

Celastrol‑induced autophagy reduces Ang II‑mediated senes‑
cence in VSMCs. Immunofluorescence assay demonstrated 
that the level of total LC3 was significantly increased in the 
celastrol-pretreated group compared with the control group 
(Fig. 2A). Western blot assay further demonstrated that 
compared with the DMSO control, the protein expression level 
of LC3 II was increased in the celastrol-treated group, which 
could be further increased by bafilomycin A1, or decreased 
by 3Ma (Fig. 2B). Furthermore, the p62 protein level was 
decreased in the celastrol-treated group, and treatment with 
the two autophagy inhibitors reduced these effects (Fig. 2B). 
Ang II stimulation significantly increased cellular ROS levels 
in VSMCs, and celastrol reduced the Ang II-stimulated ROS 
levels, similar to the effects of the positive control rapamycin; 
however, pretreating with the autophagy inhibitor 3Ma 
reversed the effect of celastrol (Fig. 2C), suggesting that celas-
trol at least partially inhibits intracellular ROS by activating 
autophagy in VSMCs.

To further confirm whether celastrol‑induced autophagy 
can reduce the Ang II-induced senescence of VSMCs, senes-
cence β-galactosidase staining and western blot analysis were 
performed. The results demonstrated that, just like in the 
autophagy inducer rapamycin-pretreated group, the SA-β-gal 
positive cell counts were significantly decreased in the celas-
trol-pretreated group, which was reversed by the autophagy 
inhibitors 3Ma and Baf A1 (Fig. 3A). Western blot assay 
further demonstrated that the autophagy inhibitor 3Ma largely 
abolished the effects of celastrol on p53 and p21 expression 
(Fig. 3B).

Celastrol inhibits the PI3K/Akt/mTOR signaling pathway. 
The present study then assessed tested whether celastrol could 
suppress the PI3K/Akt/mTOR signaling pathway. The results 
demonstrated that, compared with the control group, the phos-
phorylation levels of PI3K, Akt, mTOR and p70S6K in the 
celastrol group were downregulated (Fig. 4), indicating that 
celastrol treatment suppressed the PI3K/Akt/mTOR signaling 
pathway.

Discussion

It has been reported that treatment with tripterine (celastrol) 
decreases ox-LDL-induced oxidative stress, apoptosis and 
senescence of endothelial progenitor cells (16). However, 
whether celastrol exerts any effects on VSMC senescence 
remains unknown. The present study provided, to the best of 
our knowledge, the first evidence that celastrol upregulates 
autophagy which reduces ROS levels, and subsequently 
counteracts Ang II-induced cellular senescence. Meanwhile, 
celastrol inhibited the PI3K/Akt/mTOR signaling pathway 
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in VSMCs. Senescence contributes to the development of 
aging-associated pathologies such as cardiovascular disorders, 
diabetes and neurodegenerative diseases (20,24).

ROS is an important senescence-inducing stressor for 
vascular cells and can induce certain DNA lesions and drive 
senescence, either dependent or independent of telomere 
shortening (25). ROS has been implicated in Ang II-induced 
cellular senescence (7) and interventions to decrease ROS 
production by both scavenging free radicals and enhancing 
antioxidant defense have been widely proposed as an anti-aging 

strategy (24). To the best of our knowledge, the present study 
revealed for the first time that pretreatment with celastrol 
reduces the level of Ang II-induced ROS.

Autophagy has attracted growing interest because 
it affects almost every organ system and modulates an 
expanding list of disease processes (18). Autophagy contrib-
utes to general homeostasis through the turnover of long-lived 
proteins and organelles via lysosomal degradation. Recent 
studies have suggested that autophagy is relevant to human 
diseases (20,26). Researchers have investigated the association 

Figure 1. Celastrol treatment reduces Ang II-induced senescence by reducing ROS activity in VSMCs. (A) Senescence-associated β-galactosidase staining 
of VSMCs. The blue puncta indicate the senescent cells. Scale bar=250 µm. (B) Western blot measuring the effects of celastrol treatment on the protein 
expression of p53 and p21 induced by Ang II in VSMCs. (C) Cell cycle analysis using flow cytometry. The bars show the percentage of cells in the different 
phases (G1/G0, S, and G2/M phase) compared with control. (D) Flow cytometric analysis of ROS in celastrol‑treated cells. The representative flow cytometry 
results and statistical analysis are presented. Data are presented as the mean ± standard error. *P<0.05 (n=3). CeT, celastrol. Ang II, angiotensin II; NAC, 
N‑acetyl‑L‑cysteine; ROS, reactive oxygen species; FITC, fluorescein isothiocyanate. VSMCs, vascular smooth muscle cells. SAβ-gal, senescence-associated 
β-galactosidase; SAβ-gal, senescence-associated β-galactosidase; VSMCs, vascular smooth muscle cells; DMSO, dimethyl sulfoxide.
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between autophagy and aging over the years. The induction 
of autophagy by caloric restriction, spermidine, resveratrol 
or rapamycin can extend the life span of different organ-
isms (27). The autophagy inducers rapamycin and resveratrol 
suppress cellular senescence by partially preventing the loss of 
proliferative potential (28,29), whereas defective autophagy in 
VSMCs accelerates senescence and promotes ligation-induced 
neointima formation and diet-induced atherogenesis (20). It has 
been demonstrated that autophagy reduces ROS (17). By upreg-
ulation of autophagy, celastrol protects the SH-SY5Y human 
neuroblastoma cell line from rotenone-induced injury (30) and 
ameliorates experimental colitis in interleukin‑10‑deficient 
mice (31). However, whether celastrol can induce autophagy 
and subsequently exert a protective effect on VSMCs is still 
unknown. In the present study, novel evidence is presented for 

a prominent role of celastrol-activated autophagy in regulating 
ROS to reduce VSMC senescence.

In addition, celastrol has been reported to affect a diverse 
range of cellular functions that involves various signaling 
pathways. For example, celastrol protects against obesity and 
metabolic dysfunction through activation of a HSF1-PGC1a 
transcriptional axis (11). Celastrol attenuates hyperten-
sion‑induced inflammation and oxidative stress in VSMCs 
via induction of heme oxygenase-1 (32). However, there have 
been no reports about the direct target or binding receptor of 
celastrol in a cell yet, which makes it difficult to explain the 
mechanisms for what the reported studies observed. It is well 
known that the PI3K/Akt/mTOR pathway mediates an inhibi-
tory signal on autophagy (33). Several studies have implicated 
that celastrol induces autophagy via the suppression of the 

Figure 2. Celastrol induces autophagy in VSMCs. Serum-starved VSMCs were pre-incubated with varying concentrations of either celastrol or vehicle (0.1% 
DMSO) for 12 h and then (A) examined using immunofluorescence assay to identify LC3 puncta or (B) subjected to western blotting to determine the protein 
levels of LC3 and p62. Scale bar=10 µm. (C) Flow cytometric analysis of ROS in celastrol-treated cells. Data are presented as the mean ± standard error. 
*P<0.05 (n=3). CeT, celastrol; Ang II, angiotensin II. LC3, microtubule‑associated protein light chain 3; 3Ma, 3‑methyladenine. Baf A1, bafilomycin A1; Rapa, 
rapamycin; FITC, fluorescein isothiocyanate; ROS, reactive oxygen species; VSMCs, vascular smooth muscle cells; DMSO, dimethyl sulfoxide.



XU et al:  CELASTROL ALLEVIATES VSMC SENESCENCE BY AUTOPHAGY7662

PI3K/Akt/mTOR pathway in the proximal colon of mice 
and in tumor cells (31,34). The present study demonstrated 
that celastrol significantly suppressed the PI3K/Akt/mTOR 
signaling pathway and upregulated autophagy; celastrol 
reduces ROS by inducing autophagy in VSMCs by using 
an autophagy inhibitor. Thus, though the direct target or 
receptor of celastrol in VSMCs remains unknown, the present 
study revealed the close association between celastrol and 
the PI3K/Akt/mTOR-autophagy-ROS axis, i.e. that celas-
trol possibly promotes autophagy via the PI3K/Akt/mTOR 
pathway in VSMCs. However, it cannot be concluded that 
the effect of autophagy upregulation by celastrol is precisely 
PI3K/Akt/mTOR dependent, because specific inhibitors or 
specific small interfering RNAs of PI3K/Akt/mTOR were 
not used in this study. Therefore, there may be other possible 
mechanisms through which celastrol may function, as opposed 
to a direct effect on PI3K/Akt/mTOR. Nevertheless, this issue 
could be addressed in the future by investigating the effects of 
celastrol on autophagy with or without administration of the 
specific inhibitors or siRNAs of PI3K/Akt/mTOR axis in the 
same cell model.

As one of the biomarkers of autophagy used in these 
experiments, LC3 protein is involved in phagophore forma-
tion, which is the primary autophagy-related protein (Atg)8 
homolog examined in mammalian cells (35), and p62 is 
constantly degraded via autophagy through its LIR domain 
that binds to LC3 on the membranes of autophagosomes (36). 

The concomitant increase in LC3-II and degradation of p62 
typically reflect the potent induction of autophagy (35). The 
present study observed increased LC3-II and decreased p62 
levels in VSMCs by celastrol treatment, which may be due to 
the inhibition of PI3K/Akt/mTOR signaling pathway by celas-
trol, as mTOR is a classic negative regulator of autophagy (33). 
In addition, though there are several autophagy markers such 
as LC3, Atg5, Atg7, Atg9, Atg12-Atg5, ATG14, ATG16L1 and 
p62 (35), only LC3 and p62 were selected as representative 
markers, as investigated previously (37,38) to assess the induc-
tion of autophagy by celastrol, thus; whether other autophagy 
markers are also affected by celastrol has to be further verified 
in future work.

The present study demonstrated that celastrol upregulated 
autophagy, which reduced ROS and subsequently counteracted 
the cellular senescence of VSMCs as a consequence of Ang II 
stimulation. However, it has also been revealed that celastrol 
suppresses the viability of cancer cells through AMPK acti-
vation, which is also caused by ROS generation (39). In this 
context, celastrol was demonstrated to induce prolonged and 
excessive autophagy in tumor cells, leading to cell death (31). 
In these studies, celastrol was used at a much higher dose 
compared with the dose (50 nM) tested in the present study, 
which is consistent with some reports, in which either a 
moderate dose or short duration treatment of celastrol induced 
an anti‑inflammatory or anti‑autoimmune effect (10,40). To 
avoid inducing intracellular ROS and excessive autophagy, 

Figure 3. Autophagy inhibitors reverse the effects of celastrol on VSMC senescence. (A) SAβ-gal staining of VSMCs. Scale bar=250 µm. (B) Western 
blot measuring the effects of 3Ma treatment on the protein expression levels of p53 and p21 in VSMCs. Data are presented as the mean ± standard error. 
*P<0.05 (n=3). CeT, celastrol; SAβ-gal, senescence-associated β‑galactosidase; Ang II, angiotensin II; 3Ma, 3‑methyladenine; Baf A1, bafilomycin A1; Rapa, 
Rapamycin; VSMCs, vascular smooth muscle cells; DMSO, dimethyl sulfoxide.
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which can lead to apoptosis and cell death, the present study 
conducted a cytotoxic experiment to optimize the celastrol 
dose to a moderate level. The results demonstrated that celas-
trol did not influence the viability of VSMCs at a dose up to 
50 nM (data not shown). In general, these results demonstrated 
that treatment with a moderate dose of celastrol (50 nM) on 
VSMCs in vitro can significantly exert a positive effect on 
VSMCs.

In conclusion, the present study demonstrated that celas-
trol upregulates autophagy, which confers resistance to Ang 
II-induced superoxide generation and the resultant senescence. 
Notably, the effects of celastrol on stimulating autophagy may 

be associated with its inhibition of mTOR activity (Fig. 5). As 
VSMC senescence is present in atherosclerotic plaques and 
contributes to the pathogenesis of atherosclerosis, celastrol 
may hold promise for the prevention and treatment of cardio-
vascular diseases.
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Figure 5. Schematic diagram of the effect of CeT on Ang II-induced cellular senescence in VSMCs. Ang II enhances production of reactive oxygen species that 
ultimately lead to cellular senescence. Celastrol upregulates autophagy that may be associated with the PI3K/Akt/ mTOR signaling pathway, which further 
inhibits ROS production and attenuates VSMC senescence induced by Ang II. CeT, celastrol; Ang II, angiotensin II; VSMCs, vascular smooth muscle cells; 
Akt, protein kinase B; mTOR, mechanistic target of rapamycin; PI3K, phosphoinositide 3 kinase; p70s6k, ribosomal protein S6 kinase β1.

Figure 4. Celastrol suppresses the PI3K/Akt/mTOR signaling pathway. Representative western blot images and quantification of protein expression levels of 
p-PI3K, p-Akt, p-mTOR and p-p70S6K in VSMCs. GAPDH served as an internal control. Data are presented as the mean ± standard error. *P<0.05 (n=3). CeT, 
celastrol; Ang II, angiotensin II; VSMCs, vascular smooth muscle cells; p, phosphorylated; Akt, protein kinase B; mTOR, mechanistic target of rapamycin; 
PI3K, phosphoinositide 3 kinase; DMSO, dimethyl sulfoxide; p70s6k, ribosomal protein S6 kinase β1.
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