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Abstract. Statins exert pleiotropic effects on endothelial 
cells, in addition to lowering cholesterol. This study evaluated 
angiotensin II (Ang II)-induced dysfunction in human 
umbilical vein endothelial cells (HUVECs), and the effects 
of atorvastatin (Ator) on induced HUVECs in vitro. The 
cytotoxicity of Ang II and Ator was determined by the MTT 
assay. A series of cellular responses were screened, including 
oxidative stress, cellular apoptosis, inflammatory response, 
autophagy, expression of endothelial nitric oxide synthase 
and the angiogenic function of HUVECs. Ator returned 
these cellular responses to a normal level. The present study 
also examined cellular organelle dysfunction. In HUVECs, 
Ang II triggered mitochondrial damage, as demonstrated by 
a decreased mitochondrial membrane potential, while Ator 
attenuated this Ang II-induced damage. The observed cellular 
dysfunction may cause endothelial senescence due to excessive 
cell injury. The current study examined several aging markers, 
which revealed that these disorders of cellular functions 
triggered endothelial senescence, which was delayed by Ator. 
Ator also suppressed Ang II-induced angiogenesis damage. 
The data presented in this study strongly suggested that Ang II 
induced a series of processes that lead to cellular dysfunction 
in HUVECs, including oxidative stress, inflammation, and 
mitochondrial damage, leading to apoptosis and endothelial 
senescence. However, Ator significantly reversed these 
effects and modulated intracellular stability. The present 
study indicated that Ator serves an antagonistic role against 
HUVEC dysfunction and may potentially prevent several 
diseases, including coronary disease and atherosclerosis, by 
maintaining cellular homeostasis.

Introduction

The renin-angiotensin-aldosterone system serves a role in the 
pathogenesis of cardiovascular diseases, including hyperten-
sion and atherosclerosis (1). Angiotensin II (Ang II) is the main 
active peptide hormone of the renin-angiotensin-aldosterone 
system (2). It serves a role in endothelial dysfunction, vascular 
remodeling and vascular inflammation, which are closely 
associated with numerous diseases, including hypertension 
and atherosclerosis (3,4). Previous studies found that Ang II 
triggers a large amount of reactive oxygen species (ROS) in 
several human cell lines and organic tissues (5,6). High levels 
of ROS can lead to mitochondrial dysfunction, inflammation 
and/or autophagy (7-9). These cellular responses are widely 
reported to cause disordered homeostasis in cells, ultimately 
leading to cell death (10-13).

Statins typically include lipophilic (simvastatin and 
atorvastatin) and hydrophilic (rosuvastatin) members (14). 
Atorvastatin (Ator) lowers the level of cholesterol in the blood 
by inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase, an enzyme with a key role in cholesterol production (15). 
Previous reports indicated a number of protective functions 
associated with Ator in cell lines, including the upregula-
tion of endothelial nitric oxide expression and antioxidant 
effects (16,17). Previous studies have also demonstrated the 
anti-hypertensive effects of Ator, promoting the resumption 
of endothelial function and via intrinsic anti-oxidant activi-
ties (18). There is evidence that high levels of ROS and cellular 
apoptosis are associated with senescence (19). Ator was 
previously reported to delay aging in endothelial progenitor 
cells (20). However, few studies have investigated the under-
lying mechanism by which Ator regulates endothelial function 
and senescence.

The present study screened the effects of Ator on Ang 
II-induced cytotoxicity in human umbilical vein endothe-
lial cells (HUVECs). This study examined several cellular 
responses induced by Ang II, including oxidative stress, 
inflammation, autophagy and cell apoptosis, and determined 
whether Ator could reverse these changes. In addition, endo-
thelial nitric oxide synthase (eNOS) protein expression was 
detected following exposure to Ang II alone and in combi-
nation with Ator, and this was shown to be associated with 
HUVEC function. The tube formation assay was performed 
to determine whether Ator influenced the angiogenic damage 
induced by treatment with Ang II. Furthermore, this study 
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examined whether Ator was able to attenuate Ang II-induced 
senescence in HUVECs.

Materials and methods

Materials. Ang II was purchased from Sigma-Aldrich (Merck 
KGaA, Darmstadt, Germany). Ator was purchased from Pfizer, 
Inc. (New York, NY, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT), ROS Detection kit, 
Senescence-associated β-Galactosidase (SA-β-gal) staining 
kit, Rhodamine 123 (Rh123) Staining kit and Terminal 
deoxynucleotidyl-transferase-mediated dUTP nick-end 
labeling (TUNEL) Staining kit were purchased from Beyotime 
Institute of Biotechnology (Jiangsu, China). Anti-B-cell 
lymphoma 2 (BCL-2), anti-Bcl-2-associated X (BAX), 
anti-caspase-3 and anti-GAPDH antibodies were purchased 
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). 
Anti-microtubule-associated protein 1A/1B-light chain 3 
(LC3)-II, anti-LC3-I, anti-Beclin 1, anti-sequestosome 1 (p62), 
anti-endothelial nitric oxide synthase (eNOS), anti-tumor 
protein p53 (p53) and anti-cyclin dependent kinase inhibitor 2A 
(p16) antibodies were purchased from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). The Chemicon® 
in vitro Angiogenesis Assay kit was obtained from Merck 
KGaA. Human interleukin (IL)-12 (cat. no. EK0421), IL-6 (cat. 
no. EK0410), IL-1β (cat. no. EK0932) and tumor necrosis 
factor-α (TNF-α; cat. no. EK0525) ELISA kits were supplied 
by Boster Biological Technology (Pleasanton, CA, USA).

Cell culture. HUVECs were obtained from the Cell Bank of the 
Chinese Academy of Science (Shanghai, China; cat. no. H082). 
Cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; Invitrogen) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) and 1% penicillin-streptomycin (all 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in 
a 5% CO2‑humidified incubator.

MTT assay. HUVECs were seeded onto 96-well plates at a 
density of 1x104 cells/well and grown for 24 h. In the first 
stage, the medium was replaced with medium containing 
different concentrations (0.1, 1, 10 or 100 µM) of Ang II 
(Sigma‑Aldrich; Merck KGaA), and further incubated at 37˚C 
for 24, 48 and 72 h. In the second stage, cells were incubated 
with fresh medium containing Ang II (1 µM) alone or 
combined with various concentrations of atorvastatin (1, 10, 
20 or 50 µM) at 37˚C for 24 h. The effects of atorvastatin (1, 
10, 20 or 50 µM) on cell viability were also examined. Cells 
were washed twice with phosphate-buffered saline and MTT 
was added to a final concentration of 0.5 mg/ml in each well 
and incubated for 4 h at 37˚C. Following MTT incubation, 
dimethylsulfoxide solution was used to dissolve the formazan 
crystals and absorbance was measured at a wavelength of 
490 nm on a microplate reader (Thermo Multiskan MK3; 
Thermo Fisher Scientific, Inc.). The viability of control cells 
was set as 100%.

ROS detection assay. ROS levels were determined by 
2',7'‑dichlorofluorescein diacetate assay (Beyotime Institute 
of Biotechnology), according to the manufacturer's protocol. 
Cells were seeded onto six-well plates at a density of 2x105 cells 

per well and grown for 24 h. Subsequently, cells were treated 
with fresh DMEM containing 10 µM Ator alone, 1-µM Ang II 
alone or combined with 10 µM Ator at 37˚C for 24 h. A single 
treatment of 10 µM Ator was also applied. Flow cytometry 
was performed to quantify the levels of ROS using a Cyan-LX 
instrument (Dako; Agilent Technologies, Inc., Santa Clara, 
CA, USA) and analyzed by FlowJo V10 CL software (FlowJo 
LLC, Ashland, OR, USA). The mean fluorescence was deter-
mined by counting 10,000 events.

Cytokine quantification assay. HUVECs were treated with 
10 µM Ator alone and 1 µM Ang II alone or combined with 
10 µM Ator, and incubated at 37˚C for 24 h. Following incu-
bation, the supernatant was pipetted into 96-well plates and 
analyzed for IL-12, IL-6, IL-1β and TNF-α expression using the 
Human IL-12, IL-6, IL-1β and TNF-α ELISA kits, according 
to the manufacturer's protocol. Absorbance was measured at 
450 nm with a correction wavelength at 570 nm. The bicincho-
ninic acid (BCA) protein assay was used to measure the total 
protein concentration in the supernatant. Cytokine levels were 
calculated from a standard curve for each sample.

Mitochondrial membrane potential (MMP) assay. MMP assay 
was performed using the Rh123 Staining kit, according to the 
manufacturer's protocol. HUVECs were seeded onto six-well 
plates at a density of 2x105 cells/well and grown for 24 h. Cells 
were treated with 10 µM Ator alone and 1 µM Ang II alone or 
combined with 10 µM Ator and incubated for 24 h at 37˚C. Cells 
were washed twice with PBS and stained with 10 µg/ml Rh123 
for 30 min at 37˚C. Subsequently, stained cells were collected 
and analyzed using a flow cytometer (DakoCytomation; Dako; 
Agilent Technologies, Inc.) to quantify the fluorescence inten-
sities of the cells. Data were analyzed with FlowJo V10 CL 
software.

TUNEL assay. HUVECs were seeded onto six-well plates at a 
density of 2x105 cells/well and grown for 24 h. Subsequently, 
cells were treated with 10 µM Ator alone and 1 µM Ang II 
alone or combined with 10 µM Ator for 24 h at 37˚C. TUNEL 
staining was then performed according to the manufacturer's 
protocol.

SA‑β‑gal assay. HUVECs were seeded onto six-well plates at 
a density of 2x105 cells/well and grown for 24 h. Subsequently, 
cells were treated with 10 µM Ator alone and 1 µM Ang II 
alone or combined with 10 µM Ator for 24 h at 37˚C. Cells 
were stained using the SA-β-gal staining kit, according to the 
manufacturer's protocol. Images were obtained using an optical 
microscope (SOPTOP ICX41; Ningbo Sunny Instruments Co., 
Ltd., Ningbo, China) at a magnification of x200 and analyzed 
using ImageJ software (version 1.4.9; National Institute of 
Health, Bethesda, MD, USA).

Tube formation assay. Tube formation assays were performed 
using the Chemicon in vitro Angiogenesis Assay kit according 
to manufacturer's protocol. Tube formation assays were 
performed using 24-well plates precoated with Matrigel, 
which was stored for 24 h at 4˚C before the experiment. The 
Matrigel was thawed and 200 µl was added to a 24-well plate. 
The plate was incubated for 30 min at 37˚C to form a gel layer. 
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Cells seeded at a density of 1x104 cells/well were treated with 
10 µM Ator alone, and 1 µM Ang II alone or a combined of 
the two at 37˚C overnight. The cells (1x104 cells/well) were 
then plated onto Matrigel pre-coated 24-well plates in DMEM 
supplemented with 10% FBS medium and incubated for 4 h. 
Images were obtained using an SOPTOP ICX41 optical micro-
scope at a magnification of x200 and analyzed using ImageJ 
software.

Western blot analysis. HUVECs were seeded onto six-well 
plates at a density of 2x105 cells/well and grown for 24 h. Total 
protein was extracted from cells using radioimmunoprecipita-
tion lysis buffer (Beyotime Institute of Biotechnology). The 
resultant mixture was centrifuged at 10,000 x g for 10 min 
at 4˚C. Total protein was quantified using a BCA protein assay kit 
(Beyotime Institute of Biotechnology), according to the manu-
facturer's protocol. The proteins (20 µg/lane) were separated 
by SDS‑PAGE, transferred onto a polyvinylidene difluoride 
membrane and blocked with 5% nonfat milk at room tempera-
ture for 2 h. The membranes were incubated with primary 
antibodies against human BCL-2 (cat. no. SC509), BAX (cat. 
no. SC6236), caspase-3 (cat. no. SC271028) and GAPDH 
(cat. no. SC47724; all 1:400; Santa Cruz Biotechnology, 
Inc.), p38 (cat. no. 8690), LC3-II (cat. no. 2775), LC3-I (cat. 
no. 4108), Beclin 1 (cat. no. 3778), p62 (cat. no. 88588), eNOS 
(cat. no. 32027), p53 (cat. no. 2527) or p16 (cat. no. 80772; 
all 1:400; Cell Signaling Technology, Inc.) overnight at 4˚C. 
Following primary incubation, membranes were incubated 

with horseradish peroxidase-conjugated secondary antibodies 
(1:5,000; cat. no. A0201) for 2 h at room temperature. Protein 
bands were visualized with BeyoECL Plus (both Beyotime 
Institute of Biotechnology). Protein expression was quantified 
using ImageJ software and normalized to GAPDH.

Statistical analysis. The results are reported as the 
mean ± standard error of the mean of at least three indepen-
dent experiments. All the experimental data were analyzed 
using one-way analysis of variance with Bonferroni correction 
multiple testing. Statistical analyses were performed using 
GraphPad Prism software (version 6.0; GraphPad Software, 
Inc., La Jolla, CA, USA). *P<0.05 was considered to indicate a 
statistically significant difference.

Results

Cell viability measurement. To determine the effect of Ang 
II in HUVECs, cell viability was examined using the MTT 
assay. The MTT assay was performed following treatment 
with various concentrations (0, 0.1, 1, 10 or 100 µM) of Ang II 
at 24, 48 and 72 h. Ang II significantly decreased cell viability 
in what appears to be a dose- and time-dependent manner 
(Fig. 1A). Based on these results, the effect of Ator on the 
viability of HUVECs was analyzed. HUVECs were treated 
with 1 µM Ang II in combination with various concentrations 
(1, 10, 20 or 50 µM) of Ator for 24 h. Ator appeared to suppress 
cell death in a dose-dependent manner (Fig. 1B). HUVECs 

Figure 1. HUVEC viability. MTT assay was used to examine the viability of HUVECs following treatment with various concentrations of Ang II (A) alone or 
(B) in combination with Ator. (C) Cell viability was also assessed following treatment of HUVECs with various concentrations of Ator. Data are presented as 
the mean ± standard error of the mean and normalized to untreated control. *P<0.05, **P<0.01 and ***P<0.01 vs. control group; #P<0.05 as indicated. HUVECs, 
human umbilical vein endothelial cells; Ator, atorvastatin; Ang II, angiotensin II; CON, untreated control.
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were treated with various concentrations (1, 10, 20 or 50 µM) 
of Ator alone. Ator did not affect cell viability (Fig. 1C). These 
results indicated that Ator may be able to repair the cellular 
damage caused by Ang II and protect cells from death.

Ator attenuates Ang II‑induced cytotoxicity in HUVECs. To 
monitor the effects of Ator on Ang II-induced cytotoxicity in 
HUVECs, several cellular processes were examined in this 
study. Intracellular levels of ROS were assessed using flow 
cytometry (Fig. 2A). ROS generation in HUVECs was signifi-
cantly elevated following treatment with Ang II, compared 
with the untreated control. However, the addition of Ator 
significantly decreased intracellular ROS compared with the 
Ang II treatment group. Treatment with Ator alone did not 
cause any significant changes in ROS generation (Fig. 2B).

Mitochondria are one of the main sources of ROS under 
conditions of oxidative stress; elevated intracellular ROS 
may lead to mitochondrial dysfunction, an early indica-
tion of cell death (21). The present study analyzed the 
mitochondrial membrane potential by Rh123 staining. Rh123 
is a fluorescent dye that accumulates in normal mitochondria. 
Intracellular Rh123 fluorescence was assessed using flow 

cytometry (Fig. 3A). Rh123 fluorescence was significantly 
weaker following treatment with Ang II, compared with the 
untreated control group. However, the fluorescent signal was 
attenuated in the presence of Ator compared with the Ang II 
alone treatment group. Treatment with Ator alone did not cause 
any obvious alterations compared with the untreated control 
(Fig. 3B). These results indicated that Ator suppressed cell 
death and prevented mitochondrial damage caused by Ang II.

Cell injury may trigger a chain reaction of inflammatory 
responses (22). The present study examined the inflammatory 
response to treatment with Ang II in HUVECs. Treatment with 
Ang II significantly increased intracellular inflammation, as 
indicated by enhanced IL-1β, IL-12, TNF-α and IL-6 cytokine 
expression levels, compared with the untreated control group. 
However, the addition of Ator decreased cytokine secretion 
compared with the Ang II treatment group. Treatment with 
Ator alone did not cause any significant changes to cytokine 
expression (Fig. 4). These results suggested that Ator prevented 
cells from chronic inflammation.

Autophagy is a fundamental cellular process in the degra-
dation of cellular organelles (23). Due to the Ang II-induced 
mitochondrial damage observed, the effects of Ang II and Ator 

Figure 2. Ator attenuates Ang II‑induced ROS levels in HUVECs. (A) Quantification of intracellular ROS levels in HUVECs was determined by flow 
cytometry, following treatment with Ang II, Ator or both. (B) Fluorescent intensity was calculated by multiplying the number of events by the mean of the 
fluorescence intensity value. Data are presented as the mean ± standard error of the mean. *P<0.05 and **P<0.01 vs. control group; #P<0.05 as indicated. ROS, 
reactive oxygen species; CON, untreated control; Ator, atorvastatin; Ang II, angiotensin II; HUVECs, human umbilical vein endothelial cells.
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on cell autophagy in HUVECs were analyzed. The exposure 
of HUVECs to treatment with Ang II significantly enhanced 
protein expression levels of LC3-II/-I (Fig. 5A). In addition, 
the protein level of Beclin 1, which is known to regulate 
autophagy via the Beclin 1/VPS34 complex was also signifi-
cantly increased following treatment with Ang II. To further 
confirm autophagy, the protein level of p62, an important 
indicator of autophagic flux, was analyzed. Expression levels 
of p62 significantly increased following treatment with Ang 
II (Fig. 5A), indicating inhibition of the autophagic flux. The 
activation of autophagy and the suppression of autophagic flux 
can lead to LC3-II and autophagosome accumulation (24). 
The present study indicated that in HUVECs, the activation of 
autophagy and suppression of autophagic flux occur following 
treatment with Ang II. The induction of autophagy and the 
blockade of autophagy flux can lead to LC3II and autophago-
some accumulation (24). The elevated levels of p62 suggested 
that Ang II may not only induce autophagic activity but 
also block autophagy flux (24). The addition of Ator signifi-
cantly reversed Ang II-induced effects on the expression of 
autophagy-associated proteins (Fig. 5A). Treatment with Ator 
alone did not cause any significant alterations compared with 

the untreated control (Fig. 5B). The present study indicated that 
Ator attenuated Ang II-induced cellular autophagy, and this 
may be attributed to its effect on intracellular ROS generation.

To further investigate the effects of Ang II and Ator on 
HUVECs, cellular apoptosis was analyzed by the TUNEL 
assay. Cellular apoptosis was significantly increased following 
treatment with Ang II, however the addition of Ator markedly 
suppressed Ang II-induced apoptosis in HUVECs (Fig. 6A). 
Furthermore, treatment with Ang II significantly increased 
expression levels of cellular apoptosis-associated proteins 
BAX and caspase-3, and decreased the expression of BCL-2, 
compared with the untreated control group (Fig. 6B). The 
addition of Ator significantly reversed the effects of Ang II 
on the expression of cellular apoptosis-associated proteins. 
Treatment with Ator alone did not cause any significant 
alterations compared with the untreated control (Fig. 6C). This 
study indicated that Ator attenuated Ang II-induced cellular 
apoptosis.

Ator modulates eNOS expression in HUVECs. Injury can cause 
cellular dysfunction (25). To further investigate the biological 
functions of Ang II and Ator in HUVECs, protein expression 

Figure 3. Ator attenuates Ang II‑inhibits the mitochondrial membrane potential in HUVECs. (A) Quantification of mitochondrial membrane potential in 
HUVECs was determined by flow cytometry, following treatment with Ang II, Ator or both. (B) Fluorescent intensity was calculated by multiplying the number 
of events by the mean of the fluorescence intensity value. Data are presented as the mean ± standard error of the mean. **P<0.01 and ***P<0.001 vs. control 
group; #P<0.05 as indicated. HUVECs, human umbilical vein endothelial cells; CON, untreated control; Ator, atorvastatin; Ang II, angiotensin II.
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level of eNOS, a key enzyme responsible for the proper func-
tion of the vascular endothelium (26), was analyzed by western 

blotting. Treatment with Ang II significantly decreased the 
expression level of eNOS, compared with the untreated control 

Figure 4. Ator attenuates inflammatory cytokine expression levels in HUVECs. The expression levels of various proteins implicated in pro‑inflammatory 
responses were analyzed. The mRNA expression levels of interleukin (IL)-1β, IL-6, TNF-α and IL-12 were determined following treatment with Ang II, Ator 
or both. Data are presented as the mean ± standard error of the mean. *P<0.05 and **P<0.01 vs. control group; #P<0.05 as indicated. CON, untreated control; 
Ator, atorvastatin; Ang II, angiotensin II; IL, interleukin; TNF-α, tumor necrosis factor-α.

Figure 5. Ator attenuates autophagy dysfunction in HUVECs. The protein expression levels of LC3-II/I, Beclin 1 and p62 were determined using western blot 
analysis in HUVECs following treatment with (A) Ang II and Ang II + Ator or (B) Ator alone for 24 h. GAPDH was used as the loading control. Data are 
presented as the mean ± standard error of the mean. *P<0.05 vs. control group; #P<0.05 as indicated. HUVECs, human umbilical vein endothelial cells; CON, 
untreated control; Ator, atorvastatin; Ang II, angiotensin II; LC3, microtubule-associated protein 1A/1B-light chain 3.
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group (Fig. 7). The addition of Ator significantly reversed the 
effects of Ang II on the expression of eNOS. Expression levels 
in HUVECs treated with Ator alone did not exhibit any signifi-
cant changes compared with the untreated control (Fig. 7).

Ator delays aging in HUVECs. Apoptosis may enhance 
aging (19). To determine the effects of Ator on the 
process of aging in HUVECs, the expression levels of 
senescence-associated markers p53 and p16 were analyzed 
by western blotting. Treatment with Ang II significantly 
increased the expression levels of p53 and p16, compared 
with the untreated control. The addition of Ator significantly 
reversed the effect observed (Fig. 8A). Cells treated with Ator 
alone did not exhibit any significant changes, compared with 
the untreated control (Fig. 8A). These results indicated that 
Ang II-induced apoptosis may be associated with the process 
of cellular senescence, while Ator may be involved in delaying 
the aging process. To further investigate the process of aging 
in HUVECs, the level of SA-β-gal expression was analyzed by 
utilizing a commercial SA-β-gal staining kit. The proportion of 
senescent cells was significantly increased in HUVECs treated 
with Ang II (Fig. 8B). Following treatment with Ator, the 
proportion of senescent cells decreased significantly compared 
with the Ang II-only treatment group (Fig. 8B). These results 
are consistent with those for previously described senescence 
markers (27). In addition, HUVECs treated with Ator alone did 
not exhibit any significant changes in expression levels of the 

senescence-associated markers compared with the untreated 
control (Fig. 8B). Therefore, Ator reversed the aging induced 
by Ang II, exhibiting anti-aging activity.

Ator reverses Ang II‑induced tube formation damage. 
HUVECs are the most widely used cell type used for studying 
vasculature and angiogenesis (28-30). Excessive damage to 
HUVECs may influence their biological function (31). The 
effect of Ang II and Ator on tube formation in HUVECs was 
analyzed by tube formation assay (Fig. 9A). The length of the 
tube‑like vasculature of HUVECs was significantly shortened 
in response to treatment with Ang II, compared with the 
control group (Fig. 9B). However, the addition of Ator signifi-
cantly reversed the effect observed with Ang II alone. Cells 
treated with Ator alone did not exhibit any obvious changes 
in length, compared with the untreated control (Fig. 9B). 
The present study demonstrated the ability of Ator to reverse 
Ang II-induced cellular dysfunction. A series of cellular 
responses, including oxidative stress, cellular apoptosis, 
inflammatory response, autophagy, expression of eNOS and 
the angiogenic function of HUVECs all returned to normal 
following treatment with Ator.

Discussion

As Ang II may cause damage to human umbilical vein endothe-
lial cells (HUVECs), an MTT assay was performed to examine 

Figure 6. Ator attenuates cell apoptosis in HUVECs. (A) Terminal deoxynucleotidyl-transferase-mediated dUTP nick-end labeling assay was used to examine 
cell apoptosis in HUVECs following 24 h treatment with Ang II, Ator or both. Arrows indicate apoptotic cells. The protein expression levels of BCL-2, BAX 
and caspase-3 were determined using western blot analysis in HUVECs following treatment with (B) Ang II and Ang II + Ator or (C) Ator alone for 24 h. 
GAPDH was used as the loading control. Scale bar, 20 µm. Data are presented as the mean ± standard error of the mean, n=3. *P<0.05 vs. control group; #P<0.05 
as indicated. HUVECs, human umbilical vein endothelial cells; CON, untreated control; Ator, atorvastatin; Ang II, angiotensin II; LC3, microtubule-associated 
protein 1A/1B-light chain 3; BCL-2, B-cell lymphoma 2; BAX, Bcl-2-associated X.
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Figure 7. Ator modulates eNOS expression. The protein expression level of eNOS was determined using western blot analysis in HUVECs following treat-
ment with Ang II, Ang II + Ator or Ator alone for 24 h. GAPDH was used as the loading control. Data are presented as the mean ± standard error of the 
mean. **P<0.01 vs. control group; #P<0.05 as indicated. HUVECs, human umbilical vein endothelial cells; CON, untreated control; Ator, atorvastatin; Ang II, 
angiotensin II; LC3, microtubule-associated protein 1A/1B-light chain 3; eNOS, endothelial nitric oxide synthase.

Figure 8. Ator suppresses Ang II-induced endothelial cell senescence. (A) The protein expression levels of p53 and p16 were determined using western blot 
analysis in HUVECs following treatment with Ang II, Ang II + Ator or Ator alone for 24 h. GAPDH was used as the loading control. (B) SA-β-gal staining 
was used examine cell senescence in HUVECs following treatment with Ang II, Ang II + Ator or Ator alone for 24 h. Arrows indicate senescent cells. Scale 
bar, 100 µm. Data are presented as the mean ± standard error of the mean, n=3. *P<0.05 and ***P<0.001 vs. control group; #P<0.05 as indicated. HUVECs, 
human umbilical vein endothelial cells; SA-β-gal, senescence-associated β-galactosidase; CON, control; Ator, atorvastatin; Ang II, angiotensin II.
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cell viability. Ang II significantly decreased HUVEC viability 
in a dose-dependent manner. However, Ator reversed the Ang 
II-induced cell death in a dose-dependent manner. These 
results demonstrated a critical role for Ator in Ang II-induced 
cell death in HUVECs. Several cellular responses were further 
examined in the present study, including oxidative stress, 
inflammatory response, MMP and autophagy.

ROS are well-known indicators of oxidative stress and their 
expression is associated with a number of cellular responses (7). 
Treatment with Ang II induced high levels of ROS, however not 
when combined with Ator treatment. Increased levels of ROS 
may target the cell membrane, mitochondrial membrane or 
intracellular biological molecules, causing cell damage and/or 
cell death (32). Mitochondria are one of the main sources of 

Figure 9. Ator reverses Ang II-induced tube formation damage. (A) Tube formation in HUVECs following treatment with Ang II, Ang II + Ator or Ator alone. 
(B) Total length of tube formation in HUVECs following treatment. Scale bar, 200 µm. Data are presented as the mean ± standard error of the mean, n=3. 
**P<0.01 vs. control group; #P<0.05 vs. Ang II. HUVECs, human umbilical vein endothelial cells; CON, control; Ator, atorvastatin; Ang II, angiotensin II.

Figure 10. Ator attenuates Ang II-induced dysfunction of HUVECs. Ator, atorvastatin; Ang II, angiotensin II; HUVECs, human umbilical vein endothelial 
cells; ROS, reactive oxygen species; eNOS, endothelial nitric oxide synthase.
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ROS under conditions of oxidative stress (21). An increasing 
number of reports have demonstrated that elevated ROS can 
attack mitochondria, causing mitochondrial damage (21). This 
study investigated the effects of Ang II and Ator on MMP, an 
important marker of mitochondrial function (33). Following 
treatment with Ang II, a significant decrease in MMP was 
observed and this decrease in MMP was attenuated by the addi-
tion of Ator. The current study revealed that exposure to Ang II 
caused mitochondrial stress, leading to a loss of mitochondrial 
function, which was partially reversed by the addition of Ator.

Ang II can induce chronic inflammation in cells (34). 
Although the inflammatory response may be important for 
preventing cell damage, chronic inflammation is harmful for 
living cells (35). The present study demonstrated that Ator 
attenuated Ang II‑induced inflammation.

Homeostatic imbalance can lead to the activation of 
several signaling pathways for the prevention of cell damage 
or death. Autophagy is a well-known, regulated mechanism 
promoting the survival of cells under metabolic stress (36). 
During autophagy, LC3 protein is converted from its cytosolic 
form (LC3-I) into its enzymatic counterpart, LC3-II, which is 
recruited to autophagosomal membranes (24). In the present 
study, changes in LC3-II/I expression levels revealed that 
Ator reversed Ang II-induced autophagy. Autophagy can be 
activated during the degradation of abnormal proteins and 
following damage to cellular organelles (37). Additionally, 
autophagy was generally considered a survival mechanism; 
however, when damage to cells is excessive, autophagic flux can 
be inhibited, initiating autophagic cell death (38). In the current 
study, the pro‑inflammatory response and autophagic activity 
results have a similar trend, suggesting that a potential asso-
ciation exists between inflammation and autophagy. Previous 
studies have demonstrated that autophagy was associated with 
innate immunity; autophagy can regulate inflammation by 
regulating the secretion of inflammatory mediators (39‑41). 
Autophagy may promote inflammation in the presence of 
ROS-damaged mitochondria (42), which is consistent with the 
results of the present study. Several reports have demonstrated 
that abnormal autophagy in cells can lead to death (24,43,44). 
In the present study, the cellular apoptosis assay identified Ang 
II-induced cell death, which was attenuated by treatment with 
Ator. By releasing cytochromes and proapoptotic-associated 
proteins into the cytosol, mitochondria serve a key role in 
apoptosis (45). Mitochondrial dysfunction may cause an 
increase in ROS, leading to cellular apoptosis (46,47). In the 
present study, cellular apoptosis may be ascribed to a disorder 
of the intracellular microenvironment, including an increase 
in ROS, mitochondrial dysfunction and/or autophagic activity. 
Furthermore, Ator may attenuate these cellular responses 
preventing Ang II-induced cytotoxicity in HUVECs.

In the current study, the expression level of eNOS in 
HUVECs was evaluated. The results indicated that HUVECs 
expressed an abnormal level of eNOS following treatment 
with Ang II. Ator may be beneficial for the normal function 
of HUVECs as it was able to reverse the Ang II-induced 
effects on eNOS expression. These results were consistent 
with previous studies in which statins were shown to modulate 
the expression of endoglin, a glycoprotein strongly associated 
with the expression and activity of eNOS (48-50). The expres-
sion of eNOS may be involved in endothelial dysfunction (51). 

It may be hypothesized that Ator modulated eNOS expression 
in HUVECs by regulating cellular homeostasis.

Numerous studies have demonstrated that cellular 
responses, including oxidative stress, apoptosis and mitochon-
drial dysfunction, may lead to accelerated aging (19,52,53). In 
the current study, Ator delayed Ang II-induced cellular senes-
cence, efficiently reversing the aging process in HUVECs and 
indicating a potential anti-aging activity.

The present study examined the angiogenic function of 
HUVECs using a tube formation assay. Ang II significantly 
decreased the length of the tube-like vasculature, consistent 
with a previous study (30). However, following treatment 
with Ator, the length of the tube-like vasculature increased 
and angiogenesis function in HUVECs was recovered. The 
Ang II-induced angiogenic dysfunction in HUVECs was 
reversed by treatment with Ator.

There were several limitations to this study. Given the 
limited study duration, there is a possibility that treatment 
with Ator may be more beneficial to HUVECs at a larger dose 
and/or for a longer period of time. In addition, the involvement 
of several signaling pathways including, the mitogen-activated 
protein kinase pathway, nuclear factor κ light chain enhancer of 
activated B cells pathway, Rho kinase pathway and the protein 
kinase B pathway, require further investigation. The potential 
anti-aging activity of Ator should also be further evaluated.

In conclusion, the results of the present study demonstrated 
that Ator inhibited Ang II-induced cytotoxicity in HUVECs by 
modulating a series of cellular responses (Fig. 10). In general, 
treatment of HUVECs with Ang II caused cytotoxic effects. 
These cytotoxic effects were associated with an increase in ROS 
production and significant deficits in mitochondrial activity. 
These changes caused activation of the inflammatory response, 
autophagy and apoptosis. Treatment with Ator significantly 
reversed these adverse cellular responses and maintained 
cellular homeostasis. Furthermore, eNOS expression, which is 
associated with the function of HUVECs (51), was reinstated 
by treatment with Ator. Alteration in the cellular microenviron-
ment ultimately leads to cell aging (54). In the current study, Ator 
delayed Ang II-induced aging by maintaining cellular homeo-
stasis. Additionally, Ang II-induced dysfunction of angiogenesis 
in HUVECs was reversed by the addition of Ator treatment. As 
a lipid-lowering drug, atorvastatin can lower cholesterol in the 
blood by inhibiting HMG-CoA reductase; however, it may also 
modulate many non-lipid effects, including anti-tumor effects, 
and the suppression of atherosclerosis and thrombosis. These 
findings highlight the non‑lipid effects of Ator and its potential 
for clinical application.
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