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Abstract. Atherosclerosis (AS) is an inflammatory disease 
that occurs in the arterial wall and is characterized by progres-
sive lipid accumulation within the intima of large arteries, 
leading to the dysfunction of endothelial cells and further 
destruction of the endothelial barrier and vascular tone. 
Arterial intima injury accelerates the adhesion and activation 
of platelets at the injury site. The activation of platelets results 
in the secretion of growth factors, leading to the migration 
and proliferation of vascular smooth muscle cells (VSMCs), 
promoting the formation of plaque, resulting in the formation 
of thrombus. The present study found that vorapaxar could 
alleviate the inflammatory response induced by a high concen-
tration of cholesterol stimulation and increase the release of 
nitric oxide (NO) via the protein kinase B (AKT) signaling 
pathway and regulation of the intracellular concentration of 
Ca2+ ([Ca2+]i). We also found that vorapaxar could reduce the 
damage of DNA caused by cholesterol stimulation and regu-
late the cell cycle via the AKT/JNK signaling pathway and its 
downstream molecules glycogen synthase kinase 3β (GSK‑3β) 
and connexin 43, maintaining the integrity of the endothe-
lial barrier and proliferation of endothelial cells, serving a 
protective role in endothelial cells.

Introduction

Platelets, first identified over 130 years ago, are produced by 
megakaryocytes in bone marrow and lungs, and are critical for 
maintaining hemostasis and thrombosis balance (1). In physi-
ological status, the coagulation system is strictly regulated, 
but under pathological status, platelet activation leads to the 
formation of occlusive thrombus and causes myocardial infarc-
tion and stoke, especially in patients with hyperlipidemia (2). 
When the integrity of blood vessels is destroyed by injury, 
atherosclerotic plaque formation or inflammatory reaction, 
platelets clot together and form a thrombus at the site of injury. 
The flow rate of platelets is reduced in pathological status 
by the complex of glycoprotein and von Willebrand factor 
(vWF), and the release of thromboxane 2 (TXA2), adenosine 
diphosphate (ADP) and 5‑hydroxytryptamine (5‑HT) acceler-
ates the aggregation of platelets and formation of thrombus (3). 
Anti‑platelet drugs are commonly administered to patients 
with a high risk of thrombogenesis, which can increase the 
risk of bleeding and the emergence of a resistance effect to 
drugs (4), and the application of anti‑platelet drugs decreases 
the risk of thrombogenesis.

Anti‑platelet drugs are divided into different groups 
according to their pharmacological mechanisms, including 
TXA2 receptor antagonists, P2Y12 antagonists, GP IIb/IIIa 
receptor antagonists and protease‑activated receptor (PAR) 
inhibitors. PAR is expressed in most cell types in the vascu-
lature. PARs contain four members, including PAR‑1, PAR‑2, 
PAR‑3 and PAR‑4. Among them, PAR‑1 is a major effector 
in the thrombin signaling pathway and negatively regulates 
the permeability of the endothelial barrier (5). Antagonists 
to PARs are a newly found group of anti‑platelet drugs and 
could specifically bind with PARs and inhibit the activation 
of platelets. Multi‑center clinical trial results have shown 
that patients are able to tolerate PARs well, and the risk of 
bleeding does not increase even when combined with aspirin 
and clopidogrel (6). The endothelial barrier is an important 
component of blood vessels, and the permeability of the 
endothelial barrier is transiently increased in the process of 
thrombogenesis. The aggregation of platelets induces the 
release of thrombin, further activating PAR1 and increasing 
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the activity of phospholipase C, resulting in activation of the 
protein kinase C (PKC) signaling pathway (7). In addition, a 
previous study found that multiple factors could inhibit the 
expression level of endothelial nitric oxide synthase (eNOS), 
such as aging, obesity and disease, including cholesterol, 
resulting in the reduction of nitric oxide (NO) (8). This effect is 
mediated by the phosphatidylinositide 3‑kinase (PI3K)/AKT 
signaling pathway in endothelial cells and leads to increased 
permeability of the endothelial barrier  (9). However, the 
detailed mechanism of vorapaxar in sustaining homeostasis 
of the endothelial barrier under high lipid stimulation is not 
fully understood.

In the present study, we found that high lipid stimulation 
reduced the proliferation of endothelial cells, and vorapaxar 
alleviated this effect via increasing the intracellular Ca2+ 
concentration, activation of the AKT/JNK signaling pathway 
and inhibition of the inflammatory response, resulting in 
maintenance of permeability of the endothelial barrier and 
presenting a protective effect on endothelial cells.

Materials and methods

Materials. Gibco™ high glucose Dulbecco's modified 
Eagle's medium (H‑DMEM) (10569044) and fetal bovine 
serum (FBS) (10099141) were obtained from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA). Cholesterol (C8667) was 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). Thrombin receptor activator peptide 6 (TRAP‑6, 
HY‑P0078) and vorapaxar (HY‑10119) were obtained from 
MedChemExpress (MCE, Monmouth Junction, NJ, USA). 
MTT (IM0280) was purchased from Beijing Solarbio 
Science and Technology Co., Ltd. (Beijing, China). Anti‑JNK 
(ab179461), p‑JNK (ab124956), AKT (ab8805), p‑AKT 
(ab38449), eNOS (ab76198), NF‑κB (ab16502), ATM (ab78), 
p‑ATM (ab81292), ATR (ab101900), p‑ATR (ab178407), 
GSK3β (ab32391), p‑GSK3β (ab68476), Connexin 43/GJA1 
(ab11370) and GAPDH (ab8245) antibodies were purchased 
from Abcam (Cambridge, UK). Cell membrane permeable 
calcium fluorescent probe (40704ES50), Total RNA extraction 
reagent (10606ES60), First Strand cDNA Synthesis SuperMix 
(11141ES10), and qPCR SYBR‑Green Master Mix (11203ES03) 
were purchased from Shanghai Yeasen Biotechnology 
(Shanghai, China). Protease inhibitor cocktail (CW2200) and 
phosphatase inhibitor cocktail (CW2383) were purchased 
from CWBio (Beijing, China). Anti‑rabbit and anti‑mouse 
HRP‑labeling secondary antibodies (10147552 and 10145703) 
were obtained from KPL, Inc. (Gaithersburg, MD, USA).

Cell culture. EA.hy926 cells (GNHu39) were purchased from 
the Cell Bank of the Type Culture Preservation Committee 
of the Chinese Academy of Sciences (Shanghai, China) and 
cultured in a humidified 5%  CO2 atmosphere at 37˚C in 
H‑DMEM containing 10% FBS. The cells were divided into 
four groups when cell confluence reached 60‑70%, including 
a control (NC) group, cholesterol stimulation (CH) group, 
cholesterol stimulation with TRAP‑6 treatment (CH+T) group 
and cholesterol stimulation with vorapaxar treatment 
(CH+V) group. Cholesterol was dissolved in dimethyl sulfoxide 
(DMSO) at a concentration of 100 mmol/l (10), and cells were 
treated with TRAP‑6 for 5 min and vorapaxar for 1 h before 

cholesterol stimulation. After being treated with cholesterol 
for 24 h, the cells were collected for the further experiments.

MTT assays. Cells were first washed with sterile phos-
phate‑buffered saline (PBS) to remove redundant cholesterol, 
and an MTT assay was performed according to a previous 
study (10). Briefly, cells were grouped as previously described 
and seeded into each well of 96‑well plates. Each group 
of cells was first treated with different concentrations of 
cholesterol for 24 h, different concentration of TRAP‑6 for 
5 min and different concentration of vorapaxar for 1 h (11), 
followed by incubation with 5 mg/ml MTT for 3 h. After 
incubation, the optical density at 490 nm was measured with 
a SpectraMax Series microplate reader (Molecular Devices, 
Sunnyvale, CA, USA). The viability rate was calculated as: 
(ODTreatment‑ODBlank)/(ODControl‑ODBlank).

Extraction of nuclear proteins. Nuclear protein extraction was 
performed according to a previous study (12). Briefly, cells 
were divided into four groups when cell confluence reached 
60‑70%, including a control (NC) group, a cholesterol stimu-
lation (CH) group, a cholesterol stimulation with TRAP‑6 
treatment (CH+T) group and a cholesterol stimulation with 
vorapaxar treatment (CH+V) group. Cells were treated with 
TRAP‑6 for 5 min and vorapaxar for 1 h before cholesterol 
stimulation. After being treated with cholesterol for 24 h, cells 
were washed with sterile PBS to remove extra cholesterol. 
Then, cells were lysed with lysis buffer A (10 mmol/l HEPES 
pH 7.9, 10 mmol/l KCl, 0.1 mmol/l EDTA, 0.1 mmol/l EGTA, 
0.5% NP‑40, 1 mmol/l DTT and protease inhibitor), and the 
supernatants were collected after centrifugation at 13,523 x g 
for 10 min. Then, the pellets were lysed with lysis buffer B 
[20 mmol/l HEPES (pH 7.9), 0.4 mol/l NaCl, 1 mmol/l EDTA, 
1 mmol/l EGTA, 1 mmol/l DTT and protease inhibitor] for 
30 min. The supernatants were collected after centrifugation 
at 20,238 x g for 15 min. The concentration of proteins was 
measured with a BCA assay.

Western blotting. Cells were divided into four groups when cell 
confluence reached 60‑70%, including a control (NC) group, a 
cholesterol stimulation (CH) group, a cholesterol stimulation 
with TRAP‑6 treatment (CH+T) group and a cholesterol stim-
ulation with vorapaxar treatment (CH+V) group. Cells were 
treated with TRAP‑6 for 5 min and vorapaxar for 1 h before 
cholesterol stimulation. After being treated with cholesterol 
for 24 h, cells were washed with sterile PBS to remove extra 
cholesterol. Then, the cells in each group were collected and 
lysed with urea lysis buffer (8 M urea, 10 mM DTT, 50 mM 
IAA, cocktail protease inhibitors and phosphatase inhibitor 
cocktail) at 4˚C, followed by ultrasonic lysis. The supernatant 
in each group was collected after centrifugation at 13,523 x g 
for 10 min (4˚C). The concentration of protein was determined 
using a BCA assay. Protein samples were firstly balanced 
with GAPDH, and 60 µg of each protein sample was loaded 
and separated using 10% SDS‑PAGE. After electrophoresis, 
the samples were transferred onto 0.22‑µm nitrocellulose 
membranes using a semi‑dry electro blotter. The membranes 
were first incubated with a primary antibody (1:1,000) 
overnight at 4˚C and then incubated with the corresponding 
secondary antibody (1:5,000) for 1 h at room temperature. 
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After being balanced with GAPDH, protein samples in each 
group were homogeneously mixed and sub‑packaged in each 
individual tube as each sample was used in performing the 
western blot analysis of GAPDH and stored at ‑80˚C until 
performing the following analysis. Then, western blot analysis 
of 12 target proteins were performed individually in 12 indi-
vidual SDS‑PAGE electrophoresis. After electrophoresis, 
proteins were transferred onto nitrocellulose membranes and 
incubated with antibodies as described above. Proteins were 
detected using ECL immunoblotting reagent and normalized 
with GAPDH. Gray values of each band were quantified using 
Scion Image software (version 4.0.3.2; Scion Corp., Frederick, 
MD, USA). Experiments were repeated for three times.

Extraction of cellular total RNA and quantitative real‑time 
PCR analysis for target gene expression. Extraction of total 
RNA was performed according to the protocol. Briefly, cells 
were lysed with total RNA extraction reagent and centrifuged 
at 12,000 x g for 15 min after chloroform was added. Then, 
isopropanol was added to the water phase, and the reaction was 
incubated at room temperature for 10 min. After ethanol was 
added and centrifugation at 7,500 x g for 5 min, total RNA was 
in the pellet. Reverse transcription was performed according to 
the protocol. Quantitative real‑time PCR was performed after 
the cDNA was synthesized. The primer sequences are listed 
as follows: IL‑1β: Forward, 5'‑CAG​AGA​GTC​CTG​TGC​TG 
A​AT‑3' and reverse, 5'‑GTA​GGA​GAG​GTC​AGA​GAG​GC‑3'; 
TNF‑α: Forward, 5'‑TCT​CGA​ACC​CCG​AGT​GAC​AA‑3' and 
reverse, 5'‑TAT​CTC​TCA​GCT​CCA​CAC​CA‑3'; IL‑8: Forward, 
5'‑ATG​ACT​TCC​AAG​CTG​GCC​GTG‑3' and reverse, 5'‑CTC​
TTC​AAA​AAC​TTC​TCC​CGA​CTC​TTA​AGT​ATT‑3'; IL‑13: 
Forward, 5'‑CAC​CAT​GCA​TCC​GCT​CCT​CAA​TCC​T‑3' 
and reverse, 5'‑GTT​GAA​CTG​TCC​CTC​GCG​AAA‑3'. The 
annealing temperature was set at 55˚C and the reaction was 
repeated for 40 cycles. The threshold cycle (CT) was calcu-
lated with normalized fluorescence signal after generation of 
real‑time amplification. The CT value was proportional with 
the initial number in the sample of target copies and was used 
to perform the kinetic analysis. The quantity of the target gene 
in the starting sample was measured after comparison with the 
CTs of the positive control in a serial dilution. Relative analysis 
on expression of each gene was performed using 2‑ΔΔCq method 
according to previous study (13). The transcripts of GAPDH 
were used as an internal reference, and the quantification of 
clustering mRNA was normalized with relative GAPDH 
mRNA.

Detection of [Ca2+]i using immunofluorescence. The concen-
tration of intercellular Ca2+ ([Ca2+]i) was evaluated according to 
the protocol of the cell membrane permeable calcium fluores-
cent probe. Briefly, 1x104 cells in each groups were seeded into 
the confocal plate, cells were cultured as previously described 
in the cell culture method section above, and no more specific 
endothelial cell growth factors were added. And then, cells 
were grouped and treated as previously described in cell 
culture section above. Following treatment, the medium was 
removed and the cells were incubated with 4 µmol/l Fluo‑4 
at 37˚C for 30 min. Then, the cells were washed with PBS 
three times. Images were acquired using confocal microscopy 
(objective, 20x; Leica TCS SP8; Leica Microsystems GmbH, 

Wetzlar,  Germany) and analyzed using IPP 6.0  software 
(Media Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. The data are displayed as means ± SEM. 
Each experiment was repeated three times independently. 
One‑way analysis of variance (ANOVA) was used to analyze 
the differences between groups using the GraphPad Prism 
7.0 software (GraphPad Software, Inc., La Jolla, CA, USA) 
followed with Tukey's post‑hoc test. P‑value <0.05 was set as a 
statistically significant difference.

Results

Effect of cholesterol on the proliferation of endothelial cells. 
As shown in Fig. 1A, the viability rates following treatment 
with different concentrations of cholesterol were 92.6±3.8, 
68.3±2.4 and 59.1±1.4 in the 50, 100 and 200 mmol/l choles-
terol treatment groups, respectively. The viability rate was 
significantly decreased in the 100 and 200 mmol/l cholesterol 
treatment groups compared with the NC group (P=0.001 
and P<0.001). As shown in Fig. 1B, the viability rates were 
92.1±3.4, 89.2±3.8, 73.2±3.6 and 61.1±2.7 for the 10, 20, 
40 and 60 µM TRAP‑6 treatment groups after 5 min. The 
viability rate was significantly increased in the 20, 40 and 
60 µM TRAP‑6 treatment groups compared with the NC group 
(P=0.044, P=0.002 and P<0.001). As shown in Fig. 1C, the 
viability rates were 95.3±4.9, 118.4±6.2 and 116.3±5.5 in the 
20, 50 and 80 µM vorapaxar treatment groups. The viability 
rate was significantly increased in the 50 and 80 µM vorapaxar 
treatment groups compared with the NC group (P=0.018 and 
0.020). After treatment with 100 mmol/l cholesterol for 24 h, 
we detected the viability rate using an MTT assay (Fig. 1D). 
The viability rate was 65.2±3.2 in the CH group, 82.3±2.3 in 
the CH+V group and 51.7±1.6 in the CH+T group. Cholesterol 
treatment significantly decreased the proliferation of endo-
thelial cells compared with the NC group (P=0.002 in the 
CH group), and vorapaxar treatment and TRAP‑6 treatment 
significantly increased or decreased the proliferation rate of 
the endothelial cells (P=0.0228 in the CH+V group and 0.001 
in the CH+T group). This result indicated that vorapaxar may 
serve an important role in the proliferation of endothelial cells.

Real‑time quantification PCR was used to detect the expres‑
sion levels of inflammation‑related genes. Cholesterol is 
able to induce inflammation in endothelial cells, increasing 
the expression levels of inflammation‑related genes. Herein, 
the expression levels of IL‑1β, TNF‑α, IL‑8 and IL‑13 were 
detected. As shown in Fig. 2A and C, the expression levels of 
IL‑1β were 2.3±0.6, 4.8±0.9, 2.9±0.5 and 5.6±0.7 in the NC 
group, the CH group, the CH+V group and the CH+T group 
and expression levels of TNF‑α were 0.8±0.2, 2.2±0.4, 1.6±0.5 
and 3.3±0.5 in these groups. As shown in Fig. 2B and C, the 
expression levels of IL‑8 were 1.7±0.3, 3.5±0.4, 2.6±0.3 and 
4.2±0.5 in the NC group, the CH group, the CH+V group 
and the CH+T group, and IL‑13 levels were 3.1±0.4, 1.5±0.2, 
2.6±0.4 and 0.8±0.2 in these groups. The expression level of 
IL‑1β was significantly increased in the CH and the CH+T 
group compared with the NC group (P=0.016 in the CH group 
and 0.003 in the CH+T group), and vorapaxar significantly 
decreased the expression level of IL‑1β in the CH+V group 
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compared with the CH group (P=0.033). The expression levels 
of IL‑8 were significantly increased in all cholesterol‑treated 

groups compared with the NC group (P=0.003 in the CH group, 
0.021 in the CH+V group and 0.002 in the CH+T group), and 

Figure 2. Expression levels of inflammation‑related cytokines in each group using qPCR. (A) Expression level of interleukin (IL)‑1β in each group. 
(B) Expression level of IL‑8 in each group. (C) Expression level of tumor necrosis factor (TNF)‑α in each group. (D) Expression level of IL‑13 in each group. 
Experiments were repeated three times independently. Data are represented as the mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs. the NC group; #P<0.05 
and ##P<0.01 vs. the CH group. GAPDH was used as an internal control. Groups: NC, negative control group; CH, a cholesterol stimulation group; CH+T, 
cholesterol stimulation with TRAP‑6 treatment group; CH+V, cholesterol stimulation with vorapaxar treatment group.

Figure 1. Effect of cholesterol, TRAP‑6 and vorapaxar on proliferation of endothelial cells. (A) Viability rate of endothelial cells following stimulation with 
different concentrations of cholesterol. (B) Viability rate of endothelial cells following stimulation with different concentrations of TRAP‑6. (C) Viability 
rate of endothelial cells following stimulation with different concentrations of vorapaxar. (D) Viability rate of endothelial cells in each treatment group. 
Experiments were repeated three times independently. Data are represented as the mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs. the NC group; #P<0.05 vs. 
the CH group. Groups: NC, negative control group; CH, a cholesterol stimulation group; CH+T, cholesterol stimulation with TRAP‑6 treatment group; CH+V, 
cholesterol stimulation with vorapaxar treatment group.
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vorapaxar significantly decreased the expression level of IL‑8 
in the CH+V group compared with the CH group (P=0.036). 
The expression levels of TNF‑α were significantly increased 
in the CH and the CH+T groups compared with the NC group 
(P=0.006 in the CH group and 0.001 in the CH+T group), and 
TRAP‑6 treatment significantly increased this trend compared 
with the CH group (P=0.041). However, the expression level of 
IL‑13, an anti‑inflammatory factor, presented a different trend. 
The expression level of IL‑13 was significantly decreased after 
cholesterol treatment (P=0.003 in the CH group, 0.046 in the 
CH+V group and 0.001 in the CH+T group), and vorapaxar 
or TRAP‑6 significantly alleviated or increased this trend, 
respectively, compared with the CH group (P=0.008 in the 
CH+V group and 0.013 in the CH+T group). These results indi-
cated that cholesterol induced an inflammatory response in 
endothelial cells while vorapaxar inhibited this trend serving a 
protective role in endothelial cells.

Western blot analysis was used to detect the expression 
levels of molecules in the AKT/JNK signaling pathway. The 
expression levels of molecules in the AKT/JNK signaling 
pathway were evaluated using western blot analysis. As shown 
in Fig. 3A and C, the ratios of p‑JNK/JNK were 0.28±0.04, 
0.19±0.02, 0.24±0.03 and 0.09±0.01 in the NC group, the 
CH group, the CH+V group and the CH+T group. As shown 
in Fig. 3A and B, the ratios of p‑AKT/AKT were 1.62±0.20, 
0.94±0.12, 1.25±0.14 and 0.61±0.08 in these groups. As 
shown in Fig. 3A and D, the expression levels of NF‑κB were 
0.23±0.03, 0.14±0.02, 0.22±0.03 and 0.09±0.01 in these groups. 
The ratios of p‑AKT/AKT, p‑JNK/JNK and NF‑κB were 
significantly decreased in the CH group and the CH+T group 
compared with the NC group (P=0.007, 0.025 and 0.012 in 

the CH group and 0.001, 0.001, 0.002 in the CH+T group) and 
were significantly increased in the CH+V group compared 
with the CH group (P=0.044, 0.046 and 0.018). The expression 
levels of these molecules were significantly decreased in the 
CH+T group compared with the CH group (P=0.017, 0.002 
and 0.018). These results showed that the AKT/JNK signaling 
pathway and expression of NF‑κB were inhibited in endothe-
lial cells after cholesterol stimulation and that vorapaxar could 
reduce these inhibitory effects on activation of the AKT/JNK 
signaling pathway and expression of NF‑κB, whereas TRAP‑6 
enhanced the inhibitory effects on activation of the AKT/JNK 
signaling pathway and expression of NF‑κB.

Western blot analysis was used to detect the expression 
levels of DNA damage‑ and cell cycle‑related proteins. 
As shown in Fig.  4A‑C, the ratios of p‑ATM/ATM were 
0.24±0.03, 0.74±0.10, 0.50±0.06, 1.22±0.15 in the NC group, 
the CH  group, the CH+V  group and the CH+T  group, 
and the ratios of p‑ATR/ATR were 0.27±0.03, 0.62±0.08, 
0.54±0.07, 1.13±0.14 in these groups. The expression levels 
of cell cycle‑related proteins were also detected in endo-
thelial cells and the effect of cholesterol on the cell cycle 
was evaluated. As shown in Fig. 4A, D and F, the ratios of 
p‑GSK3α/GSK3α were 0.84±0.10, 0.32±0.04, 0.47±0.06 and 
0.21±0.03 in the NC group, the CH group, the CH+V group 
and the CH+T  group, and the expression levels of cyclin 
D1 were 1.22±0.15, 0.49±0.06, 0.78±0.10 and 0.35±0.04 in 
these groups. As a downstream molecule of the AKT/JNK 
signaling pathway, eNOS serves an important role in NO 
synthesis and has an anti‑atherosclerotic effect. As shown 
in Fig. 4E, the expression levels of eNOS were 1.38±0.17, 
0.61±0.08, 0.93±0.12 and 0.46±0.06 in these groups. The 

Figure 3. Expression levels of molecules in the AKT/JNK signaling pathway. (A) Detection of expression levels of p‑AKT, AKT, p‑JNK, JNK and NF‑κB using 
western blotting. (B‑D) Quantitative analysis of the western blot results. Experiments were repeated three times independently. Data are represented as the 
mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs. the NC group; #P<0.05 and ##P<0.01 vs. the CH group. GAPDH was used as an internal control. Each image 
of the western blot band was separated using a black rectangle. Groups: NC, negative control group; CH, a cholesterol stimulation group; CH+T, cholesterol 
stimulation with TRAP‑6 treatment group; CH+V, cholesterol stimulation with vorapaxar treatment group.
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ratios of p‑ATM/ATM and p‑ATR/ATR were significantly 
increased in the cholesterol treatment groups compared with 
the NC group (P=0.001 and 0.002 in the CH group, 0.003 and 
0.004 in the CH+V group, 0.001 and 0.001 in the CH+T group) 
and were significantly decreased after vorapaxar treatment 
and significantly increased after TRAP‑6 treatment in endo-
thelial cells compared with the CH group (P=0.024 and 0.046 
in the CH+V group, 0.001 and 0.005 in the CH+T group). 
The ratios of p‑GSK/GSK and the expression of cyclin D1 
were significantly decreased after cholesterol treatment 
compared with the NC  group (P=0.001 and 0.001 in the 
CH group, 0.005 and 0.013 in the CH+V group, 0.001 and 
0.001 in the CH+T group) and were significantly increased 
after vorapaxar treatment and significantly decreased after 
TRAP‑6 treatment in endothelial cells compared with the 
CH group (P=0.022 and 0.013 in the CH+V group, 0.019 and 
0.028 in the CH+T group). The expression level of eNOS was 

significantly decreased after cholesterol treatment compared 
with the NC group (P=0.002 in the CH group, 0.020 in the 
CH+V group and 0.001 in the CH+T group), and vorapaxar 
significantly increased eNOS expression compared with the 
CH group (P=0.018). These results indicate that cholesterol 
directly induced DNA damage in the endothelial cells and 
inhibited cell proliferation and that vorapaxar could alleviate 
these effects, serving a protective role in endothelial cells.

Immunofluorescence was used to measure the concentration 
of [Ca2+]i. As shown in Fig. 5, we detected the concentration of 
intracellular Ca2+ ([Ca2+]i). The mean fluorescence intensity of 
the concentration of [Ca2+]i was 235.38±23.56 in the NC group 
and was 62.92±9.23, 162.42±19.33 and 43.19±4.26 in the 
CH group, the CH+V group and the CH+T group, respec-
tively. These results indicated that cholesterol stimulation 
significantly decreased [Ca2+]i compared with the NC group 

Figure 4. Expression levels of DNA damage‑related molecules and cell cycle‑related molecules. (A) Detection of expression levels of p‑ATM, ATM, p‑ATR, ATR, 
p‑GSK, GSK and cyclin D1 using western blotting. (B‑F) Quantitative analysis of the western blot results. Experiments were repeated three times independently. 
Data are represented as the mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 vs. the NC group; #P<0.05, ##P<0.01 and ###P<0.001 vs. the CH group. GAPDH was 
used as an internal control. Each image of western blotting band was separated using a black rectangle. Groups: NC, negative control group; CH, a cholesterol 
stimulation group; CH+T, cholesterol stimulation with TRAP‑6 treatment group; CH+V, cholesterol stimulation with vorapaxar treatment group.
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(P=0.001 in the CH group, 0.014 in the CH+V group and 0.001 
in the CH+T group), and vorapaxar could significantly alleviate 
this trend compared with the CH group (P=0.001), whereas 
there was no significant change between the CH group and the 
CH+T group.

Discussion

In the present study, cholesterol stimulation was found to 
activate the AKT/JNK signaling pathway, induce an inflam-
matory response and decrease the [Ca2+]i in endothelial cells, 
and inhibit proliferation of endothelial cells. The inhibition of 
PAR‑1 via vorapaxar was able to alleviate the effect of choles-
terol on endothelial cells, whereas the activation of PAR‑1 via 
TRAP‑6 enhanced these effects. Therefore, we speculated that 
vorapaxar maintains the viability of endothelial cells and the 
permeability of the endothelial barrier via activation of the 
AKT/JNK signaling pathway, inhibition of the inflammatory 
response and a decrease in [Ca2+]i, resulting in a protective role 
in endothelial cells.

Cardiovascular disease (CVD) is a serious threat to 
public health and the economy worldwide. According to data 
acquired from the World Health Organization (WHO) in 2012, 
cardiovascular disease caused more than 17 million deaths 
worldwide, accounting for over a 30% mortality rate, and cost 
more than $193 billion for the treatment of these patients (14). 
Atherosclerosis (AS) is the leading cause of CVD and is an 
inflammatory‑related disease characterized by the progressive 
accumulation of lipids and inflammatory cells in the intima 
of arteries, especially in high lipid states  (15). High lipids 
induce injury of the endothelial barrier, further causing an 
inflammatory response and the formation of thrombus and 
recruitment of circulating monocytes attached to the injury 
site of the endothelial barrier (16). These processes induce 
the transformation of monocytes into macrophages and the 
adhesion of platelets, resulting in the proliferation of vascular 
smooth muscle cells (VSMCs) and leukocytes, promoting the 
formation of plaque (17). Disruption of the plaque may cause 
exposure of the thrombogenic substrates and initiating the 
coagulation cascade, resulting in the formation of thrombus 

and manifestations of atherosclerotic disease, even MI or 
sudden death.

According to our results, a high concentration of choles-
terol inhibited the proliferation of endothelial cells, and using 
TRAP‑6 or vorapaxar to activate or inhibit PAR‑1 significantly 
decreased or increased the viability rate of the endothelial 
cells compared with the cholesterol treatment and control 
groups, indicating that cholesterol inhibits the growth of endo-
thelial cells, while inhibition or activation of PAR‑1 reduces 
or increases these trends. We also detected the expression 
levels of inflammation‑related genes to evaluate the inflam-
mation response level in endothelial cells after cholesterol 
stimulation. The response of endothelial cells to lipoproteins 
could initiate an inflammatory response at the atheroscle-
rosis site, resulting in the activation and release of cytokines 
including IL‑1 and TNF‑α  (18). These processes would 
attract monocytes to migrate to the injury site and take up 
lipoproteins, forming foam cells. IL‑13 is a Th2 cytokine that 
is involved in regulating inflammatory responses and serves 
an anti‑inflammatory effect via promoting monocyte/macro-
phage transformation into a M2a phenotype and alleviating 
inflammatory responses (19). As shown in Fig. 2, the expres-
sion levels of IL‑1β, TNF‑α and IL‑8 were significantly 
increased after cholesterol stimulation and were alleviated or 
increased after PAR‑1 was inhibited or activated. However, the 
expression level of IL‑13 presented an opposite trend. These 
results indicated that cholesterol stimulation could activate the 
inflammatory responses in endothelial cells and PAR‑1 serves 
an important regulatory role in the maintenance of inflam-
matory balance, and vorapaxar exhibits an endothelial cell 
protective effect via the inhibition of inflammatory responses.

Multiple signaling pathways are involved in inflammatory 
response, and nuclear factor (NF)‑κB serves an important role 
in the regulation of many genes in inflammatory responses 
at the transcription level (20). Other factors such as oxida-
tive stress, hypoxia, and genotoxic stress could also activate 
NF‑κB via mitogen‑activated protein kinases (MAPKs) and 
phosphatidylinositol 3‑kinase (PI3K)/AKT (21). DNA damage 
is closely related to the development of atherosclerosis; 
nuclear DNA (nDNA) damage and a lack of mitochondrial 

Figure 5. Detection of [Ca2+]i using immunofluorescence. (A) Results of [Ca2+]i using immunofluorescence. (B) Quantitative analysis of the immunofluores-
cence results. Experiments were repeated three times independently. Data are represented as the mean ± SEM. **P<0.01 and ***P<0.001 vs. the NC group; 
###P<0.001 vs. the CH group. Groups: NC, negative control group; CH, a cholesterol stimulation group; CH+T, cholesterol stimulation with TRAP‑6 treatment 
group; CH+V, cholesterol stimulation with vorapaxar treatment group.
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DNA (mtDNA) are commonly observed in circulating blood 
cells and plaque cells of coronary heart disease patients (22). 
Oxidative stress induced by high cholesterol is one of the main 
factors leading to DNA damage, and long‑term exposure to 
risk factors of atherosclerosis including smoking, diabetes 
and especially hyperlipidemia, may lead to the production 
of reactive oxygen species (ROS) and further cause DNA 
damage in endothelial cells (23). DNA damage initiates the 
DNA damage response (DDR) to guarantee proliferation of 
normal cells through the induction of cell cycle arrest mecha-
nisms. DNA damage, especially double‑stranded DNA breaks 
(DSB), activates ataxia‑telangiectasia mutated (ATM) and 
ataxia telangiectasia and rad3 related (ATR) (24). A previous 
study found that cholesterol overload induced DNA damage 
and activated ATM/ATR, and ATM/ATR may serve a protec-
tive role in this process  (25). A previous study found that 
NEMO undergoes post‑translational modifications including 
phosphorylation and ubiquitination regulated by ATM after 
DNA damage, and this process may be linked with activation 
of NF‑κB (26). Activation of NF‑κB is one of the cellular 
responses to maintain homeostasis after DNA damage. In this 
study, we found that vorapaxar may perform a protective role 
in endothelial cells under cholesterol stimulation via increasing 
the expression of NF‑κB.

Endothelial nitric oxide synthase (eNOS) is constitutively 
expressed in endothelial cells and is activated by flowing blood 
pressure or agonists. Nitric oxide (NO) is regulated mainly 
by endothelial NO synthase (eNOS) in endothelial cells and 
serves a protective role (27). NO synthesized by endothelial 
eNOS could be released into vascular smooth muscle cells 
(VSMCs) and induce vasodilatation of the vascular. The 
release of endothelial NO could also inhibit the aggregation 
and adhesion of platelets and further inhibit the formation of 
plaque. Endothelial function serves an important role in the 
maintenance of vascular integrity by regulating the production 
and activation of NO. The development of atherosclerosis is 
closely related to the dysfunction of NO synthesis in endo-
thelial cells. Previous studies have found that the activity of 
endothelial NO is reduced in ApoE‑KO mice, which may 
be due to the inhibition of eNOS production or eNOS bioac-
tivity, resulting in accelerated formation of atherosclerosis 
in ApoE‑KO mice (28). A previous study found that genetic 
depletion of AKT may lead to dysfunction of endothelial cells, 
reducing migration and survival of VSMCs, leading to athero-
sclerosis and coronary artery obstruction, resulting in the 
formation of plaque (29). The AKT signaling pathway serves 
an important role in the regulation of eNOS. AKT1 is a main 
subtype of the AKT family expressed in endothelial cells, 
and mediates the survival and migration of endothelial cells 
and serves an important role in angiogenesis and the regula-
tion of vascular structure (30,31). Multiple stimuli including 
vascular endothelial growth factor (VEGF) and cholesterol 
activate AKT in endothelial cells, resulting in phosphoryla-
tion of eNOS and promoting NO release. AKT could directly 
phosphorylate eNOS or interact with Hsp90, increasing the 
activity of eNOS or its sensitivity to [Ca2+]i (32). Increasing 
[Ca2+]i could induce the activation of eNOS and the production 
of NO via a Ca2+/calmodulin independent kinase II (CaMKII) 
dependent mechanism (33). Cholesterol stimulation inhibited 
the AKT/mTOR signaling pathway, further decreasing the 

expression levels of eNOS and [Ca2+]i, leading to a reduction 
of NO and reduced integrity of the endothelial cell barrier, 
promoting the formation of thrombi and atherosclerosis. 
We found that cholesterol could induce DNA damage and 
decrease the expression of eNOS via the AKT signaling 
pathway and [Ca2+]i, resulting in inhibition of endothelial cell 
proliferation, further causing destruction of the endothelial 
barrier. However, vorapaxar could alleviate these changes via 
inhibition of PAR‑1 and serves a protective role in regulation 
of endothelial function.

AKT also participates in the regulation of the cell 
cycle via the JNK signaling pathway. AKT interacts with 
mitogen‑activated protein kinase kinase kinase (MAPKKK) 
and inhibits c‑jun N‑terminal kinase (JNK), resulting in 
maintenance of cell survival. A previous study found that 
overexpression or inhibition of AKT function could increase 
or decrease the survival of cardiomyocytes (34). Cell survival 
and migration are important process in the maintenance of 
vascular structure, and the AKT signaling pathway serves a 
critical role in these biological activities. GSK3 is a substrate 
of AKT, and the inhibition of GSK leads to proliferation 
and survival of smooth muscle cells (SMCs) and sustained 
homeostasis of blood vascular walls (35). A previous study 
found that this process is related to the development of 
atherosclerosis, and an increase in SMC proliferation may 
lead to thickening of the vascular adventitia. Arterial injury 
could also increase the activity of the AKT signaling pathway, 
resulting in inactivation of GSK3β and the activation of 
multiple transcription factors. These factors increase glucose 
metabolism, glycogen, lipid and protein synthesis, and expres-
sion of other specific genes (36). The AKT signaling pathway 
also participates in the process of myocardial remodeling via 
the phosphorylation of GSK‑3β. The phosphorylation of AKT 
is the active form of AKT, whereas the phosphorylation of 
GSK‑3β would inhibit its activity. A previous study found 
that activation of AKT is important in remote conditioning of 
myocardial cells and serves a protective role. This effect was 
displayed via inhibition of GSK‑3β and protects myocardial 
cells from ischemia‑reperfusion injury (37). A previous study 
also found that inhibition of GSK‑3β increased the concentra-
tion of glucose in skeletal muscles, which may increase the 
survival of cardiac muscle (38). Connexin 43, also known as 
gap junction α‑1 (GJA‑1), is critical for gap junctions between 
cells, allowing intercellular communication and physiological 
impulses to occur via junctions between cells. A previous 
study found that phosphorylation of connexin 43 was parallel 
to increasing gap junctions in a rat hypoxic model and serves 
a protective role in myocardial cells (39). The results of this 
study indicated that downstream molecules of the AKT 
signaling pathway, such as GSK‑3β and connexin 43, also 
participate in the cardio‑protective function of AKT via 
maintaining endothelial cell survival and cellular junctions 
and protect endothelial cells from injury induced by choles-
terol stimulation.

The present study indicated that a high concentration of 
cholesterol causes an inflammatory response and DNA damage 
in endothelial cells, inhibits the survival of endothelial cells 
and the release of NO, leading to destruction of the endothelial 
barrier and formation of thrombi, and vorapaxar reverses these 
processes and serves a protective role in endothelial cells. 
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However, more clinical experiments are needed, and we are 
collecting clinical samples to perform more experiments to 
support the findings of the present study.
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