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Abstract. The present study aimed to explore the direct toxicity 
of proprotein convertase subtilisin/kexin type 9 (PCSK9) to 
atherosclerosis (AS) and its association with apoptotic endo-
thelial cells. Apolipoprotein E‑/‑ mice were randomly divided 
into two groups, control and experimental. The control group 
was administered a normal diet and the experimental group 
was administered a high‑fat diet. After 20 weeks, the aorta 
was isolated and dissected. Hematoxylin and eosin staining, 
and immunohistochemical analysis were performed. Human 
umbilical vein endothelial cells were incubated with varied 
concentrations of oxidized low‑density lipoprotein (ox‑LDL) 
for different times. The apoptotic rate was detected by flow 
cytometry. Western blotting and reverse transcription‑quan-
titative polymerase chain reaction analysis were conducted to 
detect the expression of PCSK9, B‑cell lymphoma 2 (Bcl‑2), 
bcl‑2‑like protein 4 (Bax) and caspase-3. Short hairpin (sh) 
RNA‑PCSK9 was transfected into endothelial cells using 
lentiviral transfection. The expression levels of PCSK9, Bax, 
Bcl‑2, caspase-3 and the mitogen‑activated protein kinase 
(MAPK) pathway proteins were detected. The high‑fat group 
was successfully established as an AS model and PCSK9 was 
highly expressed in the AS plaque. Treatment with ox‑LDL 
induced apoptosis and increased mRNA and protein levels 
of PCSK9. PCSK9 mRNA and proteins levels were down-
regulated by shRNA‑PCSK9. The deficiency of PCSK9 
markedly inhibited the expression of pro‑apoptotic proteins 
and promoted anti‑apoptotic proteins. In addition, phosphory-
lation of p38 and c‑Jun N‑terminal kinases was altered by 
shRNA‑PCSK9. Targeting of PCSK9 by shRNA‑PCSK9 may 

repress endothelial cell apoptosis through MAPK signaling in 
AS, providing a novel direction for understanding the mecha-
nism and treatment of AS.

Introduction

Atherosclerosis (AS) is the leading cause of cardiovascular 
disease and is characterized by structural alterations in the 
vascular walls of medium and large arteries. A large number 
of studies (1,2) have indicated that AS is caused by several 
factors; however, its exact pathogenesis remains unclear. 
Inflammatory reaction and lipid metabolism abnormality are 
two theories of AS (3). Although the development of AS is 
caused by the dysfunction of a number of pathways, one of 
the important risk factors is oxidized low‑density lipopro-
tein (ox‑LDL) causing endothelial dysfunction  (4). In the 
development of AS, apoptosis of the endothelial cells is able 
to alter endothelial integrity and increase permeability, thus 
promoting damage of the blood vessels and the formation of 
a plaque. Among the numerous risk factors of AS, ox‑LDL is 
the primary factor in the promotion of apoptosis in endothelial 
cells (5). Ox‑LDL is able to accelerate the proliferation and 
migration of smooth muscle cells, monocytes, macrophages 
and fibroblasts, in addition to the oxidative stress response and 
cell damage of endothelial cells (6,7), eventually leading to AS 
plaque formation.

Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
is a member of the proprotein convertase subtilisin/kexin 
family, encoding neural apoptosis‑regulated convertase 1 
protein. PCSK9 is a newly identified gene, associated with 
familial autosomal dominant hypercholesterolemia (8). The 
inhibition of PCSK9 is able to significantly reduce the plasma 
low‑density lipoprotein cholesterol (LDL‑C) levels in the 
normal population and patients with high cholesterol taking 
statins (9,10), reducing the incidence and mortality of cardio-
vascular disease  (11). In the present study, the association 
between PCSK9 and hyperlipidemia was investigated. That is, 
whether PCSK9 can increase the levels of LDL‑C in plasma 
by degrading the low‑density lipoprotein receptor (LDLR) of 
the hepatocyte surface (12). Following this, PCSK9 regulates 
the metabolism of cholesterol and promotes the development 
of AS (13). However, there is has been no advancement in 
identifying the direct association between PCSK9 and AS, 
providing the context for the present study, which aims to 
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investigate the direct association between PCSK9 and AS and 
its possible mechanism.

Materials and methods

Materials. The human umbilical vein endothelial cell (HUVEC) 
line EAhy926 was obtained from the Institute of Pharmacology, 
Medical University of Tianjin (Tianjin, China). Ox‑LDL was 
purchased from Xinyuan Jiahe Biotechnology (Beijing, China). 
Basic Dulbecco's modified Eagle's medium (DMEM) and 
fetal bovine serum were purchased from Invitrogen (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). RNase inhibitor 
and Moloney murine leukemia virus reverse transcriptase 
was purchased from Takara Biotechnology Co., Ltd. (Dalian, 
China). Monoclonal antibodies against PCSK9, B‑cell 
lymphoma 2 (Bcl‑2), bcl‑2‑like protein 4 (Bax), caspase-3, p38, 
phosphorylated (p)‑p38, extracellular signal‑regulated kinases 
(ERK), p‑ERK, c‑Jun N‑terminal kinases (JNK) and p‑JNK 
were purchased from Abcam (Cambridge, MA, USA). SYBR 
Green PCR Premix was purchased from Biocentury TransGene 
(Beijing, China). Annexin V fluorescein isothiocyanate (FITC) 
apoptosis kit was purchased from BD Biosciences (Franklin 
Lakes, NJ, USA). The flow cytometer (version, BDFACS Verse) 
was purchased from BD Biosciences and FlowJo software 
version 7.6 (FlowJo, LLC, Ashland, OR, USA) was used. The 
lentiviral packaging system, containing helper plasmids and 
target plasmids, was purchased from CWBIO (Beijing, China).

Animal AS model. A total of 12 Apolipoprotein E (ApoE)‑/‑ 
mice on a C57 black 6 background were purchased from 
Beijing University (Beijing, China). Mice used in this study 
were male, 6‑8 weeks old, weighed 20‑25 g, and were housed 
in the Second Hospital of Tianjin Medical University Animal 
Care Facility under pathogen‑free conditions, according 
to institutional guidelines (temperature, 22±2˚C; relative 
humidity, 55±15%; noise, <60dB; light:dark cycle, 12/12 h). 
All animal study protocols were approved by the Animal Care 
and Utilization Committee of Tianjin Medical University. At 
8 weeks of age, ApoE‑/‑ mice were randomly divided into two 
groups (n=6 for each). Mice in the control group received a 
standard diet, while mice in the AS model group received 
a high‑fat diet (0.25% cholesterol and 15% cocoa butter) to 
induce atherosclerotic plaques. After 20 weeks, the animals 
were sacrificed to obtain the aorta. The aorta was fixed in 
4% paraformaldehyde overnight for immunohistochemical 
analysis and hematoxylin and eosin staining.

Cell culture. EAhy926 cells were grown in a monolayer and 
maintained in DMEM containing 10% fetal bovine serum, 
100 U/ml penicillin G and 100 µg/ml streptomycin and cultured 
at 37˚C in a humidified incubator with 5% CO2. When the cells 
reached the platform stage, cell culture, cell cryopreservation 
and subsequent experiments were performed.

Detection of apoptosis rate. EAhy926 cells were seeded in 
a 24‑well plate (2x105/well) and cultured with ox‑LDL. The 
cells were collected at the end of each time point and stained 
by FITC Annexin V and propidium iodide (PI). Apoptosis 
rates were detected by flow cytometry in accordance with the 
manufacturer's protocols.

Lentiviral transfection. The small hairpin (sh)RNA 
sequence of PCSK9 was identified on the Sigma‑Aldrich 
website (www.sigmaaldrich.com/life‑science/functional‑ 
genomics‑and‑rnai/shrna/individual‑genes.html) and synthe-
sized by GENEWIZ (Suzhou, China). The recombinant plasmid 
was added to the Escherichia coli DH5α cells (CWBIO), 
according to the molecular cloning manual. The mixed liquid 
was evenly coated on the solid lysogeny broth (LB) medium 
plate and cultured 12‑16 h at 37˚C in a humidified incubator. 
The discrete white colonies were inoculated into 5 ml LB 
liquid culture medium containing 4‑(aminomethyl) piperidine 
(100 g/ml) then placed in a constant temperature oscillator 
overnight. The plasmid was extracted using the PurePlasmid 
Mini kit (CWBIO; Beijing, China). The lentiviral packaging 
system containing three helper plasmids (Rev 2.5 µg, VSVG 
3 µg and pMDL 5 µg) and 279‑target plasmid (279‑vector 
12 µg, 279‑iPCSK9‑1 12 µg and 279‑iPCSK9‑2 12 µg) were 
co‑transfected into 293T cells using polyethylenimine. The 
virus was collected and transfected into EAhy926 cells. 
shRNA‑PCSK9 sequences are presented in Table I.

Isolation of RNA and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from cultured cells using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). Reverse transcription was performed 
using the M‑MLV Reverse Transcription system (Takara 
Biotechnology Co., Ltd). RT‑qPCR was performed using 
the SYBR‑Green PCR kit as described by the manufacturer 
(Biocentury TransGen). Reference gene for the RT‑qPCR 
was GAPDH. The thermocycling conditions were as follows: 
Denaturation (95˚C; 30 sec), annealing (58˚C; 30 sec), exten-
sion (72˚C; 30 sec). The qPCR reaction mix contained: 10 µl 
2X SYBR-Green PCR Premix, 1.5 µl cDNA (dilution, 1:20), 
1.5 µl primer (forward and reverse) and 7 µl ddH2O. PCR 
primers are listed in Table I. The qPCR reaction was carried 
out using an Applied Biosystems 7500 Fast Real‑Time PCR 
System (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The relative amount of all mRNAs was calculated using the 
2‑ΔΔCq method (14).

Western blot analysis. The cells were collected at the end of 
each experiment, then washed three times with pre‑cooled 
PBS. Proteins were extracted from the cells using radio-
immunoprecipitation assay buffer (Beyotime Institute of 
Biotechnology, Haimen, China). The protein concentration 
was determined using the 2‑D Quant kit (GE Healthcare Life 
Sciences, Chalfont, UK) method. The samples (30 µg/lane) 
were separated on a 10% SDS‑PAGE, and then transferred 
onto a PVDF membrane. Subsequently, the membrane was 
blocked with 5% non‑fat milk for 1 h at room temperature. 
The membrane was incubated with antibodies against β‑actin, 
PCSK9, Bax, caspase-3, Bcl‑2, p38, p‑p38, ERK, p‑ERK, JNK 
and p‑JNK at 4˚C overnight (Table II). Following the over-
night incubation, the membrane was washed three times with 
TBS‑Tween‑20 (TBST) for 30 min, and the membrane was 
incubated with the secondary antibodies (Abcam) for an addi-
tional 1 h at room temperature. The membrane was washed 
three times with TBST for 30 min and visualized using the 
enhanced chemiluminescence Western blot detection system 
(EMD Millipore, Billerica, MA, USA). Reference gene for 
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Table I. Primers used in the present study.

A, Primers used for plasmid construction

Primers		  Sequence

shRNA‑PCSK9‑1
  Forward	 5'GAT​CCC​CTC​CAC​TTC​TCT​GCC​AAA​GAT​TCA​AGA​GAT​CTT​TGG​CAG​AGA​AGT​GGA​TTT​TTA3'
  Reverse	 5'AGC​TTA​AAA​ATC​CAC​TTC​TCT​GCC​AAA​GAT​CTC​TTG​AAT​CTT​TGG​CAG​AGA​AGT​GGA​GGG3'
shRNA‑PCSK9‑2
  Forward	 5'GAT​CCC​CCA​GAG​TGA​CCA​CCG​GGA​AAT​TCA​AGA​GAT​TTC​CCG​GTG​GTC​ACT​CTG​TTT​TTA3'
  Reverse	 5'AGC​TTA​AAA​ACA​GAG​TGA​CCA​CCG​GGA​AAT​CTC​TTG​AAT​TTC​CCG​GTG​GTC​ACT​CTG​GGG3'

B, Primers used for RT‑qPCR

GAPDH
  Forward	 5'‑CAC​ATG​GCC​TCC​AAG​GAG​TA‑3'
  Reverse	 5'‑TCC​CCT​CTT​CAA​GG​GGT​CTA ‑3'
PCSK9
  Forward	 5'‑TGG​AAC​TCA​CTC​AC​TCT​GGG‑3'
  Reverse	 5'‑AAG​AAT​CCT​GCC​TCC​TTG​GT‑3'
Bax
  Forward	 5'‑TGA​TCA​GAA​CCA​TCA​TGG​GC‑3'
  Reverse	 5'‑GGA​CAT​CAG​TCG​CTT​CAG​TG‑3'
Caspase 3
  Forward	 5'‑GAG​GCC​GAC​TTC​TTG​TAT​GC‑3'
  Reverse	 5'‑GTT​TCA​GCA​TGG​CAC​AAA​GC‑3'
Bcl‑2
  Forward	 5'‑TGA​TGG​GAT​CGT​TG​CCT​TAT​G‑3'
  Reverse	 5'‑CAG​TCT​ACT​TCC​TCT​GTG​ATG​TTG‑3'

shRNA, short hairpin RNA; PCSK9, proprotein convertase subtilisin/kexin type 9; RT‑qPCR, reverse transcription‑quantitative polymerase 
chain reaction; Bax, bcl‑2‑like protein 4; Bcl‑2, B‑cell lymphoma 2.

Table II. Antibodies used in the present study.

	 Primary antibody	 Secondary antibody
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
		  Catalog		  Species		  Catalog		  Molecular
Antibody	 Supplier	 number	 Dilution	 raised	 Conjugation	 number	 Dilution	 weight (kD)

PCSK9	 Sigma; Merck KGaA	 SAB1302902	 1:500	 Rabbit	 HRP	 ab191866	 1:2,000	 72
Caspase-3	 Abcam	 ab32042	 1:100	 Rabbit	 HRP	 ab191866	 1:5,000	 32
Bax	 Abcam	 ab32503	 1:5,000	 Rabbit	 HRP	 ab191866	 1:10,000	 21
Bcl‑2	 Abcam	 ab32124	 1:1,000	 Rabbit	 HRP	 ab191866	 1:5,000	 26
p38	 Abcam	 ab27986	 1:1,000	 Rabbit	 HRP	 ab191866	 1:10,000	 38
p‑p38	 Abcam	 ab4822	 1:1,000	 Rabbit	 HRP	 ab191866	 1:10,000	 38
ERK	 Abcam	 ab17942	 1:1,000	 Rabbit	 HRP	 ab191866	 1:5,000	 42‑44
p‑ERK	 Abcam	 ab214362	 1:1,000	 Rabbit	 HRP	 ab191866	 1:5,000	 42‑44
JNK	 Abcam	 ab179461	 1:1,000	 Rabbit	 HRP	 ab191866	 1:5,000	 46
p‑JNK	 Abcam	 ab124956	 1:1,000	 Rabbit	 HRP	 ab191866	 1:5,000	 46
β‑actin	 Abcam	 ab8226	 1:10,000	 Mouse	 HRP	 ab131368	 1:10,000	 43

Sigma; Merck KGaA (Darmstadt, Germany) and Abcam (Cambridge, UK); PCSK9, proprotein convertase subtilisin/kexin type 9; Bax, 
bcl‑2‑like protein 4; Bcl‑2, B‑cell lymphoma 2; p‑, phosphorylated; ERK, extracellular signal‑regulated kinases; JNK, c‑Jun N‑terminal 
kinases; HRP, horseradish peroxidase.
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the western blot analysis was β‑actin. All antibody details are 
listed in Table II.

Immunohistochemical analysis. Dissected mouse aortae were 
fixed in 4% polyformaldehyde (room temperature for 24 h), 
embedded in paraffin wax and cut into sections of 3‑5 µm. A 
total of 5 sections were placed on each slide and the slides 
placed in an oven at 60˚C for 2 h. Following dewaxing by 
xylene, the sections were passed through antigen hot fix 
(121˚C for 10 min), DAB staining and hematoxylin staining. 
The anti‑PCSK9 antibody was used at a dilution of 1:200 (4˚C 
overnight). Finally, the sections were mounted with neutral 
gum. The expression of PCSK9 in the tissues was observed 
under an optical microscope.

Statistical analysis. All the data are expressed as the 
mean ± standard error of the mean. The statistical difference 
between two experimental groups was determined using the 
Student's t‑test and SPSS software (version 19.0; IBM SPSS, 
Armonk, NY, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

PCSK9 is highly expressed in atherosclerotic plaques. As 
demonstrated in Fig. 1A, the aortic structure and the vascular 
endothelium of the control group was complete and the elastic 
plate was evident. Notably, there were no plaques in the arteries. 
However, the aorta of the AS model group exhibited marked 
plaque formation and lipid deposition. In addition, the vascular 
endothelial was incomplete, the smooth muscle layer was broken 
and there was an infiltration of numerous inflammatory cells.

To determine the association between PCSK9 and AS, the 
aortae of the mice were analyzed by immunohistochemistry. 
The nuclei of aortae in the control group were stained clearly; 
however, there were no brown‑yellow particles around the 
blue nucleus. This indicated that PCSK9 is barely expressed 
in normal blood vessels. By contrast, there were numerous 

PCSK9 positive expression particles in the aortic plaque of 
the high‑fat group. It demonstrated that PCSK9 exhibited an 
increased expression level in atherosclerotic plaques (Fig. 1B). 
The results suggest that the expression level of PCSK9 was 
closely associated with the presence of AS.

Ox‑LDL induces the apoptosis of EAhy926 cells. Damage 
to endothelial cells is considered to be an important basis of 
the occurrence of AS. Endothelial cell apoptosis is able to 
alter the integrity of the endothelium, promote plaque forma-
tion and increase instability of plaques. Ox‑LDL is a strong 
apoptosis‑inducing factor in plaque lesions, and is able to 
induce apoptosis in a number of ways. EAhy926 cells were 
treated with ox‑LDL (50 and 100 µg/ml) at different time 
points. Cells were stained with an Annexin V FITC apoptosis 
kit and the apoptotic rate was detected by flow cytometry. The 
results demonstrated that ox‑LDL is able to induce apoptosis 
in endothelial cells. The apoptotic rates for 50 µg/ml at 0, 12, 
24, 36 and 48 h were 14.36, 14.13, 22.48, 16.6 and 19.34%, 
respectively. The apoptotic rate of the 100 µg/ml group were 
14.36, 14.33, 24.19, 15.69 and 14.21%. They demonstrated 
the highest apoptotic rate resulting from 24  h treatment. 
However, no significant difference between the two groups 
was observed (Fig. 2). Therefore, 50 µg/ml ox‑LDL was used 
in the subsequent experiments.

Ox‑LDL upregulates pro‑apoptotic factors Bax and caspase-3, 
and downregulates anti‑apoptotic factor Bcl‑2 expression. 
Bax in the Bcl‑2 family and caspase-3 in the caspase-family 
serve a key role in the promotion of apoptosis. Bcl‑2 is also 
the main factor in the anti‑apoptosis process. In the present 
study, HUVECs were treated with 50 µg/ml ox‑LDL at different 
time points. The levels of Bax, Bcl‑2 and caspase-3 mRNA and 
protein were measured using RT‑qPCR and western blot analysis, 
respectively. With the increase of processing time, the expres-
sion of Bax (Fig. 3A) and caspase-3 (Fig. 3B) mRNA presented a 
trend of first increase and then decrease, with the highest expres-
sion of resulting from 24 h treatments (Bax: P<0.05; caspase-3: 

Figure 1. Expression of PCSK9 in AS. (A) AS mouse model. Hematoxylin‑eosin staining of the cross section of aorta demonstrated that the AS mouse model 
was successfully developed in the ApoE‑/‑ mice. (B) PCSK9 protein in AS mouse model was tested by immunohistochemical analysis. PCSK9, proprotein 
convertase subtilisin/kexin type 9; AS, atherosclerosis; ApoE, apolipoprotein E.



MOLECULAR MEDICINE REPORTS  16:  1817-1825,  2017 1821

P<0.05). The expression levels of Bax and caspase-3 protein 
were upregulated in a time‑dependent manner (Fig. 3C and D). 
By contrast, Bcl‑2 was decreased in mRNA (P<0.05; Fig. 3E) 
and protein (Fig. 3F) levels induced by ox‑LDL.

Ox‑LDL upregulates PCSK9 expression in EAhy926 cells. 
Although PCSK9 is highly expressed in the AS plaques, the 
present study investigated whether it is also expressed in 
endothelial cells and whether it is involved in the apoptosis of 
endothelial cells. EAhy926 cells were treated with 50 µg/ml 
ox‑LDL at different time periods and the levels of PCSK9 
mRNA were measured using RT‑qPCR. As demonstrated in 
Fig. 3G, the amounts of PCSK9 mRNA exhibited a gradu-
ally increased trend, and reached a peak at 24 h (P<0.001). 
The amounts of PCSK9 protein were determined by western 
blot analysis. Ox‑LDL increased the amounts of PCSK9 in 
a time‑dependent manner (Fig. 3H). These results suggested that 
ox‑LDL upregulated the mRNA expression and protein level 
of PCSK9 during endothelial cell apoptosis, implying that 
PCSK9 may be involved in the development of AS by partici-
pating in the apoptosis of endothelial cells.

Downregulation of PCSK9 by shRNA‑PCSK9 reduces the 
apoptotic rate of EAhy926 cells. Following transfected by 

shRNA, the cells were treated with 50 µg/ml ox‑LDL for 24 h 
and the apoptotic rate was detected. The apoptotic rate of 279 
vector, shRNA‑PCSK9‑1 and shRNA‑PCSK9‑2 were 20.17, 
12.72 and 10.95%, respectively (Fig. 4). The results demon-
strated that the apoptosis of EAhy926 cells is reduced with 
downregulation of PCSK9.

Detection of transfection efficiency. To downregulate PCSK9, 
EAhy926 cells were transfected with shRNA‑PCSK9 
packaged by lentivirus. PCSK9 mRNA and protein levels 
were detected in the ox‑LDL treated endothelial cells. As 
demonstrated in Fig.  5A, compared with the slow virus 
without the target plasmid (279‑vector), the PCSK9 level was 
significantly reduced by transfected shRNA‑PCSK9‑1 and 
shRNA‑PCSK9‑2 (P<0.001; Fig. 5A).

Downregulation of PCSK9 by shRNA‑PCSK9 affects apop‑
tosis related proteins and mitogen‑activated protein kinase 
(MAPK) pathway proteins expression induced by ox‑LDL. 
Compared with the control group (279‑vector), levels of 
pro‑apoptotic proteins, including Bax and caspase-3, were 
suppressed in EAhy926 cells harboring shRNA‑PCSK9, while 
anti‑apoptosis protein Bcl‑2 was increased in mRNA and 
protein levels (Fig. 5B and C).

Figure 2. Apoptosis of human umbilical vein endothelial cells induced by oxidized low‑density lipoprotein. PI, propidium iodide.
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Considering that MAPK signaling has been implicated 
in cells apoptosis, it was subsequently assessed whether the 
pathway was involved in the PCSK9‑induced endothelial apop-
totic response in AS. No significant effects of shRNA‑PCSK9 
on protein expression levels of JNK and ERK were determined. 
However, p38, phosphorylation of p38 and phosphorylation of 
JNK were inhibited (Fig. 5C).

Discussion

AS is the primary cause of mortality in developed countries 
and a number of developing countries, and is characterized 
by plaque formation (15). The rupture of an AS plaque may 
cause acute coronary syndrome, a threat to human health (16). 
Although there are a number of factors in association with 

Figure 3. Effects of ox‑LDL on Bax, Bcl‑2, caspase-3 and PCSK9 expression levels in HUVECs at different times. EAhy926 cells were induced by ox‑LDL 
at 50 µg/ml. The mRNA levels of (A) Bax and (B) caspase-3 were detected by RT‑qPCR. The protein levels of (C) Bax and (D) caspase-3 were detected by 
western blotting. Bcl‑2 (E) mRNA and (F) protein levels were evaluated. PCSK9 (G) mRNA and (H) protein levels were evaluated. *P<0.05 and **P<0.01 
vs. control; #P<0.05 vs. 24 h. All results are expressed as the mean ± standard error of the mean. Ox‑LDL, oxidized low‑density lipoprotein; Bax, bcl‑2‑like 
protein 4; Bcl‑2, B‑cell lymphoma 2; PCSK9, proprotein convertase subtilisin/kexin type 9; HUVECs, human umbilical vein endothelial cells; RT‑qPCR, 
reverse transcription‑quantitative polymerase chain reaction.
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Figure 4. Apoptosis of human umbilical vein endothelial cells induced by ox‑LDL following downregulation of PCSK9. ox‑LDL, oxidized low‑density 
lipoprotein; PCSK9, proprotein convertase subtilisin/kexin type 9; shRNA, short hairpin RNA.

Figure 5. Effects of shRNA‑PCSK9 on expression of apoptosis‑associated and MAPK pathway proteins. EAhy926 cells were transfected with PCSK9 shRNA 
and induced by 50 µg/ml ox‑LDL over 24 h. (A) Effects of shRNA‑PCSK9 on PCSK9 mRNA and protein levels. (B) Effects of PCSK9 deficiency on Bax, 
Bcl‑2 and caspase-3 mRNA expression levels. (C) Effects of PCSK9 deficiency on Bax, Bcl‑2, caspase-3, p38, ERK and JNK protein expression levels and 
phosphorylation in the ox‑LDL treated EAhy926 cells. *P<0.05 and **P<0.01 vs. 279‑vector. All results are expressed as the mean ± standard error of the 
mean. shRNA, short hairpin RNA; PCSK9, proprotein convertase subtilisin/kexin type 9; MAPK, mitogen‑activated protein kinase; ox‑LDL, oxidized 
low‑density lipoprotein; Bax, bcl‑2‑like protein 4; Bcl‑2, B‑cell lymphoma 2; ERK, extracellular signal‑regulated kinases; JNK, c‑Jun N‑terminal kinases;  
p‑, phosphorylated.
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AS, including age, sex, smoking, diabetes, hypertension and 
hyperlipidemia, the initiating factors remain to be completely 
elucidated  (17). Substantial evidence suggests that AS is a 
chronic inflammatory and multifactorial disease, in which 
vascular endothelial cell dysfunction serves an important 
role (18). Vascular endothelial cells are located on the inner 
surface of the vessel wall, which acts as an important perme-
ability barrier between circulating blood and tissue. These cells 
are also involved in cellular cholesterol, lipid homeostasis, 
signal transduction, inflammation and immunity (19). Excessive 
apoptosis of endothelial cells promotes the formation and 
rupture of unstable plaques, which cause arterial wall abnor-
malities in morphogenesis, stable structure and metabolism. 
Therefore, the role of cell apoptosis cannot be ignored (20).

In previous years, increasing attention has been focused on 
PCSK9, a newly discovered gene associated with autosomal 
dominant hypercholesterolemia. Similar to LDLR and apolipo-
protein (Apo) B‑100, PCSK9 serves an important role in lipid 
metabolism. Gene mutations or polymorphisms of PCSK9 are 
involved in familial hypercholesterolemia and lead to a high 
risk of atherosclerotic cardiovascular disease  (21‑23). The 
removal of LDL‑C depends on the binding efficiency of LDL 
particles and LDLR. Following the clearing of LDL‑C, LDLR 
is released and recycled to the liver cell surface, thus LDLR 
serves a crucial role in cholesterol homeostasis. A number of 
studies (24‑26) have confirmed that PCSK9 is able to reduce 
the amount of LDLR and interfere with the LDL‑C removal 
process. PCSK9 is secreted into the blood by hepatocytes and 
subsequently binds to LDLR, becoming internalized into the 
lysosome for degradation (27). Based on this, PCSK9 is able 
to regulate the plasma concentration of LDL‑C beyond the 
cellular level. However, the effect of PCSK9 on the degrada-
tion of LDLR is independent of its catalytic activity; however, 
in its role as a molecular chaperone of LDLR recycling (28). 
According to the present study, PCSK9 is also able to exhibit a 
direct toxic effect on the vascular wall.

Apo is a protein component of plasma lipoproteins and 
is divided into five groups: A, B, C, D and E. ApoE removes 
ligands, participating in a receptor‑mediated apo‑lipoprotein 
cleaning process, primarily formed of chylomicrons and very 
LDLs (29). ApoE gene knockout may lead to upregulation 
of total plasma cholesterol and LDL‑C, thus inducing arte-
rial intimal injury and lipid deposition, and ultimately the 
development of AS (30). Therefore, the present study used 
ApoE‑/‑ mice on a high‑fat diet, successfully establishing an 
AS model. Immunohistochemical analysis of mice aortae 
demonstrated that PCSK9 was highly expressed in AS plaques 
and the expression levels of PCSK9 are associated with AS.

RNA interference (RNAi) is a highly conserved and 
post‑transcriptional gene silencing phenomenon, induced 
by a double stranded RNA molecule that triggers the highly 
efficient degradation of homologous mRNA. It is widespread 
in the evolutionary process. At the beginning of the 1990s, 
the botanist first identified this phenomenon and designated 
it gene repression (31). Fire et al (32) also identified the inhi-
bition of endogenous gene expression caused by this double 
stranded RNA in a nematode and was the first to designate it 
RNAi. In 2001, RNAi was observed in mammalian cells (33). 
RNAi was gradually demonstrated to exist widely in a number 
of eukaryotic organisms.

The apoptosis of vascular endothelial cells is an important 
factor in the pathogenesis of AS and is an important target 
for preventing and delaying the disease (34). The Bcl protein 
family is an important factor in apoptosis regulation, in which 
Bcl‑2 is an anti‑apoptotic protein and Bax is a pro‑apoptotic 
protein. The shift in the balance between pro‑apoptotic and 
anti‑apoptotic proteins leads to the occurrence of apop-
tosis (35). In the process of inducing apoptosis, the activation 
of the caspase pathway is another specific marker (36). Caspase 
is frequently used as a target for anti‑AS drugs in the process 
of endothelial cell apoptosis and the development of AS (37). 
In the present study, apoptosis was induced in HUVECs by 
ox‑LDL and the expression of pro‑apoptotic protein Bax and 
caspase-3 was significantly promoted in a time‑dependent 
manner. Conversely, expression of Bcl‑2 was blocked. At the 
same time, PCSK9 expression in mRNA and protein levels was 
significantly increased in apoptotic HUVECs compared with 
normal cells. However, PCSK9 was downregulated during 
shRNA‑PCSK9 transfection. The present study also identified 
that transfection of cells with shRNA‑PCSK9 inhibited the 
mRNA and protein expression of Bax and caspase-3, while 
Bcl‑2 demonstrated the opposite role. The ratio of Bcl‑2/Bax 
was increased by PCSK9 deficiency in ox‑LDL‑induced 
apoptosis.

The MAPK signaling pathway is one of the most impor-
tant in the eukaryotic signaling network, involved in a variety 
of cellular functions, particularly cell proliferation, differ-
entiation and apoptosis (38). It has been reported that JNK 
and p38 MAPK serve an important role in inflammation and 
cell apoptosis due to activation by TNF‑α, IL‑1, G protein 
coupled receptors, stress and oxidative damage (39). The ERK 
signaling pathway serves an important role in the process of 
cell proliferation mediated by growth factors (40). It is notable 
that the sustained activation of ERK can prevent the occur-
rence of apoptosis (41). In the present study, shRNA‑PCSK9 
markedly decreased the phosphorylation of p38 and JNK, 
suggesting that the p38/JNK‑dependent pathway may be 
involved in PCSK9‑mediated endothelial cell apoptosis in 
AS.

In conclusion, the findings of the present study suggested 
that PCSK9 promotes the apoptosis of endothelial cells 
induced by ox‑LDL in AS via the JNK/p38 MAPK pathway. 
The comprehensive understanding of PCSK9 provides a 
new insight into the mechanism of AS and a new target and  
direction for its treatment.
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