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Abstract. The inhibition of proprotein convertase subtil-
isin/kexin type 9 (PCSK9) protects a variety of cell types 
against neuronal apoptosis by binding to apolipoprotein E 
receptor 2 (ApoER2). The present study aimed to deter-
mine the association between PCSK9/ApoER2 signaling 
and neuronal apoptosis following middle cerebral artery 
occlusion (MCAO) injury in hyperlipidemic mice. For this 
purpose, C57BL/6 mice fed with a high‑fat diet (HFD) for 
6 weeks were exposed to MCAO. Subsequently, PCSK9 was 
inhibited by a lentiviral vector harboring short‑hairpin RNA 
(shRNA) targeting PCSK9, which was stereotaxically injected 
into the cerebral cortex of mice. At 48  h post‑ischemia, 
hematoxylin‑eosin staining and a terminal deoxynucleotidyl 
transferase dUTP nick end labeling assay were performed 
to determine cerebral tissue injury and apoptosis. PCSK9 
and ApoER2 expression levels were assessed by reverse 
transcription‑quantitative polymerase chain reaction, immu-
nohistochemistry and western blotting. The results indicated 
that hyperlipidemia and increased PCSK9 expression were 
evident in HFD mice. Cerebral histological injury and neuronal 
apoptosis, as well as PCSK9 and ApoER2 levels, which were 
increased upon ischemia in hyperlipidemic mice, were attenu-
ated by PCSK9 shRNA treatment. These protective effects of 
PCSK9 shRNA interference were associated with decreased 
neuronal apoptosis and a reduced level of ApoER2 expression 

in the hippocampus and cortex. The data of the present study 
demonstrated that the PCSK9 shRNA‑mediated anti‑apoptotic 
effect induced by MCAO in hyperlipidemic mice is associated 
with ApoER2 downregulation, which may be a potential new 
therapy for stroke treatment in patients with hyperlipidemia.

Introduction

Ischemic stroke accounts for the majority of stroke cases, 
and is the leading cause of long‑term disability and mortality 
worldwide  (1). Emerging evidence has indicated that risk 
factors, including hypertension, diabetes and hyperlipidemia, 
are associated with an increased mortality rate in patients with 
ischemic stroke. Among the risk factors, hyperlipidemia is a 
major risk factor for ischemic stroke (2). The demonstrated 
efficacy of statin therapy in primary and secondary prevention 
of stroke by reducing serum low‑density lipoprotein cholesterol 
(LDL‑C) levels is well established (3,4). However, previous 
studies have indicated that high hyperlipidemia is associated 
with a lower risk of post‑stroke mortality (5‑7). Despite these 
conflicting results, hyperlipidemia‑associated ischemic stroke 
remains a major clinical challenge. The regulation of LDL 
receptor (LDLR) by proprotein convertase subtilisin/kexin 
type 9 (PCSK9) and the contribution of PCSK9 to cholesterol 
homeostasis are well accepted. Although PCSK9 was first 
identified as a plasma protein associated with hyperlipidemia 
just over a decade ago, a rich body of knowledge has been 
developed since, and therapeutic strategies inhibiting this 
target have been approved in numerous countries  (3,4,8). 
PCSK9 exhibits high affinity towards LDLR family members, 
including LDLR, very LDLR (VLDLR), apolipoprotein E 
receptor 2 (ApoER2), LDLR‑related protein 1 (LRP1) and β‑site 
amyloid precursor protein‑cleaving enzyme 1 (BACE1) (9‑11). 
These multiple ligand‑receptor interactions have been reported 
to serve a well‑established role in the systemic control of blood 
cholesterol, as well as a less characterized role in neuronal 
development and apoptosis (10). Previous studies revealed that 
PCSK9 is implicated in oxidized LDL‑C‑induced endothelial 
cell apoptosis, which is attenuated by PCSK9 silencing (12‑14). 
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PCSK9 serves a vital role in numerous processes resulting 
from hyperlipidemia, including free radical generation, lipid 
oxidation and inflammatory cell infiltration, which may be also 
involved in brain damage processes (1,2). These pathological 
events ultimately lead to programmed cell death, also known 
as apoptosis, which is activated and maintained for several 
hours or days following stoke onset, thus contributing to cere-
bral ischemia injury (1,15). Additionally, a series of previous 
cell studies confirmed the association between PCSK9 and 
neuronal apoptosis (16‑18). Thus, the present study hypoth-
esized that PCSK9 may contribute to neuronal apoptosis in 
hyperlipidemia‑associated ischemic stroke.

ApoER2 is expressed predominantly in the brain, and its 
role in neuronal survival depends on the pathological and 
physiological conditions. ApoER2 is required for protection 
against neuronal cell loss during normal ageing, while it 
selectively promotes neuronal cell death upon injury in the 
adult brain (19,20). Although both PCSK9 and ApoER2 are 
implicated in brain injury, it remains controversial whether 
PCSK9 regulates the levels of ApoER2, and whether this has a 
functional significance in the brain (10). A number of previous 
in vitro studies have suggested that ApoER2 is the mediator of 
PCSK9‑induced neuronal apoptosis (10), whereas other in vivo 
studies have proposed that PCSK9 does not regulate the levels 
of ApoER2 in the adult mouse brain (10,11). Therefore, it is 
particularly important to determine the role of PCSK9 in 
hyperlipidemia‑associated ischemic stroke and its impact on 
ApoER2 levels.

Considering the prevalence of stroke in hyperlipidemic 
patients, the present study aimed to clarify whether PCSK9 
contributes to the exacerbation of ischemic brain apoptosis 
induced by middle cerebral artery occlusion (MCAO) injury in 
hyperlipidemic mice. Therefore, the present study investigated 
the influence of the inhibition of PCSK9 via injection of short 
hairpin RNA (shRNA) targeting PCSK9 on ischemic brain 
injury and apoptosis upon MCAO in hyperlipidemic mice. The 
study further explored the underlying mechanisms of action 
by focusing on the levels of ApoER2 in the hippocampus and 
cortex. The results suggested that PCSK9 contributed to hyper-
lipidemia/MCAO‑induced brain injury by promoting neuronal 
apoptosis in the hippocampus and cortex, and the protective 
effect of PCSK9 shRNA was involved in the suppression of 
ApoER2.

Materials and methods

Ethics statement. The animal experiments were conducted 
in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals, and all the 
procedures were approved by the Animal Ethics Committee 
of Tianjin Institute of Medical and Pharmaceutical Sciences 
(Tianjin, China; approval no. IMPS‑EAEP‑Z‑W2015KR04). 
All surgical procedures were performed under chloral hydrate 
anesthesia, and all efforts were made to minimize animal 
suffering.

High‑fat diet (HFD). Male C57BL/6 mice (age, 9‑10 weeks; 
weight, 24‑26  g) were supplied by Beijing Vital River 
Laboratory Animal Technology Co., Ltd. (Beijing, China) 
and housed in a controlled environment (25±1˚C and 40‑70% 

humidity, with an artificial 12:12 h light/dark cycle). Mice 
were randomly assigned to the no‑fat diet (NFD; n=8) or HFD 
(n=40) groups. NFD mice were fed with a standard chow diet 
(cat. no. 11002900022675), while HFD mice were fed with 
an HFD consisting of 20% saccharose, 2% cholesterol, 15% 
lard and 0.3% cholate (cat. no. 11002900021707; Beijing Keao 
Xieli Feed Co., Ltd., Beijing, China). Food and water were 
available ad libitum for 6 weeks prior to surgery.

MCAO. Focal cerebral ischemia was induced by MCAO as previ-
ously described (21). Briefly, animals were deeply anesthetized 
with an intraperitoneal injection 10% chloral hydrate (3.5 ml/kg 
body weight). Next, a silicone‑coated nylon monofilament was 
inserted through a small incision in the right common carotid 
artery and was then advanced to ~18 mm distal to the carotid 
bifurcation through the internal carotid artery in order to occlude 
the origin of the middle cerebral artery. In sham‑operated 
animals, the same procedure was performed with the exception 
of inserting the intraluminal filament. To examine the critical 
role of PCSK9 in ischemic stroke, 32 HFD mice were randomly 
divided equally into four groups (n=8), as follows: HFD‑sham, 
HFD‑MCAO, MCAO + LVRH1GP‑null (shRNA‑control), 
and MCAO + LVRH1GP‑shRNA‑PCSK9 (shRNA‑PCSK9). 
Administration of the lentivirus expressing shRNA‑PCSK9 
or controls was performed immediately following the surgical 
procedure. Subsequent to continuous MCAO for 48 h, the mice 
were sacrificed for further processing.

Lentivirus production and stereotaxic injection. Several 
recombinant lentiviral vectors harboring an shRNA sequence 
targeting PCSK9 (LVRH1GP‑shRNA‑PCSK9) were produced 
by GeneCopoeia, Inc. (Guangzhou, China). The lentiviruses 
harboring various shRNA sequences (Table I) against PCSK9 
were injected into C57BL/6 mice via the caudal vein in order 
to evaluate the interference efficiency in the kidney by reverse 
transcription‑polymerase chain reaction (RT‑PCR)  (22). 
As shown in Table II, the results suggested that the PCSK9 
shRNA sequence 3 provided the most reliable expression, 
and therefore this shRNA was selected for use in subsequent 
experiments. LVRH1GP‑shRNA‑PCSK9 or scramble shRNA 
(LVRH1GP‑null) was delivered to the cortex of C57BL/6 mice 
via intracortical injection. The injection site was 1.2‑mm 
anterior to the bregma and 1.2‑mm lateral to the midline, and 
the injection depth was 3.0 mm (23). A total of 9 µl purified 
lentivirus targeting PCSK9 or scramble shRNA was slowly 
injected at a speed of 0.5 µl/min. The needle was carefully 
withdrawn 10 min after the injection to avoid reflux of the 
cerebrospinal fluid.

Serum parameters. Subsequent to feeding with HFD for 
6 weeks, the concentration of triglycerides (TG), total choles-
terol (TC), high‑density lipoprotein cholesterol (HDL‑C) and 
LDL‑C in the serum were measured using the corresponding 
assay kits according to the manufacturer's protocol (cat. 
nos. A110‑1, A111‑1, A112‑1 and A113‑1, respectively; Nanjing 
Jiancheng Bio‑Engineering Institute, Co., Ltd., Nanjing, 
China).

RT‑quantitative PCR (RT‑qPCR). The RT‑qPCR was 
performed as previously reported (24). Briefly, total RNA 
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was extracted from liver, hippocampus and cortex using 
TRIzol® reagent (Life Technologies; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) according to the manufacturer's 
protocol. The A260/A280 ratio was measured by a spectro-
photometer to determine the purity and concentration of the 
RNA. Complementary DNA was synthesized from total RNA 
using Moloney Murine Leukemia Virus Reverse Transcriptase 
(Promega Corporation, Madison, WI, USA). Subsequently, 
qPCR was performed using the SYBR Premix Ex Taq™ II kit 
(Takara Bio, Inc., Otsu, Japan). The reaction conditions were 
as follows: 95˚C for 5 min, 95˚C for 10 sec, 60˚C for 30 sec, 
72˚C for 32 sec, 40 cycles; the detection curve was carried out 
as follows: 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec, 
60˚C for 15 sec. The specific primer pairs were as follows: 
PCSK9 forward, 5'‑GCATCCACAACACCCCT‑3' and reverse, 
5'‑CTG​CCT​CCG​GAC​ACT​AA‑3' (125 bp); β‑actin, forward 
5'‑ACT​CTG​TGT​GGA​TTG​GTG​GC‑3', and reverse, 5'‑AGA​
AAG​GGT​GTA​AAA​CGC​AGC‑3' (155 bp). The messenger 
RNA (mRNA) expression levels of PCSK9 were normalized to 
those of the β‑actin gene. Data analysis was performed using 
the 2‑∆∆Ct method (25) for relative quantification.

Brain histopathology and immunohistochemistry (IHC). 
The mouse brain tissues were rapidly isolated and fixed in 
4% paraformaldehyde. Next, the tissues were embedded in 

paraffin, and consecutive cross‑sections of the brain were cut 
and stained with hematoxylin and eosin (H&E). Histological 
evaluation was performed by an investigator who was blinded 
to the experimental groups. For IHC staining, tissue sections 
were dewaxed and rehydrated through a xylene and graded 
alcohol series, and the slides were then incubated for 10 min 
at 95˚C in a citrate solution for antigen retrieval. Peroxidase 
(POD) clearing was performed prior to blocking for 2  h 
with 1% bovine serum albumin in PBS at room temperature. 
Subsequently, the tissue sections were incubated with poly-
clonal rabbit anti‑PCSK9 and rabbit anti‑ApoER2 antibodies 
(1:1,000; cat. nos. ab31762 and ab204112, respectively; Abcam, 
Cambridge, MA USA) at 4˚C overnight, followed by incubation 
with a secondary antibody conjugated with horseradish POD 
(cat. no. SA1028; Boster Biological Technology, Ltd, Wuhan, 
China) at 37˚C for 45 min. Specific labeling was visualized 
with a 3,3'‑diaminobenzidine (DAB) kit and appeared light 
yellow or tan‑colored, while cell nuclei were counterstained 
with hematoxylin (blue staining). Images were captured with 
a microscope, and in each slide, eight random images of the 
mouse hippocampus and cortex were obtained to determine 
the intensity of staining. IHC staining, expressed as the rela-
tive positive expression, was quantified using gray values by 
HMIAS‑2000 W image system (version 1.0; Wuhan Qianping 
Image Technology Co., Ltd., Wuhan, China). A high gray 
value indicated low content of protein, while low gray scale 
indicated high content.

Western blot analysis. Western blotting was used to measure 
the hippocampal and cortical levels of PCSK9 and ApoER2. 
Briefly, total protein was extracted using radioimmunoprecipi-
tation assay buffer with a protease inhibitor (cat. nos. P0013 
and ST506, respectively; Beyotime Institute of Biotechnology, 
Haimen, China). Protein levels were quantified using the 
bicinchoninic acid assay (cat. no. P0010, Beyotime Institute 
of Biotechnology, Haimen, China) according to the manu-
facturer's protocol. Protein samples were separated by 10% 
SDS‑PAGE and then transferred to polyvinylidene fluoride 
membranes. The membranes were incubated with the afore-
mentioned rabbit anti‑PCSK9 and rabbit anti‑ApoER2 primary 
antibodies (1:1,000) at 4˚C overnight. Following washing in 
TBS with Tween‑20, the membranes were incubated with a 
POD‑conjugated anti‑rabbit immunoglobulin G secondary 
antibody (1:5,000; cat. no. BA1003; Wuhan Boster Biological 
Technology, Ltd., Wuhan, China). Protein bands were visual-
ized by enhanced chemiluminescence (GE Healthcare Life 
Sciences, Little Chalfont, UK). The protein expression levels 
were quantitatively analyzed with FluorChem version 2.0 
software (ProteinSimple, San Jose, CA, USA). The protein 
expression levels of PCSK9 and ApoER2 were normalized to 
those of β‑actin.

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assay. A TUNEL assay was applied to 
identify the apoptotic cells with nuclear DNA fragmenta-
tion in the ischemic cerebral hemisphere according to the 
manufacturer's protocol (In Situ Cell Death Detection kit; cat. 
no. 11684817910; Roche Diagnostics, Basel, Switzerland) (22). 
Upon deparaffinization and rehydration, tissue sections were 
permeabilized with proteinase K (20 µg/ml) at 37˚C for 10 min 

Table I. Short hairpin RNA target sequences.

Sequence				  
name	 Symbol	 Location	 Length	 Target sequence

Sequence 1	 Pcsk9	 891	 21	 ggaacctggagcgaattatcc
Sequence 2	 Pcsk9	 964	 21	 ggaggtgtatctcttagatac
Sequence 3	 Pcsk9	 1,228	 21	 ggagtttattcggaagagtca
Sequence 4	 Pcsk9	 109	 21	 ccgaaacctgatcctttagta

Table II. Screening the most effective sequence among four 
shRNA sequences against PCSK9 by quantitative reverse 
transcription‑polymerase chain reaction.

	 Relative PCSK9
	 mRNA expression
	 in kidney
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	 24 h	 48 h

NFD‑C57BL/6	 1	 1
HFD‑C57BL/6	 2.226	 2.226
HFD+PCSK9 shRNA control	 1.905	 1.905
HFD+PCSK9 shRNA sequence 1	 1.717	 1.625
HFD+PCSK9 shRNA sequence 2	 1.570	 1.566
HFD+PCSK9 shRNA sequence 3	 1.357	 1.304
HFD+PCSK9 shRNA sequence 4	 1.412	 1.489

NFD, no‑fat diet; HFD, high‑fat diet; PCSK9, proprotein convertase 
subtilisin/kexin type 9; shRNA, short hairpin RNA.
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and then incubated with TUNEL reaction mixture at 37˚C for 
2 h in a humidified chamber in the dark. Converter POD was 
next added and incubated at 37˚C for 30 min. Subsequent to 
rinsing with PBS (three times; 5 min each), the tissue sections 
were developed with DAB tetrahydrochloride and coun-
terstained with Mayer's hematoxylin. In each section, eight 
random microscopic fields from the mouse hippocampus and 
cortex were analyzed (4 mice in each study group). The apop-
tosis ratio was presented as the percentage of TUNEL‑positive 
cells (brown) in the total number of cell nuclei (blue). Bar plots 
for the mouse brain hippocampus and cortex regions were 
separately exhibited.

Statistical analysis. Data are expressed as the mean ± standard 
deviation. Statistically significant differences were evaluated 
by unpaired Student's t‑test for comparisons between two 
groups, or by one‑way analysis of variance followed by a 
Duncan's multiple range test for multiple comparisons. P<0.05 
was considered to indicate a statistically significant differ-
ence. Statistical analyses were performed using SPSS version 
18.0 software (SPSS Inc., Shanghai, China).

Results

PCSK9 is upregulated in the liver and brain of HFD‑induced 
hyperlipidemic mice. After 6  weeks of HFD feeding, the 
serum TG, TC and LDL‑C levels were significantly higher, 
whereas the serum HDL‑C level was significantly lower, in 
HFD mice as compared with the levels in NFD mice (Fig. 1A). 
IHC staining revealed upregulation of PCSK9 in the liver and 
hippocampus of HFD mice after 6 weeks of HFD feeding 
(Fig. 1B and C). Furthermore, the mRNA levels of PCSK9, 
as determined by RT‑qPCR, were significantly increased in 
the hippocampus and cortex of HFD mice (Fig. 1D). Taken 
together, these data indicated that there was significant PCSK9 
overexpression in the liver and brain of hyperlipidemic mice.

PCSK9 is upregulated following MCAO in hyperlipidemic 
mice. Hyperlipidemic mice were subjected to MCAO surgery 
in order to imitate ischemic stroke, and the expression of 
PCSK9 in the cerebral hemisphere was detected after 48 h 
of MCAO by RT‑qPCR, western blot and IHC analyses. As 
shown in Fig. 2, there was significant upregulation of PCSK9 
mRNA and protein levels in the hippocampus and cortex of 
HFD‑MCAO mice compared with those of HFD‑sham mice. 
These results indicated that ischemia due to hyperlipidemia 
promoted PCSK9 upregulation.

Increased histological injury and apoptosis following MCAO 
in hyperlipidemic mice. H&E staining of the brain tissues of 
mice subjected to 48 h of ischemia revealed nuclear shrinkage, 
neuronal vacuolization, neuronal loss and neutrophil infiltra-
tion (Fig. 3A). The quantification of apoptotic cells in the 
hippocampus and cortex revealed that MCAO resulted in a 
significant increase in apoptosis compared with that observed 
in the HFD‑sham group (Fig. 3B‑D).

PCSK9 shRNA ameliorates histopathological damage and 
apoptosis following MCAO in hyperlipidemic mice. As shown 
in Fig. 4, PCSK9 shRNA interference markedly decreased 

the PCSK9 protein levels in the hippocampus and cortex, as 
demonstrated by western blotting and IHC staining. Western 
blotting revealed that the protein level of PCSK9 was signifi-
cantly lower in PCSK9 shRNA therapy group than those in 
the HFD‑MCAO group and the analysis on the IHC staining 
indicated that the gray scale of PCSK9 in the PCSK9 shRNA 
pretreated group was higher than in the HFD‑MCAO group. 
In order to further confirm the effects of PCSK9 shRNA in 
the hippocampus and cortex of hyperlipidemic‑MCAO mice, 
histopathological damage and apoptosis were evaluated using 
H&E and TUNEL staining, respectively. Consistently, PCSK9 
shRNA treatment partially attenuated the ischemic damage by 
decreasing vacuolization and neutrophil infiltration compared 
with that observed in the HFD‑MCAO group (Fig. 5A). Since 
PCSK9 potentiated neuronal apoptosis, suppression of PCSK9 
significantly reduced neuronal death (10,16‑18). As expected, 
in the present study, neuronal apoptosis resulting from isch-
emia stroke was significantly decreased in the hippocampus 
and cortex of PCSK9 shRNA‑pretreated mice compared with 
that in HFD‑MCAO mice (Fig. 5B‑D). Overall, PCSK9 inhibi-
tion contributed to the reduced brain injury and anti‑apoptotic 
effects observed following MCAO in hyperlipidemic mice.

PCSK9 shRNA inhibits the apoptosis in MCAO mice associ‑
ated with ApoER2 downregulation. To investigate the role of 
the PCSK9/ApoER2 signaling pathway in MCAO‑induced 
apoptosis, the expression levels of PCSK9 and ApoER2 in 
hippocampus and cortex were further evaluated. IHC staining 
demonstrated that pretreatment with PCSK9 shRNA simulta-
neously inhibited the expression of ApoER2 as presented in 
Fig. 6. Consistent with observations by IHC staining, western 
blot analysis for PCSK9 and ApoER2 in hippocampus and 
cortex revealed that the expression of ApoER2 was significantly 
decreased in the PCSK9 shRNA treatment group compared 
with HFD‑MCAO group (Fig. 6). Collectively, these data indi-
cated that the anti‑apoptotic effect triggered by PCSK9 shRNA 
interference was associated with ApoER2 downregulation.

Discussion

It has been well established that PCSK9 serves a key role 
in maintaining lipid homeostasis by affecting the systemic 
levels of LDLR and cholesterol uptake  (18). Excessive 
PCSK9 expression in hepatocytes is linked to dyslipidemia, 
and inhibitors/silencers of PCSK9 are currently being tested 
in clinical trials for the treatment of hypercholesterol-
emia (18). Consistently, the present study clearly confirmed 
that HFD‑induced hyperlipidemia coincided with increased 
PCSK9 expression in the liver. Notably, PCSK9 is also highly 
expressed in the central nervous system (CNS) and affects a 
wide range of neuronal functions (9‑11). In the hippocampus 
and cortex, a marked elevation of PCSK9 mRNA levels was 
observed in the present study after 6 weeks of HFD feeding. 
Accordingly, hyperlipidemia led to PCSK9 overexpression in 
both the liver and brain.

Hyperlipidemia is known to be a risk factor for stroke (2). 
PCSK9, a proprotein convertase that binds to ApoER2, 
VLDLR, LDLR, BACE1 and LRP1, has been linked to 
hyperlipidemia and cell apoptosis  (9‑11). Previous studies 
have reported that PCSK9 is increased in the adult brain 
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Figure 1. Blood lipids and PCSK9 expression levels were significantly increased upon HFD feeding. (A) Serum TG, TC and LDL‑C levels were signifi-
cantly increased, while HDL‑C level was significantly decreased, in HFD mice compared with those in NFD mice (n=8). (B) Representative PCSK9 IHC 
staining in the liver and hippocampus tissues following HFD feeding. (C) Gray value of PCSK9 in IHC analysis was significantly decreased in the liver and 
hippocampus upon HFD feeding (n=4). (D) PCSK9 mRNA expression was significantly increased in the hippocampus and cortex following HFD feeding, 
according to reverse transcription‑quantitative polymerase chain reaction analysis (n=4). *P<0.05 and **P<0.01 vs. NFD mice. PCSK9, proprotein convertase 
subtilisin/kexin type 9; HFD, high‑fat diet; NFD, no‑fat diet; TG, triglycerides; TC, total cholesterol; LDL‑C, low‑density lipoprotein cholesterol; HDL‑C, 
high‑density lipoprotein cholesterol; IHC, immunohistochemistry.

Figure 2. PCSK9 mRNA and protein levels were significantly increased following MCAO in hyperlipidemic mice. (A) mRNA and (B) protein levels of PCSK9 
were significantly increased in HFD‑fed mice subjected to MCAO, as demonstrated by reverse transcription‑quantitative polymerase chain reaction and 
western blot analyses, respectively. (C) Representative western blotting image, displaying PCSK9 protein expression. (D) IHC analysis revealed that the gray 
value of PCSK9 was lower in the brain of HFD‑MCAO mice compared with that in HFD‑sham mice. (E) Representative images of IHC staining, showing 
PCSK9 protein expression. *P<0.05 and **P<0.01 vs. HFD‑sham mice (n=4). PCSK9, proprotein convertase subtilisin/kexin type 9; MCAO, middle cerebral 
artery occlusion; HFD, high‑fat diet; IHC, immunohistochemistry.
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following ischemia (18), while other in vitro studies revealed 
a key role for PCSK9 in neuronal apoptosis (10,16‑18). In the 
present study, after 6 weeks of HFD feeding and subsequent 

establishment of an MCAO mouse model of ischemic stroke, 
it was demonstrated that PCSK9‑dependent apoptosis served 
a major role in ischemic injury. Inhibition of PCSK9 reduced 

Figure 3. Ischemic injury and increasing apoptosis were observed in the hippocampus and cortex following middle cerebral artery occlusion in hyperlip-
idemic mice. (A) Representative images of the pyknotic cells and neuronal vacuolization in the hippocampus and cortex. (B) Representative images of the 
TUNEL‑positive nuclei (brown) and total nuclei (blue). Bar plots demonstrating the percentage of TUNEL staining in the (C) hippocampus and (D) cortex. 
Black arrows indicate neuronal vacuolization and white arrows indicate inflammatory infiltration. *P<0.05 and **P<0.01 vs. HDF‑sham mice (n=4). TUNEL, 
terminal deoxynucleotidyl transferase dUTP nick end labeling; HFD, high‑fat diet.

Figure 4. PCSK9 shRNA interference results in a reduction in the PCSK9 levels following MCAO in hyperlipidemic mice. (A) Representative western blot 
images demonstrating the protein levels of PCSK9 in the hippocampus and cortex. (B) The expression of PCSK9 in the hippocampus and cortex was significantly 
attenuated following PCSK9 shRNA treatment. (C) PCSK9 gray value in IHC staining of the hippocampus and cortex of animals exposed to PCSK9 shRNA 
was higher compared with that observed in the HFD‑MCAO group. (D) Representative images of PCSK9 protein expression detected by IHC analysis.*P<0.05 
and **P<0.01 vs. HFD‑MCAO mice (n=4). PCSK9, proprotein convertase subtilisin/kexin type 9; shRNA, short hairpin RNA; IHC, immunohistochemistry; 
HFD, high‑fat diet; MCAO, middle cerebral artery occlusion.
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neuronal apoptosis in the hippocampus and cortex, which 
could also decrease brain damage. Thus, these findings suggest 
that PCSK9 regulated the apoptosis resulting from ischemic 
stroke in hyperlipidemic mice.

There are controversial reports regarding whether PCSK9 
regulates the levels of ApoER2 in vivo possibly via neuronal 
apoptosis. A previous study reported that PCSK9 does not 
appear to modulate the expression of ApoER2 in the adult mouse 
brain (10,11). By contrast, another study revealed that PCSK9 
regulates neuronal apoptosis by adjusting ApoER2 signaling 
pathway in in vitro experiments using several types of neuronal 
cells  (10). The present study demonstrated that suppression 
of PCSK9 attenuated neuronal death, which coincided with a 
reduction in the levels of ApoER2. This was in disagreement 
with previously published data demonstrating that PCSK9 

inhibition resulted in elevated levels of ApoER2 (10). These 
conflicting results may be due to differences in the duration of 
feeding with a HFD, or time following MCAO when mice were 
examined, and experimental conditions, which are implicated in 
complex, multiple interactions among various pathological and 
physiological factors. Indeed, the role of ApoER2 in neuronal 
survival depends on pathophysiological changes. Notably, 
ApoER2 is required for protection against neuronal cell loss 
during normal ageing, but selectively promotes neuronal cell 
death upon injury (19,20). In addition, ApoE is a major risk 
factor for several neurodegenerative diseases, and ApoER2 may 
also be relevant to the pathogenesis of Alzheimer's disease (19). 
The present results strongly support the hypothesis that the 
anti‑apoptotic effect of PCSK9 inhibition is associated with 
downregulation of ApoER2.

Figure 5. PCSK9 shRNA interference improves histological ischemic injury and apoptosis in the hippocampus and cortex following MCAO in hyperlipidemic 
mice. (A) Representative H&E staining images, exhibiting histological injury and apoptosis in the hippocampus and cortex upon PCSK9 shRNA treatment. 
(B) TUNEL assay, indicating that the ratio of apoptotic cells in the (C) hippocampus and (D) cortex decreased following shRNA‑PCSK9 treatment. *P<0.05 
and **P<0.01 vs. HFD‑MCAO mice (n=4). PCSK9, proprotein convertase subtilisin/kexin type 9; shRNA, short hairpin RNA; HFD, high‑fat diet; MCAO, 
middle cerebral artery occlusion; H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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However, the present study has several limitations. Firstly, 
although there is evidence for a role of hyperlipidemia in stroke, 
the results of several studies report that it is also associated 
with improved patient outcome following stroke as compared 
with that of individuals without hyperlipidemia  (3‑7). 
However, the current study has failed to demonstrate the 
comparison between HFD and NFD mice following MCAO 
with shRNA‑PCSK9 interference. Furthermore, the findings 
of the present study indicate that the association of PCSK9 and 
ApoER2 are correlative and do not support a functional inter-
action between PCSK9 and ApoER2. However, this potential 
interaction remains to be determined by overexpression or 
silencing of ApoER2 in a further study. Finally, it is well 
known that PCSK9 binds to membrane‑bound proteins, 
including LDLR, VLDLR, ApoER2 and BACE1, which are 

all highly expressed in the CNS (9‑11). While downregulation 
of ApoER2 was observed upon treatment with shRNA against 
PCSK9 in the present study, downregulation of VLDLR and 
BACE1 may also occur. Thus, further research focusing on 
VLDLR and BACE1 would aid to determine whether partial 
loss of PCSK9 coincides with downregulation of ApoER2 
specifically, or whether it occurs concurrently with VLDLR 
and BACE1 downregulation.

In conclusion, the findings of the current study implicate 
PCSK9 as a pro‑apoptotic factor in ischemic brain injury in 
hyperlipidemic mice. The present study also demonstrated that 
the protective effect of shRNA against PCSK9 is involved in the 
suppression of ApoER2 expression. These data warrant further 
investigation of the therapeutic potential of PCSK9 inhibition 
treatment for ischemic stroke in hyperlipidemic patients.

Figure 6. Anti‑apoptotic effect of PCSK9, involving a reduction in ApoER2 levels subsequent to MCAO in hyperlipidemic mice. (A) Immunohistochemistry 
analysis for ApoER2 in the hippocampus and cortex. (B) Gray value of ApoER2 in the hippocampus and cortex was higher in PCSK9 shRNA mice compared 
with that in HFD‑MCAO mice. (C) Representative western blot images of ApoER2 and PCSK9 protein expression levels in the hippocampus and cortex 
following PCSK9 shRNA treatment. Relative protein levels of PCSK9 and ApoER2 were concomitantly decreased in the (D) hippocampus and (E) cortex 
following shRNA‑PCSK9 interference. *P<0.05 and **P<0.01 vs. HFD‑MCAO mice (n=4). PCSK9, proprotein convertase subtilisin/kexin type 9; ApoER2, 
apolipoprotein E receptor 2; shRNA, short hairpin RNA; HFD, high‑fat diet; MCAO, middle cerebral artery occlusion.
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