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Abstract
Background: Proprotein	convertase	subtilisin/kexin	type	9	(PCSK9)	has	been	recog-
nized as a novel lipid- lowing target. Recent clinical studies suggested the value of 
inhibiting	PCSK9	in	decreasing	the	vulnerability	of	coronary	plaques.	However,	the	
evidence	of	PCSK9-	regulated	evolution	of	unstable	carotid	plaques	is	unclear,	which	
has	 limited	 the	use	of	PCSK9	 inhibitor	 in	 carotid	plaques.	This	 study	aimed	 to	de-
termine	the	effect	and	molecular	mechanisms	of	PCSK9	on	vulnerability	of	carotid	
plaques, to provide potential therapeutic targets for stabilizing carotid plaques.
Methods: The	expression	of	PCSK9	in	stable	and	unstable	carotid	plaques	were	ex-
amined in tissue and plasma. Human aortic vascular smooth muscle cells (VSMCs) and 
carotid VSMCs were employed to transfect lentivirus for overexpression and knock-
down	of	PCSK9,	respectively.	Morphological	and	functional	changes	of	mitochondria	
were observed by live- cell imaging. Cell apoptosis was evaluated by propidium iodide 
staining.	RNA-	sequencing	and	biological	examinations	were	performed	to	explore	and	
validate the underlying mechanisms. Truncated plasmids were employed to identify 
the	functional	domain	of	PCSK9	in	regulation	of	VSMCs'	mitochondrial	morphology,	
function and apoptosis.
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1  |  INTRODUC TION

Ischemic stroke is one of the main causes of death and disability in the 
world, and its incidence is increasing year by year in developing coun-
tries, causing a heavy burden.1,2	Carotid	atherosclerotic	stenosis	(CAS)	
accounts for 15%–20% of the causes of ischemic stroke,3 especially 
in	 the	Western	 Pacific	 region.4 Carotid endarterectomy can benefit 
symptomatic	 CAS	 patients	 with	 luminal	 stenosis	 of	 70%–99%,	 but	
the	benefit	in	symptomatic	CAS	patients	with	stenosis	less	than	70%	
and	 asymptomatic	 CAS	 patients	 remains	 unclear.5,6 Compared with 
treatment decisions based on luminal stenosis, screening of unstable 
plaque according to structural evaluation was more beneficial to stroke 
risk	prediction	and	surgical	population	selection	in	CAS	patients.7 The 
characterized pathological features of unstable plaques include thin 
fibrous caps, large lipid cores, abundant infiltration of inflammatory 
cells, and intraplaque hemorrhage. The current evaluation of unstable 
carotid plaque was mainly based on imaging, and the accuracy was not 
sufficient to meet clinical practice.8 In addition, research on peripheral 
blood biomarkers of unstable plaques is only at the preliminary stage 
of exploration. Discovery of unstable plaque biomarkers, screening of 
high-	risk	CAS	populations,	making	 individualized	diagnosis	and	treat-
ment will reduce the incidence of ischemic events.

Vascular smooth muscle cells (VSMCs) are the key cell type to 
maintain vasomotor and pathophysiological functions. In stable 
plaques, VSMCs secrete extracellular matrix (ECM) to construct 
plaque fibrous caps. However, in unstable plaques, the apoptosis of 
VSMCs are abnormally increased, and the incidence of plaque rup-
ture and thromboembolism is higher accordingly.9 Previous studies 
have	 shown	 that	mitochondrial	 dysfunction	 can	 promote	 VSMCs'	
apoptosis, but the exact molecular mechanism remains unclear.10 
Furthermore,	 the	 association	between	 this	 phenomenon	 and	CAS	
plaque vulnerability remains to be confirmed.

The	 mutation	 of	 proprotein	 convertase	 subtilisin/kexin	 type	 9	
(PCSK9)	was	 first	 discovered	 in	 a	 family	with	 autosomal	 dominant	
familial	hypercholesterolemia.	Gain-	of-	function	mutation	of	PCSK9	

can significantly increase the protein level of low- density lipoprotein 
cholesterol	 (LDL-	C).	 PCSK9	 can	 bind	 and	 accelerate	 the	 lysosomal	
degradation of low density lipoprotein receptor (LDLR) on the cell 
surface, thereby inhibiting the uptake of LDL- C by liver cells, result-
ing in the increase of LDL- C in plasma and accelerating the progres-
sion of atherosclerosis.11	The	inhibitors	of	PCSK9	have	been	widely	
recognized in the treatment of atherosclerosis regarding to lipid 
metabolism.	Clinical	trials	such	as	FOURIER	and	ODESSEY,	showed	
that both evolocumab and alirocumab could reduce the incidence of 
ischemic events in patients with high- risk coronary heart disease.12,13 
Using with near- infrared light and intravascular ultrasound, Hiroyuki 
et	al	found	that	PCSK9	inhibitors	have	a	stronger	effect	on	stabilizing	
coronary plaque than statins.14	PCSK9	inhibitors	combined	with	ro-
suvastatin can also thicken the fibrous cap, reduce the lipid angle and 
lower the lipid load index, thereby stabilizing high- risk plaques.15 In 
summary, in addition to the lipid- lowering effect, the clinical value of 
PCSK9	in	stabilizing	plaque	has	been	preliminarily	confirmed	in	cor-
onary	arteries.	However,	the	potential	effect	of	PCSK9	in	stabilizing	
carotid plaques and the specific pathway remains to be investigated.

The aim of the current study was to explore the regulation and 
underlying	mechanisms	of	PCSK9	on	carotid	plaques	from	the	per-
spective	of	VSMCs'	mitochondrial	dysfunction	and	apoptosis.	The	
clinical	 association	 between	 PCSK9	 and	 vulnerability	 of	 carotid	
plaques	was	also	be	evaluated.	We	sought	to	provide	clues	and	evi-
dence for stabilizing carotid plaques and decreasing the incidence of 
ischemic	stroke,	so	as	to	expand	the	application	of	PCSK9	inhibitors.

2  |  MATERIAL S AND METHODS

2.1  |  Specimen collection

Carotid plaques and blood plasma were obtained from patients who re-
ceived carotid endarterectomy (stenotic extent >50% for symptomatic 
patients and >70% for asymptomatic patients according to the North 

Results: Clinically,	 PCSK9	 was	 closely	 related	 with	 vulnerability	 of	 human	 carotid	
plaques.	Increased	expression	of	PCSK9	in	human	VSMCs	was	accompanied	by	higher	
level	of	apoptosis.	At	subcellular	level	of	VSMCs,	the	morphology	of	mitochondria	was	
shifted toward the fission state, followed by mitochondrial dysfunction. Inhibition of 
p38	MAPK	activation	partially	rescued	the	above	morphological	and	behavioral	changes	
caused	by	PCSK9.	Furthermore,	inhibiting	of	dynamin-	related	protein	1	(DRP1)	attenu-
ated	PCSK9-	related	mitochondrial	dysfunction	and	cell	apoptosis.	The	1-	149aa	domain	
of	PCSK9	protein	was	essential	to	achieve	functional	regulation	to	VSMCs.
Conclusion: Our	findings	demonstrated	that	PCSK9	induced	morphology-	related	mi-
tochondrial dysfunction and apoptosis of VSMCs, which may be related to increased 
vulnerability of carotid plaque.
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American	Symptomatic	Carotid	Endarterectomy	Trial	criteria	for	carotid	
stenosis)16 at Xuanwu Hospital, Capital Medical University. Plaques 
were classified into stable and unstable types based on ultrasound and 
histopathological findings. Unstable plaques are characterized by intra-
plaque hemorrhage, mural thrombus, thin fibrous caps, or an incom-
plete fibrous cap, otherwise they are known as stable plaques.17

2.2  |  Cell culture and treatment

Human	carotid	VSMCs	(HC-	VSMCs)	and	human	aortic	VSMCs	(HA-	
VSMCs) were obtained from Bluefbio (Shanghai, China), cultured in 
Dulbecco	modified	eagle	medium	(DMEM,	Life	Technologies,	USA),	
supplemented	 with	 10%	 fetal	 bovine	 serum	 (FBS,	 Thermo	 Fisher	
Scientific,	USA),	and	cultured	in	5%	CO2 incubator at 37°C. Lentivirus 
with	knockdown	or	overexpression	of	human	PCSK9	was	constructed	
by GeneChem (Shanghai, China). The sequences of lentivirus were listed 
as follows: negative control (NC) 5′-	TTCTCCGAACGTGTCACGT-	3′; 
sh-	PCSK9	 5′-		 GGAAGAGACCCAGGAGGATAA-	3′. The plasmid for 
truncated	mutant	of	human	PCSK9	(1-	149aa,	155-	461aa,	450-	692aa)	
was	designed	according	to	the	protein	domains	of	PCSK9	in	https:// 
www. unipr ot. org and synthesized by OBiO Technology (Shanghai, 
China). Transient transfections for plasmids were performed using 
Lipofectamine	 3000	 (Thermo	 Fisher	 Scientific).	 After	 infection	 for	
2 days,	VSMCs	were	cultured	in	DMEM	containing	2 μg/mL puromy-
cin	(Thermo	Fisher	Scientific)	for	an	additional	2 weeks.	Mdivi-	1,	an	in-
hibitor of DRP1 (Med Chem Express, China), was dissolved in DMSO 
(working	concentration:	1 μM) before application. The small molecule 
SB203580 (Selleck, China) was dissolved in DMSO (working concen-
tration:	10 μM) and used as an inhibitor of p38 phosphorylation.

2.3  |  RNA- sequencing and bioinformatics analyses

Total	RNA	from	control	and	sh-	PCSK9	VSMCs	was	isolated	for	the	
mRNA	 sequencing	 library.	 Briefly,	 after	 RNA	 quality	 control	 and	
purification	 and	 cDNA	 synthesis,	 a	 300–400 bp	 library	 was	 pre-
pared. The established library was submitted to quality control by 
Agilent	2100	Bioanalyzer,	and	finally	sequenced	using	the	Illumina	
next- generation sequencing platform according to the manufac-
turer's	instructions.	mRNA	with	a	|log2FoldChange|>1 and p < 0.05	
was considered differentially expressed. Database for annotation, 
visualization,	functional	annotation	and	the	KEGG	pathway	analysis	
were adopted to obtain target gene- enriched pathways. p < 0.05	was	
the criterion for statistical significance.

2.4  |  Reverse- transcription polymerase chain 
reaction (RT- PCR)

Total	 RNA	was	 isolated	 from	VSMCs	using	Trizol	 reagent	 (Takara,	
Tokyo,	 Japan)	 strictly	 according	 to	 instructions.	 cDNA	 was	 syn-
thesized	 from	 total	 RNA	 (2 μg) through reverse transcription kit 

(Toyobo Life Science, Shanghai, China). Quantitative PCR (qPCR) 
was	 performed	 using	 1 μL	 of	 cDNA	 in	 a	 standard	 SYBR	 premix	
Ex Taq (Takara) in the Roche LightCycler® 480 System (Roche, 
Indianapolis,	 IN,	 USA).	 The	 mRNA	 level	 was	 then	 normalized	 to	
the	 level	 of	 GAPDH	 mRNA	 and	 the	 relative	 expression	 of	 each	
mRNA	 was	 calculated	 using	 the	 2−ΔΔCt method. The following 
primers	 were	 used:	 GAPDH,	 5′-	AATGAAGGGGTCATTGATGG-	3′, 
5′-	AAGGTGAAGGTCGGAGTCAA-	3′;	PCSK9,	5′-	CCTGGAGCGG	ATT	
ACCCCT-	3′, 5′-	CTGTATGCTGGTGT	CTAGGAGA-	3′.

2.5  |  Enzyme- linked immunosorbent assay (ELISA)

The	plasma	from	patients	with	CAS	was	added	to	an	enzyme-	linked	
plate	 (Abcam,	 Cambridge,	 UK)	 and	 incubated	 overnight	 at	 4°C.	
After	 incubation	with	goat	serum,	antibody	of	PCSK9	was	added	
and	incubated	at	37°C	for	1 h.	Then,	the	secondary	antibody	was	
added	and	incubated	at	37°C	for	1 h.	3,	3′,5,5′- Tetramethylbenzidine 
(TMB)	 solution	 was	 then	 added	 and	 kept	 at	 25°C	 for	 3 min.	
Terminating	 the	 reaction	by	adding	2 M	H2SO4 solution. The ab-
sorbance	at	450 nm	was	obtained	after	5 min.

2.6  |  Histopathological examination

Carotid plaques were fixed with 4% paraformaldehyde, dehydrated 
with gradient ethanol, transparent with xylene, embedded in paraf-
fin,	and	then	fixed	in	a	tissue	slicer	(thickness:	4 μm).	Fixed	tissue	was	
stained	with	hematoxylin–eosin	(H&E),	masson	according	to	stand-
ard protocol. Immunohistochemical (IHC) staining were performed 
using	 antibody	of	PCSK9	 (Cell	 Signaling	Technology,	Beverly,	MA,	
USA)	according	to	protocol	as	previously	reported.18

2.7  |  Live- cell imaging

Mitochondria	 were	 stained	 with	 Mitotracker	 (Thermo	 Fisher	
Scientific)	 at	 a	 ratio	 of	 1:5000	 at	 37°C	 for	 10 min.	 Nuclei	 were	
stained with Hoechst33342 (Cell Signaling Technology) and incu-
bated	at	37°C	for	20 min.	The	images	achieved	under	confocal	mi-
croscopy	 (Nikon,	 TiE)	 was	 analyzed	 by	 Mitochondria	 Analyzer	 in	
Image	J.	Reactive	Oxygen	Species	(ROS)	was	determined	by	10 μM 
dihydroethidium	(DHE,	Thermo	Fisher	Scientific)	staining	at	37°C	for	
10 min.	Membrane	potential	was	determined	by	incubating	cells	with	
100 nM	 tetramethylrhodamine	 ethyl	 ester	 (TMRE,	 Thermo	 Fisher	
Scientific)	 at	 37°C	 for	 10 min.	 Confocal	 microscopy	 was	 used	 for	
image	capture	followed	by	analysis	with	Image	J.

2.8  |  Evaluation of cell apoptosis

Apoptotic	 cells	 were	 stained	 with	 propidium	 iodide	 (PI)	 staining	
solution (Cell Signaling Technology), and nuclei was stained with 

https://www.uniprot.org
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Hoechst33342 (Cell Signaling Technology). Cells were maintained at 
37°C with 5% CO2	in	an	on-	stage	incubator	(Tokai	Hit,	USA)	during	
imaging.	Five	fields	of	views	from	each	well	were	randomly	selected	
and	counted	with	Image	J	software	to	determine	the	proportion	of	
apoptotic cells.

2.9  |  Immunofluorescence and immunoblotting

Immunofluorescence and immunoblotting were performed as pre-
viously described.19	 The	 following	 antibodies	 were	 used:	 PCSK9,	
GAPDH,	 β- actin, β- Tubulin, Bcl2, Caspase- 3, Cleaved Caspase- 3, 
p38, p- p38 (Cell Signaling Technology).

2.10  |  Statistical analysis

Data	are	presented	as	the	mean ± the	SD.	Continuous	variables	were	
tested for normal distribution using the nonparametric one- sample 
Kolmogorov–Smirnov	 test.	 The	 independent	 samples	 t- test was 
used to test for normally distributed continuous variables. Data that 
do not exhibit a normal/Gaussian distribution were analyzed via a 
non- parametric equivalent. Statistical analysis was conducted using 
GraphPad	Prism	version	9.00	software	(GraphPad).	p values <0.05 
were considered to be statistically significant.

3  |  RESULTS

3.1  |  PCSK9 expression is increased in patients 
with unstable carotid plaques

The unstable plaques are featured by ruptured plaque, which ap-
pears to have a higher likelihood of inducing cerebral infarction 
and corresponding clinical symptoms. In order to explore the rela-
tionship	 between	 PCSK9	 and	 carotid	 plaque	 vulnerability,	 plasma	
PCSK9	in	CAS	patients	were	evaluated	through	ELISA.	We	analyzed	
a total of 183 patients according three classifications (symptomatic 
vs	 asymptomatic = 100:	 83;	 cerebral	 infarction	 vs	 non-	cerebral	 in-
farction = 55:	 128;	 ruptured	 plaque	 vs	 plaque	 with	 intact	 fibrous	
cap = 54:	129).	The	baseline	clinical	characteristics	of	these	subjects	
are shown in Table 1 and Table S1.	Circulating	PCSK9	concentrations	
were significantly higher in symptomatic patients or cases diagnosed 
with cerebral infarction (Figure 1A, p < 0.01).	In	addition,	the	expres-
sion	of	PCSK9	was	increased	in	CAS	patients	with	ruptured	plaque	
compared with those with intact fibrous cap (Figure 1A, p < 0.01).	
These	results	indicated	that	PCSK9	may	be	involved	in	plaque	devel-
opment	in	CAS.	To	further	validate	the	relationship	between	PCSK9	
expression and plaque vulnerability, 23 carotid artery plaques (12 
stable plaques and 11 unstable plaques) were subjected to routine 
pathological examination (Figure 1B). Immunohistochemistry for 
PCSK9	was	conducted	and	further	confirmed	the	higher	expression	
of	PCSK9	 in	unstable	plaques	 (Figure 1B,C). Overall, these results 

suggested	that	PCSK9	expression	is	associated	with	plaque	vulner-
ability	in	CAS.

3.2  |  Increased PCSK9 expression leads to 
VSMCs' apoptosis

VSMCs have been recognized as the main cell type in construction 
and development of fibrous cap. In addition, the increased apoptosis 
of VSMCs in advanced- stage plaques was one of the main causes of 
plaque	rupture.	We	hypothesized	that	PCSK9	participated	in	behav-
ioral	regulation	of	VSMCs,	since	higher	levels	of	PCSK9	in	ruptured	
plaques	compared	with	intact	plaques	is	observed.	Firstly,	we	meas-
ured	the	expression	of	PCSK9	in	HA-	VSMCs	and	HC-	VSMCs,	which	
demonstrated	relatively	higher	expression	of	PCSK9	in	HC-	VSMCs	
(Figure 2A).	Then,	knockdown	and	overexpression	of	PCSK9	by	len-
tivirus	was	conducted	 in	HC-	VSMCs	and	HA-	VSMCs,	respectively.	
The	efficiency	of	down-		and	up-	regulation	of	PCSK9	was	confirmed	
at	 mRNA	 and	 protein	 level	 (Figure 2B–D). Propidium iodide (PI) 
staining was performed to explore direct evidence to support that 

TA B L E  1 Clinical	characteristics	of	carotid	atherosclerotic	
plaques	included	for	histopathological	analysis	of	PCSK9.

Characteristics
Number of patients 
(n = 183)

Age 64.35 ± 7.03

Male 151 (82.51)

BMI 24.77 (22.77–26.73)

Hypertension 127	(69.40)

Diabetes 57 (31.15)

Coronary heart disease 22 (12.02)

Hyperlipidemia 92	(50.27)

Smoking

Never 82 (44.81)

Former 52 (28.42)

Current 49	(26.78)

Drinking

Never 110 (60.11)

Former 24 (13.11)

Current 49	(26.78)

Laboratory test

Triglycerides (mmol/L) 1.19 ± 0.68

Total Cholesterol (mmol/L) 3.35 ± 0.93

HDL Cholesterol (mmol/L) 1.03 ± 0.28

LDL Cholesterol (mmol/L) 1.80 ± 0.69

Apolipoprotein	AI	(g/L) 1.09 ± 0.24

Apolipoprotein	B	(g/L) 0.71 ± 0.23

PCSK9	concentration	(ng/ml) 203.50 ± 88.91

Note: Categorical variables are presented as number (%). Continuous 
variables	are	presented	as	mean ± standard	deviation	or	median	
(25th–75th percentile).
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PCSK9	regulates	apoptosis	in	living	VSMCs.	The	results	showed	that	
increased	expression	of	PCSK9	facilitated	apoptosis	of	HA-	VSMCs,	
while	down-	regulation	of	PCSK9	protected	HC-	VSMCs	from	apop-
tosis (Figure 2E–H).

There are three main signal cascades regulating cell apopto-
sis: intrinsic or mitochondrial pathways; external or death recep-
tor	 (FAS	 and	 tumor	 necrosis	 factor)	 pathways,	 and	 endoplasmic	
reticulum stress- mediated pathways.20	 The	 results	 of	 Western	
blot	 showed	 that	 elevated	 PCSK9	 expression	 in	 HA-	VSMCs	 in-
creased the cleavage of mitochondrial apoptotic pathway indicator 
Caspase- 3 and decreased the expression of anti- apoptotic protein 
Bcl2.	 Furthermore,	 knockdown	 of	 PCSK9	 in	 HC-	VSMCs	 reduced	
the cleavage of Caspase- 3 and increased the expression of Bcl2 
(Figure 2I).	Therefore,	PCSK9	may	regulate	the	apoptosis	of	VSMCs	
via the mitochondrial- related pathway.

3.3  |  PCSK9 may regulate mitochondrial 
morphology, ROS production, and membrane 
potential in VSMCs

To	 further	 examine	 the	 role	 of	 PCSK9	 in	 mitochondria-	mediated	
apoptosis in VSMCs, we monitored mitochondria morphology using 
Mitotracker	 staining	 in	 live	 VSMCs.	 Inhibition	 of	 PCSK9	 leads	 to	
elongated mitochondria with larger area and spatial ratio, while over-
expression	of	PCSK9	resulted	in	the	opposite	results	that	reflected	mi-
tochondrial fragmentation were frequently observed (Figure 3A,B). 
We	further	checked	 the	 functional	changes	of	mitochondria	using	

the DHE probe indicating reactive oxygen species (ROS) and TMRE 
staining probing mitochondria membrane potential, respectively. 
Knockdown	of	PCSK9	reduced	the	production	of	ROS	and	increased	
the mitochondrial membrane potential, whereas overexpression of 
PCSK9	 elevated	 the	 ROS	 level	 and	 downregulated	 the	mitochon-
drial membrane potential (Figure 3C,D). Mitochondrial dysfunction 
is represented by dysregulated mitochondrial membrane potential 
and	ROS,	which	promotes	apoptosis.	PCSK9	may	participate	in	cell	
fate determination via modulating mitochondria function in VSMCs.

Mitochondria are membrane- bound organelles, which are com-
posed of the outer mitochondrial membrane, mitochondrial matrix, and 
inner mitochondrial membrane. In eukaryotic cells, the mitochondrial 
shape and function are maintained by balancing between fusion and 
fission which mainly regulated by dynamic related protein 1 (DRP1).21 
We	hypothesized	that	DRP1	may	participate	in	regulation	of	PCSK9-	
related mitochondrial morphology and function. In this line, Mdivi- 1, a 
specific antagonist of DRP- 1, partially restored the mitochondria shape 
and	function	caused	by	PCSK9	overexpression	 (Figure 3E–G). These 
findings	preliminarily	indicated	that	PCSK9	modulated	the	mitochon-
dria morphology and function through the regulation of the DRP1.

3.4  |  PCSK9 promotes mitochondrial dysfunction 
by activating p38MAPK signaling

To	examine	how	PCSK9	regulates	DRP1	and	how	 it	 is	 linked	to	ap-
optosis	regulation,	control	and	sh-	PCSK9	HC-	VSMCs	were	subjected	
to	 RNA-	sequencing	 followed	 by	 bioinformatic	 analysis.	 Among	 392	

F I G U R E  1 PCSK9	levels	correlate	
with plaque vulnerability in patients with 
carotid	artery	stenosis.	(A)	Plasma	PCSK9	
levels in different subgroups of patients 
with carotid artery stenosis: symptomatic 
(Symp)	versus	asymptomatic	(Asymp),	
cerebral infarction (CI) versus non cerebral 
infarction (Non- CI), ruptured plaque 
(Ruptured) versus plaque with intact 
fibrous cap (Intact). (B) Hematoxylin–
eosin	(H&E)	staining,	Masson	and	
immunohistochemistry	for	PCSK9	
in representative stable plaques and 
unstable plaques. (C) Quantitative analysis 
of	PCSK9	staining	from	enrolled	stable	
and unstable carotid plaques. Bar charts 
show the mean with SD. **p < 0.01.
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up- regulated genes and 757 down- regulated genes (Figure 4A–C), we 
noticed	 that	 mitogen-	activated	 protein	 kinases	 (MAPKs)-	associated	
genes were enriched among the signaling pathways (Figure 4B). 
According	to	a	previous	study,	p38MAPK	was	recognized	as	a	promo-
tor of cell apoptosis.22	Thus,	we	tested	the	expression	of	p38MAPK	
in	 situation	 of	 PCSK9	 knockdown	 and	 overexpression.	 The	 re-
sults	 showed	 decreased	 activation	 of	 p38MAPK	 in	 sh-	PCSK9	 HC-	
VSMCs	and	elevated	phosphorylation	of	p38MAPK	 in	Lenti-	PCSK9	

HA-	VSMCs	(Figure 4D). Based on the above phenomenon, SB203580, 
the	 inhibitor	of	p38MAPK	phosphorylation	was	employed	to	exam-
ine	 the	 role	 of	 p38MAPK	 in	mitochondrial	 function	 and	 regulation	
of	 apoptosis.	We	 found	 that	 SB203580	 partially	 restored	 the	 level	
of	 apoptosis,	 mitochondria	 shape	 and	 function	 caused	 by	 PCSK9	
overexpression (Figure 4E–H). The above results suggested that the 
mediation	of	PCSK9	on	mitochondria	morphology	and	function	may	
partially	depend	on	phosphorylation	regulation	of	p38MAPK.

F I G U R E  2 Increased	PCSK9	
expression	leads	to	VSMCs'	apoptosis.	
(A)	PCSK9	expression	in	HC-	VSMCs	and	
HA-	VSMCs	compared	by	Western	blot.	
(B)	Knockdown	and	overexpression	of	
PCSK9	was	performed	in	HC-	VSMCs	and	
HA-	VSMCs,	respectively.	The	efficiency	
of knockdown and overexpression was 
examined	by	Western	blot	(B,	C)	and	PCR	
(D).	(E–H)	Apoptosis	were	evaluated	by	PI	
staining (E, G) and quantitative analysis 
when	PCSK9	was	down-		or	up-	regulated	
in	HC-	VSMCs	(F)	and	HA-	VSMCs	(H),	
respectively. Hoechst33342 (blue) 
labels cell nucleus and PI (red) labels 
apoptotic	cells.	(I)	The	level	of	PCSK9,	
Bcl2, Caspase- 3, Cleaved Caspase- 3 were 
analyzed	by	western	blot,	after	PCSK9	
was	up-		or	down-		regulated	in	HA-	VSMCs	
and HC- VSMCs, respectively. Bar charts 
show the mean with SD. **p < 0.01;	
***p < 0.001.
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3.5  |  The regulation of PCSK9 on mitochondrial 
dysfunction and apoptosis of VSMCs depends on 
1- 149aa domain

According	 to	 protein	 domain	 information	 of	 PCSK9,	 we	 syn-
thesized truncated plasmids to explore the essential domain of 
PCSK9-	regulated	mitochondrial	morphology,	function	and	apopto-
sis of VSMCs (Figure 5A).	The	1-	149aa,	155-	461aa	and	450-	692aa	
was	reserved	when	plasmid	1,	2,	3	was	transfected	in	HA-	VSMCs,	
respectively.	Then,	we	observed	that	the	regulation	of	PCSK9	on	
mitochondrial morphology, function and VSMC apoptosis was par-
tially	 abolished	 when	 1-	149aa	 domain	 was	 absent,	 while	 similar	
phenomenon was not observed when the other two domains was 
truncated (Figure 5B–H).	Thus,	we	speculated	that	the	1-	149aa	of	

PCSK9	 plays	 a	 key	 role	 in	 regulating	 mitochondrial	 morphology	
and apoptosis.

4  |  DISCUSSION

This	 study	 explored	 the	 clinical	 significance	 of	 PCSK9	 in	 carotid	
plaques,	which	 suggested	 PCSK9	 as	 a	 potential	marker	 for	 strati-
fication of high- risk patients with carotid atherosclerotic steno-
sis (Figure 6).	Up-	regulation	of	PCSK9	 in	human	VSMCs	 increased	
mitochondrial-	associated	 apoptosis.	 At	 the	 subcellular	 level,	 we	
found that the morphology of mitochondria changed from fusion to 
fission state, which may relate to mitochondrial dysfunction. In this 
scenario,	our	RNA-	sequencing	data	from	VSMCs	and	the	employed	

F I G U R E  3 PCSK9	may	regulate	mitochondrial	morphology,	ROS	production,	and	membrane	potential	in	VSMCs.	(A,	B)	Morphology	
changes	of	mitochondria	and	quantitative	analysis	when	PCSK9	was	down-		or	up-	regulated	in	HC-	VSMCs	and	HA-	VSMCs,	respectively.	
Red color represents Mitotracker and blue color (Hoechst33342) represents cell nucleus. (C, D) Detection and quantitative analysis of 
mitochondrial	ROS	and	mitochondrial	membrane	potential,	when	PCSK9	was	down-		or	up-	regulated	in	HC-	VSMCs	and	HA-	VSMCs,	
respectively. (E) Morphological changes of mitochondria was compared by using Mitotracker (left panel) and analyzed (right panel) when 
activation	of	DRP1	was	inhibited	in	Lenti-	PCSK9	HA-	VSMCs.	(F,	G)	Detection	and	quantitative	analysis	of	mitochondrial	membrane	potential	
and	mitochondrial	ROS,	when	activation	of	DRP1	was	inhibited	in	Lenti-	PCSK9	HA-	VSMCs.	AR,	aspect	ratio.	Bar	charts	show	the	mean	with	
SD. *p<0.05; ***p < 0.001;	****p < 0.0001.
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biological assays indicated p38- DRP1 as the potential underlying 
mechanism. This study aimed to determine the relationship between 
PCSK9	and	carotid	plaque	vulnerability,	and	to	explain	the	approach	
of	 PCSK9-	mediated	 apoptosis	 at	 subcellular	 level.	 Therefore,	 we	
may	distill	 the	rationale	for	application	of	PCSK9	inhibitor	 in	man-
agement of unstable carotid plaques.

In	 fact,	 the	 clinical	 value	 of	 PCSK9	 as	 a	 potential	 marker	 for	
subclinical carotid atherosclerosis has been investigated in a large 
cohort.	 Among	 3708	 European	 patients	 asymptomatic	 for	 cardio-
vascular	diseases,	PCSK9	plasma	levels	did	not	correlate	with	vascu-
lar damage and/or subclinical atherosclerosis of extracranial carotid 
arteries.23 Regarding to the progression of carotid atherosclerotic 

stenosis,	plasma	PCSK9	levels	are	associated	with	10-	year	progres-
sion	of	atherosclerosis	as	evaluated	by	total	plaque	area	in	643	Asian	
patients.24 These studies provided a clue for exploring the further 
clinical	value	of	PCSK9	 in	patients	with	carotid	artery	 stenosis.	 In	
a cohort including 28 patients, the lipid content of carotid plaque 
was	reduced	by	17%	after	6 months	of	PCSK9	inhibition	with	aliro-
cumab.25	Furthermore,	Shingai	et	al	 concluded	 that	PCSK9	 inhibi-
tor may possibly stabilize carotid plaque and reduce perioperative 
complications of stenting based on a cohort of nine patients.26 Our 
study	preliminarily	determined	the	potential	of	plasma	PCSK9	as	an	
indicator of unstable carotid plaque (Table 1, Table S1). Our findings 
may	enrich	the	evidence	for	the	clinical	application	of	PCSK9-	based	

F I G U R E  4 PCSK9	regulates	
morphology, function of mitochondrial 
and	VSMCs'	apoptosis	through	activation	
of	p38MAPK.	(A)	Volcano	plot	of	
differentially expressed genes between 
NC	and	sh-	PCSK9	HC-	VSMCs.	(B)	KEGG	
pathway analysis of enriched differentially 
expressed genes. (C) Heatmap of 
differentially expressed gene clustering. 
Red representing highly- expressed genes 
and green representing lower expressed 
genes.	(D)	The	effect	of	PCSK9	level	
on activation of p38 was measured by 
western	blot	in	HC-	VSMCs	and	HA-	
VSMCs. (E) Morphological changes of 
mitochondria was compared by using 
Mitotracker (left panel) and quantitative 
analysis was performed (right panel) 
when activation of p38 was inhibited in 
Lenti-	PCSK9	HA-	VSMCs.	(F,	G)	Detection	
and quantitative analysis of mitochondrial 
ROS	(F)	and	mitochondrial	membrane	
potential (G), when phosphorylation of 
p38	was	inhibited	in	Lenti-	PCSK9	HA-	
VSMCs. (H) PI staining and quantitative 
analysis before and after inhibition of 
p38	in	NC	and	Lenti-	PCSK9	HA-	VSMCs.	
Hoechst33342 (blue) labels nucleus and 
PI	(red)	labels	apoptotic	cells.	AR,	aspect	
ratio. Bar charts show the mean with 
SD. *p < 0.05;	**p < 0.01;	***p < 0.001;	
****p < 0.0001.
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diagnostics and prognosis prediction for patients with carotid ath-
erosclerotic stenosis.

In early- stage atherosclerosis, VSMCs migrate from the media 
to the intima and proliferate, wrap the necrotic core by secreting 
extracellular matrix, and inhibiting the rupture of the fibrous cap.27 
However,	VSMCs'	apoptosis	is	abnormal	in	advanced	plaques,	which	
weakened fibrous cap and enlarged necrotic cores. VSMCs are the 
main source of phagocytes in plaques. Thus, the increased apopto-
sis of VSMCs directly leads to increased accumulation of necrotic 
components in plaques. However, there is currently no effective 
target to effectively intervene the excessive apoptosis of VSMCs in 
advanced plaques.28 Notably, among cells constructing the vessel 
wall,	PCSK9	was	only	expressed	in	VSMCs.29 Therefore, our study 
was also performed in VSMCs. However, our results could not rule 
out	whether	PCSK9	in	VSMCs	may	interact	with	other	cell	subtypes	
through secretion, thereby affecting plaque vulnerability.

To	date,	the	mechanism	of	PCSK9-	mediated	VSMCs'	apoptosis	
in carotid plaque remains unclear. During plaque formation and 
development, mitochondria can affect cell metabolism and res-
piration, increase the production of ROS, and promote oxidative 
stress.30,31	Analysis	of	plaque-	derived	VSMCs	demonstrates	that	
mitochondrial respiration is dysregulated, the respiratory chain 
enzyme complex I expression is inhibited, and the mitophagy is en-
hanced.32 The above studies preliminarily indicate that mitochon-
drial dysfunction may be an important factor in the formation of 
unstable	plaques.	Inhibiting	the	expression	of	PCSK9	can	signifi-
cantly downregulate ROS in VSMCs.33 Our study found that the 
expression	of	PCSK9	regulated	mitochondrial	function	and	apop-
tosis of VSMCs from the perspective of mitochondrial dynamics. 
In fact, the balanced state of mitochondrial fusion and fission is 
closely related to mitochondrial oxidative metabolism, membrane 
potential and energy generation.34 Mechanistically, we found 

F I G U R E  5 The	regulation	of	PCSK9	on	mitochondrial	dysfunction	and	apoptosis	of	VSMCs	depends	on	1-	149aa	domain.	(A)	Schematic	
diagrams	for	construction	of	PCSK9	short-	truncated	variants	(1,	1-	149aa;	2,	155-	461aa;	3,	450-	692aa).	(B)	Representative	figures	for	
mitochondrial	morphology,	ROS,	and	mitochondrial	membrane	potential	of	HA-	VSMCs	transfected	with	different	truncated	plasmids	of	
PCSK9.	(C–F)	Quantitative	analysis	of	mitochondrial	morphology	(C,	D),	ROS	(E),	and	mitochondrial	membrane	potential	(F)	of	HA-	VSMCs	
transfected	with	different	truncated	plasmids	of	PCSK9.	(G,	H)	PI	staining	and	quantitative	analysis	after	HA-	VSMCs	were	transfected	with	
different	truncated	plasmids	of	PCSK9.	Hoechst33342	(blue)	labels	nucleus	and	PI	(red)	labels	apoptotic	cells.	AR,	aspect	ratio.	Bar	charts	
show the mean with SD. *p < 0.05;	**p < 0.01;	***p < 0.001;	****p < 0.0001.	ns,	not	significant.
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that DRP1, a key protein that regulates mitochondrial dynamics, 
may	be	a	key	downstream	molecule	of	PCSK9.	In	human	hepato-
cytes,	DRP1	was	 reported	 to	 reduce	PCSK9	secretion,	drive	mi-
tochondrial fission by contributing to endoplasmic reticulum (ER) 
constriction of mitochondria.35	Along	this	line,	we	speculate	that	
a	 feedback	mechanism	 between	 PCSK9	 and	 DRP1	may	 exist	 in	
VSMCs, which affects carotid plaque progression.

The current study has some limitations even though the poten-
tial	value	and	novel	mechanism	of	PCSK9-	initiated	VSMCs'	apoptosis	
was	preliminarily	clarified	herein.	Firstly,	the	sample	size	of	our	clini-
cal cohort may not be sufficient to definitively characterize the rela-
tionship	between	PCSK9	and	the	subitems	under	characteristics	of	
unstable	plaque.	Secondly,	we	identified	the	regulation	of	PCSK9	on	
mitochondrial dynamics and the related dysfunction and apoptosis. 
However,	 the	detailed	mechanism	of	PCSK9-	related	mitochondrial	
dynamics	of	VSMCs	remains	to	be	determined.	Future	studies	using	
advanced models may add more reliable evidence on subcellular ap-
proach	of	PCSK9-	assocaited	carotid	plaque	vulnerability.

5  |  CONCLUSION

The	expression	of	PCSK9	 in	carotid	plaque	tissue	and	plasma	was	
positively	related	with	vulnerability.	Elevated	PCSK9	in	VSMCs	led	
to excessive fission morphology and dysfunction of mitochondria, 
followed	 by	 increased	 apoptosis.	 The	 1-	149aa	 segment	 of	 PCSK9	
and the downstream p38- DRP1 axis may be essential for this bio-
logical regulation. This study describes the relationship between 
PCSK9	and	mitochondrial	morphology	and	provides	novel	evidence	
for	PCSK9	inhibitors	in	treatment	of	unstable	carotid	plaques.
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