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Abstract
Neointimal hyperplasia occurs in the context of vascular injury, such as stent intervention or balloon angioplasty. How-
ever, the role of mechanical forces in this process remains to be studied. In this study, a rat carotid artery intimal injury 
model was established. RNA-sequencing and transmission electron microscopy revealed that intimal injury disrupted the 
balance of vascular energy metabolism and impaired the mitochondrial ultrastructure in vivo. The human carotid plaque 
and femoral artery plaque samples also exhibited alterations in mitochondrial morphology. Vascular smooth muscle cells 
(VSMCs) are the main components of neointimal hyperplasia and are subjected to cyclic stretch resulting from pulsatile 
pressure. In this study, we found that the application of cyclic stretch in vitro increased VSMC mitochondrial mass and 
function.	 In	 addition,	 peroxisome	 proliferator-activated	 receptor	 gamma	 coactivator-1α	 (PGC1α)	 played	 an	 important	
role in regulating VSMC mitochondrial function in response to physiological stretch via the phosphorylation of Smad3. 
Increasing	 the	 activation	 of	 PGC1α	 by	 ZLN005	 treatment	 effectively	 inhibited	VSMC	 hyperproliferation	 after	 intimal	
injury	 in	 vivo.	 These	 results	 suggested	 that	 the	 regulation	 of	 PGC1α	 by	 p-Smad3	 in	 response	 to	 physiological	 cyclic	
stretch	may	effectively	alleviate	neointimal	hyperplasia	by	promoting	mitochondrial	function.	PGC1α	may	be	a	potential	
therapeutic target for the prevention and treatment of neointimal hyperplasia.
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gamma	coactivator-1α
PLS-DA  partial least squares-discriminate analysis
PPARγ	 	peroxisome	proliferator-activated	receptor	

gamma
qRT-PCR  quantitative real-time PCR
ROS  reactive oxygen species
SD rats  Sprague-Dawley rats
siRNA  small interfering RNA
SMA	 	smooth	muscle-specific	α-actin
TEM  transmission electron microscopy
VSMC  vascular smooth muscle cell

Introduction

Common clinical treatments for cardiovascular diseases 
include drug therapy, coronary artery bypass grafting 
(CABG), and percutaneous coronary intervention (PCI) 
[1].	Although	surgery	can	effectively	improve	the	survival	
rate of patients, mechanical stimulation often leads to inti-
mal injury, which manifests mainly as excessive neointimal 
hyperplasia, ultimately resulting in vascular stenosis and 
atherosclerosis [2]. Vascular smooth muscle cells (VSMCs) 
are exposed to the cyclic stretch (CS) generated from car-
diac pulsatility. Mechanical forces play important roles in 
VSMC behavior in the pathological process of neointimal 
hyperplasia. However, the molecular mechanisms by which 
CS regulates VSMC function and its ability to inhibit neo-
intimal hyperplasia remain largely unknown.

Mitochondria are known as energy factories for the pro-
duction of adenosine triphosphate (ATP) through oxidative 
phosphorylation (OXPHOS). Healthy mitochondria under 
physiological conditions are crucial for maintaining the bal-
ance between catabolism and anabolism, which maintains 
cellular homeostasis. Relieving mitochondrial dysfunction 
and restoring normal functional activity are feasible goals 
for cardiovascular disease treatment [3].

PGC1α	is	a	transcriptional	coactivator	that	regulates	glu-
cose, lipid and energy metabolism and has been found to 
be reduced in a variety of metabolic diseases [4].	PGC1α	
expression and activity are tightly controlled by multiple 
signaling pathways. Environmental cues, such as cold 
exposure, physical exercise, and other stresses, activate 
these	signaling	pathways.	Although	PGC1α	is	considered	a	
potential therapeutic target for type II diabetes, obesity, car-
diomyopathy and other metabolic diseases [5],	the	effects	of	
biomechanical	forces	on	the	function	of	PGC1α	are	incom-
pletely understood.

The	overexpression	of	PGC1α	has	been	shown	to	increase	
mitochondrial biosynthesis, mitochondrial respiration and 
ATP synthesis in skeletal muscle and cardiomyocytes [6, 
7].	PGC1α	also	participates	in	the	process	of	mitochondrial	

fusion	and	fission	as	a	 transcriptional	coactivator	of	mito-
chondrial fusion protein 2 (MFN2) to regulate mitochon-
drial dynamics in atherosclerosis and ischemic stroke [8]. 
In myocardial ischemia/reperfusion injury (MIRI) and acute 
myocardial infarction (AMI), AMPK and SIRT1 activate 
PGC1α,	which	attenuates	diseases	by	regulating	mitochon-
drial oxidative stress [9, 10].	 Moreover,	 whether	 PGC1α	
participates in regulating VSMC mitochondrial function 
after intimal injury occurs and what the role of mechanical 
stretching in this process is remain underexplored.

Hence, in the present study, we established a carotid 
artery	 injury	model	 in	Sprague‒Dawley	 (SD)	 rats	 in	vivo	
and	 applied	 the	FX-5000T	Strain	Unit	 in	 vitro	 to	 investi-
gate	the	role	of	PGC1α	in	mitochondrial	function	in	VSMCs	
under mechanical stretch and in the process of neointimal 
hyperplasia.	Our	results	suggested	that	PGC1α	inhibited	the	
overproliferation of VSMCs after intimal injury by regulat-
ing mitochondrial function. The aim of this study was to 
examine	 the	 effects	 of	mechanical	 stretch	 on	 PGC1α	 and	
VSMC mitochondrial function after intimal injury and to 
elucidate the possible signaling pathways that participate in 
this process.

Materials and methods

Patients and specimens

Carotid plaque and femoral artery plaque samples were 
obtained from patients who underwent carotid endarter-
ectomy and femoral artery endarterectomy at Shanghai 
Ninth People’s Hospital (Shanghai, China). The surgery 
was performed according to standard procedures. The study 
was approved by the Ethics Committee of Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University, School 
of	 Medicine	 (approval	 IDs:	 SH9H-2019-T173-2).	 Stud-
ies involving patients were conducted in accordance with 
the ethical guidelines of the Declaration of Helsinki. Each 
patient provided written informed consent before enroll-
ment in the study.

Rat carotid artery intimal injury model

The feeding and handling of the animals used in the experi-
ment were in line with the recommendations of the 8th edi-
tion of the National Institutes of Health’s Guidelines for the 
Care	and	Use	of	Laboratory	Animals	(NIH,	revised	2011),	
were in accordance with the Animal Management Rules 
of	 China	 (Documentation	 55,	 2001,	 Ministry	 of	 Health,	
China), and were approved by the Animal Research Com-
mittee of Shanghai Jiao Tong University.
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Male	SD	rats	with	an	average	weight	of	400	g	were	anes-
thetized	with	isoflurane.	The	limbs	of	anesthetized	rats	were	
fixed	with	adhesive	tape,	and	the	left	common	carotid	artery	
was exposed under a microscope. The carotid artery was 
subsequently	exposed.	A	balloon	(2	F,	0.67	mm,	Edwards	
Lifesciences, Irvine, CA, USA) was used to establish vas-
cular	intimal	injury.	Briefly,	a	small	incision	was	cut	from	
the external carotid artery, a balloon was inserted into it, 
and	 the	 process	 of	 inflation	 and	 contraction	was	 repeated	
three times, resulting in damage to the intima of the vessel. 
The common carotid arteries of the injured and contralateral 
sides were collected 4 weeks after surgery.

Isolation, cultivation and characterization of VSMCs

Male	SD	rats	with	an	average	weight	of	180	g	were	eutha-
nized by intraperitoneal injection of pentobarbital sodium 
(75 mg/kg). The thoracic aorta was isolated surgically and 
quickly placed in sterile DMEM (Gibco, Thermo Fisher Sci-
entific,	USA)	supplemented	with	antibiotics	(100	U/mL	pen-
icillin	and	100	µg/mL	streptomycin).	The	vessels	were	cut	
lengthways, and the intima was spread downward in DMEM 
culture	medium	containing	0.2%	type	I	collagenase,	placed	
in a 37 °C incubator for digestion for 5 min, then removed 
and	 changed	 to	DMEM	 culture	medium	 containing	 0.3%	
type	II	collagenase	for	90	min	[11].	DMEM	containing	10%	
calf serum (Gibco) supplemented with antibiotics was used 
to terminate digestion. The adventitia tissue was removed, 
and the vessel was placed in a new Petri dish with 1 mL of 
complete culture medium and cut into 1 mm2 explants. The 
culture medium was changed every other day, and the cells 
were passaged after 7–8 days. Primary rat aortic VSMCs 
were	characterized	by	immunofluorescence	staining	for	the	
VSMC	marker	smooth	muscle-specific	α-actin	(SMA)	(Pro-
teintech, China), and passages 4 to 7 of the VSMCs and cell 
populations	with	greater	than	95%	purity	were	used	in	the	
present study.

Cyclic stretch application

The	 FX-5000T	 Strain	 Unit	 (Flexcell	 International,	 USA)	
was used to load cyclic stretch on the VSMCs. VSMCs were 
grown on Flexcell silicone-bottom plates (Flexcell Interna-
tional,	USA)	at	a	density	of	2	×	105 cells/well. The cells that 
reached	80%	confluence	were	starved	in	serum-free	DMEM	
for 24 h and then subjected to cyclic stretch with an elonga-
tion	magnitude	of	10%	at	a	consistent	frequency	of	1.25	Hz	
for 24 h. The VSMCs without cyclic stretch loading were 
used as the static control group.

Western blot analysis

For the cell samples, the cell culture medium in the six-well 
plate was removed, and the cells were collected after wash-
ing	with	cold	PBS	and	lysed	with	RIPA	lysis	buffer	to	obtain	
the protein samples (Beyotime Biotechnology, China). For 
tissue samples, carotid arteries were cut into tissue blocks 
approximately 1 mm2 in size with spring scissors, and RIPA 
lysis	buffer	was	added	to	the	tissue,	after	which	the	lysate	
was collected. The samples were subsequently treated with 
boiling water for 7 min, and the sample volume ranged from 
7	to	12	µL	per	well.	The	voltage	was	adjusted	to	80	V	for	
electrophoresis. After protein electrophoresis, the protein 
sample	was	transferred	to	a	PVDF	membrane	at	300	mA	for	
2 h. After the membrane transfer was complete, the PVDF 
membrane	 was	 removed,	 placed	 in	 5%	 nonfat	 milk	 and	
blocked in a room temperature shaker for 1 h. After block-
ing,	 primary	 antibodies	 against	 PGC1α	 (1:1000,	 Protein-
tech,	China),	 β-actin	 (1:1000,	Proteintech,	China),	Smad3	
(1:1000,	 Cell	 Signaling	 Technology,	 USA),	 p-Smad3	
(1:1000,	Cell	Signaling	Technology,	USA)	and	target	mol-
ecules were used for incubation, and the membranes were 
placed in a 4 °C refrigerator overnight. On the second day, 
the	membranes	were	rinsed	3	times	with	TBST	for	10	min	
each and then incubated with relevant HRP-conjugated sec-
ondary antibodies (Jackson ImmunoResearch, USA) of the 
corresponding species at room temperature for 2 h. After 
washing, chemiluminescence detection was performed with 
an enhanced chemiluminescence (ECL) kit (Beyotime Bio-
technology,	China)	and	quantified	by	Image	Studio.

Quantitative real-time PCR

For the cell samples, the cell culture medium in the six-well 
plate was removed, and protein samples were collected after 
washing with PBS and lysis with TRIzol (Thermo Fisher 
Scientific,	USA).	For	 tissue	samples,	carotid	arteries	were	
cut into tissue blocks approximately 1 mm2 in size with 
scissors, and TRIzol was added to lyse the tissue. After the 
RNA was isolated, cDNA was obtained with a reverse tran-
scription	 kit	 (Thermo	 Fisher	 Scientific,	 USA).	 The	 qRT‒
PCR	mixtures	contained	the	following	components:	10	µL	
of	SYBR	Green	Supermix	(TaKaRa,	Foster,	CA,	USA),	0.4	
µL	of	 forward	primer	 and	 reverse	 primer,	 2	µL	of	 cDNA	
template	and	7.2	µL	of	DEPC	water	(Sangon,	China).	The	
reaction	conditions	were	as	follows:	94	°C	for	90	s	for	one	
cycle;	94	°C	for	60	s,	55	°C	for	60	s,	and	72	°C	for	60	s	
for	40	cycles;	and	72	°C	for	10	min	for	one	cycle.	Finally,	
the	data	were	normalized	to	the	mRNA	level	of	β-actin,	and	
the	target	genes	were	comparatively	quantified	by	the	2−ΔΔCt 
method.	All	primers	used	for	quantitative	qRT‒PCR	analy-
sis are listed in Supplemental Table S1.
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mitochondria combined) were calculated in the cell relative 
to the origin. According to the coordinates, the mean dis-
tance and mean coordinates (absolute value of X, Y) of all 
red	fluorescent	areas	were	calculated	in	a	single	cell.	Fifteen	
cells in each group were analyzed and two-tailed Student’s 
t-test was used for statistical analysis.

Mitochondrial DNA copy number measurement

Genomic DNA was extracted with a Rapid Animal Genomic 
DNA Isolation Kit (Sangon, China) according to the manu-
facturer’s instructions. The relative expression levels of 
mitochondrial	DNA	and	 β-actin	mRNA	were	 assessed	 by	
qRT‒PCR.

Small interfering RNA interference assay

VSMCs were seeded in a six-well plate. After 12–16 h, 
the	confluence	of	the	cells	reached	70–80%	for	the	siRNA	
interference experiments. For RNA interference experi-
ments,	PGC1α	siRNA	or	scrambled	siRNA	(Sangon,	China)	
was	 transfected	 with	 Lipofectamine	 2000	 in	 Opti-MEM	
(Thermo	Fisher	Scientific,	USA)	for	48	h.	The	sequences	of	
the siRNA oligos are listed in Supplemental Table S2.

Frozen sections and hematoxylin/eosin staining

The common carotid arteries of the surgery group and the 
experimental	 group	 were	 fixed	 in	 4%	 paraformaldehyde	
overnight	and	then	dehydrated	in	30%	sucrose	solution	for	
24 h. After being embedded with embedding agent (Leica, 
Germany),	8-µm-thick	frozen	tissue	sections	were	prepared	
with	a	frozen	slicer	(Leica,	Germany)	and	stored	at	−20	°C.

The	 frozen	 sections	 were	 removed	 from	 −	20	 °C	 and	
rewarmed	 at	 room	 temperature	 for	 30	 min.	 The	 sections	
were rinsed with pure water for 1 min, stained with hema-
toxylin	for	8	min,	rinsed	with	pure	water	for	30	s,	dropped	
into	 1%	 hydrochloric	 acid	 ethanol	 for	 differentiation	 for	
3–5 s, and rinsed with pure water for termination of dif-
ferentiation. Basic blue return solution was added for 4 min, 
and	 the	 samples	 were	 washed	 with	 pure	 water	 for	 30	 s.	
Photographs were acquired through confocal microscopy 
(LV1000,	Olympus,	Japan).

Immunofluorescence staining

The cells were plated on confocal dishes at a density of 
1	×	105/well.	After	 washing	 with	 PBS,	 4%	 paraformalde-
hyde	 was	 added	 for	 fixation	 for	 20	 min,	 and	 then,	 0.3%	
Triton	X-100	was	added	for	3	min	to	permeabilize	the	mem-
brane.	After	washing	with	PBS,	10%	goat	serum	was	added	
to the cells, which were blocked at room temperature for 

Multimode ultrasound imaging

A multimode ultrasound imaging system for small animals 
(Fujifilm	Visual	Sonics,	USA)	was	used	to	detect	changes	
in the arterial diameter of the carotid artery after intimal 
injury	 in	 rats.	 SD	 rats	 were	 anesthetized	 with	 isoflurane	
(MATRX	VIP	3000,	USA),	and	signals	were	collected	with	
a	21	MHz	MX	series	transducer	(MX250S)	in	“M-Mode”.	
Data analyses were performed with FUJIFILM Visual Son-
ics Measurement software, and the amplitude of vascular 
pulsation was calculated from the arterial diameters as pre-
viously reported [12].

Intracellular ATP measurement

The ATP content was measured with an ATP Assay Kit 
(Beyotime Biotechnology, China) according to the manu-
facturer’s instructions. Moreover, the ATP values obtained 
were further standardized to the cell protein concentration.

Analysis of the mitochondrial membrane potential 
of VSMCs

The mitochondrial membrane potential was assessed with a 
JC-1 kit (Beyotime Biotechnology, China) according to the 
manufacturer’s instructions. JC-1 accumulates in the matrix 
of mitochondria at high mitochondrial membrane potential, 
forming	JC1-aggregates,	which	produces	red	fluorescence.	
JC-1 cannot accumulate in the matrix of mitochondria when 
the mitochondrial membrane potential is low, and JC-1 is 
a	monomer	 and	 can	 produce	 green	fluorescence.	 In	 brief,	
VSMCs were incubated in serum-free medium containing 
JC-1	(1:1000)	for	30	min	in	the	dark	at	37	°C,	and	the	nuclei	
were	labeled	with	a	DAPI	dilution	(1:1000)	prepared	with	
PBS. The cells were randomly selected and photographed 
with a confocal laser microscope.

Analysis of mitochondrial distribution in VSMCs

Mitochondrial morphology was assessed with a Mito-
Tracker Red Kit (Beyotime Biotechnology, China) accord-
ing	to	the	manufacturer’s	instructions.	Briefly,	the	VSMCs	
were	 incubated	with	MitoTracker	Red-specific	fluorescent	
dyes	(1:1000)	in	the	dark	at	37	°C	for	30	min,	and	the	nuclei	
were	labeled	with	a	DAPI	dilution	(1:1000)	prepared	with	
PBS. The cells were randomly selected and photographed 
with	 a	 confocal	 laser	 microscope.	 The	 quantification	 of	
the mitochondrial distribution was analyzed by Cellsens 
Dimension software (Olympus Corporation, Shinjuku-ku, 
Tokyo,	Japan).	In	the	software	analysis	interface,	we	defined	
the center of the nucleus as the coordinate origin. Then the 
coordinates	of	each	red	fluorescent	signal	area	(one	or	more	
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and	upregulated	genes	identified	by	RNA	sequencing	[15]. 
ClustVis was used to upload raw data and create heatmaps 
( h t t p  s : /  / b i i  t .  c s .  u t . e  e / c  l u s  t v i s /). HIPLOT was used to further 
process the diagram (https://hiplot.com.cn/). REACTOME 
was	used	 to	 enrich	 the	BPs	of	 all	 differentially	 expressed	
genes in the RNA sequencing (https://reactome.org/) [16].

Ingenuity pathway analysis

Ingenuity Pathway Analysis (IPA) software (Qiagen) was 
used to search for genes that are possibly involved in mito-
chondrial function and predicted the genes upstream of 
PGC1α	 through	 the	 Grow	 Tool,	 which	 enriched	 the	 top	
significantly	 changed	 pathways	 of	 downregulated	 genes	
identified	via	RNA	sequencing	through	core	analysis.	The	
significance	 values	 for	 analyses	 of	 network	 and	 pathway	
generation were calculated with the right-tailed Fisher’s 
exact test by comparing the number of proteins that partici-
pate in each function or pathway relative to the total number 
of occurrences of these proteins in all functional/pathway 
annotations stored in the Ingenuity Pathway Knowledge 
Base. IPA was used to understand the complex biological 
and chemical systems at the core of life science research on 
the basis of the literature and predicated analysis [17].

Transmission electron microscopy (TEM)

TEM	(Talos	L120C	G2,	Thermo	Fisher	Scientific,	Waltham,	
MA, USA) was used to visualize the ultrastructure of 
mitochondria in VSMCs. The cells were collected with 
precooled	PBS	and	treated	with	2.5%	glutaraldehyde	over-
night. On the second day, the cells were washed with PBS 
and	fixed	in	a	mixture	of	0.8%	potassium	ferrocyanide	and	
2%	 osmium	 tetroxide	 in	 0.1	M	 sodium	 cacodylate	 buffer	
for 1 h. Alcohol and epoxy were used for dehydration and 
embedding, respectively. The slices were observed by TEM. 
Mitochondrial morphology was analyzed by using CellSens 
(Olympus, Shinjuku-ku, Tokyo) and ImageJ.

HA-VSMC culture and PGC1α knockout

Human aortic vascular smooth muscle cells (HA-VSMCs) 
were obtained from Shanghai C-reagent Biotechnology Co. 
Ltd.	 Cells	were	 cultured	 in	DMEM	 containing	 10%	 fetal	
bovine	 serum	 (Gibco,	 Thermo	 Fisher	 Scientific,	 USA)	 at	
37	 °C	 in	95%	air	 and	5%	CO2.	To	knock	out	 the	PGC1α	
protein in HA-VSMCs, a lentivirus was applied to the 
cells	with	 polybrene	 (5	 µg/mL).	 For	 the	 sg-PGC1α	 lenti-
virus	 construction,	 human	 PGC1α	 sgRNA	 (GenScript,	
China) was designed and inserted into the pLV[Exp]-
Puro-EFS > hCas9:Puro vector (VectorBuilder, China). 

30	min.	Then,	 an	 anti-PGC1α	 (1:200,	Proteintech,	China)	
primary antibody was added to the cells, which were placed 
overnight in a refrigerator at 4 °C. On the second day, the 
secondary antibodies were added to the cells and incubated 
at room temperature for 2 h. Finally, the nuclei were stained 
with	DAPI	 at	 room	 temperature	 for	 15	min,	 and	 fluores-
cence images were acquired by confocal laser microscopy 
after washing with PBS.

For blood vessels, frozen sections were rewarmed at 
room	 temperature	 for	 approximately	30	min,	 followed	by	
the	addition	of	0.3%	Triton	X-100	 for	15	min	 to	permea-
bilize the membrane, washing with PBS for approximately 
10	min,	and	blocking	with	10%	goat	serum	at	room	temper-
ature	for	30	min.	Then,	the	sections	were	incubated	with	pri-
mary	antibodies	against	PGC1α	(1:100,	Proteintech,	China),	
vWF	(1:100,	Proteintech,	China),	and	α-SMA	(1:100,	Pro-
teintech, China) overnight at 4 °C. On the second day, the 
sections were washed with PBS three times for 5 min each, 
and the corresponding secondary antibodies were added for 
incubation at room temperature for 2 h. Finally, the nuclei 
were stained with DAPI at room temperature for 15 min, 
and	 fluorescence	 images	were	 acquired	 by	 laser	 confocal	
microscopy.

Drugs

ZLN005	(MCE,	USA),	a	novel	PGC1α	activator,	and	SIS3	
(MCE,	USA),	a	potent	and	selective	specific	Smad3	inhibi-
tor,	were	used	at	concentrations	of	10	µM	and	5	µM,	respec-
tively, and were added to the cells 1 h prior to stimulation.

For	 the	 in	vivo	experiment,	ZLN005	 (2.5	mg/kg)	were	
subcutaneously administered every other day in the rat 
model of carotid artery injury for four weeks.

Transcriptomic analysis

The arteries with intimal injury were harvested after 4 
weeks, and the right carotid arteries without damage 
were removed for the control, after which RNA sequenc-
ing	was	performed.	Briefly,	total	RNA	was	extracted	from	
carotid arteries with TRIzol reagent. cDNA libraries were 
constructed for each pooled RNA sample by VAHTSTM 
total RNA-seq (H/M/R). Transcript expression analysis of 
the RNA sequencing was performed by TopHat and Cuf-
flinks	[13].	Significance	analysis	was	performed	by	P	value	
and	 false	 discovery	 rate	 (FDR)	 analyses.	 Differentially	
expressed genes were analyzed with the DESeq algorithm 
with	 the	 following	criteria:	 fold	change	>	2	or	FDR	<	0.05.	
Gene Ontology (GO) analysis was performed with DAVID 
Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/) 
[14].	g:	Profiler	(	h	t	t	p		s	:	/		/	b	i	i		t	.		c	s	.		u	t	.	e		e	/	g		p	r	o		fi		l	e	r	/	g	o	s	t) was used 
to enrich the biological processes (BPs) of downregulated 
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30	 samples,	 nonparametric	 tests	 were	 used.	A	 two-tailed	
Mann‒Whitney	test	was	used	for	comparisons	between	two	
groups, and P	<	0.05	was	considered	statistically	significant.	
Nonparametric tests were used.

Results

Mitochondrial dysfunction contributes to 
neointimal proliferation

To investigate the mechanism of VSMC hyperproliferation 
after intimal injury, we established a rat intimal injury model 
to investigate mitochondrial morphology in a rodent model. 
The left common carotid artery of each rat was used as the 
injured group, and the right common carotid artery was used 
as the autologous control group. HE staining revealed that 
the	VSMCs	excessively	proliferated	with	significant	intimal	
hyperplasia at 4 weeks after injury (Fig. 1A).	We	 subse-
quently performed RNA sequencing analysis (GSE285663) 
to explore the transcriptomic changes. The volcano plot 
revealed that 8,351 genes were downregulated and that 
9,397 genes were upregulated in the injured group compared 
with the control group (Fig. 1B). The Gene Ontology (GO) 
cellular	component	(CC)	analysis	revealed	that	32%	of	the	
downregulated genes were in the ‘Cytoplasm’ category, 
28%	were	in	the	‘Nucleus’	category,	and	18%	were	in	the	
‘Mitochondria’ category (Fig. 1C). The database enrichment 
analysis of the upregulated genes revealed that the majority 
were predominantly localized in the cytoplasm, with no sig-
nificant	enrichment	in	mitochondria-related	pathways	(Sup-
plemental Fig. 1). To investigate the pathways involved, we 
used IPA to enrich the biological pathways of the downregu-
lated genes. The results revealed that energy metabolism, 
such	as	OXPHOS,	significantly	changed	in	intimal	injured	
rats and that mitochondrial dysfunction was the most obvi-
ous feature of intimal injury, indicating the important role of 
mitochondria (Fig. 1D). To assess mitochondrial function, 
we	first	assessed	mitochondrial	morphology.	Transmission	
electron microscopy (TEM) revealed that the roundness of 
the	mitochondria	significantly	increased,	but	the	number	of	
mitochondria decreased after injury. Moreover, the mito-
chondrial cristae of the injured carotid artery were damaged 
(Fig. 1E). Similarly, we observed that the mitochondrial 
cristae in both the carotid plaque and the femoral artery 
plaque were also damaged in the samples obtained from 
patients who underwent endarterectomy (Fig. 1F).

HA-VSMCs	 (MOI	=	100)	 were	 seeded	 in	 six-well	 plates	
(2	×	105/well) and infected with lentivirus for 48 h before 
use.

Untargeted metabolomics analysis

To determine the metabolites of HA-VSMCs under control 
and	PGC1α	knockout	conditions,	HA-VSMCs	were	washed	
with precooled PBS, and the cell pellets were quickly fro-
zen in liquid nitrogen before being sent for metabolomics 
analysis (Suzhou Panomic Biotech Co., Ltd.). For metabo-
lite	extraction,	100	mg	of	glass	beads	and	1	mL	of	an	ace-
tonitrile: methanol: H2O mixture (2:2:1) were added to 
each	sample.	Then,	the	mixture	was	vortexed	for	30	s.	The	
mixture was immersed in liquid nitrogen for rapid freezing 
for 5 min, after which the centrifuge tube was removed and 
thawed at room temperature. The mixture was ground at 
55 Hz for 2 min, and this process was repeated twice. The 
centrifuge tube was removed, and the mixture was centri-
fuged	for	10	min	at	12,000	rpm	and	4	°C.	The	entire	super-
natant was removed, transferred to a new 2 mL centrifuge 
tube, concentrated and dried. Three hundred microliters of 
acetonitrile:2-amino-3-(2-chloro-phenyl)-propionic acid 
solution	 prepared	 with	 0.1%	 formic	 acid	 (1:9,	 V/V)	 was	
added accurately to each sample to redissolve it, and the 
supernatant	was	filtered	through	a	0.22	μm	membrane	and	
transferred	into	a	detection	bottle	for	LC‒MS	detection.	A	
Vanquish	UHPLC	system	(Thermo	Fisher	Scientific,	USA)	
was used for chromatographic separation, and an Orbitrap 
Exploris	120	(Thermo	Fisher	Scientific,	USA)	was	used	for	
mass spectrometry acquisition and analysis.

Ropls software was used for all multivariate data analy-
ses and modeling. After the data were scaled, models were 
built based on orthogonal partial least square discriminant 
analysis	(PLS-DA).	P	values	<	0.05	and	VIP	values	>	1	were	
considered	 to	 indicate	 statistically	 significant	metabolites.	
Differentially	abundant	metabolites	were	subjected	to	path-
way analysis by MetaboAnalyst, which combines the results 
from powerful pathway enrichment analysis with those of 
pathway	 topology	 analysis.	The	metabolites	 identified	via	
metabolomics were then mapped to the KEGG pathway for 
biological interpretation of higher-level systemic functions. 
The metabolites and corresponding pathways were visual-
ized with the KEGG Mapper tool.

Statistical analysis

Statistical	 analysis	 was	 performed,	 and	 figures	 were	 pre-
pared	with	GraphPad	Prism	8.0	(GraphPad	Software,	CA).	
Each experiment in this study was replicated at least 4 
times, and all the data are presented as the mean ± standard 
deviation (SD). For comparisons of data from fewer than 
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experiments (Fig. 2B). To further verify the consistency 
of mitochondrial function changes in VSMCs in vivo and 
in vitro, VSMCs were subjected to cyclic stretch for 24 h 
at	10%	amplitude	and	1.25	Hz	 frequency	by	a	FX-5000T	
instrument to simulate physiological conditions (CS), and 
the VSMCs without cyclic stretch loading were used as the 
static control group (ST).

The distribution of mitochondria was detected by Mito-
Tracker	Red,	a	mitochondria-specific	fluorescent	probe.	To	
confirm	its	specificity,	the	morphology	of	mitochondria	was	
analyzed	 by	MitoTracker	 Red	 staining	with	 100x	magni-
fication	 using	 structured	 illumination	microscopy.	 It	 indi-
cated that only negligible red signals from other membrane 
structures were observed (Supplemental Fig. 2 A). Hence, 

Physiological cyclic stretch in vitro promotes VSMC 
mitochondrial function

To	 explore	 the	 effect	 of	 mechanical	 stretch	 on	 VSMC	
hyperproliferation, multimodal ultrasound imaging of small 
animals was used to determine the amplitude of vascular 
pulsation in the injured left carotid arteries and the untreated 
self-control. Four weeks after injury, the average pulsation 
amplitude	of	the	injured	vessel	was	3.44%;	in	contrast,	the	
average amplitude in the uninjured group was approxi-
mately	14.98%,	with	the	difference	between	the	two	group	
being	11.54	±	1.542%	(Fig.	2A). Therefore, we used static 
conditions to mimic the injured group and cyclic stretch at a 
magnitude	of	10%	to	mimic	the	uninjured	group	in	in	vitro	

Fig. 1 Mitochondrial dysfunc-
tion contributes to neointimal 
hyperplasia of the injured 
carotid artery. (A) Representa-
tive HE-stained images of the 
carotid artery on the control 
side and injured side at 4 weeks 
postinjury. The areas of the arte-
rial neointima and lumen were 
analyzed by ImageJ (n = 4). Scale 
bar	=	50	μm.	(B) Volcano plots 
of	differential	gene	expression	by	
RNA sequencing analysis of the 
4-week intimal injury rat model. 
(C) A pie graph of the GO term 
distribution of downregulated 
proteins in the injured group 
compared with the control 
group. GO cellular component 
analysis	revealed	that	32%	of	
the downregulated genes were in 
the	‘Cytoplasm’	category,	28%	
were in the ‘Nucleus’ category, 
and	18%	were	in	the	‘Mito-
chondria’ category. (D) Graph 
depicting	the	top	5	significantly	
changed pathways (P	<	0.01)	
derived from an IPA analysis of 
the	significantly	downregulated	
proteins. Mitochondrial dysfunc-
tion	was	significantly	altered.	
(E) Representative images of the 
mitochondrial ultrastructures of 
control vessels and vessels with 
intimal injury acquired by TEM 
(n = 26 mitochondria). Scale bar, 
500	nm	for	the	left	figures	and	
200	nm	for	the	right	figures.	(F) 
Representative ultrastructural 
images of the mitochondria of 
the human carotid plaque and the 
femoral artery plaque by TEM. 
Scale	bar	=	500	nm.	P values 
were calculated by a two-tailed 
Mann‒Whitney	test.	The	values	
are shown as the means ± SD. * 
P	<	0.05
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The mitochondrial DNA (mtDNA) copy number and ATP 
synthesis	were	 significantly	 increased	 in	 the	VSMCs	sub-
jected to cyclic stretch (Fig. 2D and H), which suggested 
that cyclic stretch promoted mitochondrial energy metabo-
lism functions. The membrane potential of the mitochon-
dria was determined with a JC-1 probe. Compared with that 
in the cyclic stretch group, the mitochondrial membrane 
potential was decreased under static conditions (Fig. 2E). In 
addition, compared with that in the cyclic stretch group, the 
mRNA expression of MFN2 was decreased, whereas that 
of dynamin-related protein 1 (DRP1) was increased under 
static conditions (Fig. 2F), suggesting that mitochondrial 

MitoTracker Red was utilized to delineate mitochondrial 
morphology and determine the intracellular localization of 
mitochondria in the present study. Compared with that in 
the static group, the distribution of mitochondria changed 
from a perinuclear aggregate distribution to a loose cyto-
plasmic distribution under physiological cyclic stretch 
(Fig. 2C). To exclude the possibility that changes in the 
distance between mitochondria and the nucleus might be 
attributed to alterations in cell size, we measured the cell 
area of VSMCs in both the CS and ST groups using F-actin 
staining.	The	 results	 revealed	no	 significant	differences	 in	
cell size between the two groups (Supplemental Fig. 2B). 

Fig. 2 Physiological cyclic 
stretch (CS) increased VSMC 
mitochondrial mass and ATP pro-
duction in vitro. (A) Representa-
tive ultrasound images of the 
carotid artery on the self-control 
side and injured side at 4 weeks 
postinjury were used to measure 
the change in the carotid arterial 
inner diameter (n = 4). (B) Flow 
chart depicting the process of 
multimode ultrasound imaging 
in the intimal injury model. In 
an in vitro study, cyclic stretch 
(CS) mimicked the control group 
in vivo, and the static condition 
(ST) mimicked the in vivo injury 
group. (C) Representative immu-
nofluorescence	images	of	the	
distribution of mitochondria (red) 
(n = 16). Blue: DAPI; scale bar 
=	20	μm.	(D) mtDNA levels were 
determined	by	qRT‒PCR	(n = 6). 
(E)	Representative	immunofluo-
rescence images of JC-1 staining 
used to determine the membrane 
potential of mitochondria (n = 4). 
Blue: DAPI; red: JC-1 aggre-
gates; green: JC-1 monomers. 
Scale	bar	=	20	μm.	(F) MFN2 and 
DRP1 mRNA levels were deter-
mined	by	qRT‒PCR	(n = 4). (G) 
VSMC mRNA levels of key rate-
limiting enzymes in the mito-
chondrial function pathway were 
determined	by	qRT‒PCR	(n = 4). 
(H) ATP content was determined 
by a luciferase assay system 
(n = 4). P values were calculated 
by	a	two-tailed	Mann‒Whitney	
test. The values are shown as the 
means ± SD. * P	<	0.05
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Activation of PGC1α significantly facilitates 
mitochondrial function in VSMCs

To	explore	the	role	of	PGC1α	in	VSMC	mitochondrial	func-
tion,	we	 applied	 a	 specific	 activator	 of	 PGC1α,	 ZLN005,	
in subsequent experiments. VSMCs were treated with 
10	µM	ZLN005	 for	 0,	 12,	 24,	 or	 48	 h.	The	western	 blot	
results	revealed	that	an	incubation	time	of	48	h	was	effec-
tive (Supplemental Fig. 3	C).	Hence,	ZLN005	treatment	at	
10	µM	for	48	h	was	used	as	 the	subsequent	experimental	
condition. Compared with that in the negative control group 
(NC),	 the	 protein	 expression	 of	 PGC1α	 in	 VSMCs	 was	
strongly	increased	under	ZLN005	stimulation	(Fig.	4A), as 
was	 the	mRNA	expression	of	PGC1α	and	 its	downstream	
target genes (ESRRA and NRF1) (Supplemental Figs. 3D 
and E). The copy number of mitochondrial DNA and ATP 
synthesis	 were	 also	 significantly	 increased	 after	 ZLN005	
treatment (Fig. 4B and F), suggesting that the activation 
of	 PGC1α	 upregulated	 mitochondrial	 energy	 metabolism	
functions. MitoTracker Red staining revealed that compared 
with that in the NC group, the distribution of mitochondria 
changed from a perinuclear aggregate distribution to a loose 
cytoplasmic	distribution	after	ZLN005	treatment	(Fig.	4C). 
Compared with that in the control group, the mRNA expres-
sion	 of	 MFN2	 was	 significantly	 increased,	 whereas	 the	
mRNA	 expression	 of	 DRP1	 was	 significantly	 decreased	
(Fig. 4D),	 indicating	 that	 ZLN005	 affected	mitochondrial	
dynamics toward mitochondrial fusion. JC-1 staining 
revealed that, compared with that in the control group, the 
mitochondrial membrane potential was also increased by 
ZLN005	(Fig.	4E).

To	 further	 verify	 the	 effect	 of	 PGC1α,	 VSMCs	 were	
transfected	 with	 PGC1α-specific	 small	 interfering	 RNA	
(siRNA) or scrambled siRNA. Compared with the scram-
bled siRNA, siRNA3 had the most obvious interference 
effect,	 and	 the	 mRNA	 and	 protein	 expression	 levels	 of	
PGC1α	 were	 significantly	 lower	 (Supplemental	 Figs.	 3 F, 
G	 and	 G).	 In	 addition,	 the	 mRNA	 expression	 of	 PGC1α	
downstream	 target	 genes	 was	 also	 significantly	 inhibited	
(Supplemental Fig. 3H). Similarly, functional changes in 
mitochondria	were	explored	under	PGC1α	interference	con-
ditions. The mitochondrial DNA copy number and ATP syn-
thesis	were	also	markedly	decreased	by	PGC1α	knockdown	
(Fig. 4H	and	L),	 indicating	 that	 the	 repression	of	PGC1α	
downregulated mitochondrial energy metabolism functions. 
Moreover, MitoTracker Red staining revealed that the dis-
tribution of mitochondria changed from a loose cytoplas-
mic distribution to perinuclear aggregation in response to 
PGC1α	siRNA	upon	CS	 (Fig.	4I). The mRNA expression 
level	of	MFN2	was	significantly	decreased,	whereas	that	of	
DRP1	was	strongly	increased	by	PGC1α	siRNA	(Fig.	4J), 
suggesting	 that	 the	 downregulation	 of	 PGC1α	 induced	

dynamics changed toward fusion by cyclic stretch. The key 
rate-limiting step enzymes involved in the TCA cycle were 
assessed	 by	 qRT‒PCR.	Among	 the	 twelve	 genes	 related	
to mitochondrial function, the expression of mainly mito-
chondrial genes, including citrate synthase, OGDH, SDHA, 
SDHB, SDHC, SDHD, ATPF1B and ATPF1D, in VSMCs 
significantly	 decreased	 without	 cyclic	 stretch	 (Fig.	 2G). 
These results indicated that the mitochondrial function of 
VSMCs	was	the	most	significantly	altered	metabolic	path-
way upon physiological cyclic stretch stimulation in vitro, 
which was consistent with the in vivo RNA sequencing 
results.

Physiological cyclic stretch increases PGC1α 
expression in VSMCs

To further investigate the key regulators of the mitochon-
drial function of VSMCs, we analyzed the downregulated 
genes distributed in the mitochondria in Fig. 1C by the GO 
(Fig. 3A), KEGG and REACTOME (Fig. 3B)	databases.	We	
found	that	most	of	the	biological	pathways	were	classified	
as mitochondrial biosynthesis and energy metabolism path-
ways, such as OXPHOS, the electron transport chain (ETC) 
and	ATP	synthesis.	Therefore,	we	selected	the	PPARγ	coact-
ivator 1 (PGC1) family, which are transcription coactivators 
that	 include	 PGC1α	 and	 PGC1β,	 for	 further	 exploration.	
They are key molecules in mitochondrial biosynthesis and 
regulate genes involved in energy metabolism [5]. Then, we 
used	IPA	to	connect	PGC1α	and	PGC1β	with	different	mito-
chondrial	 function	 processes	 and	 found	 that	 PGC1α	 was	
more closely related to mitochondrial function (Fig. 3C). 
We	first	assessed	the	mRNA	levels	of	PGC1α	and	PGC1β	
by	qRT‒PCR,	and	the	results	indicated	that	the	mRNA	lev-
els	 of	 PGC1α	were	 significantly	 regulated	 by	mechanical	
stretch (Fig. 3D).	The	protein	levels	of	PGC1α	were	signifi-
cantly increased by cyclic stretch compared with those of 
the static group (Fig. 3E). In addition, the mRNA expression 
of	 PGC1α	 downstream	 target	 genes	 (ESRRA	 and	NRF1)	
were	also	significantly	increased	by	cyclic	stretch,	indicat-
ing	 that	 PGC1α	 could	 effectively	 trigger	 the	 transcription	
of its downstream target genes (Supplemental Fig. 3A). 
Moreover, consistent with the results from the subcellular 
localization	of	PGC1α	in	UniProt	(Supplemental	Fig.	3B), 
an	 immunofluorescence	 assay	 and	 cytoplasmic	 separation	
revealed	that	PGC1α	was	localized	mainly	in	the	cytoplasm	
of VSMCs and was upregulated by mechanical stretch 
(Fig. 3F and G). Taken together, these data indicated that 
PGC1α,	which	is	closely	related	to	mitochondrial	function,	
in	VSMCs	was	 significantly	 increased	upon	physiological	
cyclic stretch stimulation.
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Fig. 3	 Physiological	 cyclic	 stretch	 increased	 PGC1α	 expression	 in	
VSMCs in vitro. (A)	GO	enrichment	analysis	of	proteins	significantly	
downregulated in mitochondria. (B) KEGG and REACTOME enrich-
ment	 analysis	 of	 significantly	 downregulated	 proteins	 from	 mito-
chondria. (C)	Associations	between	PGC1α	and	PGC1β	and	multiple	
mitochondrial functions according to IPA. (D) The mRNA levels of 
PGC1α	 and	PGC1β	were	 determined	 by	 qRT‒PCR	 (n = 4). (E) The 

protein	level	of	PGC1α	determined	by	western	blot	under	CS	and	ST	
conditions (n = 4). (F)	Representative	immunofluorescence	images	of	
PGC1	under	CS	and	ST	conditions.	Scale	bar	=	50	μm.	(G) The protein 
level	of	PGC1α	in	the	cytoplasm	and	nucleus	was	determined	by	west-
ern blotting (n = 4). P	values	were	calculated	by	a	two-tailed	Mann‒
Whitney	test.	The	values	are	the	means	±	SD. * P	<	0.05
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8 genes with cardiovascular disease-related functions, 
Smad3 was selected for further study (Fig. 6C).

Western	 blot	 results	 showed	 that	 cyclic	 stretch	 signifi-
cantly induced the phosphorylation level of Smad3 at 6 h, 
whereas	which	did	not	significantly	change	at	24	h	(Fig.	6D 
and	E).	Notably,	the	total	Smad3	levels	did	not	significantly	
change at 6 h and 24 h after cyclic stretch, suggesting that 
the phosphorylation of Smad3, an upstream regulator of 
PGC1α,	is	an	early	response	to	mechanical	stimulation.	To	
further explore the regulatory relationship between Smad3 
and	PGC1α,	a	specific	phosphorylation	inhibitor	of	Smad3,	
SIS3, was used. Compared with the negative control, SIS3 
inhibited the phosphorylation of Smad3; moreover, the 
expression	of	PGC1α	and	mtDNA	copy	number	were	also	
significantly	decreased	by	SIS3	under	static	conditions	and	
cyclic stretch (Fig. 6F and G). These results indicated that 
cyclic stretch enhanced the phosphorylation of Smad3, 
which	 upregulated	 the	 expression	 of	 PGC1α,	 further	
enhancing mitochondrial biogenesis.

Intimal injury represses PGC1α expression in vivo

By	using	a	rat	intimal	injury	model,	we	verified	the	role	of	
PGC1α	 in	 regulating	mitochondrial	 function	 in	 vivo.	The	
results	 of	 PGC1α	 immunofluorescence	 staining	 suggested	
that	PGC1α	expression	was	decreased	in	the	injured	vessel	
(Fig. 7A).	The	mRNA	and	protein	 levels	 of	PGC1α	were	
strongly decreased (Fig. 7B and C). The mRNA expression 
of	the	PGC1α	downstream	target	genes	PPARA,	PPARD	and	
ESRRA	was	also	significantly	reduced	(Fig.	7D). In addi-
tion, MFN2 mRNA expression in injured vessels decreased 
significantly,	whereas	DRP1	mRNA	levels	increased	signif-
icantly,	 indicating	 the	occurrence	of	mitochondrial	fission	
(Fig. 7E).	We	also	examined	the	RNA-seq	results	of	the	rat	
intimal injury model and generated a heatmap including the 
rate-limiting step enzymes in energy metabolism (Fig. 7F), 
and	 the	 qRT‒PCR	 results	 revealed	 that	 the	mRNA	 levels	
of HK2, CPT1A, CPT1B, citrate synthase, OGDH, SDHA, 
SDHB,	SDHC,	SDHD,	ATPF1B,	and	ATPF1D	were	signifi-
cantly changed in the injured vessel (Fig. 7G). These data 
suggested	that	the	expression	of	PGC1α	was	decreased	and	
that mitochondrial functions, including mitochondrial bio-
genesis, mitochondrial dynamics, and the key mitochon-
drial rate-limiting step enzymes involved in mitochondrial 
energy metabolism functions, were impaired after intimal 
injury.

mitochondrial	fission	in	VSMCs.	JC-1	staining	revealed	that	
the mitochondrial membrane potential was also reduced by 
PGC1α	knockdown	(Fig.	4K).

These observations suggested that mitochondrial func-
tion	was	positively	correlated	with	the	expression	of	PGC1α	
and its downstream targets, which prompted us to further 
investigate	 the	 underlying	 mechanism	 by	 which	 PGC1α	
regulates mitochondrial function in VSMCs.

PGC1α knockout in human aortic VSMCs impairs 
mitochondrial metabolism

To	further	verify	the	role	of	PGC1α	in	mitochondrial	energy	
metabolism	in	human	cells,	we	knocked	out	PGC1α	in	HA-
VSMCs.	The	 knockout	 efficiency	 of	 PGC1α	was	 demon-
strated in Supplemental Fig. 4. TEM analysis revealed that 
the mitochondrial cristae were obviously damaged in the 
PGC1α	knockout	group	(Fig.	5A). To determine the mito-
chondrial morphology and number of HA-VSMCs, we 
used MitoTracker Red to label mitochondria and obtained 
microscopy images via 3D-structured illumination micros-
copy.	We	detected	a	significant	decrease	 in	 the	number	of	
mitochondria	 in	 the	 PGC1α-knockout	 group	 (Fig.	 5B). 
We	used	untargeted	metabolomic	studies	 to	 further	 inves-
tigate the mitochondria-associated changes in metabolites 
in HA-VSMCs under control and knockout conditions. 
PLS-DA	 revealed	 that	 the	 control	 group	 and	 the	 PGC1α	
knockout group were relatively clustered, indicating that the 
metabolomics results of this study were relatively reliable 
(Fig. 5C).	By	hierarchical	clustering	of	differentially	abun-
dant	metabolites,	we	 found	 that	most	 of	 the	 differentially	
abundant	metabolites	 in	 the	PGC1α	knockout	group	were	
significantly	 downregulated	 (Fig.	 5D). By KEGG enrich-
ment	analysis	of	these	differentially	abundant	metabolites,	
we found that the TCA cycle was an enriched pathway and 
was downregulated (Fig. 5E). These results further con-
firmed	that	mitochondrial	energy	metabolism	was	inhibited	
when PGC1 was downregulated in human cells.

Smad3 regulates VSMC mitochondrial function 
by interacting with PGC1α and regulating its 
expression

PGC1α	is	regulated	by	AMPK	[18] and SIRT1 [19]. To iden-
tify	the	novel	regulatory	mechanism,	first,	the	first	100	mol-
ecules	that	directly	regulate	PGC1α	were	identified	through	
IPA (Fig. 6A).	We	then	compared	the	genes	that	participated	
in the pathways and cell functions related to cardiovascular 
disease	 by	Venn	 diagram	 comparison	 and	 identified	 eight	
genes that were in common (Fig. 6B). The 8 upstream mol-
ecules	of	PGC1α	are	PPARG,	PPARD,	PPARA,	SMAD3,	
SIRT1, TP53, NR1H4 and CEBPB. After associating these 
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To investigate treatments that inhibit neointimal hyperpro-
liferation,	we	subcutaneously	injected	the	PGC1α	activator	
ZLN005	every	other	day	into	4-week	intimal	injury	model	
rats	to	further	evaluate	the	association	between	PGC1α	and	

The specific PGC1α activator ZLN005 enhances 
mitochondrial function and inhibits neointimal 
hyperplasia in an intimal injury model
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Discussion

In this study, our results demonstrated that physiologi-
cal	 mechanical	 stretch	 promotes	 PGC1α	 for	 regulating	
mitochondrial functions via p-Smad3 in vitro and that the 
activation	 of	 PGC1α	 prevents	 neointimal	 hyperplasia	 by	
enhancing mitochondrial function after intimal injury in 
vivo.	This	mechanism	 is	based	on	 the	 following	findings:	
(1) an abnormal ultrastructure of mitochondria occurred in 
human plaques and murine neointimal hyperplasia, and met-
abolic dysfunction, especially mitochondrial dysfunction, 
was found in the 4-week rat intimal injury model; (2) the 
injured	vessel	had	a	lower	fluctuating	amplitude,	indicating	
a	significant	change	in	the	hemodynamic	force;	(3)	in	vitro,	
physiological	 cyclic	 stretch	 upregulated	 VSMC	 PGC1α	
expression, mitochondrial biogenesis, mitochondrial fusion, 
and mitochondrial energy metabolism; and (4) importantly, 
the	PGC1α-specific	activator	ZLN005	enhanced	mitochon-
drial	metabolism,	which	effectively	inhibited	VSMC	hyper-
proliferation in vivo. Overall, these data demonstrate the 
importance	of	mechanical	stretch	in	regulating	PGC1α	and	
mitochondrial metabolism in VSMCs, which are essential 
for inhibiting neointimal hyperplasia both in vitro and in 
vivo.

Neointimal hyperplasia often occurs in the early stage 
of cardiovascular disease [20, 21]. VSMCs are the main 
components of neointimal hyperplasia under pathological 
conditions. Importantly, VSMCs are primarily subjected to 
cyclic stretch resulting from pulsatile blood pressure [22], 
and	 changes	 in	 hemodynamics	 strongly	 influence	VSMC	
function [23, 24]. Therefore, it is vital to explore the role of 
mechanical stretch in the process of neointimal hyperplasia. 
Hence, we established a vascular injury animal model in 
vivo	and	applied	cyclic	stretch	by	the	Flexcell-5000T	sys-
tem	in	vitro.	We	found	that	the	circumferential	strain	of	the	
injured	side	carotid	artery	was	approximately	3.44%,	while	
that	 of	 the	 control	 side	was	 about	 14.98%,	 resulting	 in	 a	
difference	of	11.54	±	1.542%	after	intimal	injury,	indicating	
that the VSMCs were exposed to less mechanical stretch 
during the process of neointimal hyperplasia in vivo. To 
simulate the changes, we used a static condition to mimic 
the	 injured	arteries	and	applied	10%	cyclic	stretch	 to	 rep-
resent the control arteries in vivo. Cyclic stretch has been 
reported to increase mitochondrial mass and ATP produc-
tion in a cultured cardiac cell line [25]. Our results indi-
cated that physiological CS promotes mtDNA copy number, 
mitochondrial membrane potential and ATP production 
in	VSMCs.	All	 of	 them	 influence	mitochondrial	 function,	
and	PGC1α,	 an	 important	 transcriptional	 coactivator,	 par-
ticipates in regulating mitochondrial function in response to 
mechanical stretch.

mitochondrial function in vivo (Fig. 8A). To determine the 
optimal	concentration	of	ZLN005,	preliminary	experiments	
revealed	that	both	 low	and	high	doses	of	ZLN005	signifi-
cantly	enhanced	PGC1α	transcriptional	levels	(Supplemen-
tal Fig. 5).	Considering	the	potential	biotoxicity	of	ZLN005	
and the long-term nature of the four weeks experiment, a 
dose of 2.5 mg/kg was selected for subcutaneous injection 
in subsequent experiments. First, we assessed the expres-
sion	of	PGC1α	mRNA	and	protein,	which	was	significantly	
increased	 by	 ZLN005	 treatment	 (Fig.	 8B and C). Immu-
nofluorescence	 staining	 of	 PGC1α	 also	 revealed	 that	 the	
expression	of	PGC1α	was	increased	by	ZLN005	(Fig.	8D). 
The mRNA abundance of rate-limiting step enzymes 
involved in energy metabolism, including CPT1B, SDHA, 
SDHC, SDHD, ATPF1B, and ATPF1D, increased with 
ZLN005	treatment	(Fig.	8E). Moreover, the mRNA levels 
of	PGC1α	downstream	target	genes	were	also	significantly	
increased	by	ZLN005	(Fig.	8F). HE staining revealed that 
injury	animals	treated	with	ZLN005	presented	significantly	
less neointimal hyperproliferation, indicating greater vascu-
lar patency (Fig. 8G).	These	data	suggested	that	ZLN005,	
a	 specific	activator	of	PGC1α,	effectively	alleviated	mito-
chondrial dysfunction by increasing the expression of 
PGC1α,	which	ultimately	inhibited	VSMC	hyperprolifera-
tion after intimal injury but promoted mitochondrial biosyn-
thesis, mitochondrial dynamics, and the key rate-limiting 
step enzymes involved in mitochondrial energy metabolism 
functions.

Fig. 4	 The	PGC1α	activator	ZLN005	promoted	VSMC	mitochondrial	
function,	but	siRNA	targeting	PGC1α	inhibited	VSMC	mitochondrial	
function. (A)	The	protein	level	of	PGC1α	determined	by	western	blot	
under	control	 and	ZLN005	 (10	µM)	conditions	 for	48	h	 (n = 5). (B) 
The	mRNA	level	of	mtDNA	after	treatment	with	ZLN005	was	deter-
mined	by	qRT‒PCR	(n = 5). (C)	Representative	immunofluorescence	
images of the distribution of mitochondria (red) in VSMCs after treat-
ment	with	ZLN005	(n	=	15).	Blue:	DAPI;	scale	bar	=	20	μm.	(D) The 
mRNA	levels	of	MFN2	and	DRP1	after	treatment	with	ZLN005	were	
determined	by	qRT‒PCR	(n = 4). (E)	Representative	immunofluores-
cence images of JC-1 staining used to determine the membrane poten-
tial	of	mitochondria	after	treatment	with	ZLN005	(n = 4). Blue: DAPI; 
red:	JC-1	aggregates;	green:	JC-1	monomers.	Scale	bar	=	20	μm.	(F) 
ATP production was determined by a luciferase assay after treatment 
with	 ZLN005	 (n = 4). (G)	 The	 protein	 level	 of	 PGC1α	 in	 VSMCs	
treated with siRNA was determined by western blotting (n = 5). (H) 
The mRNA level of mtDNA after siRNA treatment was determined by 
qRT‒PCR	(n = 4). (I)	Representative	 immunofluorescence	 images	of	
the distribution of mitochondria after siRNA treatment (n = 15). Blue: 
DAPI;	red:	MitoTracker	Red.	Scale	bar	=	20	μm.	(J) The mRNA levels 
of MFN2 and DRP1 in VSMCs treated with siRNAs were determined 
by	qRT‒PCR	(n = 4). (K)	Representative	immunofluorescence	images	
of JC-1 staining used to determine the membrane potential of mito-
chondria after siRNA treatment (n = 4). Blue: DAPI; red: JC-1 aggre-
gates;	green:	 JC-1	monomers.	Scale	bar	=	20	μm.	 ()	ATP	content	 in	
VSMCs transfected with siRNA was determined by a luciferase assay 
system (n = 4). P	values	were	calculated	by	a	two-tailed	Mann‒Whit-
ney test. The values are shown as the means ± SD. * P	<	0.05
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alleviating the disease. Ca2+/calmodulin-dependent protein 
kinase II (CaMKII) is an important molecule involved in the 
mitochondrial uptake of Ca2+, which can be enhanced by 
mitochondrial motility, and promotes the migration and pro-
liferation of VSMCs [30]. Thus, the inhibition of CaMKII 
could	effectively	reduce	neointimal	hyperplasia	after	vascu-
lar injury. Mitochondria also play a key role in the genera-
tion of reactive oxygen species (ROS), which are important 
mediators involved in the proliferation and migration of 
VSMCs [31, 32]. Taken together, these observations sug-
gest that mitochondria play an important role in regulating 
VSMC function and that targeting mitochondrial function 

Mitochondrial function is closely related to the prolifera-
tion, migration, and phenotypic transformation of VSMCs 
[26, 27], whereas mitochondrial dysfunction is accompanied 
by an imbalance in energy metabolism [28]. For example, in 
hypertensive mice, VSMCs exhibit a synthetic phenotype of 
overproliferation and mitochondrial dysfunction [29]. In a 
study	of	pulmonary	hypertension	(PAH),	mitochondrial	fis-
sion in pulmonary artery smooth muscle cells (PASMCs) 
was demonstrated to play a key role in the process of exces-
sive proliferation [27]. Inhibition of DRP1 or activation of 
MFN1 and MFN2 by mitochondrial mitogenic inhibitor 1 
(Mdivi-1)	can	inhibit	PASMC	proliferation,	thus	effectively	

Fig. 5	 PGC1α	knockout	repressed	
mitochondrial function in human 
aortic VSMCs. (A) The ultra-
structures	of	control	and	PGC1α	
knockout human aortic VSMC 
mitochondria were visualized by 
TEM.	Scale	bar	=	500	nm.	(B) 
Representative	immunofluores-
cence images of human aortic 
VSMC mitochondria labeled 
with MitoTracker Red acquired 
by 3D-structured illumination 
microscopy (n = 13). Scale bar 
=	5	μm.	(C)	PLS-DA	score	plot	
of the untargeted metabolomics 
study. (D) Hierarchical clustering 
heatmaps	of	differentially	abun-
dant	metabolites	identified	via	
metabolomics analysis between 
the	control	group	and	the	PGC1α	
knockout group. (E)	Differ-
ential enrichment score map 
of the metabolomics. P values 
were calculated by a two-tailed 
Mann‒Whitney	test.	The	values	
are shown as the means ± SD. * 
P	<	0.05
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36]. In thoracic aortic aneurysms, abnormally low expres-
sion	of	PGC1α	is	associated	with	excessive	ROS	and	severe	
mitochondrial dysfunction [37].	In	general,	PGC1α	is	acti-
vated by AMPK and SIRT1 to reduce ROS levels and can 
increase the level of mitochondria [10, 38, 39].	PGC1α	is	
required	for	endothelial	flow	alignment	in	vitro	and	in	vivo	

is a potential therapeutic strategy for treating neointimal 
hyperplasia.

PGC1α	has	been	identified	as	a	major	transcriptional	reg-
ulator of cellular metabolism [33, 34].	PGC1α	dysregulation	
represents metabolic disorders in the body and is considered 
a potential target molecule for most metabolic diseases [35, 

Fig. 6	 Smad3	regulated	mitochondrial	function	by	regulating	PGC1α	
in response to CS. (A)	Top	100	genes	directly	related	to	genes	upstream	
of	PGC1α	as	predicted	by	IPA.	(B) Venn diagram comparison of genes 
from	five	pathways	related	to	molecular	and	cellular	functions;	eight	
genes, including PPARG, PPARA, PPARD, SMAD3, SIRT1, TP53, 
NR1H4 and CEBPB, overlapped. (C) Eight target molecules (blue and 
pink) were associated with four molecular functions closely related to 

cardiovascular disease (orange regions). (D, E) The protein levels of 
p-Smad3 and Smad3 in VSMCs treated with CS for 6–24 h were deter-
mined by western blotting (n = 6). (F)	The	protein	levels	of	PGC1α	and	
p-Smad3 in VSMCs treated with SIS3 (n = 4). (G) The mRNA level of 
mtDNA	in	VSMCs	 treated	with	SIS3	was	determined	by	qRT‒PCR	
(n = 4). P	values	were	calculated	by	a	two-tailed	Mann‒Whitney	test.	
The values are the means ± SD. * P	<	0.05

 

1 3

Page 15 of 21   303 



M. Zou et al.

copy number, mitochondrial membrane potential and ATP 
production. Moreover, in the 4-week intimal injury model, 
VSMCs	overproliferated,	and	PGC1α	expression	was	sig-
nificantly	 downregulated,	 accompanied	 by	 a	 decrease	 in	
mitochondrial dysfunction. In contrast, stimulation with 
the	 PGC1α-specific	 activator	 ZLN005	 in	 vivo	 effectively	
relieved the excessive proliferation of VSMCs and pro-
moted the repair of intimal injury. These results suggested 
that	PGC1α	promoted	mitochondrial	function	both	in	vivo	
and in vitro, including mitochondrial biogenesis, mitochon-
drial dynamics, and the key mitochondrial rate-limiting step 
enzymes involved in the three main energy metabolism 
pathways in VSMCs, namely, the citric acid cycle, respira-
tory electron transfer chain and ATP synthesis.

We	 further	 explored	 the	 specific	mechanism	 by	which	
PGC1α	 regulates	 mitochondrial	 function	 through	 its	

while stabilizing the endothelium and rendering it resistant 
to atherosclerosis and thrombosis [40].	ZLN005	was	firstly	
used	 as	 a	 novel	 small	molecular	 to	 increase	PGC1α	gene	
transcription in skeletal muscle, and improve the glucose 
tolerance, pyruvate tolerance, and insulin sensitivity of 
diabetic db/db mice [41].Restoring	 PGC1α	 activity	 with	
PGC1α	 activator	 ZLN005	 increased	 radiosensitivity	 of	
resistant glioma cells by reactivating mitochondria-related 
reactive oxygen species production and inducing apoptotic 
effects	both	in	vitro	and	in	vivo	[42].

In our study, physiological CS upregulated the expres-
sion	 of	 PGC1α,	 mitochondrial	 biogenesis	 and	 energy	
metabolism. In addition, after activation or repression of 
PGC1α	by	the	specific	activator	ZLN005	or	by	the	PGC1α	
siRNA, respectively, changes in mitochondrial function 
were observed according to changes of mitochondrial DNA 

Fig. 7 Intimal injury impaired 
mitochondrial function and 
inhibited	PGC1α	expression	
in vivo. (A) Representative 
immunofluorescence	images	of	
the carotid artery on the control 
side and injured side at 4 weeks 
(n	≥	3).	Blue:	DAPI;	green:	SMA;	
red:	PGC1α.	Scale	bar	=	50	μm.	
(B)	The	mRNA	levels	of	PGC1α	
and	PGC1β	in	the	carotid	artery	
on the injured side compared 
with those on the control side 
were	determined	by	qRT‒PCR	
(n = 4). (C) The protein level 
of	PGC1α	in	the	carotid	artery	
on the control side and injured 
side was determined by western 
blotting (n = 4). (D) The mRNA 
levels	of	PGC1α	target	genes	in	
the carotid artery on the injured 
side compared with those on the 
control side were determined by 
qRT‒PCR	(n = 4). (E) The mRNA 
levels of MFN2 and DRP1 of 
carotid artery on the injured 
side compared with those on the 
control side were determined by 
qRT‒PCR	(n = 4). (F) Heatmap of 
the fold change in the expression 
of rate-limiting enzymes involved 
in energy metabolism according 
to the RNA-seq results of the 
arteries with intimal injury at 4 
weeks. (G) The mRNA levels 
of rate-limiting enzymes in the 
carotid artery on the injured 
side compared with those on the 
control side were determined 
by	qRT‒PCR	(n = 4). P values 
were calculated by a two-tailed 
Mann‒Whitney	test.	The	values	
are shown as the means ± SD. * 
P	<	0.05
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maintains	 PGC1α-dependent	 mitochondrial	 biogenesis	
function, and protects cardiomyocytes from injury [49].	We	
observed	that	cyclic	stretch	did	not	significantly	alter	TGFβ1	
protein	 level	 in	VSMCs	or	TGFβ1	 secretion	 levels	 in	 the	
culture medium (Supplemental Figs. 6 A and B). However, 
inhibition	of	TGFβ	using	a	neutralizing	antibody	markedly	
reduced the phosphorylation level of Smad3 (Supplemen-
tal Figs. 6 C and D), suggesting that Smad3 activation was 
most	likely	regulated	by	TGFβ.	In	our	study,	p-Smad3	was	
demonstrated to be activated to upregulate the expression of 
PGC1α	upon	cyclic	stretch	at	6	h.	The	expression	of	PGC1α	
was	also	decreased	by	the	Smad3-specific	phosphorylation	

upstream molecules, and Smad3 was selected by IPA. Smad3 
is a transcription factor that is active when it is phosphory-
lated.	In	response	to	TGF-β	stimulation	[43], p-Smad2 and 
p-Smad3 form a complex with Smad4 that is translocated 
into the nucleus to regulate downstream gene expression 
[44–46].	Smad3-deficient	mice	exhibit	increased	neointimal	
hyperplasia and reduced matrix deposition in response to 
vascular injury in atherosclerotic vascular diseases [47, 48], 
suggesting that Smad3 may regulate the function of VSMCs 
to limit the extent of neointimal hyperplasia. In heart failure, 
the transcription-mediated protein RMP activates the TGF-
β/Smad3	signaling	pathway,	promotes	PGC1α	expression,	

Fig. 8	 The	PGC1α	activator	ZLN005	effectively	improved	mitochon-
drial function and inhibited VSMC hyperproliferation in vivo. (A) 
Flow	chart	of	the	treatment	with	ZLN005	in	the	intimal	injury	model	
and	the	experiments	after	4	weeks.	(B)	The	mRNA	levels	of	PGC1α	
and	PGC1β	in	the	carotid	artery	in	the	injured	group	compared	with	
those	in	the	treatment	group	were	determined	by	qRT‒PCR	(n = 4). (C) 
The	protein	level	of	PGC1α	in	the	carotid	artery	in	the	injured	group	
with	or	without	ZLN005	treatment	was	determined	by	western	blot-
ting.	 (D)	 Representative	 immunofluorescence	 images	 of	 the	 carotid	
artery	 in	 the	 injured	group	and	ZLN005	treatment	group	at	4	weeks	

(n	≥	3).	 Blue:	 DAPI;	 green:	 SMA;	 red:	 PGC1α.	 Scale	 bar	 =	50	 μm.	
(E) The mRNA levels of rate-limiting enzymes in the carotid artery 
in the injured group compared with those in the treatment group were 
determined	by	qRT‒PCR	(n = 4). (F) The mRNA levels of target genes 
of	PGC1α	 in	 the	 carotid	 artery	 in	 the	 injured	 group	 compared	with	
those	in	the	treatment	group	were	determined	by	qRT‒PCR	(n = 4). (G) 
Representative HE-stained images of carotid arteries from the injured 
group and treatment group at 4 weeks (n	=	4).	Scale	bar	=	50	μm.	P 
values	were	calculated	by	a	two-tailed	Mann‒Whitney	test.	The	values	
are the means ± SD. * P	<	0.05
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inhibitor	SIS3.	These	results	suggest	that	Smad3	may	affect	
mitochondrial function in VSMCs by regulating the expres-
sion	of	PGC1α.

Moreover, our results demonstrated that most mito-
chondrial components exhibited a downregulation at the 
transcriptional level following intimal injury, whereas all 
four SDH subunits (SDHA, SDHB, SDHC, and SDHD) 
demonstrated	 significant	upregulation.	Notably,	 these	 four	
SDH subunits are exclusively encoded by nuclear genes, 
in contrast to other oxidative phosphorylation complexes 
whose subunits are encoded by both mitochondrial and 
nuclear genomes [50]. Therefore, we propose that the sus-
tained nuclear transcription of SDH genes may represent a 
key mechanism underlying the observed elevation in SDH 
subunit levels.

Furthermore, we incorporated a widely recognized 
PGC1α	agonist,	ZLN005,	into	our	study.	It	is	based	on	the	
extensive	use	of	ZLN005	 in	numerous	 studies,	which	has	
consistently	demonstrated	its	efficacy	and	reliability	in	acti-
vating	 PGC1α.	 For	 instance,	Wu	 et	 al.	 demonstrated	 that	
ZLN005	enhances	 the	expression	of	PGC1α	and	its	 target	
gene, increases muscle ATP levels, and reduces ROS [51]. 
Moreover,	Shipra	et	al.	found	that	targeted	ZLN005	deliv-
ery	or	 cardiomyocyte-specific	PGC1α	overexpression	 sig-
nificantly	improves	cardiomyopathy	treatment	[52].

Regarding	 the	 mechanism	 of	 ZLN005-induced	 activa-
tion	of	PGC1α,	Zhang	et	al.	proposed	that	ZLN005	might	
activate AMPK by increasing the ADP/ATP ratio, ultimately 
regulating	 PGC1α	 expression	 [41]. However, changes in 
the	ADP/ATP	ratio	may	exert	their	effects	not	only	through	
AMPK	activation	but	also	via	multiple	pathways	that	influ-
ence cellular metabolism and other signaling cascades. 
Therefore,	ZLN005	may	exhibit	pleiotropic	effects,	and	fur-
ther study is needed to explore the underlying mechanism 
of	its	effect	on	PGC1α.	Such	investigations	are	crucial	for	
substantiating	our	findings	and	advancing	our	understand-
ing of its broader biological implications.

In conclusion, the results of the present study suggest 
that	PGC1α	activated	by	p-Smad3	may	 inhibit	 the	 abnor-
mal proliferation of VSMCs through regulating mitochon-
drial function and that physiological cyclic stretch plays a 
vital role in this process. In the case of intimal injury, the 
increased	 expression	 of	 PGC1α	 can	 partially	 restore	 the	
functional activity of mitochondria, thus alleviating the 
excessive proliferation of VSMCs (Fig. 9). Our data suggest 
a	possible	novel	mechanism	by	which	Smad3	and	PGC1α	
regulate mitochondrial function and VSMC abnormal pro-
liferation during neointimal hyperplasia. This study may 
provide feasible and underlying therapeutic treatments for 
the abnormal proliferation of VSMCs after intimal injury 
and potential targets for treating mitochondrial dysfunction.
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Fig. 9	 Schematic	diagram	of	PGC1α	regulation	of	VSMC	mitochon-
drial function in vivo and in vitro. (A) In vivo, the intimal injury arter-
ies were harvested after four weeks, and the opposite carotid artery 
without treatment was collected for the control. Intimal injury caused 
neointimal	hyperplasia	and	decreased	the	expression	of	PGC1α,	which	
consequently suppressed mitochondrial biogenesis, metabolism, and 
dynamics.	 However,	 the	 subcutaneous	 injection	 of	 ZLN005	 every	
other	day	 reversed	 these	effects	and	partially	 restored	mitochondrial	

function. In addition, an abnormal ultrastructure of mitochondria 
occurred	 in	 human	 plaques,	 and	 PGC1α	 knockout	 in	 human	 aor-
tic VSMCs impaired mitochondrial metabolism. (B) In vitro, cyclic 
stretch activated Smad3 phosphorylation and then increased the 
expression	levels	of	PGC1α	in	VSMCs.	PGC1α	further	activated	the	
transcription of downstream target genes involved in mitochondrial 
biogenesis, metabolism, and dynamics, ultimately promoting the mito-
chondrial function of VSMCs
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