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Peroxisome proliferator-activated receptor (PPAR) « is widely expressed in the vasculature and has pleiotropic
and lipid-lowering independent effects, but its role in the growth and function of vascular smooth muscle cells
(VSMCs) during vascular pathophysiology is still unclear. Herein, VSMC-specific PPARa-deficient mice (Ppar-
a*MC) were generated by Cre-LoxP site-specific recombinase technology and VSMCs were isolated from mice

aorta. PPAR« deficiency attenuated VSMC apoptosis induced by angiotensin (Ang) II and hydrogen peroxide, and
increased the migration of Ang II-challenged cells.

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are ligand-
activated transcription factors at the crossroads of key cellular func-
tions. Among the three PPAR subtypes (PPAR«, /5, and y), PPARa is
ubiquitously expressed especially in tissues with a high capacity for fatty
acid oxidation, including the liver, renal cortex, brown adipose tissue,
myocardium and the majority of cell types, including endothelial cells,
VSMCs and macrophages, in the vasculature [1].

Vascular smooth muscle cell (VSMC) growth can influence vascular
structure. Injurious insults and environmental cues lead to the reorga-
nization of extracellular matrix (ECM) by affecting the dedifferentiation
and proliferation of VSMCs, which play a pivotal in the development of
intimal hyperplasia [2,3]. On the other hand, VSMC apoptosis is a
hallmark of vascular injury and repair, and has been established as an
essential process that regulates tissue architecture and large vessel

integrity [4]. The role of PPAR« in cell growth, including that of VSMC,
seems to be dependent on the specific cell type, species and the relative
context. In addition, existing data concerning the role of PPAR« in cell
survival and function are mainly derived from experiments investigating
its role using known ligands [5-14]. In vitro cell culture models, PPAR«
activation by docosahexaenoic acid induces apoptosis of VSMCs from
Sprague-Dawley rats in a p38-dependent manner [8]. However, PPARx
activation by fenofibrate inhibits cell apoptosis and cell cycle arrest in
rat vascular adventitial fibroblasts partly through SIRT1-mediated
deacetylation of FoxO1 [10]. Similar to the findings exploring the role
of PPARa in VSMC apoptosis, the reported role of PPARa in VSMC
migration is also inconsistent, in vitro studies indicate that PPAR«a can
inhibit tumor growth factor (TGF)-p-induced 5 integrin transcription
and VSMC migration [11], but PPAR« activation by gemfibrozil fails to
affect migration in low or high glucose media [12]. In vivo animal
models, WY-14643 was shown to diminish oxidative stress and inhibit
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cardiomyocyte apoptosis in a rabbit model of ischemia/reperfusion
injury [14]. In addition, PPAR« suppresses apoptosis and induces pro-
liferation of mouse hepatocytes, resulting in severe hepatomegaly [15].
While the disagreement in data may be partly explained by cell type
specific mechanistic differences for the role of PPARa and heterogeneity
between studies, a more plausible explanation for this discrepancy could
be due to “off-target” mechanisms of PPAR« ligands via ligand-specific
interaction with other receptors and unspecified molecular targets
[16,17]. In addition, evidence has been provided showing non-genomic
signaling induced by PPAR ligands can trigger the activation of
mitogen-activated protein kinases, resulting in the phosphorylation of
PPARs themselves and an alteration in their regulatory ability on target
gene expression [18]. Importantly, PPAR-independent actions have also
been implicated in the anti-inflammatory action of PPAR ligands [19].

Clinically, fibrates are well-known synthetic PPARa agonists, among
which fenofibrate has been shown in preclinical trials to protect against
cardiovascular diseases, especially in the presence of diabetes and in-
sulin resistance [20]. However, as the largest fibrate trial to date, the
FIELD (Fenofibrate Intervention and Event Lowering in Diabetes) study
failed to detect a significant benefit of daily fenofibrate use on the
incidence of coronary heart disease [21]. Notably, it has been recog-
nized that PPARa ligand Wy-14,643 can elicit proinflammatory
response via PPARa-independent activation of extracellular
signal-regulated kinase (ERK)1/2 mitogen-activated protein kinase
(MAPK) pathway [22], whereas 15-deoxy-deltal2,14-prostaglandin J2
(15d-PGJ2), a PPARy ligand, has been shown to possess
PPARy-independent anti-inflammatory activity on human peripheral
blood monocytes in vitro [23]. In addition, 15d-PGJ2 and ciglitazone,
another PPARy ligand, can both PPARy-independently induce apoptosis
in normal and malignant human B lymphocytes [24]. These results
indicate that PPAR-independent pharmacological effects can potentially
confound the clinical interpretation and lead to erroneous therapeutic
considerations. Therefore, it may be more relevant to investigate PPAR«x
function by genetic rather than pharmacological means.

The renin-angiotensin system (RAAS) represents one of the major
mechanisms contributing to the regulation of vascular resistance and
pathophysiology. Renin is released primarily by the kidneys in response
to glomerular underperfusion or a reduced salt intake. Renin acts upon
its substrate angiotensinogen and stimulates the formation of angio-
tensin I (Ang I), an inactive substance which is cleaved by angiotensin-
converting enzyme (ACE) to generate physiologically active angiotensin
II (Ang II) [25]. Ang II is the primary active product of the RAAS and
regulates vascular tone and pathophysiology by multiple mechanisms
including vasoconstriction, stimulation of aldosterone release from the
adrenal cortex, retention of sodium and fluid, and modulation of cell
growth and proliferation [26]. In this study, VSMCs were isolated from
smooth muscle cell (SMC)-specific Ppara knockout mice (PparaASMC
mice) and the role of PPARa in VSMC effector function and survival
including apoptosis and migration was examined in the presence of Ang
II. The results demonstrated that PPARa deficiency had dual effects on
VSMC action. On one hand, PPAR« deficiency is protective in terms of
VSMC apoptosis, but on the other hand, its deficiency may increase
VSMC migration in response to Ang II stimulation.

2. Materials and methods
2.1. Experimental animals

Generation of vascular smooth muscle cell-specific Ppara deficient
mice. Vascular smooth muscle cell (VSMC)-specific Ppara deficient mice
were constructed using the Cre-LoxP site-specific recombinase technol-
ogy [15]. Targeted embryonic stem cells modified by the insertion of
two loxP sites that enable the excision of the flanked (floxed) exon 5
Ppara allele through Cre-mediated recombination were generated as
previously described [15]. Mice with the floxed strain were screened
and crossed with flippase recombinase (FLPeR)-expressing transgenic

Biochemistry and Biophysics Reports 27 (2021) 101091

mice (The Jackson Laboratory, Bar Harbor, ME) for removal of FLP
recombinase target site-flanked selection cassette [15,27]. Ppara™®
ed/floxed (pryara/y mice were subsequently crossed with transgenic mice
expressing Cre recombinase under the control of smooth muscle-specific
SM22 promoter (SM22Cre) [28] to produce SMC-specific Ppara
knockout (PparaASMC) mouse. The resultant mice were further back-
crossed to Ppara™™ mouse for at least 10 generations.

Eight-week-old male congenic Ppara®S™€ mice and their sex- and
age-matched Ppard# littermates were used for isolation of primary
aortic VSMCs. Mice were maintained and experiments were performed
in accordance with the NIH guidelines for the Care and Use of Labora-
tory Animals. The study protocol was approved by the Committee on the
Ethics of Animal Experiments of the Capital Medical University. A group
of five mice were maintained in individual cages on a 12 h-12 h light-
dark cycle at 22-24 °C, 50-60 % humidity, in the Experimental Ani-
mal Center of Capital Medical University, China (license No. SYXK (Jing)
2010-0020), and were provided ad libitum access to water and standard
chow. The cages were cleaned every 3 days. The disposal of experi-
mental animals was in accordance with the Guidance Suggestions for the
Care and Use of Laboratory Animals, issued by the Ministry of Science
and Technology of China [29].

2.2. Isolation and culture of aortic vascular smooth muscle cells

Primary cultures of VSMCs were isolated from the aortas of Pparaﬂ/ f
and PparaASMC mice as described [28,30]. In brief, the mouse was
euthanized by intraperitoneal injection of tribromoethanol (1.2 %, 0.2
ml/10 g body weight) [31], and the aorta was then harvested, followed
by digestion with type II collagenase (37 °C, 30 min) to remove the
adventitia. The endothelium was subsequently detached from the intima
with a sterile cotton-tipped applicator. The remaining aortic tissue were
cut into ~1 mm?® pieces and incubated with a solution of elastase and
collagenase at 37 °C for 30 min. Then the digestion was stopped by the
addition of 1 ml smooth muscle cell media (SMCM) (Sciencell, Carlsbad,
CA) supplemented with 10 % fetal bovine serum (FBS, Hyclone, Logan,
UT, USA) and 1000 U/ml penicillin/streptomycin (Invitrogen), followed
by gentle pipetting using a P1000 pipette. The resultant cell suspensions
were centrifuged at 2000xg at room temperature for 10 min. The su-
pernatant was discarded, cells resuspended and then cultured in SMCM
media containing 10 % FBS at 37 °C, 5 % CO». The majority of extracted
VSMCs were firmly attached to the culture dishes after 24 h. After 3
days, the non-adherent dead cells were washed away with phosphate
buffered saline (PBS). The morphology of the adherent VSMCs was
gradually apparent in about 5-7 days. The culture medium was
refreshed every 3 days, and cells were passaged when they were ~80 %
confluent in about 10-15 days (first passage) and then passaged every
7-10 days once they reached ~80 % confluence. Ppara®SM€ VSMCs were
subjected to real-time polymerase chain reaction (PCR) to assess PPAR«
mRNA levels before each experiment and only cells with a knockout
efficiency of more than 75 % were selected for subsequent use. The
VSMCs were used in the experiments between passages 3 and 7. All cells
were subjected to immunofluorescent staining of a-SMA (Sigma-Aldrich,
St. Louis, MO), which confirmed the purity of VSMCs was over 95 %
(Supplementary Fig. 1). Cell maturation and differentiation was also
monitored by morphological observations. We have endeavored to use
earlier passages between 3 and 5 in all experiments once the cell number
meets the study requirements, because sometimes VSMCs would
differentiate into other cells and adopt dendritic cell-like appearance
after passage 7, and the use of these cells in the experiments was avoi-
ded. In addition, efforts were made to use VSMCs from the same passage
in each experiment to reduce the potential bias caused by cell passaging
and phenotypic change. A final concentration of Ang I at 1 pM was used
in all experiments.
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2.3. Vascular smooth muscle cell apoptosis

Subconfluent cells were serum-starved in SMCM containing 1 % FBS
and 1 % penicillin-streptomycin for 12 h to synchronize cells and
exposed to Ang II or hydrogen peroxide (HyOz, 300 uM) for 24 h.
Apoptotic cells were detected with in situ Cell Death Detection Kit
(Roche Diagnostics Co. Indianapolis, IN), which allows for detection of
apoptosis at single cell level based on labeling of DNA strand breaks
(terminal deoxynucleotidyl transferase dUTP nick-end labeling, TUNEL
assay) [32,33]. Cell slides were air-dried in a freshly prepared fixation
solution containing 4 % paraformaldehyde in PBS for 30 min at
15-25 °C. Slides were then rinsed three times with PBS (5 min each
time) and incubated with blocking solution which contains 3 % H205 in
methanol for 10 min at 15-25 °C. The slides were rinsed with PBS for
three times (5 min each time) and incubated in permeabilization solu-
tion (0.1 % TritonX-100 and 0.1 % sodium citrate in water) on ice for 2
min. Each slide was rinsed with PBS twice (5 min each time), mounted
with coverslip to avoid evaporative loss and incubated in 50 pl reaction
mixture containing 45 pl label solution (1 x nucleotide mixture
including biotin-11-dUTP in reaction buffer), and 5 pl enzyme solution
(10 x terminal deoxynucleotidyl transferase in storage buffer) for 60
min at 37 °C under wet conditions. Slides were rinsed 3 x with PBS (5
min each time) and analyzed under a fluorescence microscope. Two
negative controls and one positive control were included in each
experiment. As negative controls, cells were fixed, permeabilized and
then incubated in 50 pl/well label solution (without terminal trans-
ferase) instead of TUNEL reaction mixture. As a positive control, fixed
and permeabilized cells were incubated with DNAase I recombinant
(3000 U/ml in 50 mM Tris-HCL, PH 7.5, 1 mg/ml BSA) for 10 min at
15-25 °C to induce DNA strand breaks prior to labeling procedures.

For detection of cleaved-caspase 3 immunofluorescence, the sections
were blocked with 10 % goat serum for 30 min, incubated overnight
with rabbit primary antibody against cleaved caspase 3 (1:200, Cell
Signaling, MA, USA), and further incubated with the secondary antibody
(1:100; goat-anti-rabbit, 488 nm, green fluorescence; Zsbio, China) for 1
h at room temperature. Then nuclear DNA staining was conducted using
mounting medium for fluorescence with DAPI (VECTOR H-1200, Bur-
lingame, CA). Fluorescence signals were recorded using a Leica digital
camera (Leica, Germany).

To substantiate the role of PPARa in Ang II-induced VSMC apoptosis,
a parallel assay was performed with the Annexin V-FITC Apoptosis
Detection Kit (KeyGEN) as per the manufacturer’s recommendations
[34]. Briefly, 2 x 10° cells were seeded into 6-well plates, serum-starved
in SMCM containing 1 % FBS and 1 % penicillin-streptomycin for 12 h
and treated as specified. The cells were then isolated using ethyl-
enediaminetetraacetic acid (EDTA) -free trypsin (Beyotime Institute of
Biotechnology, Nanjing, China) and harvested. Then cells were centri-
fuged at 2000xg for 5 min, rinsed with cold PBS for three times and
re-suspended in 500 pl binding buffer containing 5 pl annexin V-FITC
and 5 pl propidium iodide. Subsequently, cells were cultured in the dark
at room temperature for 15 min and 400 pl binding buffer was added to
the cell suspension. Apoptotic cells were detected with a flow cytometer
within 1 h.

2.4. Quantitative real-time polymerase chain reaction

RNA was extracted from various tissues including heart, liver, spleen,
lung, kidney, skeletal muscle, brown adipose tissue, white adipose tis-
sue, aorta and cultured VSMCs using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) following the manufacturer’s instructions [35,36].
Briefly, tissue samples were homogenized in 1 ml of TRIzol reagent per
50 mg of tissue using a homogenizer (Union instruments, Suzhou,
China). Cultured VSMCs were lysed directly in a 35 mm diameter culture
dish by adding 1 ml of TRIzol reagent and passing the cell lysate several
times through a pipette. The resultant samples in TRIzol were then
mixed thoroughly with 0.2 ml chloroform (Sigma-Aldrich), spun down
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and the upper fraction was harvested. The fraction was mixed with same
volume of isopropanol, and centrifuged at 10,000xg for 10 min. The
pellet was washed with 0.8 ml of 75 % ethanol, and dissolved in RNase
free water (Ambion, Thermo Fisher Scientific, USA). Samples with
260/280 ratio of 1.9-2.0 were used for analysis. A total of 2 pg RNA was
obtained to synthesize cDNA using GoScript reverse Transcription Sys-
tem (Promega, Mannheim, Germany). Real-time PCR reactions were
performed in duplicate using SYBR Green I (Takara, Shiga, Japan) on an
iCyclerIQsystem (Bio-Rad, Hercules, CA, USA) as per the manufacturers’
instructions. Primers used were as follows: Mcp-1 (gene for monocyte
chemoattractant protein-1, MCP-1), forward: ATTGGGAT-
CATCTTGCTGGT, reverse: CCTGCTGTTCACAGTTGCC; Ppara, forward:
TTCGCCGAAAGAAGCCCTTA, reverse: CCCTGAACATCGAGTGCGAA;
Actb, forward: TTCTTTGCAGCTCCTTCGTT, reverse: ATGGAGGGGAA-
TACAGCCC. mRNA expressions were normalized to p-actin gene (Actb)
and calculated using the 27T method.

2.5. Wound healing assay

VSMCs were isolated and cultured as indicated above, and cells in
passage 3 were harvested and seeded in 6-well plates (5 x 10%/well).
Cells were allowed to adhere and cultured in SMCM containing 10 % FBS
for 24 h until reaching 80-90 % confluence. Then cells were serum-
starved for 12 h and a sterile 200 pl pipette tip was adopted to make
consistently sized scratches perpendicular to the bottom of the well.
Another line was scratched perpendicular to the first line to create a
cross in each well. Cells were washed gently with SMCM to remove
debris and subsequently incubated with 1 % FBS-containing SMCM
supplemented with dimethyl sulfoxide (vehicle) or Ang II for 24 h. Then
the culture medium was discarded and cells were washed three times
with PBS at 37 °C. Then cells were fixed with 4 % paraformaldehyde at
room temperature for 30 min, washed with PBS for 5 min (3 times) and
the 0.1 % crystal violet staining solution was applied at room temper-
ature for 30 min. Double-distilled water was used to remove floating
color. Cells were observed under a Nikon microscope (Nikon Eclipse
Ti-U, Tokyo, Japan) [37-39]).

2.6. Transwell assay

Chemotaxis was measured by transwell assay using Transwell 24-
well cell culture inserts with 5 pm pores (Corning Inc. Corning, NY,
USA) as we previously reported [40]. Briefly, VSMCs in passage 3 were
serum-starved for 12 h, harvested and added to the insert (5 x 104
cells/well in 1 % FBS). The lower chamber was supplemented with 1 %
FBS-containing SMCM supplemented with vehicle or Ang II (1 pM) for 4
h at 37 °C and in 5 % COs. The culture medium in the upper chamber
was discarded and non-migrating cells were carefully removed from
upper filter surfaces with cotton swabs. The filter was washed twice with
PBS. Residual cells were fixed with 4 % paraformaldehyde for 30 min
and stained in 0.1 % crystal violet for 30 min. Five randomly selected
fields were photographed under the microscope for counting.

2.7. Western blot analysis

For Western blot analysis of PPARa expression in VSMCs, nuclear
protein was extracted from the cells using KeyGEN Nuclear Protein
Extraction Kit (KeyGen Biotech, Nanjing, China) as per the manufac-
turer’s instructions and described [41,42]. Briefly, cells were harvested
using EDTA -free trypsin as indicated above, washed twice with 1 ml
ice-cold PBS and pelleted by centrifugation at 500g for 3 min. The pellet
was then resuspended in precooled buffer A [10 mM HEPES, 10 mM KCl,
0.1 mM EDTA, 0.1 mM EGTA, 1.0 mM dithiothreitol (DTT), and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF)]. The tubes were vortexed for 15
s and then allowed to swell on ice for 15 min. The nuclear pellet was
resuspended in 1/20 total volume of ice-cold buffer B [20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.4 M
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NaCl, 1.0 mM EDTA, 1.0 mM ethylene glycol tetraacetic acid (EGTA), 2.8. Statistical analysis
1.0 mM DTT, and 1.0 mM PMSF]. The tubes were vortexed for 15 s, and

then allowed to swell on ice for 1 min and pelleted by centrifugation at All values are demonstrated as mean + SEM of at least three inde-
25,186 g for 30 s at 4 °C. Plasma proteins were obtained by collecting the pendent experiments. Statistical analyses were performed using
supernatants. 100 pl ice-cold buffer C (each ml contains 1 pl DTT, 5 pl GraphPad Prism 6.0 (GraphPad Software, San Diego, California, USA).
100 mM PMSF and 1 pl protease inhibitor cocktail) was added onto the Differences between two groups were analyzed using unpaired Student’s
precipitate after centrifugation. The tube was placed on ice for 30 min t-test. Differences between multiple groups were determined using one-
(vortexed for 15 s every 10 min), and then centrifuged at 25,186 g for 10 way ANOVA followed by Bonferoni’s post-hoc test. A p value of less than
min at 4 °C. The supernatant containing the nuclear protein was stored 0.05 was considered significant.

at —80 °C for later use. Protein concentrations were determined with the
BCA protein assay kit (Thermo). Equal amounts of proteins (30 pg) were 3. Results
then resolved in sodium dodecylsulfate-poly- acrylamide gels and

transferred onto polyvinylidene fluoride membranes. The membranes 3.1. Generation and characterization of smooth muscle cell-specific

were incubated with primary antibodies against PPARa (1:1000, Abcam, Ppara-deficient mice

Cambridge, UK) and lamin B1 (1:1000, Abcam) overnight at 4 °C,

washed three times with Tris-buffered saline tween, and then incubated SMC-specific Ppara deficient mice with floxed Ppara excised from
with secondary antibodies (1:2000, goat-anti-rabbit and 1:2000, SMCs using a SM22a-Cre transgenic mouse line were generated as
goat-anti-mouse, respectively; Cell Signaling) for 1 h at room tempera- described in the METHODS section (Fig. 1A). Disruption of the Ppara
ture. Specific binding was detected with enhanced chemiluminescence gene, after recombination of exon 5, was confirmed by PCR analysis
reagents. The blots were quantified by Image J software (ImageJ, NIH, (Fig. 1B). Progeny homozygous for Ppara deletion was referred to as
Bethesda, MD, USA). PparaASMC mice. The PparaASMC mice and Pparaﬂ/ fl mice had similar

survival times, mortality rates, heart/body weight ratio, heart weight/
tibia length ratio, left ventricular mass and blood pressure. Meanwhile,
Ppara®S™C mice did not exhibit any noticeable sign of hepatomegaly. To
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Fig. 1. Generation and characterization of VSMC-specific Ppara-deficient mouse. (a) Schematic representation of the targeting construct and deletion strategies. To
delete the floxed Ppara allele from VSMCs, mice carrying the floxed allele (Ppara’®*-neo) were crossed to FLPeR mice for excision of the FRT-flanked neo cassette. The
resulting floxed (Ppara™™) mice were crossed to Cre transgenic mice to excise exons 5, leading to the generation of the Ppara null allele (Ppara®™). (b) Polymerase
chain reaction (PCR) analysis demonstrates Ppara-loxp and Sm22a-Cre genes on DNA isolated from mouse tails. Homozygous knockout mice (Ppara-loxP™*/Sm22a-
Cre™) were designated as PparaASMC. (c) Real-time PCR for Ppara mRNA in various tissues including the heart, liver, spleen, lung, kidney, skeletal muscle, brown
adipose tissue (BAT), white adipose tissue (WAT), aorta and cultured VSMCs isolated from Pparaﬂ/ ' mice and PparaASMC mice (n = 3-6 for each genotype). (d)
Western blot analysis of PPAR« protein in VSMCs isolated from the two strains of mouse. Lamin B1 serves as loading control. Liver tissue from hepatocyte-specific
Ppara-knockout mice (Ppara®"°P) serves as a negative control. *p < 0.05, **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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evaluate the efficiency and tissue specificity of the Cre-mediated dele-
tion of the floxed gene, real-time PCR analyses of Ppara expression were
performed in various tissues (aorta, heart, liver, spleen, lung, kidney,
skeletal muscle, and brown and white adipose tissues) as well as in
cultured VSMCs isolated from Ppara®S™C mice as compared to Ppara/f!
mice (Fig. 1C). The Ppara expression was markedly and specifically
downregulated in aortic tissue and cultured VSMCs with a knockout
efficiency of both more than 90 %. Western blot analysis also confirmed
substantially reduced expression of PPARa in VSMCs of PparaASMC mice
(Fig. 1D).

3.2. PPARa deficiency attenuates vascular smooth muscle cell apoptosis

To determine the role of PPARa in Ang II-induced VSMC apoptosis,
VSMCs were isolated from Pparaﬂ/ fland PparaASMC mice and exposed to
Ang II (1 pM). Meanwhile, since oxidative stress serves as a major
mechanism underlying Ang II-induced vascular damage [43], VSMC
apoptosis in response to HyO» (300 pM) stimulation was also examined.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay and flow cytometry analysis showed that Ppara®S™€ VSMCs were
more resistant to Ang II- induced apoptosis as compared to Pparaﬂ/ fl
VSMCs (Fig. 2A and B). The possible impact of high concentration of Ang
II-induced VSMC apoptosis on the observed results was excluded since
neither Ang II incubation at this concentration nor PPAR« deficiency
was able to trigger marked VSMC necrosis (Supplementary Fig. 2).
Meanwhile, apoptosis of Ppara®SMC VSMCs was significantly attenuated
in response to HyOy stimulation as compared to Pparaﬂ/ fl vsmcs
(Fig. 3A). A subsequent mechanistic investigation demonstrated that
cleaved caspase-3, a terminal executor of apoptosis, was induced by

A TUNEL DAPI

Merge
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H05 in Pparaﬂ/ fl ySMCs but attenuated in Ppara®SMC cells (Fig. 3B).

3.3. PPARa deficiency enhances vascular smooth muscle cell migration

To further verify the biological role of PPAR« in VSMC, isolated cells
were subjected to Ang II treatment and cell migration ability was
examined. As shown in Fig. 4, PPAR«a deficiency was unable to signifi-
cantly affect the migration ability of unstimulated cells as seen in the
wound-scratch assay (Fig. 4A) and the transwell migration assay
(Fig. 4B). Whereas Ang II significantly increased the migration ability of
Ppara™" cells compared to untreated cells, this effect was enhanced by
PPARa deficiency.

Because MCP-1 is an established chemoattractant to stimulate
migration of VSMCs, the role of PPAR« in VSMC MCP-1 expression was
investigated. As expected, it was shown that Ang II-induced upregula-
tion of Mcp-1 expression, and this effect was further enhanced by PPAR«a
deficiency (Fig. 4C). Of note, a higher level of Mcp-1 was also observed
in unstimulated cells (Fig. 4C).

4. Discussion

Over the past few decades, PPARa has been explored extensively as
therapeutic targets for cardiovascular disorders [44-46]. Besides its role
in the regulation of energy homeostasis, the protective effects of PPARx
against myocardial ischemia/reperfusion injury, cardiac fibrosis and
hypertrophy, hypertension, vascular inflammation and atherosclerosis
have also been documented [45,47-51]. However, the molecular
mechanisms mediating these effects are still not fully understood. In this
field, diverse approaches, such as transgenic animals with deletion of

Fig. 2. PPAR« deficiency attenuates Ang II-
induced VSMC apoptosis. (a) VSMCs were
isolated from Ppara®™® and Ppara®S™C mice,
starved and cultured in the presence of

3 Ppara® vehicle or Ang II for 24 h. TUNEL (red) and
% [ Pp araASMC DAPI (blue) double staining were performed
] 401 e . to detect apoptotic cells. (b) Cells were
g incubated with vehicle or Ang II for 24 h,
30 stained with Annexin V-FITC and propidium
| iodide (PI) and analyzed by flow cytometry.
Y: y Yy Y
% n = 3-4/group. *p < 0.05, **p < 0.01. (For
E 20 interpretation of the references to color in
X this figure legend, the reader is referred to
= 10+ the Web version of this article.)
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Fig. 3. PPAR« deficiency attenuates HyO»-
induced apoptosis of cultured VSMC. VSMCs
were isolated from Ppara™® mice and Ppar-
a*MC mice and cultured in the presence of
vehicle or Hy0, (300 pM) for 24 h. (a)
TUNEL (red) and DAPI (blue) double stain-
ing were performed to detect apoptotic cells.
n = 4-6/group. *p < 0.05, ***p < 0.001. (b)
Cells were double stained with cleaved cas-
pase 3 (green) and DAPI (blue). Arrows
indicate double stained cells. (For interpre-
tation of the references to color in this figure
legend, the reader is referred to the Web
version of this article.)
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PPARa« genes [13] or activation of PPARa with specific agonists [52-54]
in various models of cardiovascular diseases, have been used to define
the role of PPAR« in the pathogenesis of cardiovascular disorders. By
constructing a SMC-specific PPARx deficient mouse model and isolating
VSMCs from these mice, the present study may have substantial
advantage over conventional gene knockout studies which may be
limited by upregulation of compensatory pathways that would obscure
its direct function and over siRNA techniques which also have off-target
effects and can induce cell apoptosis in a target-independent fashion
[55]1.

Our results demonstrated that PPARa deficiency did not aggravate
but rather protected against Ang II-induced VSMC apoptosis (Figs. 2 and
3), indicating a pro-apoptotic role for PPARa in VSMCs. Signaling
mechanisms whereby PPARa promotes VSMC apoptosis are unclear. It
was previously demonstrated that PPAR« ligand docosahexaenoic acid
induced apoptosis via translocation of plasma membrane phosphati-
dylserine and disruption of mitochondrial transmembrane potential,
followed by enhanced expression of bax and activation of caspase 3, a
critical proteolytic enzyme involved in the death-signaling pathway
[56], which is in line with the present study. There is also possible
involvement of the MAPKs, which are regulators of cell growth/a-
poptosis and include ERK, p38 MAPKs, and c-Jun N-terminal
kinase/stress-activated protein kinases [57]. Although ERK activation is
characteristically linked with growth and survival signaling [58], the
activation of p38 MAPK and c-Jun N-terminal kinase/stress-activated
protein kinase has been shown to possess pro-apoptotic effects [59,60]
and could be involved in PPARa-induced apoptosis in VSMCs. With

Vehicle H202

reference to the previously reported promoting role of VSMC apoptosis
in atherosclerosis acceleration, plaque calcification, medial degenera-
tion and stenosis [61], whether this pro-apoptotic effect contributes to
the lack of benefits of fenofibrate in the FIELD study [21] needs further
investigation.

Migration of VSMCs is another crucial event involved in the devel-
opment of post-intervention restenosis and atherosclerosis [62,63].
VSMC migration and proliferation lead to intimal hyperplasia, which is a
prominent feature of atherosclerotic plaques [64] and thought to play a
fundamental role in the restenosis that accompanies percutaneous cor-
onary interventions, such as coronary artery angioplasty and stenting
[65]. The current study, showing that VSMC migration is increased in
PPARa deficient VSMCs (Fig. 4), is consistent with previous studies
using PPARa ligands WY-14643 and 5,8,11,14-eicosatetranoic acid,
which were demonstrated to inhibit TGF-p-induced VSMC migration
[11]. The mechanism by which PPARa regulates VSMC migration re-
mains to be fully elucidated. VSMC migration requires the interaction of
ECM with cell surface receptors of integrin, a family of heterodimeric
transmembrane glycoproteins consisting of noncovalently associated o
and f chains [66]. The integrin complexes avp3 and avp5 are expressed
on VSMCs and can modulate their migration via cross-talks with the
ECM proteins vitronectin and osteopontin [67]. It was demonstrated
that PPARa activators inhibit 5 integrin transcription and VSMC
migration through indirect interaction with the TGF-p-regulated Smad4
transcription factors [11]. Notably, B3 integrin promoter is known to
contain binding sites for a number of transcription factors that are
regulated by PPARq, including Spl (specificity protein 1), AP-1
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Fig. 4. Deficiency of PPAR« increases VSMC
migration. (a) VSMCs were isolated from
Ppara™? mice and Ppara®*® mice, serum-
starved and scratches were introduced with
a sterile 100 pl pipette tip. Then cells were
incubated in the presence of vehicle or Ang
11 (1 pM) for 24 h, stained with 0.1 % crystal
violet staining solution and observed. (b)
Migration of VSMCs was detected by trans-
well assay after a 4-h incubation of vehicle
or Ang II. (c) Cells were exposed to vehicle
or Ang II for 24 h, lysed and subjected to
real-time PCR analysis for the mRNA
expression of monocyte chemoattractant

O Ppara®® .
M Ppara®SMCc

*%

protein 1 (Mcp-1). Results shown are the
relative expression normalized to f-actin
gene (Actb). n = 3-5/group. *p < 0.05, **p
< 0.01. (For interpretation of the references
to color in this figure legend, the reader is

referred to the Web version of this article.)
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(activator protein 1), STAT (signal transducer and activator of tran-
scription) and NF-kB (nuclear factor ¥B). It was demonstrated that both
the mRNA and surface expressions of p3 integrin receptor are elevated in
Ang Il-treated rat cardiac fibroblasts [68]. Future studies are required to
more fully elucidate transcriptional mechanisms involved in
PPARo—mediated inhibition of VSMC migration. Nevertheless, the pre-
sent study adds to the understanding of the protective role of PPAR« in
atherosclerosis and other vascular diseases featuring the migration of
VSMCs in the vascular wall.

The present study has several limitations. First, as discussed above, it
does not provide more mechanistic insights into PPAR« regulation of
VSMC apoptosis and migration. Although these are not the main focus of
the current study, a more in-depth investigation would be helpful to
more clearly explain PPARa regulation of VSMC pathophysiology. Sec-
ond, the present study only used VSMCs isolated from mouse aortas to
explore the role of PPARa. It would be helpful to further elaborate on
this point using other VSMCs, such as those isolated from mouse
mesenteric arteries. In addition, we only used cultured VSMCs which
represent the cells in isolation, and not an integral part of the vascular
tissue. In vivo studies using Ang II-infused mouse model of hypertension

Vehicle Ang

would be helpful. However, isolated primary VSMCs have the advantage
of relatively well-controlled cellular context allowing the investigation
of PPAR« effects that are difficult to decipher in vivo while maintaining
the cell identity and property that closely resemble those in the body.
Third, as hard as we have tried, we are currently unable to obtain
satisfactory commercial antibodies against PPARa, resulting in the
somewhat diffuse and blurry bands in the Western blots. Fourth, the
concentration of Ang II used in this study (1 pM) was much higher than
what has been reported in the body [69]. Nonetheless, the 1 uM con-
centration used is consistent with other in vitro experiments both from
our group [40,70] and from many other groups [71-78]. There is a
reasonable criticism that Ang II may induce desensitization, down-
regulation, and internalization of its receptors [79-81]. However, a high
concentration of Ang II at 1 pM was found to be necessary to trigger
consistent increases in protein-DNA ratio, a measure of cardiomyocyte
growth, reflecting perhaps the importance of receptor recycling rate in
the activation of the process coupled to cell growth [71]. Saturation
binding isotherms obtained with iodinated Ang II may be useful to more
accurately determine total receptor binding and internalization [80].
In conclusion, the present study demonstrates that PPARa can be
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both pro-apoptotic which has vascular disrupting effect and anti-
migratory which is vascular protective in terms of VSMC pathophysi-
ology. These mixed functions are remarkable given the previously re-
ported lack of concrete protection of fibrates against cardiovascular
events or even deleterious effects in clinical trials, such as observed in
the FIELD study [21]. In this study, fenofibrate did not significantly
reduce the risk of major cardiovascular events in patients with previous
cardiovascular disease and in patients older than 65 years of age [21].
Increased apoptosis [82] and decreased migration [83] with age has
been observed in previous studies. It is thus of clinical importance and
warrants further investigation as to whether aging unleashes the
pro-apoptotic effects while blunts the anti-migratory effects of PPAR«
activation, resulting in a lack of apparent cardiovascular benefits in
elderly patients.

Declaration of competing interest

The authors declare no conflict of interest.
Acknowledgements

This study was funded by National Natural Science Foundation of
China (81370521, 81320157, and 81670400), The Importation and
Development of High-Caliber Talents Project of Beijing Municipal In-
stitutions (CIT&TCD20150325), The Key Science and Technology
Project of Beijing Municipal Institutions (KZ201610025025 to A. Qu),
and The Fok Ying-Tong Education Foundation (151041).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.bbrep.2021.101091.

References

[1] P. Lefebvre, G. Chinetti, J.C. Fruchart, B. Staels, Sorting out the roles of PPAR alpha
in energy metabolism and vascular homeostasis, J. Clin. Invest. 116 (2006)
571-580.

[2] V.J. Dzau, R.C. Braun-Dullaeus, D.G. Sedding, Vascular proliferation and
atherosclerosis: new perspectives and therapeutic strategies, Nat. Med. 8 (2002)
1249-1256.

[3] B.S. Brooke, A. Bayes-Genis, D.Y. Li, New insights into elastin and vascular disease,
Trends Cardiovasc, Med. Times 13 (2003) 176-181.

[4] P. Lacolley, V. Regnault, A. Nicoletti, Z. Li, J.B. Michel, The vascular smooth
muscle cell in arterial pathology: a cell that can take on multiple roles,, Cardiovasc.
Res. 95 (2012) 194-204.

[5] T.M. Willson, P.J. Brown, D.D. Sternbach, B.R. Henke, The PPARs: from orphan
receptors to drug discovery,, J. Med. Chem. 43 (2000) 527-550.

[6] G. Krey, O. Braissant, F. L'Horset, E. Kalkhoven, M. Perroud, M.G. Parker,

W. Wahli, Fatty acids, eicosanoids, and hypolipidemic agents identified as ligands
of peroxisome proliferator-activated receptors by coactivator-dependent receptor
ligand assay, Mol. Endocrinol. 11 (1997) 779-791.

[7]1 B. Grygiel-Gorniak, Peroxisome proliferator-activated receptors and their ligands:
nutritional and clinical implications-a review, Nutr. J. 13 (2014) 17.

[8] Q.N. Diep, R.M. Touyz, E.L. Schiffrin, Docosahexaenoic acid, a peroxisome
proliferator-activated receptor-alpha ligand, induces apoptosis in vascular smooth
muscle cells by stimulation of p38 mitogen-activated protein kinase, Hypertension
36 (2000) 851-855.

[9] G. Chinetti, S. Griglio, M. Antonucci, I.P. Torra, P. Delerive, Z. Majd, J.C. Fruchart,
J. Chapman, J. Najib, B. Staels, Activation of proliferator-activated receptors alpha
and gamma induces apoptosis of human monocyte-derived macrophages, J. Biol.
Chem. 273 (1998) 25573-25580.

[10] W.R. Wang, E.Q. Liu, J.Y. Zhang, Y.X. Li, X.F. Yang, Y.H. He, W. Zhang, T. Jing,
R. Lin, Activation of PPAR alpha by fenofibrate inhibits apoptosis in vascular
adventitial fibroblasts partly through SIRT1-mediated deacetylation of FoxO1, Exp.
Cell Res. 338 (2015) 54-63.

[11] U. Kintscher, C. Lyon, S. Wakino, D. Bruemmer, X. Feng, S. Goetze, K. Graf,

A. Moustakas, B. Staels, E. Fleck, W.A. Hsueh, R.E. Law, PPARalpha inhibits TGF-
beta-induced beta5 integrin transcription in vascular smooth muscle cells by
interacting with Smad4, Circ. Res. 91 (2002) e35-44.

[12] J. Nigro, R.J. Dilley, P.J. Little, Differential effects of gemfibrozil on migration,
proliferation and proteoglycan production in human vascular smooth muscle cells,
Atherosclerosis 162 (2002) 119-129.

[13] F. Gizard, C. Amant, O. Barbier, S. Bellosta, R. Robillard, F. Percevault, H. Sevestre,
P. Krimpenfort, A. Corsini, J. Rochette, C. Glineur, J.C. Fruchart, G. Torpier,

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Biochemistry and Biophysics Reports 27 (2021) 101091

B. Staels, PPAR alpha inhibits vascular smooth muscle cell proliferation underlying
intimal hyperplasia by inducing the tumor suppressor p16INK4a, J. Clin. Invest.
115 (2005) 3228-3238.

C.H. Yeh, T.P. Chen, C.H. Lee, Y.C. Wu, Y.M. Lin, P.J. Lin, Cardiomyocytic
apoptosis following global cardiac ischemia and reperfusion can be attenuated by
peroxisome proliferator-activated receptor alpha but not gamma activators, Shock
26 (2006) 262-270.

C.N. Brocker, J. Yue, D. Kim, A. Qu, J.A. Bonzo, F.J. Gonzalez, Hepatocyte-specific
PPARA expression exclusively promotes agonist-induced cell proliferation without
influence from nonparenchymal cells, Am. J. Physiol. Gastrointest. Liver Physiol.
312 (2017) G283-G299.

E.P. Gallagher, T.M. Buetler, P.L. Stapleton, C. Wang, D.L. Stahl, D.L. Eaton, The
effects of diquat and ciprofibrate on mRNA expression and catalytic activities of
hepatic xenobiotic metabolizing and antioxidant enzymes in rat liver,, Toxicol.
Appl. Pharmacol. 134 (1995) 81-91.

M.A. Peraza, A.D. Burdick, H.E. Marin, F.J. Gonzalez, J.M. Peters, The toxicology
of ligands for peroxisome proliferator-activated receptors (PPAR),, Toxicol. Sci. 90
(2006) 269-295.

0.S. Gardner, B.J. Dewar, L.M. Graves, Activation of mitogen-activated protein
kinases by peroxisome proliferator-activated receptor ligands: an example of
nongenomic signaling, Mol. Pharmacol. 68 (2005) 933-941.

J.S. Welch, M. Ricote, T.E. Akiyama, F.J. Gonzalez, C.K. Glass, PPARgamma and
PPARdelta negatively regulate specific subsets of lipopolysaccharide and IFN-
gamma target genes in macrophages, Proc. Natl. Acad. Sci. U, S. Afr. 100 (2003)
6712-6717.

S.H. Han, M.J. Quon, K.K. Koh, Beneficial vascular and metabolic effects of
peroxisome proliferator-activated receptor-alpha activators, Hypertension 46
(2005) 1086-1092.

A. Keech, R.J. Simes, P. Barter, J. Best, R. Scott, M.R. Taskinen, P. Forder, A. Pillai,
T. Davis, P. Glasziou, P. Drury, Y.A. Kesaniemi, D. Sullivan, D. Hunt, P. Colman,
M. d’Emden, M. Whiting, C. Ehnholm, M. Laakso, F.s investigators, Effects of long-
term fenofibrate therapy on cardiovascular events in 9795 people with type 2
diabetes mellitus (the FIELD study): randomised controlled trial, Lancet 366 (2005)
1849-1861.

C. Banfi, J. Auwerx, F. Poma, E. Tremoli, L. Mussoni, Induction of plasminogen
activator inhibitor I by the PPARalpha ligand, Wy-14,643, is dependent on ERK1/2
signaling pathway, Thromb. Haemostasis 90 (2003) 611-619.

R. Thieringer, J.E. Fenyk-Melody, C.B. Le Grand, B.A. Shelton, P.A. Detmers, E.
P. Somers, L. Carbin, D.E. Moller, S.D. Wright, J. Berger, Activation of peroxisome
proliferator-activated receptor gamma does not inhibit IL-6 or TNF-alpha responses
of macrophages to lipopolysaccharide in vitro or in vivo, J. Immunol. 164 (2000)
1046-1054.

D.M. Ray, F. Akbiyik, R.P. Phipps, The peroxisome proliferator-activated receptor
gamma (PPARgamma) ligands 15-deoxy-Deltal2,14-prostaglandin J2 and
ciglitazone induce human B lymphocyte and B cell lymphoma apoptosis by
PPARgamma-independent mechanisms,, J. Immunol. 177 (2006) 5068-5076.

A. Nehme, F.A. Zouein, Z.D. Zayeri, K. Zibara, An update on the tissue renin
angiotensin system and its role in physiology and pathology, J. Cardiovasc. Dev.
Dis 6 (2019).

C.M. Ferrario, Role of angiotensin II in cardiovascular disease therapeutic
implications of more than a century of research, J. Renin-Angiotensin-Aldosterone
Syst. JRAAS 7 (2006) 3-14.

F.W. Farley, P. Soriano, L.S. Steffen, S.M. Dymecki, Widespread recombinase
expression using FLPeR (flipper) mice, Genesis 28 (2000) 106-110.

R. Holtwick, M. Gotthardt, B. Skryabin, M. Steinmetz, R. Potthast, B. Zetsche, R.
E. Hammer, J. Herz, M. Kuhn, Smooth muscle-selective deletion of guanylyl
cyclase-A prevents the acute but not chronic effects of ANP on blood pressure,
Proc. Natl. Acad. Sci. U, S. Afr. 99 (2002) 7142-7147.

The Ministry of science and technology of the people’s Republic of China, Guidance
Suggestions for the Care and Use of Laboratory Animais (2006). http://www.most.
gov.cn/eng/pressroom/. Accessed September 30, 2006.

V.A. Golovina, M.P. Blaustein, Preparation of primary cultured mesenteric artery
smooth muscle cells for fluorescent imaging and physiological studies, Nat. Protoc.
1 (2006) 2681-2687.

V.E. Papaioannou, J.G. Fox, Efficacy of tribromoethanol anesthesia in mice, Lab.
Anim. Sci. 43 (1993) 189-192.

K. Rennier, J.Y. Ji, Shear stress regulates expression of death-associated protein
kinase in suppressing TNFalpha-induced endothelial apoptosis, J. Cell. Physiol. 227
(2012) 2398-2411.

T. Ashino, M. Yamamoto, S. Numazawa, Nrf2/Keapl system regulates vascular
smooth muscle cell apoptosis for vascular homeostasis: role in neointimal
formation after vascular injury, Sci. Rep. 6 (2016) 26291.

R. Wang, W. He, Z. Li, W. Chang, Y. Xin, T. Huang, Caveolin-1 functions as a key
regulator of 17p-estradiol-mediated autophagy and apoptosis in BT474 breast
cancer cells, Int. J. Mol. Med. 34 (2014) 822-827.

B. Kim, V. Guaregua, X. Chen, C. Zhao, W. Yeow, N.K. Berg, H.K. Eltzschig,

X. Yuan, Characterization of a murine model system to study MicroRNA-147
during inflammatory organ injury, Inflammation 44 (2021) 1426-1440.

B. Ellis, L. Kaercher, C. Snavely, Y. Zhao, C. Zou, Lipopolysaccharide triggers
nuclear import of Lpcatl to regulate inducible gene expression in lung epithelia,
World J. Biol. Chem. 3 (2012) 159-166.

S. Martinotti, E. Ranzato, Scratch wound healing assay, Methods Mol. Biol. 2109
(2020) 225-229.

L.C. Zheng, X.Q. Wang, K. Lu, X.L. Deng, C.W. Zhang, H. Luo, X.D. Xu, X.M. Chen,
L. Yan, Y.Q. Wang, S.L. Shi, Ephrin-B2/Fc promotes proliferation and migration,


https://doi.org/10.1016/j.bbrep.2021.101091
https://doi.org/10.1016/j.bbrep.2021.101091
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref1
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref1
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref1
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref2
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref2
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref2
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref3
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref3
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref4
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref4
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref4
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref5
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref5
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref6
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref6
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref6
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref6
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref7
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref7
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref8
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref8
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref8
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref8
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref9
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref9
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref9
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref9
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref10
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref10
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref10
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref10
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref11
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref11
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref11
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref11
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref12
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref12
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref12
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref13
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref13
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref13
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref13
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref13
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref14
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref14
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref14
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref14
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref15
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref15
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref15
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref15
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref16
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref16
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref16
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref16
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref17
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref17
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref17
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref18
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref18
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref18
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref19
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref19
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref19
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref19
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref20
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref20
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref20
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref21
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref21
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref21
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref21
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref21
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref21
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref22
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref22
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref22
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref23
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref23
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref23
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref23
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref23
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref24
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref24
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref24
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref24
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref25
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref25
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref25
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref26
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref26
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref26
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref27
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref27
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref28
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref28
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref28
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref28
http://www.most.gov.cn/eng/pressroom/
http://www.most.gov.cn/eng/pressroom/
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref30
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref30
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref30
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref31
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref31
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref32
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref32
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref32
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref33
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref33
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref33
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref34
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref34
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref34
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref35
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref35
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref35
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref36
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref36
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref36
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref37
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref37
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref38
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref38

Y. Duan et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571
[58]
[591
[60]

[61]

and suppresses apoptosis in human umbilical vein endothelial cells, Oncotarget 8
(2017) 41348-41363.

S.-H. Lee, M. Zahoor, J.-K. Hwang, D.S. Min, K.-Y. Choi, Valproic acid induces
cutaneous wound healing in vivo and enhances keratinocyte motility, PloS One 7
(2012) e48791.

D. Qi, M. Wei, S. Jiao, Y. Song, X. Wang, G. Xie, J. Taranto, Y. Liu, Y. Duan, B. Yu,
H. Li, Y.M. Shah, Q. Xu, J. Du, F.J. Gonzalez, A. Qu, Hypoxia inducible factor
lalpha in vascular smooth muscle cells promotes angiotensin II-induced vascular
remodeling via activation of CCL7-mediated macrophage recruitment, Cell Death,
Diskurs 10 (2019) 544.

Y. Du, D. Li, N. Li, C. Su, C. Yang, C. Lin, M. Chen, R. Wu, X. Li, G. Hu, POFUT1
promotes colorectal cancer development through the activation of Notchl
signaling, Cell Death, Diskurs 9 (2018) 995.

F. Zhu, F. Xiong, J. He, K. Liu, Y. You, Q. Xu, J. Miao, Y. Du, L. Zhang, H. Ren,
X. Wang, J. Chen, J. Li, S. Chen, X. Liu, N. Huang, Y. Wang, Brd4 inhibition
ameliorates Pyocyanin-mediated macrophage dysfunction via transcriptional
repression of reactive oxygen and nitrogen free radical pathways, Cell Death,
Diskurs 11 (2020) 459.

S. Rajagopalan, S. Kurz, T. Munzel, M. Tarpey, B.A. Freeman, K.K. Griendling, D.
G. Harrison, Angiotensin II-mediated hypertension in the rat increases vascular
superoxide production via membrane NADH/NADPH oxidase activation.
Contribution to alterations of vasomotor tone, J. Clin. Invest. 97 (1996)
1916-1923.

P.R. Devchand, H. Keller, J.M. Peters, M. Vazquez, F.J. Gonzalez, W. Wahli, The
PPARalpha-leukotriene B4 pathway to inflammation control,, Nature 384 (1996)
39-43.

J. Plutzky, The PPAR-RXR transcriptional complex in the vasculature: energy in the
balance,, Circ. Res. 108 (2011) 1002-1016.

E. Araki, S. Yamashita, H. Arai, K. Yokote, J. Satoh, T. Inoguchi, J. Nakamura,
H. Maegawa, N. Yoshioka, Y. Tanizawa, H. Watada, H. Suganami, S. Ishibashi,
Effects of pemafibrate, a novel selective PPARalpha modulator, on lipid and
glucose metabolism in patients with type 2 diabetes and hypertriglyceridemia: a
randomized, double-blind, placebo-controlled, phase 3 trial,, Diabetes Care 41
(2018) 538-546.

T. Bansal, E. Chatterjee, J. Singh, A. Ray, B. Kundu, V. Thankamani, S. Sengupta,
S. Sarkar, Arjunolic acid, a peroxisome proliferator-activated receptor alpha
agonist, regresses cardiac fibrosis by inhibiting non-canonical TGF-beta signaling,
J. Biol. Chem. 292 (2017) 16440-16462.

J. Yuan, H. Mo, J. Luo, S. Zhao, S. Liang, Y. Jiang, M. Zhang, PPARalpha activation
alleviates damage to the cytoskeleton during acute myocardial ischemia/
reperfusion in rats, Mol. Med. Rep. 17 (2018) 7218-7226.

A. Mitra, R. Datta, S. Rana, S. Sarkar, Modulation of NFKB1/p50 by ROS leads to
impaired ATP production during MI compared to cardiac hypertrophy, J. Cell.
Biochem. 119 (2018) 1575-1590.

L. Ibarra-Lara, L.G. Cervantes-Perez, F. Perez-Severiano, L. Del Valle, E. Rubio-
Ruiz, E. Soria-Castro, G.S. Pastelin-Hernandez, M. Sanchez-Aguilar, J.C. Martinez-
Lazcano, A. Sanchez-Mendoza, PPARalpha stimulation exerts a blood pressure
lowering effect through different mechanisms in a time-dependent manner, Eur. J.
Pharmacol. 627 (2010) 185-193.

M. Newaz, A. Blanton, P. Fidelis, A. Oyekan, NAD(P)H oxidase/nitric oxide
interactions in peroxisome proliferator activated receptor (PPAR)alpha-mediated
cardiovascular effects, Mutat. Res. 579 (2005) 163-171.

S. Li, B. Yang, Y. Du, Y. Lin, J. Liu, S. Huang, A. Zhang, Z. Jia, Y. Zhang, Targeting
PPAR« for the treatment and understanding of cardiovascular diseases, Cell.
Physiol. Biochem. 51 (2018) 2760-2775.

R. Li, W. Zheng, R. Pi, J. Gao, H. Zhang, P. Wang, K. Le, P. Liu, Activation of
peroxisome proliferator-activated receptor-alpha prevents glycogen synthase 3beta
phosphorylation and inhibits cardiac hypertrophy, FEBS Lett. 581 (2007)
3311-3316.

S. Sarma, H. Ardehali, M. Gheorghiade, Enhancing the metabolic substrate: PPAR-
alpha agonists in heart failure, Heart Fail. Rev. 17 (2012) 35-43.

Y. Fedorov, E.M. Anderson, A. Birmingham, A. Reynolds, J. Karpilow, K. Robinson,
D. Leake, W.S. Marshall, A. Khvorova, Off-target effects by siRNA can induce toxic
phenotype, RNA 12 (2006) 1188-1196.

Q.N. Diep, H.D. Intengan, E.L. Schiffrin, Endothelin-1 attenuates omega3 fatty
acid-induced apoptosis by inhibition of caspase 3, Hypertension 35 (2000)
287-291.

M.J. Robinson, M.H. Cobb, Mitogen-activated protein kinase pathways, Curr. Opin.
Cell Biol. 9 (1997) 180-186.

H.J. Schaeffer, M.J. Weber, Mitogen-activated protein kinases: specific messages
from ubiquitous messengers, Mol. Cell Biol. 19 (1999) 2435-2444.

Z. Xia, M. Dickens, J. Raingeaud, R.J. Davis, M.E. Greenberg, Opposing effects of
ERK and JNK-p38 MAP kinases on apoptosis, Science 270 (1995) 1326-1331.

S. Basu, R. Kolesnick, Stress signals for apoptosis: ceramide and c-Jun kinase,
Oncogene 17 (1998) 3277-3285.

M.C. Clarke, T.D. Littlewood, N. Figg, J.J. Maguire, A.P. Davenport, M. Goddard,
M.R. Bennett, Chronic apoptosis of vascular smooth muscle cells accelerates

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

Biochemistry and Biophysics Reports 27 (2021) 101091

atherosclerosis and promotes calcification and medial degeneration, Circ. Res. 102
(2008) 1529-1538.

F.G. Welt, C. Rogers, Inflammation and restenosis in the stent era, Arterioscler.
Thromb. Vasc. Biol. 22 (2002) 1769-1776.

V.J. Dzau, R.C. Braun-Dullaeus, D.G. Sedding, Vascular proliferation and
atherosclerosis: new perspectives and therapeutic strategies, Nat. Med. 8 (2002)
1249-1256.

R. Ross, Growth regulatory mechanisms and formation of the lesions of
atherosclerosis, Ann. N. Y. Acad. Sci. 748 (1995) 1-4, discussion 4-6.

P.E. Signore, L.S. Machan, J.K. Jackson, H. Burt, P. Bromley, J.E. Wilson, B.

M. McManus, Complete inhibition of intimal hyperplasia by perivascular delivery
of paclitaxel in balloon-injured rat carotid arteries, J. Vasc. Intervent. Radiol. 12
(2001) 79-88.

R.O. Hynes, Integrins: versatility, modulation, and signaling in cell adhesion, Cell
69 (1992) 11-25.

L. Liaw, M.P. Skinner, E.W. Raines, R. Ross, D.A. Cheresh, S.M. Schwartz, C.

M. Giachelli, The adhesive and migratory effects of osteopontin are mediated via
distinct cell surface integrins. Role of alpha v beta 3 in smooth muscle cell
migration to osteopontin in vitro,, J. Clin. Invest. 95 (1995) 713-724.

K. Graf, M. Neuss, P. Stawowy, W.A. Hsueh, E. Fleck, R.E. Law, Angiotensin I and
alpha(v)beta(3) integrin expression in rat neonatal cardiac fibroblasts,
Hypertension 35 (2000) 978-984.

R.A. Gonzalez-Villalobos, R. Satou, D.M. Seth, L.C. Semprun-Prieto, A. Katsurada,
H. Kobori, L.G. Navar, Angiotensin-converting enzyme-derived angiotensin II
formation during angiotensin II-induced hypertension, Hypertension 53 (2009)
351-355.

L. Pan, Y. Li, L. Jia, Y. Qin, G. Qi, J. Cheng, Y. Qi, H. Li, J. Du, Cathepsin S
deficiency results in abnormal accumulation of autophagosomes in macrophages
and enhances Ang Il-induced cardiac inflammation, PloS One 7 (2012) e35315.
G.W. Booz, K.M. Baker, Role of type 1 and type 2 angiotensin receptors in
angiotensin II-induced cardiomyocyte hypertrophy, Hypertension 28 (1996)
635-640.

H. Ito, Y. Hirata, S. Adachi, M. Tanaka, M. Tsujino, A. Koike, A. Nogami,

F. Murumo, M. Hiroe, Endothelin-1 is an autocrine/paracrine factor in the
mechanism of angiotensin II-induced hypertrophy in cultured rat cardiomyocytes,
J. Clin. Invest. 92 (1993) 398-403.

J. Sendra, V. Llorente-Cortes, P. Costales, C. Huesca-Gomez, L. Badimon,
Angiotensin II upregulates LDL receptor-related protein (LRP1) expression in the
vascular wall: a new pro-atherogenic mechanism of hypertension, Cardiovasc. Res.
78 (2008) 581-589.

F. Wang, X. Lu, K. Peng, Y. Du, S.F. Zhou, A. Zhang, T. Yang, Prostaglandin E-
prostanoid4 receptor mediates angiotensin II-induced (pro)renin receptor
expression in the rat renal medulla, Hypertension 64 (2014) 369-377.

Z. Zhang, M. Li, R. Lu, A. Alioua, E. Stefani, L. Toro, The angiotensin II type 1
receptor (AT1R) closely interacts with large conductance voltage- and Ca2+-
activated K+ (BK) channels and inhibits their activity independent of G-protein
activation,, J. Biol. Chem. 289 (2014) 25678-25689.

W. Yu, L. Xiao, Y. Que, S. Li, L. Chen, P. Hu, R. Xiong, F. Seta, H. Chen, X. Tong,
Smooth muscle NADPH oxidase 4 promotes angiotensin II-induced aortic aneurysm
and atherosclerosis by regulating osteopontin, Biochim. Biophys. Acta (BBA) - Mol.
Basis Dis. 1866 (2020) 165912.

X. Shi, W. Ma, Y. Pan, Y. Li, H. Wang, S. Pan, Y. Tian, C. Xu, L. Li, MiR-126-5p
promotes contractile switching of aortic smooth muscle cells by targeting VEPH1
and alleviates Ang II-induced abdominal aortic aneurysm in mice, Lab. Invest. 100
(2020) 1564-1574.

M. Jiang, H. Bujo, K. Ohwaki, H. Unoki, H. Yamazaki, T. Kanaki, M. Shibasaki,
K. Azuma, K. Harigaya, W.J. Schneider, Y. Saito, Ang Il-stimulated migration of
vascular smooth muscle cells is dependent on LR11 in mice, J. Clin. Invest. 118
(2008) 2733-2746.

B. Bouscarel, P.B. Wilson, P.F. Blackmore, C.J. Lynch, J.H. Exton, Agonist-induced
down-regulation of the angiotensin II receptor in primary cultures of rat
hepatocytes, J. Biol. Chem. 263 (1988) 14920-14924.

K.M. Anderson, T. Murahashi, D.E. Dostal, M.J. Peach, Morphological and
biochemical analysis of angiotensin II internalization in cultured rat aortic smooth
muscle cells, Am. J. Physiol. 264 (1993) C179-C188.

H. Sakuta, M. Sekiguchi, K. Okamoto, Y. Sakai, Desensitization of endogenous
angiotensin II receptors in Xenopus oocytes: a role of protein kinase C, Eur. J.
Pharmacol. 208 (1991) 41-47.

J. Wang, X. Peng, R.M. Lassance-Soares, A.H. Najafi, L.O. Alderman, S. Sood,

Z. Xue, R. Chan, J.E. Faber, S.E. Epstein, M.S. Burnett, Aging-induced collateral
dysfunction: impaired responsiveness of collaterals and susceptibility to apoptosis
via dysfunctional eNOS signaling, J. Cardiovasc. Transl. Res. 4 (2011) 779-789.
A. Ruiz-Torres, R. Lozano, J. Melon, R. Carraro, Age-dependent decline of in vitro
migration (basal and stimulated by IGF-1 or insulin) of human vascular smooth
muscle cells, J. Gerontol. A. Biol. Sci. Med. Sci. 58 (2003) B1074-B1077.


http://refhub.elsevier.com/S2405-5808(21)00185-0/sref38
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref38
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref39
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref39
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref39
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref40
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref40
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref40
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref40
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref40
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref41
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref41
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref41
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref42
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref42
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref42
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref42
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref42
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref43
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref43
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref43
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref43
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref43
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref44
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref44
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref44
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref45
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref45
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref46
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref46
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref46
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref46
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref46
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref46
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref47
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref47
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref47
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref47
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref48
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref48
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref48
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref49
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref49
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref49
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref50
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref50
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref50
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref50
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref50
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref51
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref51
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref51
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref52
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref52
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref52
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref53
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref53
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref53
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref53
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref54
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref54
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref55
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref55
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref55
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref56
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref56
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref56
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref57
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref57
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref58
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref58
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref59
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref59
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref60
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref60
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref61
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref61
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref61
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref61
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref62
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref62
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref63
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref63
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref63
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref64
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref64
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref65
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref65
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref65
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref65
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref66
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref66
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref67
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref67
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref67
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref67
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref68
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref68
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref68
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref69
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref69
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref69
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref69
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref70
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref70
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref70
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref71
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref71
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref71
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref72
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref72
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref72
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref72
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref73
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref73
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref73
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref73
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref74
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref74
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref74
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref75
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref75
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref75
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref75
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref76
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref76
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref76
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref76
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref77
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref77
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref77
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref77
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref78
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref78
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref78
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref78
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref79
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref79
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref79
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref80
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref80
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref80
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref81
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref81
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref81
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref82
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref82
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref82
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref82
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref83
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref83
http://refhub.elsevier.com/S2405-5808(21)00185-0/sref83

	Deficiency of peroxisome proliferator-activated receptor α attenuates apoptosis and promotes migration of vascular smooth m ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals
	2.2 Isolation and culture of aortic vascular smooth muscle cells
	2.3 Vascular smooth muscle cell apoptosis
	2.4 Quantitative real-time polymerase chain reaction
	2.5 Wound healing assay
	2.6 Transwell assay
	2.7 Western blot analysis
	2.8 Statistical analysis

	3 Results
	3.1 Generation and characterization of smooth muscle cell-specific Ppara-deficient mice
	3.2 PPARα deficiency attenuates vascular smooth muscle cell apoptosis
	3.3 PPARα deficiency enhances vascular smooth muscle cell migration

	4 Discussion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


