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Restenosis limits the efficacy of vascular percutaneous intervention, in which vascular smooth muscle
cell (VSMC) proliferation and activation of inflammation are two primary causal factors. Calpains
influence VSMC proliferation and collagen synthesis. However, the roles of calpastatin and calpains

in vascular restenosis remain unclear. Here, restenosis was induced by ligating the left carotid artery,
and VSMCs were pretreated with platelet-derived growth factor (PDGF)-BB. Adenovirus vector

carrying MMP2 sequence and specific small interfering RNA against calpain-1/2 were introduced.
Finally, restenosis enhanced the expression of calpain-1/2, but reduced calpastatin content. In
calpastatin transgenic mice, lumen narrowing was attenuated gradually and peaked on days 14-21.
Cell proliferation and migration as well as collagen synthesis were inhibited in transgenic mice, and
expression of calpain-1/2 and MMP2/transforming growth factor-31 (TGF-31). Consistently, in VSMCs
pretreated with PDGF-BB, calpastatin induction and calpains inhibition suppressed the proliferation
and migration of VSMCs and collagen synthesis, and reduced expression of calpain-1/2 and MMP2/TGF-31.
Moreover, simvastatin improved restenosis indicators by suppressing the HIF-1a/calpains/MMP2/TGF-31
pathway. However, MMP2 supplementation eliminated the vascular protection of calpastatin induction
and simvastatin. Collectively, calpains inhibition plays crucial roles in vascular restenosis by preventing
neointimal hyperplasia at the early stage via suppression of the MMP2/TGF-31 pathway.

In patients who receive percutaneous interventions of coronary, carotid and peripheral arteries, restenosis will
lead to recurrent lumen narrowing!->. Considering the rapidly increasing number of cardiovascular patients?,
restenosis has become a significant clinical concern. There are many pathological features of in-stent restenosis
that limit the efficacy of percutaneous intervention®, including dysfunctional endothelial cells, proliferation and
migration of vascular smooth muscle cells (VSMCs), and activation of inflammation®. As the principal com-
ponent of vascular walls, VSMCs play crucial roles in both the physiological functions of blood vessels and the
formation atherosclerotic lesions’. As induced by cytokines and growth factors including platelet-derived growth
factor (PDGF) during atherosclerosis and restenosis, abnormal VSMC proliferation and migration will give rise
to obvious neointimal formation and severe vascular lumen loss?, in which PDGF initiates a multitude of biolog-
ical effects by activating certain intracellular signal transduction pathways®. Thus, inhibition of VSMC prolifer-
ation and migration induced by PDGF may represent an important therapeutic intervention for restenosis after
angioplasty.

As a growing family of cysteine proteinases whose activity depends on intracellular Ca** concentrations',
calpains perform important roles in basic physiological and pathological processes''*2. All calpain isoforms
are located in the cytosol as inactive proenzymes with calpain-p (or 1) and calpain-m (or 2) expressed ubiqui-
tously. There are many processes involved in calpain activation, such as calcium influx, phospholipid binding,

. release of calpain from its inhibitor, binding of activator proteins, and phosphorylation'’. PDGF is able to acti-
© vate calpain-1/2 by increasing the intracellular Ca*" concentration and activation of mitogen-activated protein
kinase'*!>. Furthermore, calpains mediate PDGF-induced collagen synthesis and VSMC proliferation's. It is well

!Department of Cardiology, Chengdu Military General Hospital, Chengdu 610083, China. 2Department of Cardiology,
The Affiliated Hospital of Southwest Medical University, Luzhou 64600, China. 3Department of Cardiology, Xijing
Hospital, Fourth Military Medical University, Xi‘an 710032, China. “Center of Translational Medicine, Temple
University School of Medicine, Philadelphia, PA 19140, USA. "These authors contributed equally to this work.
Correspondence and requests for materials should be addressed toY.Y. (email: yyj10001@126.com) or D.Y. (email:
yangdachun2010@126.com)

SCIENTIFICREPORTS | 6:29975| DOI: 10.1038/srep29975 1


mailto:yyj10001@126.com
mailto:yangdachun2010@126.com

www.nature.com/scientificreports/

known that deregulated calpain activity can cause tissues damage in response to certain events such as myocardial
infarct, stroke, and brain trauma'”. Overactivation of calpain leads to pulmonary vascular remodelling induced
by arterial hypertension'® and cardiovascular remodelling induced by angiotensin II'°. Moreover, calpastatin
serves as the major endogenous inhibitor of calpains® via binding to calpains in the presence of Ca?* 2?2, Thus,
the expression level of calpastatin is likely to be an important factor in controlling calpain activity. Accumulating
evidence suggests a modulatory role of the calpastatin/calpains pathway in cardiovascular remodelling'®!*.
However, the alterations of calpastatin and calpains under the conditions of in-stent restenosis are incompletely
understood, regardless of the related biological functions and underlying mechanisms.

The neointimal formation in vascular restenosis may be associated with abnormal proliferation and migra-
tion of VSMCs and new collagen deposition. Belonging to a broad family of Zn?*-binding endopeptidases,
matrix metalloproteinase-2 (MMP2) plays crucial roles in cell proliferation, migration, and collagen deposi-
tion?*-2%, With membrane type 1 matrix metalloproteinase (MT1MMP) and tissue inhibitor of metalloproteinase
2 (TIMP2) being the most potent activator and most important inhibitor of MMP2 activity, respectively, the ratio
of MTIMMP/TIMP2 will finally determine the effects of MMP2?. Calpain-1 activation appears to be a pivotal
event in MMP?2 activation and synthesis of collagen I and II1?#-*°. Calpain-2 can also increase MMP2 activity
to promote glioblastoma cell invasion®. As a major profibrotic factor, transforming growth factor-31 (TGF-31)
can be activated by increased MMP2 to induce collagen production in the central arterial wall*2. Moreover, a
neutralizing antibody against TGF-81 can block the effects of MMP2 on collagen synthesis*. Notably, Leloup
et al.*® have revealed that calpain-2 participates in TGF-B1-mediated migration of myoblasts. Ma et al.!° also show
that calpain can increase TGF-31 expression to mediate PDGF-induced collagen synthesis and the proliferation
of artery smooth muscle cells in pulmonary hypertension. However, whether MMP2/TGF-{31 signalling mediates
the biological functions of calpastatin and calpain in vascular restenosis needs further research.

The aims of the present study were to determine (i) whether expression of calpastatin and calpains is altered
in vascular restenosis; (ii) whether calpastatin induction prevents vascular restenosis and, if so; (iii) to identify
whether MMP2/TGF-1 signalling-mediated proliferation and migration of VSMCs and synthesis of collagen
influence the abovementioned effects; (iv) whether the abovementioned pathway participates in the biological
actions of statins in restenosis.

Methods

Animal preparation. Calpastatin transgenic (TG) mice [C57BL/6] background, established with human
calpastatin cDNA cloned into the pDown-calpastatin vector (Cyagen Biosciences Inc., Guangzhou, China)] and
wild-type (WT) littermates were established and characterised as reported previously?. All mice were fed stand-
ard laboratory animal chow with free access to tap water, and were housed in a temperature- and humidity-con-
trolled room with a 12/12-hour light-dark cycle. All experiments were performed in accordance with the National
Institutes of Health Guidelines on the Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of Chengdu Military General Hospital.

Protocol for carotid restenosis induction.  Mice were anesthetized with pentobarbital sodium (40 mg/kg,
i.p., Chengdu, China). The left carotid artery was dissected through a midline cervical incision. The left carotid
artery just proximal to the bifurcation was then ligated with silk (6-0), whereas the right carotid artery was used as
an internal control®*. After 0, 1, 2, 3, and 4 weeks, mice were anaesthetized and sacrificed to harvest their carotid
arteries.

Culture of neonatal murineVSMCs.  VSMCs were isolated from digested aortas. The cells were cultured at
37°C with 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with Hepes buffer, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, glutamine, and 10% fetal calf serum (Invitrogen). VSMCs were characterized
by immunostaining with a monoclonal antibody against c-actin (1:80, Abcam). All experiments were performed
using confluent passage 2 or 3 cells after 24 hours of serum starvation.

Gene silencing of calpain-1/2. Small interfering RNA (siRNA) was introduced to silence calpain expres-
sion in VSMCs. The specific siRNAs against calpain-1 and -2 were 5'-AAGCTAGTGTTCGTGCACTCT-3’ and
5'-AAACCAGAGCTTCCAGGAAAA-3’, respectively. The control sequence was 5'-AACGTACGCGGAATA
CTTCGA-3'. All siRNAs were synthesized by Qiagen (Chatsworth, CA, USA) and transfected into VSMCs using
Qiagen RNAijFest transfection reagent as reported previously®. At 72hours after transfection, protein expression of
calpain-1/2 was evaluated in VSMCs.

Adenoviral vector carrying MMP2.  The MMP2 gene was subcloned into an adenovirus expression vector,
which also encoded green fluorescence protein (GFP), to construct an overexpression vector carrying MMP2
(GenePharma, China)?. The recombinant plasmid was transfected into 293T cells to generate adenoviruses
carrying GFP (AdGFP) or the mature MMP2 sequence (AdMMP2). Then, TG mice received a single intrave-
nous injection (=108 pfu) of AAGFP or AAMMP?2 via their tail vein at the time of ligation and at 7 days after liga-
tion. In addition, VSMCs (grown to 70-80% confluence) from TG mice were transduced with AAGFP or AAMMP2
(=3 pfu/cell). After 72hours, VSMCs were collected for further experiments.

Cell proliferation assay. PDGF-BB (R&D) was dissolved in 0.05% dimethyl sulfoxide and diluted fur-
ther in serum-free DMEM. The effect of PDGF on VSMC proliferation was assessed with a cell counting kit-8
(CCKB) assay. In brief, VSMCs were seeded in 96-well plates (1 x 10*cells per well) in the presence or absence
of PDGF-BB (10 ng/ml) and cultured for 24 hours. CCK8 (0.2 mg/mL) was then added to each well, followed by
incubation for 4 hours at 37 °C. Cell proliferation was assessed by measuring the absorbance at 450 nm using a
microplate reader.

SCIENTIFIC REPORTS | 6:29975 | DOI: 10.1038/srep29975 2



www.nature.com/scientificreports/

Cell migration assay. For the transwell assay, we used 24-well modified Boyden chambers containing
fibronectin-coated polycarbonate membranes (8-um pore-size, BD Bioscience). Briefly, the lower wells of the
chamber were filled with phenol red-free DMEM with or without PDGF-BB (10 ng/mL). The filters were coated
with fibronectin (50 mg/ml) and fixed on top of the bottom wells. VSMCs (1 x 10° cells per well) were allowed
to migrate for 6 hours, and non-migrated cells were removed from the upper side of the membrane with cotton
swabs. Cells on the lower side of the membrane were stained with 4,6-diamidino-2-phenylindole and counted
in five randomly selected fields per well under a fluorescence microscope (Nikon, Japan). Data are presented as
numbers of migrated cells per field*.

Wound healing assay. For the scratch wound healing assay, VSMCs were seeded in 6-well plates
(1.5 x 10° cells per well) and grown to confluence. After 24 hours of serum deprivation, the cells were incubated
for 24 hours in the presence or absence of PDGF-BB (10ng/mL). Using direct microscopic visualization, wound
closure rates were followed with a reference point in the field of the wound at the bottom of the plate. The proce-
dure permitted photographing of an identical spot each time. At 24 hours after injury, the remaining cell-free area
was determined by microphotography®’.

Immunohistochemical staining. After perfusion with saline, carotid arteries were fixed with 4% para-
formaldehyde and embedded in paraffin. Thin sections (4-5um) were stained with haematoxylin & eosin (HE).
The areas of intima and media of the carotid artery were measured using Image-Pro Plus software. Cell prolifer-
ation was assessed by immunohistochemical staining of proliferation cell nuclear antigen (PCNA) with the cor-
responding antibody (1:200, Abcam). Protein expression was evaluated by immunohistochemical staining using
antibodies against calpastatin, calpain-1, calpain-2 (1:100, Abcam), MMP2, MTIMMP, TIMP2, and collagen I
(1:100, Boster).

Quantification of MRNA.  According to the manufacturer’s instructions, total RNAs from carotid arter-
ies or VSMCs were extracted using TRIzol (Invitrogen). Total RNA (2 .g) was reverse transcribed into cDNA.
mRNA levels were quantified by quantitative real-time polymerase chain reaction (QRT-PCR) using SYBRGreen
Master Mix (Takara). Samples were amplified using the Mastercycler ep Realplex2 System (Eppendorf, Hamburg,
Germany). 18s rRNA served as an internal control for total cDNA content. Primer sequences were as fol-
lows: mouse calpastatin-F: 5-ACGTAAACGGCCACAAGTTC-3' and mouse calpastatin-R: 5'-GATCTTG
AAGTTCACCTTGATGC-3’; human calpastatin-F: 5'-ACGTAAACGGCCACAAGTTC-3’ and human
calpastatin-R: 5'-GATCTTGAAGTTCACCTTGATGC-3'; calpain-1-F: 5'-ACCA CATTTTACGAGGGCAC-3'
and calpain-1-R: 5-GGATCTTGAACTGGGGGTTT-3; calpain-2-F: 5-CCCCAGTTCATTATTGGAGG-3’
and calpain-2-R: 5-AAGCTCTGATCTGGAGGCAC-3'; MMP2-F: 5'-GCACTCTGGAGCGAGGATAC-3" and
MMP2-R: 5'-GCCCTC CTAAGCCAGTCTCT-3; TGF-31-F: 5-GGCGATACCTCAGCAACCG-3’ and TGF-3
1-R: 5'-CTAAGGCGAAAGCCCTCAAT-3’; collagen I-F: 5-GTGGTAACGATGGTGCTGTCG-3' and collagen
I-R: 5-CCAGCAACACCATCAGCACC-3/; collagen III-F: 5-TGCAGGACCT AGAGGAGTAGC-3’ and colla-
gen III-R: 5-GTCCAGCTCCACCTCTAAGC-3/; 18s rRNA-F: 5-CGCGGTTCTATTTTGTTGGTTT-3' and 18s
rRNA-R: 5-GCGCCGGTCCAAGAATTT-3'. All samples were run in triplicate and averaged.

Western blotting. VSMCs were lysed in RIPA buffer. Protein concentrations were quantified with protein
assay reagent (Bio-Rad, Hercules, CA, USA). Equal amounts of protein were loaded and separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride membranes
(Bio-Rad). The membranes were incubated overnight with primary antibodies against HIF-1c (1:1000, Abcam),
calpastatin, TGF-31 (1:2000, Abcam), calpain-1, calpain-2, a-II spectrin (1:3000, Abcam), MMP2, TIMP2 (1:400,
Boster), MT1IMMP (1:200, Boster), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:1000, Cell
Signaling Technology). At room temperature, membranes were incubated with corresponding secondary anti-
bodies for 1 hour. Quantitative analysis was performed with Image J software (NIH). All samples were run in
triplicate and averaged.

Statistical analysis.  All values are presented as the mean + standard error of the mean (SEM). Data (except
western blot densities) were subjected to analysis of variance followed by Bonferroni correction for the post-hoc
t-test. Western blot densities were analysed with the Kruskal-Wallis test followed by the Dunn post-hoc test.
P <0.05 was considered to be statistically significant.

Results

Calpastatin induction attenuates vascular restenosis. To elucidate the specific functions of calpasta-
tin and calpains in restenosis induced by carotid artery ligation, we performed mRNA analyses of calpain-1/2 and
calpastatin, which might undergo changes, from the onset of ligation to day 28. As a result, there was a significant
increase of calpain-1/2 expression in the injured carotid artery with the development of restenosis (Fig. 1A).
In contrast, as a specific endogenous calpain inhibitor, mouse calpastatin expression was inhibited gradually
(Fig. 1B). Collectively, these data indicate that the functional balance of calpastatin and calpains may be disrupted
in vascular restenosis. To test this hypothesis, we established TG mice that constitutively expressed high levels of
human calpastatin (p < 0.01, Fig. 1C). Compared with WT mice, lumen narrowing in TG mice was ameliorated
gradually and peaked on days 14-21 as measured by HE staining and the intima/media ratio (p < 0.05, Fig. 1D).
Based on these observations, we further explored vascular injury at 14 days after ligation. PCNA-positive cells,
an important index of cell proliferation, showed a declining tendency (p < 0.01, Fig. 1E; Supplemental Fig. 1A).
Collagen I was successfully suppressed by calpastatin overexpression (p < 0.05, Fig. 1F). Moreover, in ligated TG
mice, expression of calpain-1/2 was obviously inhibited (p < 0.05, Fig. 1G; Supplemental Fig. 1B,C), whereas
calpastatin expression was elevated significantly (p < 0.01, Fig. 1G; Supplemental Fig. 1D). Taken together, these
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Figure 1. Alterations of calpain-1, calpain-2, and calpastatin expression in carotid restenosis with
calpastatin induction attenuating restenosis. (A,B) mRNA levels of calpain-1, calpain-2, and mouse
calpastatin were assessed by quantitative real-time polymerase chain reaction (QRT-PCR). (C) mRNA

levels of human calpastatin were assessed by qRT-PCR. (D) The extent of carotid restenosis was assessed

by haematoxylin & eosin (HE) staining. Representative images are shown in the left panel. The results were
analysed by I/M ratio in the right panel. (E) Cell proliferation was assessed by immunohistochemical staining
of PCNA-positive cells in carotid restenosis at 14 days after ligation. (F) Collagen synthesis was determined by
immunohistochemical staining of collagen I at 14 days after ligation. Representative images are shown in the left
panel. The results were automatically counted and calculated by Image-Pro Plus software as shown in the right
panel. (G) Expression of calpain-1, calpain-2, and calpastatin was assessed by immunohistochemical staining
at 14 days after ligation. The results were analysed by the IOD/area. WT, wild-type; TG, calpastatin transgene;
I/M, intima/media; PCNA, proliferating cell nuclear antigen; IOD, integral optical density. Presented values
are means + SEM. N = 6-8/group. “P < 0.05, P < 0.01 vs. WT-Sham (0d); “P < 0.05, **P < 0.01 vs. WT-14d
ligation; P < 0.05 vs. WT-7d ligation; P < 0.05 vs. WT-21d ligation.

results suggest that calpastatin induction can successfully attenuate vascular restenosis by suppressing cell prolif-
eration and collagen synthesis at the early stage, which is related to inhibition of calpain-1/2.

Vascular protection conferred by calpastatin induction depends on negative regulation of
MMP2/TGF-31 signalling. Substantial evidence has indicated that MMP2/TGF-f1 signalling might par-
ticipate in cell proliferation and collagen synthesis. To identify the role of MMP2/TGF-{31 signalling in vascular
restenosis, we detected the expression of these molecules in the injured carotid artery of TG mice. As a result,
calpastatin overexpression markedly decreased the expression of MMP2, and the ratio of MT1IMMP/TIMP2
showed a similar pattern compared with the WT-14d ligation group (p < 0.05, Fig. 2A-D). In addition, gRT-PCR
analysis revealed a remarkable decline of TGF-f31 in TG mice (p < 0.05, Fig. 2E). Moreover, we administrated TG
mice with an adenoviral vector carrying MMP2 through their tail vein. As a result, there was an obvious increase
of MMP2 expression in the ligated carotid artery of TG mice (p < 0.01, Fig. 2F), which successfully reversed the
protective effects of calpastatin induction against restenosis (p < 0.01, Fig. 2G). These combined data show that
MMP2/TGF-B1 signalling is causally linked to the specific role of calpastatin in vascular restenosis.

Calpastatin induction attenuates PDGF-induced proliferation and migration of VSMCs and
collagen synthesis through inhibition of the MMP2/TGF-31 pathway. To identify the underlying
mechanism of vascular restenosis, we isolated and cultured neonatal murine VSMCs (Supplemental Fig. 2A).
The cells were then applied to CCKS8, transwell, scratch wound healing, and qQRT-PCR assays. We found that
PDGF-BB markedly enhanced the proliferation and migration of VSMCs as well as collagen I and III synthesis, all
of which were reversed by calpastatin overexpression (Fig. 3A-D; Supplemental Fig. 2B-D). In addition, the high
expression of calpain-1/2 induced by PDGF-BB was mitigated by calpastatin induction as measured by gRT-PCR
and western blotting (p < 0.05, Fig. 3E-G). Moreover, we determined the fraction expression of calpain-specific
spectrin breakdown products (SBDPs), which indicated calpain activity. Notably, calpastatin induction obviously
inhibited the activities of calpains (p < 0.05, Fig. 3F,H). Based on these observations, it is reasonable to assume
that overexpression of calpastatin suppresses PDGF-induced expression of MMP2/TGF-31 in cultured VSMCs.
Finally, western blotting revealed that the increases in expression of MMP2/TGF-3 1 induced by PDGF-BB were
reversed by calpastatin induction (p < 0.05, Fig. 31-K). Therefore, these findings confirm that forced calpastatin
expression in VSMCs ameliorates restenosis by inhibition of MMP2/TGF-{31 signalling.

Calpains inhibition alleviates PDGF-induced proliferation and migration of VSMCs and collagen
synthesis via suppression of the MMP2/TGF-31 pathway. To identify the specific role of calpain-1/2
in vascular restenosis, we pretreated VSMCs with specific siRNAs against calpain-1 or -2. After 72 hours of trans-
fection, expression of calpain-1/2 was inhibited (p < 0.05, Fig. 4A,F). In CCKS, transwell, scratch wound healing,
and qRT-PCR assays, we found that calpain-1 inhibition largely attenuated PDGF-BB-induced proliferation and
migration of VSMCs and collagen I synthesis, as well as expression of MMP2/TGF-31 (Fig. 4B-E). In contrast,
calpain-2 inhibition only ameliorated PDGF-BB-induced migration of VSMCs as evidenced by transwell and
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Figure 2. Calpastatin overexpression inhibits expression of MMP2/TGF-31 in carotid restenosis, and
MMP2 supplementation reverses the protective effect of calpastatin induction. (A-C) Expression of MMP2,
MTI1MMP, and TIMP2 was determined by immunohistochemical staining in carotid restenosis at 14 days

after ligation. Representative images are shown. (D) Quantification of MMP2, MT1IMMP, and TIMP2 by the
IOD/area. (E,F) mRNA levels of MMP2/TGF-31 were determined by qRT-PCR. (G) The extent of carotid
restenosis was assessed by HE staining. MMP2, matrix metalloproteinase 2; MT1MMP, membrane type matrix
metalloproteinase-1; TIMP2, tissue inhibitor of matrix metalloproteinase-2; TGF-3 1, transforming growth
factor-3 1; IOD, integral optical density; AdGFP, adenovirus vector encoding green fluorescence protein;
AdMMP2, adenovirus vector carrying MMP2 sequence. Presented values are means - SEM. N = 6-8/group.
**P<0.01 vs. WT-Sham; *P < 0.05 vs. WT-14d ligation; "?P < 0.01 vs. TG-14d ligation + AdGFP.

scratch wound healing assays (Fig. 4L]). These results suggest that calpain-1 is the major molecule in the devel-
opment of vascular restenosis by influencing all aspects, whereas calpain-2 serves as an auxiliary element in
restenosis by only enhancing VSMC migration.

MMP2 overexpression exacerbates PDGF-induced proliferation and migration of VSMCs.
To elucidate the causal role of MMP?2 in the protective effects of calpastatin against restenosis, we pretreated TG
VSMCs with an adenoviral vector carrying MMP2. We found an apparent increase in MMP2 expression (p < 0.01,
Fig. 5A), along with increased TGF-(1 expression (p < 0.05, Fig. 5A). CCK8, transwell, and scratch wound heal-
ing assays showed that MMP2 overexpression significantly reversed the inhibitive effects of calpastatin on the
proliferation and migration of VSMCs (p < 0.05, Fig. 5B-D). Therefore, these data indicated that MMP2/TGF-1
indeed serves as downstream signalling of calpastatin and calpains in vascular restenosis.

Simvastatin alleviates vascular restenosis via inhibition of the HIF-1a/calpains/MMP2/TGF-31
pathway. Simvastatin has been shown to reduce inflammatory responses in vascular diseases. Thus, we inves-
tigated whether simvastatin alleviates vascular restenosis and analysed the regulation of simvastatin in the cal-
pastatin/calpains system. As shown in Fig. 6A, simvastatin significantly reduced the expression of calpain-1/2
(p<0.05) and HIF-1a (p < 0.01), and obviously increased the expression of calpastatin (p < 0.05). Moreover,
simvastatin markedly suppressed the expression of MMP2 and TGF-B1 (p < 0.05, Fig. 6B), which was reversed
by administration of the adenoviral vector carrying MMP2. Most importantly, the application of simvastatin
significantly inhibited PDGF-induced synthesis of collagen I and the proliferation and migration of VSMCs, but
not in the presence of AAMMP?2 (p < 0.05, Fig. 6C-F). Consequently, these observations reveal that simvastatin
alleviates restenosis by inhibition of the HIF-1a/calpains/ MMP2/TGF-(1 pathway.

Discussion

The present study provides a deep insight into the protective functions of calpastatin and calpains in vascular
restenosis. First, we found disrupted expression of calpastatin and calpains in vascular restenosis, whereas cal-
pastatin induction and calpains inhibition attenuated restenosis by inhibiting the proliferation and migration
of VSMCs as well as collagen synthesis at the early stage. Second, we provided valid evidence indicating that
MMP2/TGF-1 signalling was negatively regulated by the calpastatin/calpains pathway to affect vascular reste-
nosis. Third, we revealed that statins were able to prevent restenosis partly via inhibition of the HIF-1c/calpains/
MMP2/TGF-B1 pathway. To the best of our knowledge, this is the first study employing TG mice to investigate
the specific role of the calpastatin/calpains pathway in vascular restenosis.

Vascular percutaneous intervention is the main therapeutic strategy for atherosclerosis. However, the high
incidence of vascular restenosis limits its clinical efficacy, and the detailed underlying mechanisms responsible for
the occurrence and development of restenosis have not yet been fully elucidated yet*®*. Increasing evidence sug-
gests that calpains play an important role in cell differentiation, proliferation and migration**-42, Recently, uncon-
trolled activation of calpain has been found to contribute to the pathogenesis of myocardial reperfusion injury,
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Figure 3. Calpastatin induction suppresses PDGF-induced proliferation and migration of VSMCs and
collagen I synthesis via inhibition of the MMP2/TGF-31 pathway mediated by calpain-1/2. (A) Cell
proliferation was measured by cell counting kit-8 (CCK-8) assays. (B) Non-directional cell migration was
measured by transwell migration assays. (C) Directional migration was measured by scratch wound healing
assays. (D,E) mRNA levels of collagen I, collagen III, calpain-1, and calpain-2 were determined by qRT-PCR.
(EI) Representative images of western blots. (G,},K) Densitometric analyses of calpastatin, calpain-1/2,
MMP2, MTIMMP, TIMP2, and TGF-31. (H) Calpain activity was determined by measurement of the fraction
of calpain-specific SBDPs, which was calculated by dividing the cleaved spectrin density (145 and 150 kDa)
by the total spectrin density (145, 150, and 250kD). VSMCs, vascular smooth muscle cells; PDGE, platelet-
derived growth factor; SBDPs, spectrin breakdown products; MMP2, matrix metalloproteinase 2; MT1IMMP,
membrane-type matrix metalloproteinase-1; TIMP2, tissue inhibitor of matrix metalloproteinase-2; TGF-§ 1,
transforming growth factor-g 1; OD, Optical density. Presented values are means == SEM. N = 6-8/group.
"P<0.05, “P<0.01 vs. WT; *P < 0.05 vs. WT + PDGE-BB.

cardiac hypertrophy, myocardial stunning, and cardiac ischemia®. In pulmonary hypertension, Kovacs et al.'®
showed that calpain modulates pulmonary vascular remodelling. In parallel, Ma et al.' also revealed that calpain
mediates PDGF-induced collagen synthesis and VSMC proliferation. Moreover, Letavernier et al.’® claimed that
calpastatin overexpression can serve as an endogenous inhibitor to blunt calpain activation, and calpastatin TG
mice display an obvious improvement in angiotensin II-induced left ventricle hypertrophy. However, to date, the
specific function of the calpastatin/calpains pathway in vascular restenosis remains poorly defined. Here, through
establishing mouse models of vascular restenosis by ligation of the left carotid artery, we found that the calpasta-
tin/calpains pathway is negatively regulated in vascular restenosis, indicating its important role in restenosis.
Next, using TG mice, we directly observed the protective effects of calpastatin/calpains signalling in vasculature.
Data from the present study indicated that calpastatin gene transfer successfully attenuated vascular restenosis
by suppressing cell proliferation and collagen synthesis at the earlier stage. Most importantly, the expression and
activities of calpain-1/2 were largely inhibited in ligated TG mice. It has been reported that calpastatin overex-
pression reduces reactive oxygen species (ROS) production and peroxynitrite formation in diabetic mice*, and
ROS overload is able to enhance the expression and activity of calpains**~*’. Thus, calpastatin induction may not
only directly prevent calpains activation, but also indirectly inhibit calpains expression by lessening ROS gener-
ation. These results reveal an important clinical significance in the treatment of in-stent restenosis by targeting
calpastatin. To further elucidate whether calpain-1/2 play equal roles in restenosis, we introduced specific siRNAs
against calpain-1/2 into VSMCs. As a result, we found that calpain-1 served as the major molecule to induce
restenosis processes by enhancing the proliferation and migration of VSMCs and increasing collagen synthesis.
In contrast, calpain-2 only played an auxiliary role in restenosis by enhancing VSMC migration. Thus, calpain-1
may be developed as an effective therapeutic target for restenosis patients.
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Figure 4. Calpains inhibition by siRNA attenuates PDGF-induced proliferation and migration of VSMCs
and collagen synthesis by inhibition of the MMP2/TGF-31 pathway. (A,F) Expression of calpain-1/2 was
determined by western blotting. (B,G) mRNA levels of MMP2, TGF-{1, and collagen I were evaluated by
qRT-PCR. (C,H) Cell proliferation was measured by CCK-8 assays. (D,I) Non-directional cell migration was
measured by transwell migration assays. (E,J) Directional cell migration was measured by scratch wound
healing assays. VSMCs, vascular smooth muscle cells; PDGE, platelet-derived growth factor; MMP2, matrix
metalloproteinase 2; TGF-{1, transforming growth factor-8 1; siRNA, small interfering RNA; OD, optical
density. Presented values are means + SEM. N = 6-8/group. “P < 0.05, P < 0.01 vs. WT + PDGF-BB + Control
siRNA.
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Figure 5. MMP2 overexpression reverses the protective effect of calpastatin induction in VSMCs
pretreated with PDGF-BB. (A) Expression of MMP2 and TGF-31 was determined by western blotting.

(B) Cell proliferation was measured by CCK-8 assays. (C) Non-directional cell migration was measured by
transwell migration assays. (D) Directional cell migration was measured by scratch wound healing assays.
VSMCs, vascular smooth muscle cells; PDGE, platelet-derived growth factor; MMP2, matrix metalloproteinase
2; TGF-$ 1, transforming growth factor-f 1; AAGFP, adenovirus vector encoding green fluorescent protein;
AdMMP2, adenovirus vector carrying MMP2; OD, optical density. Presented values are means - SEM. N =6-8/
group. "P < 0.05, vs. WT + PDGF-BB + AdGFP.
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Figure 6. Simvastatin attenuates PDGF-induced proliferation and migration of VSMCs and collagen
I synthesis, possibly by inhibition of the HIF-1ot/calpains/ MMP2/TGF-31 pathway. (A,B) Expression
of calpastatin, calpain-1/-2, HIF-1a,, MMP2, and TGF-31 was determined by western blotting. (C) The
mRNA level of collagen I was determined by qRT-PCR. (D) Cell proliferation was measured by CCK-8
assays. (E) Non-directional cell migration was measured by transwell migration assays. (F) Directional
cell migration was measured by scratch wound healing assays. VSMCs, vascular smooth muscle cells;
PDGE, platelet-derived growth factor; MMP2, matrix metalloproteinase 2; TGF-( 1, transforming growth
factor-3 1; AAGFP, adenovirus vector encoding green fluorescent protein; AAMMP2, adenovirus vector
carrying MMP2; OD, optical density. Presented values are means = SEM. N = 6-8/group. "P < 0.05,
“P<0.01 vs. WT + PDGF-BB + Vehicle or WT + PDGF-BB + Vehicle + AdGFP; *P < 0.05, #P < 0.01 vs.
WT + PDGF-BB + Simvastatin + AdGFP.

To elucidate the underlying pathway responsible for the abovementioned alterations, we assessed expression
changes of MMP2 and TGF-31 that are pivotal in arterial restenosis after vascular intervention by influencing
matrix deposition and cell proliferation*®#. It has been demonstrated that calpain-1 mediates MMP2 expression
to enhance age-associated VSMC migration and collage deposition?. Furthermore, calpain-2 has been reported
to increase MMP2 activity, resulting in enhanced glioblastoma cell invasion®!. Moreover, Wang et al. have
reported activation of TGF-31 by increasing MMP?2 to induce collagen production in the central arterial wall*%
Here, we determined the expression of MMP2/TGF-31 signalling by the application of immunohistochemistry
and PCR in TG mice. The results from our study indicated that calpastatin overexpression markedly suppressed
the expression of MMP2/TGF-{31 in the injured carotid artery. In addition, the finally decreased quantity of
MMP?2 was attributed to the reduction of MT1IMMP expression and enhancement of TIMP2 expression. These
findings revealed a close link between MMP2/TGF-{31 signalling and the pathogenesis of vascular restenosis at
the downstream of the calpastatin/calpains pathway. To ascertain the specific location of calpastatin/calpains
signalling, we cultured neonatal murine VSMCs that were distinguished by immunohistochemical staining of
a-actin. Then, VSMCs were treated with PDGF-BB to establish an in vitro restenosis model. Lastly, our study
demonstrated that overexpression of calpastatin attenuated PDGF-induced proliferation and migration of VSMCs
and collagen synthesis in VSMCs. Moreover, calpastatin induction lessened the expression of calpain-1, calpain-2,
MMP2, and TGF-{1 in parallel with the results obtained from the animal experiments. Most importantly, MMP2
supplementation successfully reversed the vascular protection of calpastatin induction, as evidenced by the in
vivo and in vitro experiments. Taken together, these observations led to the reasonable deduction that inhibiting
the expression of MMP2/TGF-31 by calpastatin induction or calpains inhibition may be an effective method to
prevent vascular restenosis as early as possible.

To test our hypothesis, we used statins that are widely used to lower plasma low-density lipoprotein cho-
lesterol and play a clear role in the primary prevention of cardiovascular disease mortality and major events®.
In addition to their roles in reducing cholesterol, statins may have additional anti-atherogenic effects, such as
improving endothelial function, attenuating vascular and myocardial remodelling, stabilising atherosclerotic
plaques, and inhibiting vascular inflammation®!. In the present study, we found that simvastatin positively regu-
lated calpastatin expression and obviously inhibited expression of HIF-1q, calpains, MMP2, and TGF-31. These
results suggest that statins can alleviate vascular restenosis by inhibiting the HIF-1c/calpains/ MMP2/TGF-31
pathway. Consistent with our findings, statins have been reported to enhance ubiquitin/proteasome-dependent
degradation of HIF-1a*?, and HIF-1a reduction will lead to a significant decrease in the expression and activ-
ity of calpains®. Moreover, simvastatin successfully attenuated PDGF-induced proliferation and migration of
VSMC:s as well as collagen synthesis, which was reversed by MMP2 overexpression. Thus, calpastatin/calpains
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Figure 7. Schematic diagram depicting the protective effects of calpains inhibition in vascular restenosis
by inhibition of MMP2/TGF-31 signalling. In vascular restenosis, the functional balance of calpastatin

and calpains was disturbed, leading to the activation of MMP2/TGF-B1 signalling. It is well known that

the MMP2/TGEF-{31 pathway is closely related to the proliferation and migration of VSMCs and collagen
synthesis. Using TG mice, specific siRNAs against calpain-1/2, AAMMP2, and simvastatin, we revealed

that calpastatin induction and calpains inhibition suppress the expression of MMP2/TGF-f1, subsequently
preventing the proliferation and migration of VSMCs and collagen synthesis, finally attenuating vascular
restenosis. Most importantly, calpain-1 is the major molecule in the development of vascular restenosis by
influencing all aspects. In contrast, calpain-2 only played an auxiliary role in restenosis processes by enhancing
VSMC migration. Moreover, simvastatin may inhibit the expression of calpain-1/2 by accelerating HIF-1a
degradation to attenuate vascular restenosis. TG, calpastatin transgene; VSMCs, vascular smooth muscle cells;
PDGE, platelet-derived growth factor; MMP2, matrix metalloproteinase 2; MT1IMMP, membrane type matrix
metalloproteinase-1; TIMP2, tissue inhibitor of matrix metalloproteinase-2; TGF-31, transforming growth
factor-B1. TG, calpastatin transgene; siRNA, small interfering RNA; AAMMP?2, adenoviral vector carrying
MMP2; PDGE, platelet-derived growth factor; MMP2, matrix metalloproteinase 2; MT1MMP, membrane-type
matrix metalloproteinase-1; TIMP2, tissue inhibitor of matrix metalloproteinase-2; TGF-{1, transforming
growth factor-B1.

signalling may be developed as a promising therapeutic target for vascular restenosis in the future. Further study
is needed to assess the clinical efficacy of the calpastatin/calpains pathway, focusing on drugs that increase cal-
pastatin expression.

In summary, we have presented data indicating that both calpastatin induction and calpains inhibition ame-
liorate vascular restenosis by suppression of the MMP2/TGF-(31 pathway (summarized in Fig. 7). Our findings
highlight future therapeutic strategies capable of bolstering calpastatin in VSMCs to protect against in-stent reste-
nosis for artery atherosclerotic patients.

References
1. Forte, A. et al. Novel potential targets for prevention of arterial restenosis: insights from the pre-clinical research. Clin Sci (Lond)
127, 615-634 (2014).
2. Lee, W. C. et al. Associations Between Target Lesion Restenosis and Drug-Eluting Balloon Use: An Observational Study. Medicine
(Baltimore) 95, €2559 (2016).
3. Sethi, A., Malhotra, G., Singh, S., Singh, P. P. & Khosla, S. Efficacy of various percutaneous interventions for in-stent restenosis:
comprehensive network meta-analysis of randomized controlled trials. Circulation. Circ Cardiovasc Interv 8, 002778 (2015).
4. Farooq, V., Gogas, B. D. & Serruys, P. W. Restenosis: delineating the numerous causes of drug-eluting stent restenosis. Circulation.
Circ Cardiovasc Interv 4, 195-205 (2011).
5. Bliden, K. P. et al. Thrombin-Induced Platelet-Fibrin Clot Strength Identified by Thrombelastography: A Novel Prothrombotic
Marker of Coronary Artery Stent Restenosis. ] Interv Cardiol 29, 168-178 (2016).
6. Kishore, R. & Losordo, D. W. Gene therapy for restenosis: biological solution to a biological problem. ] Mol Cell Cardiol 42, 461-468
(2007).
7. Ferns, G. A. & Avades, T. Y. The mechanisms of coronary restenosis: insights from experimental models. Int ] Exp Pathol 81, 63-88
(2000).
8. Weintraub, W. S. The pathophysiology and burden of restenosis. Am J Cardiol 100, 3K-9K (2007).
9. Raines, E. W. PDGF and cardiovascular disease. Cytokine Growth Factor Rev 15, 237-254 (2004).
10. Zatz, M. & Starling, A. Calpains and disease. N Engl ] Med 352, 2413-2423 (2005).
11. Carragher, N. O. et al. v-Src-induced modulation of the calpain-calpastatin proteolytic system regulates transformation. Mol Cell
Biol 22, 257-269 (2002).
12. Qiu, K, Su, Y. & Block, E. R. Use of recombinant calpain-2 siRNA adenovirus to assess calpain-2 modulation of lung endothelial cell
migration and proliferation. Mol Cell Biochem 292, 69-78 (2006).

SCIENTIFICREPORTS | 6:29975 | DOI: 10.1038/srep29975 9



www.nature.com/scientificreports/

13.
14.

15.
16.

17.
18.

19.
20.
21.
. Nishimura, T. & Goll, D. E. Binding of calpain fragments to calpastatin. J Biol Chem 266, 11842-11850 (1991).
23.
24.
25.
26.
27.
28.
29.
30.
31
32.
33.
34.

35.
36.

37.
38.
39.
40.
41.
42.

43.
44,

45.

46.
47.
48.
49.
50.
51.
52.

53.

Glading, A., Lauffenburger, D. A. & Wells, A. Cutting to the chase: calpain proteases in cell motility. Trends Cell Biol 12, 46-54 (2002).
Glading, A., Uberall, F, Keyse, S. M., Lauffenburger, D. A. & Wells, A. Membrane proximal ERK signaling is required for M-calpain
activation downstream of epidermal growth factor receptor signaling. ] Biol Chem 276, 23341-23348 (2001).

Ji, Q. S. & Carpenter, G. Role of basal calcium in the EGF activation of MAP Kinases. Oncogene 19, 1853-1856 (2000).

Ma, W. et al. Calpain mediates pulmonary vascular remodeling in rodent models of pulmonary hypertension, and its inhibition
attenuates pathologic features of disease. J Clin Invest 121, 4548-4566 (2011).

Goll, D. E., Thompson, V. E, Li, H., Wei, W. & Cong, J. The calpain system. Physiol Rev 83, 731-801 (2003).

Kovacs, L. et al. Activation of Calpain-2 by Mediators in Pulmonary Vascular Remodeling of Pulmonary Arterial Hypertension. Am
J Respir Cell Mol Biol 54, 384-393 (2016).

Letavernier, E. et al. Targeting the calpain/calpastatin system as a new strategy to prevent cardiovascular remodeling in angiotensin
II-induced hypertension. Circ Res 102, 720-728 (2008).

Rao, M. V., Campbell, J., Palaniappan, A., Kumar, A. & Nixon, R. A. Calpastatin inhibits motor neuron death and increases survival
of hSOD1 mice. ] Neurochem 137, 253-265 (2016).

Kapprell, H. P. & Goll, D. E. Effect of Ca2 + on binding of the calpains to calpastatin. ] Biol Chem 264, 17888-17896 (1989).

Ye, T. et al. Over-expression of calpastatin inhibits calpain activation and attenuates post-infarction myocardial remodeling. PLoS
One 10, €0120178 (2015).

Guo, L., Ning, W, Tan, Z., Gong, Z. & Li, X. Mechanism of matrix metalloproteinase axis-induced neointimal growth. ] Mol Cell
Cardiol 66, 116-125 (2014).

Lin, Y. C. et al. Resveratrol inhibits glucose-induced migration of vascular smooth muscle cells mediated by focal adhesion kinase.
Mol Nutr Food Res 58, 1389-1401 (2014).

Bates, A. L. et al. Stromal matrix metalloproteinase 2 regulates collagen expression and promotes the outgrowth of experimental
metastases. ] Pathol 235, 773-783 (2015).

Wang, M. & Lakatta, E. G. Altered regulation of matrix metalloproteinase-2 in aortic remodeling during aging. Hypertension 39,
865-873 (2002).

Jiang, L. et al. Increased aortic calpain-1 activity mediates age-associated angiotensin II signaling of vascular smooth muscle cells.
PLo0S One 3, €2231 (2008).

Tang, E et al. Calpain-1 Mediated Disorder of Pyrophosphate Metabolism Contributes to Vascular Calcification Induced by oxLDL.
PLoS One 10, 0129128 (2015).

Jiang, L. et al. Calpain-1 regulation of matrix metalloproteinase 2 activity in vascular smooth muscle cells facilitates age-associated
aortic wall calcification and fibrosis. Hypertension 60, 1192-1199 (2012).

Jang, H. S., Lal, S. & Greenwood, J. A. Calpain 2 is required for glioblastoma cell invasion: regulation of matrix metalloproteinase 2.
Neurochem Res 35, 1796-1804 (2010).

Wang, M. et al. Matrix metalloproteinase 2 activation of transforming growth factor-betal (TGF-betal) and TGF-betal-type II
receptor signaling within the aged arterial wall. Arterioscler Thromb Vasc Biol 26, 1503-1509 (2006).

Leloup, L., Mazeres, G., Daury, L., Cottin, P. & Brustis, J. J. Involvement of calpains in growth factor-mediated migration. Int ]
Biochem Cell Biol 38, 2049-2063 (2006).

Anggrahini, D. W. et al. Vascular endothelial cell-derived endothelin-1 mediates vascular inflammation and neointima formation
following blood flow cessation. Cardiovasc Res 82, 143-151 (2009).

Su, Y., Cui, Z., Li, Z. & Block, E. R. Calpain-2 regulation of VEGF-mediated angiogenesis. FASEB ] 20, 1443-1451 (2006).
Blazquez, C. et al. Cannabinoids inhibit glioma cell invasion by down-regulating matrix metalloproteinase-2 expression. Cancer Res
68, 1945-1952 (2008).

Ge, X,, Chen, S., Liu, M., Liang, T. & Liu, C. Evodiamine Attenuates PDGF-BB-Induced Migration of Rat Vascular Smooth Muscle
Cells through Activating PPARgamma. Int ] Mol Sci 16, 28180-28193 (2015).

Trikalinos, T. A., Alsheikh-Ali, A. A., Tatsioni, A., Nallamothu, B. K. & Kent, D. M. Percutaneous coronary interventions for non-
acute coronary artery disease: a quantitative 20-year synopsis and a network meta-analysis. Lancet 373, 911-918 (2009).

Meads, C. et al. Coronary artery stents in the treatment of ischaemic heart disease: a rapid and systematic review. Health Technol
Assess 4, 1-153 (2000).

Baudry, M. & Bi, X. Calpain-1 and Calpain-2: The Yin and Yang of Synaptic Plasticity and Neurodegeneration. Trends Neurosci 39,
235-245 (2016).

Van, Ba. H. & Inho, H. Significant role of mu-calpain (CANP1) in proliferation/survival of bovine skeletal muscle satellite cells.
In vitro Cell Dev Biol Anim 49, 785-797 (2013).

Santos, D. M., Xavier, J. M., Morgado, A. L., Sola, S. & Rodrigues, C. M. Distinct regulatory functions of calpain 1 and 2 during
neural stem cell self-renewal and differentiation. PLoS One 7, €33468 (2012).

Potz, B. A, Sabe, A. A., Abid, M. R. & Sellke, E W. Calpains and Coronary Vascular Disease. Circ ] 80, 4-10 (2015).

Chen, B. et al. Inhibition of calpain reduces oxidative stress and attenuates endothelial dysfunction in diabetes. Cardiovasc Diabetol
13, 88 (2014).

Kanagaraj, N., Beiping, H., Dheen, S. T. & Tay, S. S. Downregulation of miR-124 in MPTP-treated mouse model of Parkinson’s
disease and MPP iodide-treated MN9D cells modulates the expression of the calpain/cdk5 pathway proteins. Neuroscience 272,
167-179 (2014).

Wang, N. et al. Calpain activation by ROS mediates human ether-a-go-go-related gene protein degradation by intermittent hypoxia.
American journal of physiology. Am ] Physiol Cell Physiol 310, C329-336 (2016).

Chang, H. et al. ROS-Induced Nuclear Translocation of Calpain-2 Facilitates Cardiomyocyte Apoptosis in Tail-Suspended Rats. ]
Cell Biochem 116, 2258-2269 (2015).

Xu, J., Sun, Y., Wang, T. & Liu, G. Prevention of neointimal hyperplasia in balloon-injured rat carotid artery via small interference
RNA mediated downregulation of osteopontin gene. Mol Cell Biochem 377, 1-10 (2013).

Busnelli, M. et al. Pathogenetic role of hypercholesterolemia in a novel preclinical model of vascular injury in pigs. Atherosclerosis
207, 384-390 (2009).

Mills, E. J. et al. Primary prevention of cardiovascular mortality and events with statin treatments: a network meta-analysis involving
more than 65,000 patients. ] Am Coll Cardiol 52, 1769-1781 (2008).

John, S., Schneider, M. P, Delles, C., Jacobi, J. & Schmieder, R. E. Lipid-independent effects of statins on endothelial function and
bioavailability of nitric oxide in hypercholesterolemic patients. Am Heart ] 149, 473 (2005).

Hisada, T. et al. Statin inhibits hypoxia-induced endothelin-1 via accelerated degradation of HIF-1alpha in vascular smooth muscle
cells. Cardiovasc Res 95, 251-259 (2012).

Mo, X. G. et al. Suppression of NHE1 by small interfering RNA inhibits HIF-1alpha-induced angiogenesis in vitro via modulation
of calpain activity. Microvasc Res 81, 160-168 (2011).

SCIENTIFIC REPORTS | 6:29975 | DOI: 10.1038/srep29975 10



www.nature.com/scientificreports/

Acknowledgements

This work was supported by the National Science Funds of China (81500208 and 81470396), Science & Technology
Project of Sichuan Province (2015JY0277), Postdoctoral Startup Funds (No. 41732BA) and Youth Breeding
Project for Medical Scientific Research Program of PLA (14QNP050).

Author Contributions

The work presented here was carried out in collaboration between all authors. H.P, L.T. and Y.Y. designed and
performed most of the experiments. L.T., Yi Y., X.W., T.W. and E.G. performed experiments. D.L. and D.Y.
provided critical reagents. H.P. and Yi Y. interpreted data and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Tang, L. ef al. The inhibition of calpains ameliorates vascular restenosis through
MMP2/TGF-B1 pathway. Sci. Rep. 6,29975; doi: 10.1038/srep29975 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:29975 | DOI: 10.1038/srep29975 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	The inhibition of calpains ameliorates vascular restenosis through MMP2/TGF-β1 pathway

	Methods

	Animal preparation. 
	Protocol for carotid restenosis induction. 
	Culture of neonatal murine VSMCs. 
	Gene silencing of calpain-1/2. 
	Adenoviral vector carrying MMP2. 
	Cell proliferation assay. 
	Cell migration assay. 
	Wound healing assay. 
	Immunohistochemical staining. 
	Quantification of mRNA. 
	Western blotting. 
	Statistical analysis. 

	Results

	Calpastatin induction attenuates vascular restenosis. 
	Vascular protection conferred by calpastatin induction depends on negative regulation of MMP2/TGF-β1 signalling. 
	Calpastatin induction attenuates PDGF-induced proliferation and migration of VSMCs and collagen synthesis through inhibitio ...
	Calpains inhibition alleviates PDGF-induced proliferation and migration of VSMCs and collagen synthesis via suppression of  ...
	MMP2 overexpression exacerbates PDGF-induced proliferation and migration of VSMCs. 
	Simvastatin alleviates vascular restenosis via inhibition of the HIF-1α/calpains/MMP2/TGF-β1 pathway. 

	Discussion

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Alterations of calpain-1, calpain-2, and calpastatin expression in carotid restenosis with calpastatin induction attenuating restenosis.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Calpastatin overexpression inhibits expression of MMP2/TGF-β1 in carotid restenosis, and MMP2 supplementation reverses the protective effect of calpastatin induction.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Calpastatin induction suppresses PDGF-induced proliferation and migration of VSMCs and collagen I synthesis via inhibition of the MMP2/TGF-β1 pathway mediated by calpain-1/2.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Calpains inhibition by siRNA attenuates PDGF-induced proliferation and migration of VSMCs and collagen synthesis by inhibition of the MMP2/TGF-β1 pathway.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ MMP2 overexpression reverses the protective effect of calpastatin induction in VSMCs pretreated with PDGF-BB.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Simvastatin attenuates PDGF-induced proliferation and migration of VSMCs and collagen I synthesis, possibly by inhibition of the HIF-1α/calpains/MMP2/TGF-β1 pathway.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Schematic diagram depicting the protective effects of calpains inhibition in vascular restenosis by inhibition of MMP2/TGF-β1 signalling.



 
    
       
          application/pdf
          
             
                The inhibition of calpains ameliorates vascular restenosis through MMP2/TGF-β1 pathway
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29975
            
         
          
             
                Lianghu Tang
                Haifeng Pei
                Yi Yang
                Xiong Wang
                Ting Wang
                Erhe Gao
                De Li
                Yongjian Yang
                Dachun Yang
            
         
          doi:10.1038/srep29975
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29975
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29975
            
         
      
       
          
          
          
             
                doi:10.1038/srep29975
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29975
            
         
          
          
      
       
       
          True
      
   




