Arch. Pharm. Res. (2016) 39:133-142
DOI 10.1007/s12272-015-0652-1

Archives of
Pharmacal

Research

=
@ CrossMark

www.springer.com/12272

RESEARCH ARTICLE

Cornin increases angiogenesis and improves functional recovery
after stroke via the Angl/Tie2 axis and the Wnt/f-catenin pathway

Yangyang Xu' - Guanghua Zhang' + Zechun Kang' - Yong Xu' - Wangling Jiang' -

Shuping Zhang'

Received: 5 November 2014/ Accepted: 11 August 2015/ Published online: 15 August 2015

© The Pharmaceutical Society of Korea 2015

Abstract We investigated whether cornin, an iridoid
glycoside isolated from fruits of Verbena officinalis L.,
regulated angiogenesis and thereby improved functional
outcomes after stroke and discovered a potential mecha-
nism. The effects of cornin on proliferation of rat artery
smooth muscle cell (RASMC) and signalling was investi-
gated in vitro. Adult male rats were subjected to 1 h of
middle cerebral artery occlusion (MCAQO) and reperfusion
and treated with or without 25 mg/kg of cornin, starting
24 h after ischemia and reperfusion, by continuous intra-
venous injection daily for 14 days. Neurological functional
tests were performed and cerebral Evans blue extravasation
was measured. Angiogenesis and angiogenic factor
expressions were measured by immunohistochemistry and
Western blotting, respectively. Cornin increased the pro-
liferation of RASMC and enhanced the expression of
Wnt5a, B-catenin, cyclin D1 and angiopoietin-1 (Angl).
Cornin treatment promoted angiogenesis in the ischemic
brain core and improved functional outcomes after stroke.
Cornin-treated MCAO rats showed significant increase in
vascularization and expression of vascular endothelial
growth factor and Angl and phosphorylation of Tie2 and
Akt compared with vehicle-treated MCAO rats. The Angl/
Tie2 axis and Wnt/B-catenin pathways appear to mediate
cornin-induced angiogenesis.
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Introduction

Stroke is a global health problem and is the second most
common cause of death and a leading cause of disability
worldwide (Bonita et al. 2004; Kim and Johnston 2011).
To date, tissue plasminogen activator is the only approved
treatment for stroke. Angiogenesis plays a vital role in
striatal neurogenesis after stroke. The administration of
various growth factors in the early post-ischemic phase
stimulates both angiogenesis and neurogenesis and leads to
improved functional recovery after stroke (Talwar and
Srivastava 2014).

Vascular endothelial growth factor (VEGF) is the most
potent angiogenic factor for neurovascularization and
neurogenesis in ischemic injury; it can be modulated in
different ways and thus can be used as therapy in stroke. In
response to ischemic injury, VEGF is released by
endothelial cells via a natural mechanism, leading to
angiogenesis and vascularization (Talwar and Srivastava
2014). Angiopoietin-1 (Angl) is an endogenous ligand for
the vascular endothelial receptor tyrosine kinase Tie2.
Signalling by Angl promotes vascular endothelial cell
survival and the sprouting and reorganisation of blood
vessels as well as inhibiting activation of the vascular
endothelial barrier to reduce leakage and leukocyte
migration into tissues (Moss 2013), cooperates with VEGF
to establish dynamic blood vessel structures and improves
functional outcomes after stroke(Chen et al. 2007; Satchell
et al. 2004).

Whits are a family of secreted glycoproteins with varying
expression patterns and functions. They control a broad
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variety of biological processes, including cell-fate specifi-
cation, polarity, migration and proliferation (Tetsu and
Mccormick 1999). Wats trigger intracellular responses via
various signalling pathways, including the B-catenin-de-
pendent canonical pathway. Among them, the cyclin D1
protein plays a key role in cell cycle control and cell
proliferation (Vlad et al. 2008).

Cornin is an iridoid glycoside isolated from the fruit of
Verbena officinalis L. that has protective potential against
cerebral ischemia injury and induces angiogenesis in vitro
(Jiang et al. 2010; Kang et al. 2013). The present study was
designed to investigate the effects of cornin on angiogen-
esis after cerebral ischemia and reperfusion (I/R) injury and
on rat artery smooth muscle cell (RASMC) proliferation
and its potential mechanism.

Materials and methods
Materials

Evans blue was purchased from Urchem (Shanghai, P.R.
China); VEGF antibody, phosphor-Akt antibody, phos-
phor-Tie2, Angl antibody, PB-actin antibody and Von
Willebrand factor (VWF) antibody were purchased from
Abcam (Shanghai, P.R. China); cornin (purity >99.0 %,
CAS NO.: 548-37-8, molecular formula C;7H,4,0,¢:
388.37). It was dissolved in sterilized saline to make a
stock solution and dilutions were prepared according to the
doses.

Rat aortic smooth muscle cell (RASMC) culture

RASMCs were obtained by the enzymatic dissociation of
aortas obtained from Sprague—Dawley (SD) rats. The aortic
fragments were cleaned to be freed of the adventitia layer
and the endothelium was removed by gently rubbing the
lumen of the vessel. The fragments were cut into small
pieces and digested by incubation for 90 min in Dulbecco’s
Modified Eagle Medium (DMEM) containing 0.1 % BSA
(Sigma Chemical Co., St. Louis, Missouri, U.S.A) and
4 mg/mL type II collagenase. After washing twice with
fresh DMEM, the resulting cell suspension was plated onto
25-cm? culture flasks in DMEM containing 10 % FBS, 100
U/mL streptomycin, 100 U/mL penicillin and 2.5 mg/mL
amphotericin B. Cell characterization was performed based
on both cell morphology and indirect immunohisto-
chemisty staining of a-smooth muscle actin. Tightly con-
fluent monolayers of RASMC from passages 2-10 were
used for all experiments.
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RASMC proliferation assay

For in vitro proliferation assay, RASMCs were seeded into
96-well (1 x 10° cells/well) flat-bottom plates in triplicate
with medium alone (control) or medium containing dif-
ferent concentrations of cornin (0, 1, 3 and 10 uM). Cell
proliferation was tested by MTT assay. In brief, serum-
starved cells were treated with cornin for 48 h and absor-
bance was recorded at 490 nm (Spectramax/M5 multi-de-
tection reader, Molecular devices, USA) and calculated as
a ratio to that of untreated cells.

Western blot analyses of wnt5a, B-catenin, cyclin D1,
Angl

The in vitro Western blot assay included two parts: (1)
RASMCs were seeded into 6-well flat-bottom plates with
medium alone (control) or medium containing different
concentrations of cornin (0, 1, 3 and 10 pM); (2) RASMCs
were seeded into 6-well flat-bottom plates with medium
alone (control) or medium containing 3 pM cornin, 10 M
IWR-1-endo, or 3 uM cornin + 10 pM IWR-1-endo.
IWR-1-endo was incubated for only 60 min and then dis-
carded. The RASMCs were all cultured for 48 h, then
washed twice with ice cold PBS on ice and lysed in NP40
lysis buffer supplemented with 1 mM PMSF and 1x pro-
tease inhibitor cocktail (Sigma, St. Louis, MO, USA).
Equal amounts of cell protein (50 pg) were separated by
SDS-PAGE and analysed by Western blotting using
specific antibodies to wnt5a, B-catenin, cyclin D1, Angl
and B-actin. Optical densities of the bands were scanned
and quantified with a Gel Doc 2000 (Bio-Rad Laboratories
Ltd). Data were normalized against those of the corre-
sponding [B-actin bands. Results were expressed as fold
increase over the control.

Animals

Adult male SD rats were obtained from Shandong Luye
Pharmaceutical Company (P.R. China). All animals were
housed individually at 22 4+ 2 °C and a relative humidity
of 50 £ 10 % under a 12-h light/dark cycle and had free
access to chow and water. All animal experimental pro-
cedures in this study were performed in accordance with
the Institutional Animal Care and followed the National
Institutes of Health Guide for the Care and Use of Labo-
ratory Animals (Maryland, USA). The protocol was
approved by the Committee on the Ethics of Animal
Experiments of Binzhou Medical University (Permit
Number: SCXK 2009 0009).
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I/R procedure to induce cerebral ischemia

The body weight of rats was 280-320 g. After 1 week of
acclimatization, the rats were anaesthetized with chloral
hydrate (350 mg/kg, i.p.). The middle cerebral artery
occlusion (MCAO) operation was conducted according to
previous procedures (Jiang et al. 2011). In brief, the left
common carotid artery was occluded and the branches of
the external carotid artery were dissected and divided. The
internal carotid artery was followed rostrally and a 4-0
filament (the diameter of the filament is 0.25, but the
diameter of the tip is 0.34 mm to create a globular stopper)
purchased from Beijing Shadong Biology Company, P.R.
China) was introduced into the internal carotid artery and
advanced until resistance was felt. The filament was
removed after 1 h. Core body temperature was maintained
at 37 £ 0.5 °C with a heating pad.

A pilot study was conducted with three different doses
of cornin (12.5, 25 and 50 mg/kg) to determine the dose
dependence effect in subacute I/R-treated rats. Cornin post-
treatment at doses of 25 and 50 mg/kg significantly
(P < 0.05) lowered the lesion volume by NeuN staining in
ischemic brain cores of I/R rats. Accordingly, 25 mg/kg of
cornin was chosen for this study.

In total, 90 rats were divided into three subgroups of 30
rats each: a non-I/R (sham) group, a vehicle-treated group
and a 25 mg/kg-cornin group. After 23 h of reperfusion, all
animals were administered an intravenous bolus injection
(i.v. via the tail) of the corresponding drug daily for
14 days. Sham and vehicle-treated rats received saline. At
7 and 14 days, a subgroup of 8 animals in each group was
used to evaluate nerve behaviour and measure the perme-
ability of blood-brain barrier (BBB). At 14 days, the
remaining animals were used for Western blotting and
analysis of microvasculature density.

Behavioral tests

The forepaw placing test was performed as per the previ-
ously described method (De Ryck et al. 1989; Liu et al.
2001). Visual forepaw placing was tested first by lowering
the rat toward a tabletop and then contacting the table edge
with the dorsal or lateral aspect of the rat’s forepaw. Non-
visual forepaw placing was also tested by lowering the rat
toward the table top and by contacting the table edge.
Cephalic contact stimuli were eliminated by elevating the
rat’s head by 45 °C. For each test, limb placing scores were
as follows: (0) immediate and complete placing; (1) delayed
and/or incomplete placing (>2 s) and (2) no placing.

The modified beam balance test was performed as per
the previously described method (Feeney et al. 1982; Liu
et al. 2001). The rat was placed on a narrow beam
(40 x 1.3 x 1.3 cm; 30 cm above a tabletop) for 60 s. At

least five training scores were recorded before the MCAO.
The scale was as follows: (1) steady posture with paws on
top of the beam; (2) paws on the side of the beam or
wavering; (3) one or two limbs slip off; (4) three limbs slip
off; (5) attempts with paws on the beam, but falls and (6)
drops over the beam, then falls or falls with no attempt.

The adhesive tape test was performed as per the previously
described method (Feeney et al. 1982; Schallert et al. 1982).
Somatosensory deficits were measured both pre- and post-
operatively. All rats were familiarized with the testing envi-
ronment. In an initial test, two small pieces of adhesive-
backed paper dots (of equal area, 113 mm?) were used as
bilateral tactile stimuli occupying the ventral side of each
forepaw. The latencies for contact and removal of each
stimulus from the paw were recorded for five trials per day.
Individual trials were separated by at least 10 min. The
average time of the five trials was used for each day’s record.
The animals were trained 2 days prior to surgery. Once the
rats were able to remove the paper dots within 10 s, they were
subjected to the MCAO operation. The scale was evaluated as
follows: (1) <10s; (2) <10-19s; (3) <20-29s; (4)
<30-39 s; (5) <4049 s; (6) <50-59 s; (7) <60 s.

Measurement of Evans blue extravasation

A quantitative assay of Evans blue was performed as per the
previously described method (Vakili et al. 2007). At 6 and
13 days, 0.1 ml of 4 % Evans blue in 0.9 % saline was
intravenously administered. At 24 h after injection, the rat
brains were perfused with heparinized saline (10 U/mL
heparin in 0.9 % saline) to wash out the blood and were
isolated. The brain samples were weighed and homogenized
in 50 % trichloroacetic acid solution. After centrifugation at
15,000 rpm for 20 min, the absorption was spectrophoto-
metrically measured at 610 nm. Cerebral Evans blue was
quantified as micrograms of dye per gram of wet weight.

Microvessel density and histological assessment

Rats were killed 14 days after I/R. The brains were fixed by
transcardial perfusion with saline, followed by perfusion
and immersion in 4 % paraformaldehyde before embed-
ding in paraffin. Seven coronal sections of tissue were
processed and stained with NeuN instead of hematoxylin—
eosin for calculation of volume of cerebral infarction
(Swanson et al. 1990).

Following tissue infiltration, a 2 x 2 mm? ischemic
brain core (length x width) of cortical tissue was cut from
the left hemisphere (the hemispheric site of I/R). The
microvessel density was estimated by visualization of
VWEF, a specific marker of endothelial cells. For NeuN and
VWF immunohistochemical staining, the sliced sections
were incubated with an antibody against NeuN and VWF
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overnight at 4 °C and the sections were incubated with a
biotinylated secondary antibody (Beyotime BIO) for
30 min and avidin—biotin—peroxidase complex (Beyotime
BIO) for 45 min at 37 °C. Immunoreactive signals were
developed with 0.05 % diaminobenzidine. Protein-positive
cells were stained brown in the cytoplasm. Sections were
then mounted and examined under a high-power micro-
scope (200x). In each of the specimens, 3 vision test areas
were randomly selected as the total area. The positive
expression of VWF was analysed by the Image-Pro Plus
6.0 analysis system. The positive area of VWF was defined
as g % = positive area/total area. Results were expressed
as percentage increase over the sham group.

Western blot analysis of VEGF, phosphorylation
of Akt, Angl and Tie2

Ischemic brain core (at bregma levels approximating —1.3
to —3.3 mm and —3.3 to —5.3 mm) was used for the
Western blot assays. Fourteen days after I/R, the samples
were homogenized and lysed in lysis buffer containing
50 mM Tris—HCI (pH 8.0), 150 mM NaCl, 0.02 % sodium
azide, 100 pg/ml phenylmethylsulfonyl fluoride, 1 pg/ml
aprotinin and 1 % Triton X-100. After centrifugation at
12,000 rpm, 50 pg of total protein of each sample was
separated on a 12 % SDS-PAGE gel and transferred to a
nitrocellulose membrane. Protein concentrations were
determined with the BCA protein assay kit (Merck). The
membranes were incubated with specific antibodies against
VEGF, Angl, phosphor-Akt and phosphor-Tie2. B-actin
was used as a loading control. Optical densities of the bands
were scanned and quantified with Gel Doc 2000 (Bio-Rad).
Results were expressed as fold increase over the sham rats.

Statistical analysis

Behavioral test scores between groups were compared by
nonparametric test. Quantitative data from experiments
were expressed as mean £ SD. Statistical significance was
determined by one-way analysis of variance (ANOVA)
followed by Dunnett’s test. In all cases, differences were
considered significant if P < 0.05.

Results

Effects of cornin on RASMC proliferation and Wnt
signalling

RASMC proliferation plays a key role in angiogenesis and
enhances vascular maturation. RASMC proliferation was
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tested by the MTT assay. It had an apparent effect on
RASMC proliferation in the presence of cornin at 1, 3 and
10 uM (Fig. 1a).

To elucidate the role of cornin in RASMC proliferation,
the key protein of Wnt signalling Wnt5a, B-catenin and
cyclin D1 expression were investigated in cornin-treated
RASMCs. RASMCs incubated with 3 uM and 10 pM
cornin for 48 h showed robustly activated wnt signalling
leading to a rapid increase in wnt5a levels (Fig. 1b). The
activation of this pathway was significantly inhibited by
incubation with the specific wnt inhibitor IWR-1-endo at
10 uM for 60 min (compared with cornin at 3 pM).

Considering that the wnt pathway is known to be asso-
ciated with B-catenin signalling, we next investigated the
role of B-catenin in cornin-induced RASMC proliferation.
The incubation of RASMCs with 3 and 10 pM cornin for
48 h rapidly increased B-catenin, as shown in Figs. 1b and
2a. The activation of [B-catenin occurs downstream of
cyclin D1 signalling, considering that blocking the pathway
with IWR-l-endo 10 pM for 60 min significantly
decreased cornin-induced cyclin D1 levels (compared with
cornin at 3 uM), as shown in Figs. Ib and 2a. This
observation suggested that cornin enhanced RASMC pro-
liferation via Wnt signalling.

Effects of cornin on blood-brain barrier leakage,
neurological outcome and lesion volume

BBB permeability was significantly increased in MCAO
rats, because of ischemia-induced damage to BBB function
and/or the immature nature of the newly formed vessel.
Vascular permeability was quantitatively evaluated by the
detection of extravasated Evans blue in ischemic brain, as
shown in Fig. 3. The results indicated that 25 mg/kg cornin
treatment in I/R rats at 7 and 14 days decreased BBB
leakage compared with that invehicle-treated rats.

Behavioral evaluation is an important indicator of neu-
rological recovery. The combination of the forepaw placing
test, modified beam balance test and adhesive tape test was
used to evaluate the sensorimotor function of the stroke
rats. The scores of these tests were higher in vehicle-treated
rats, whereas on days 3, 7 and 14, in I/R rats treated with
25 mg/kg of cornin, the scores of the three tests were all
reduced (Table 1).

Lesion volume was quantitatively evaluated as the
number of neurons by NeuN staining in ischemic brain
cores of I/R rats (Fig.4). Significant differences in
ischemic lesion volume in the 25 mg/kg cornin-treated
group (18.6 £+ 4.2 %) were detected compared with those
invehicle-treated rats (24.9 £+ 5.1 %).
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Fig. 1 Effects of Cornin on RASMC proliferation and the Wnt signaling. a Effects of Cornin on cell proliferation was tested by MTT. b,
¢ RASMC were incubated with Cornin for 48 h, Wnt5a, -catenin, cyclin D1 and Angl expression were analyzed by western blotting. All data
were shown as mean =+ SD, n = 5. *P < 0.015, *P < 0.01 vs. Normal group. Significance was determined by one-way analysis of ANOVA

followed by Dunnett’s test

Effects of cornin on microvasculature density
in the ischemic brain

VWF, a biomarker of angiogenesis, is expressed in large
amounts on endothelial cells. VWF-positive cells were
significantly increased in the ipsilateral hemispheres of
25 mg/kg cornin-treated I/R rats on day 14, compared with
those of vehicle-treated rats (Fig. 5). These results indi-
cated that cornin increased angiogenesis in the ischemic
brain zone of stroke rats.

Effects of cornin on VEGF, Angl, phospho-Akt
and phospho-Tie2 expression in the ischemic brain

Angl/Tie2 plays an important role in inducing angiogen-
esis. Akt is the primary mediator of Angl-induced
endothelial cell survival, whereas multiple pathways
downstream of VEGF are responsible for endothelial cell
survival. To examine the signalling pathways of cornin-
induced angiogenesis, we measured phosphor-Akt and
Tie2 in vivo and Ang 1 in RASMCs by Western blot
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incubation with Cornin at 3 uM for 48 h, Wnt5a, B-catenin and cyclin D1 expressions were analyzed by western blotting. All data were shown as
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Fig. 3 Effect of Cornin on BBB leakage. Vascular permeability was
quantitatively evaluated by detection of extravasated Evans blue.
Data are mean & SD, n = 8. #P < 0.01 vs sham rats. *P < 0.05
versus vehicle-treated rats. Significance was determined by one-way
analysis of ANOVA followed by Dunnett’s test

analysis. Treatment with cornin (25 mg/kg) of I/R rats for
14 days increased phosphor-Akt and Tie2 in the ischemic
core compared with vehicle-treated rats, Incubation of
RASMCs with 3 uM and 10 pM cornin for 48 h robustly
increased Ang 1 expression (Fig. 6).
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Discussion

In previous studies, SD rats were subjected to MCAO for
1 h and then reperfusion for 23 h. Cornin significantly
decreased neurological deficit scores and reduced cerebral
infarct volume and degenerative neurons. It increased the
brain ATP content, improved mitochondrial energy meta-
bolism, inhibited the elevation of MDA content and ROS
generation and attenuated the decrease of SOD and GPx
activities in the brain mitochondria. The protective poten-
tial of cornin against cerebral ischemia injury and its pro-
tective effects may be because of the amelioration of
cerebral mitochondrial function and to its antioxidant
properties (Jiang et al. 2010).

In the present study, we showed that treatment of
MCADO rats with cornin ameliorates sensorimotor function
and increases microvasculature density, VEGF and Angl/
Tie2 expression and phospho-Akt and phospho-Tie2
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Table 1 Effect of Cornin on

neurological scores at 3rd, 7th Group Time Rats Neurological scores
and 14th day after cerebral I/R Forepaw placing Beam balance Adhesive tape
Vehicle-treated 3rd 17 5.1+09 4.6 £ 1.1 53+ 1.1
7th 15 49+ 07 45+ 13 51+14
14th 8 38+09 29+ 0.6 35+ 08
Cornin 25 3rd 19 3.9 £ 1.0** 33 £ 1.2%* 3.7 £ 1.4%*
7th 18 3.7 £ 1.2%* 3.1 £ 1.4%* 3.5 £ 1.6%*
14th 8 2.5+ 09* 2.0 £ 0.8* 2.5 £ 0.9*

Data are mean £+ SD

*P < 0.05; **P < 0.01 versus the vehicle-treated rats. Behavioral test scores between groups were com-
pared using non-parametric tests

=
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201

104
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Fig. 4 Effect of Cornin on infarct volume. Infarct volume was quantitatively evaluated by detecting the number of neurons (NeuN staining) at
14th after I/R. a Representative light microscopic appearance of NeuN staining (original magnification x400) for Sham (al), Vehicle-treated
(a2), Cornin 25 mg/kg (a3). Data are mean &+ SD, n = 8. #P < 0.01 versus Sham group; *P < 0.05, versus vehicle-treated group. Significance
was determined by one-way analysis of ANOVA followed by Dunnett’s test

expression after i.v. administration for 14 days. Cornin also
decreased the permeability of the BBB. Incubation of
RASMCs with 3 uM and 10 pM cornin for 48 h promoted
proliferation by wnt signalling.

In rodents as in humans, MCAO operation produces a syn-
drome characterized predominantly by hemiparesis and
hemisensory loss. Accordingly, we employed a battery of sen-
sorimotor tests aimed specifically at assessing long-term func-
tional outcomes in MCAO rats (Roof et al. 2001). Our results
showed that administration of cornin 25 mg/kg daily for 3,7 and
14 days improved the sensorimotor function of stroke rats.

VWEF is a specific marker of endothelial cells and is
expressed in large amounts on endothelial cells, which

control and regulate angiogenesis (Starke et al. 2011; Randi
et al. 2013). In the central nervous system, angiogenesis
results in the restoration of cerebral blood flow (CBF) in
the ischemia penumbra, contributing to long-term func-
tional recovery after ischemic stroke (Jaquet et al. 2002).
The newly formed microvessels improve tissue perfusion
within the ischemic penumbra, thereby promoting the
recovery of neurological function following ischemia
(Zhang et al. 2002). A correlation between angiogenesis
and stroke has been shown on the basis of the observations
of decreased morbidity and mortality rates in stroke
patients because they display increased CBF and
microvessel density. The promotion of angiogenesis is
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Fig. 5 Effect of Cornin on microvasculature density in the ischemic brain. The microvasculature density was estimated by visualization of VWF
positive cells at x400 magnification. Sham (al), vehicle-treated (a2), Cornin 25 mg/kg. Data are mean + SD, n = 5. *P < 0.01 versus the
vehicle-treated rats. Significance was determined by one-way analysis of ANOVA followed by Dunnett’s test

beneficial to patients suffering from a stroke. Our results
indicated that cerebral I/R rats administered 25 mg/kg of
cornin daily for 14 days showed increased angiogenesis in
the ischemic brain zone.

VEGF induces neuroprotection, neurogenesis and
angiogenesis after stroke (Sun et al. 2003). However,
VEGF is notorious for causing increased vascular perme-
ability, inflammation and vasodilation (Croll et al. 2004).
VEGF-induced angiogenic vessels, particularly in the for-
mative stages, are leaky (Schoch et al. 2002). These effects
of VEGF lead to BBB leakage and edema and damage the
nervous tissue (Pettersson et al. 2000). A moderate up-
regulation of VEGF might offer benefit in improving
motion and sensation function. Our results showed that
25 mg/kg cornin treatment for 7 and 14 days increased
VEGF but reduced BBB leakage in cerebral I/R rats.

Angl is a family of endothelial growth factors and
functions as the ligand for the endothelial-specific receptor
tyrosine kinase Tie2. Angl-induced Tie2 phosphorylation
is essential to vasculogenesis and the maintenance of vas-
cular endothelial integrity (Chen et al. 2009). Inducing
Angl/Tie2 amplifies angiogenesis and vascular stabiliza-
tion after stroke (Mammoto et al. 2013). Tie2 activation
leads to Akt activation, and Akt is necessary and sufficient
for increasing endothelial cell sprouting stimulated by both
Angl and VEGF. The Tie2 receptor and Akt are essential
elements in the signal transduction pathway leading to
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endothelial cell survival induced by the paracrine activity
of Angl (Yu et al. 2001). Cornin treatment in stroke rats
for 14 days increased Angl expression and upregulated
phosphorylation of Tie2 and Akt activity in the ischemic
border.

Endothelial progenitor cells (EPCs) have robust thera-
peutic angiogenic potential, yet are limited in the capacity
to develop into fully mature vasculature. Mature vascula-
ture requires the presence of supporting elements, such as
smooth muscle cells (SMCs), which are essentially vas-
cular pericytes that enhance the angiogenic performance of
EPCs (Yang and Proweller 2011; Shudo et al. 2013).
Vascular development and the process of angiogenesis
depend on evaluating the function of novel regulatory
pathways such as Wnt/B-catenin signalling (Parmalee and
Kitajewski 2008). The Wnt/B-catenin pathway is beneficial
to cerebral ischemia and angiogenesis and plays a key role
in SMC proliferation (Zerlin et al. 2008). In brief, -cate-
nin activates and up-regulates pro-proliferative genes
including cyclin D1 (Lyon et al. 2011; Xing et al. 2012).
Our previous results showed that cornin induces angio-
genesis in vitro via a programmed PI3K/Akt/eNOS/VEGF
signalling axis in a brain microvascular endothelial cell line
(HBMEC) (Kang et al. 2013). Consistent with this result,
cornin increased RASMC proliferation and increased
Wnt5a, B-catenin, cyclin D1 and Angl expression in
RASMC. In particular, cornin increases Angl expression in
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Fig. 6 Effect of Cornin on VEGF, Angl, phospho-Akt and phospho-Tie2 expression in the ischemic brain core by western blotting analysis.
a Representative Phospho-Akt, VEGF, phospho-Tie2 and Angl expression in the ischemic brain by western blotting analysis. b Effect of Cornin
on Phospho-Akt, VEGF, phospho-Tie2 and Angl expression in the ischemic brain core. Data are mean &+ SD, n = 5. *P < 0.01 versus the
vehicle-treated rats. Significance was determined by one-way analysis of ANOVA followed by Dunnett’s test

RASMC, assisting in the maturation of new blood vessels.
This observation suggests that cornin induces RASMC
proliferation, which helps to enhance vasculature matura-
tion. Wnt/B-catenin pathways mediates cornin-induced
RASMC proliferation; however, whether this is via PI3 K/
Akt/eNOS signalling remain to be determined.

In summary, we have shown that the treatment of
experimental stroke rats with cornin for 14 days signifi-
cantly improved functional outcomes and increased
angiogenesis. Cornin decreased BBB leakage, increased
proliferation and increased Wnt5a, B-catenin, cyclin DI
and Angl expression in RASMC. These findings showed
that cornin can promote angiogenesis, leading to an
improvement of functional outcomes after stroke. The
Angl/Tie2 and Wnt/B-catenin pathways appear to con-
tribute to cornin-induced angiogenesis.
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