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Background and Purpose Previous studies have revealed the diverse neuroprotective effects
of GV1001. In this study, we investigated the effects of GV1001 on focal cerebral ischemia-re-
perfusion injury (IRI) in rats and oxygen-glucose deprivation/reoxygenation (OGD/R)-induced
injury in neural stem cells (NSCs) and cortical neurons.

Methods Focal cerebral IRl was induced by transient middle cerebral artery occlusion (MCAQ).
Brain diffusion-weighted imaging (DWI) was performed 2 hours after occlusion, and a total of
37 rats were treated by reperfusion with GV1001 or saline 2 hours after occlusion. Fluid-atten-
uated inversion recovery (FLAIR) magnetic resonance imaging, immunohistochemistry, and
neurobehavioral function analyses were performed. Additionally, 0GD/R-injured NSCs and cor-
tical neurons were treated with different GV1001 concentrations. Cell viability, proliferation,
migration, and oxidative stress were determined by diverse molecular analyses.

Results In the stroke model, GV1001 protected neural cells against IRI. The most effective dose
of GV1001 was 60 pM/kg. The infarct volume on FLAIR 48 hours after MCAO compared to le-
sion volume on DWI showed a significantly smaller ratio in the GV1001-treated group.
GV1001-treated rats exhibited better behavioral functions than the saline-treated rats. Treat-
ment with GV1001 increased the viability, proliferation, and migration of the OGD/R-injured
NSCs. Free radicals were significantly restored by treatment with GV1001. These neuroprotec-
tive effects of GV1001 have also been demonstrated in OGD/R-injured cortical neurons.
Conclusions The results suggest that GV1001 has neuroprotective effects against IRl in NSCs,
cortical neurons, and the rat brain. These effects are mediated through the induction of cellu-
lar proliferation, mitochondrial stabilization, and anti-apoptotic, anti-aging, and antioxidant
effects.

Keywords Ischemic stroke; GV1001 peptide; Neural stem cells; Models, animal

Correspondence: Seong-Ho Koh
Department of Neurology, Hanyang
University Guri Hospital, Hangyang
University College of Medicine, 153
Gyeongchun-ro, Guri 11923, Korea

Tel: +82-31-560-2267

Fax: +82-31-560-2267

E-mail: ksh213@hanyang.ac.kr
https://orcid.org/0000-0001-5419-5761

Co-correspondence: Kyu-Yong Lee
Department of Neurology, Hanyang
University Guri Hospital, Hangyang
University College of Medicine, 153
Gyeongchun-ro, Guri 11923, Korea

Tel: +82-31-560-2266

Fax: +82-31-560-2267

E-mail: kylee@hanyang.ac.kr
https://orcid.org/0000-0001-8855-7513

Received: February 15, 2021
Revised: June 14, 2021
Accepted: June 16, 2021

*These authors contributed equally to
the manuscript as first author.

Copyright © 2021 Korean Stroke Society

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) which

permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

420 http://j-stroke.org

pISSN: 2287-6391 e eISSN: 2287-6405


mailto:ksh213@hanyang.ac.kr

Vol. 23 [ No. 3 [ September 2021

Introduction

Acute cerebral ischemia elicits an immune response that leads
to a cascade of events culminating in neuronal death and inju-
ry to supportive structures in the brain.' Several mechanisms,
including excitatory toxicity, oxidative stress, inflammation,
and apoptosis, are thought to be involved in the pathogenesis
of ischemic stroke.” Additionally, neural stem cells (NSCs),
which might contribute to the regeneration of the injured
brain, can be damaged by ischemic injury.® Substantial clinical
trials with drugs that modulate these mechanisms have failed
to show efficacy after ischemic stroke.

(GV1001 is a vaccine peptide anticancer agent derived from a
16-amino-acid sequence in the active site of human telomerase
reverse transcriptase (hTERT). hTERT has both telomeric and extra-
telomeric functions.** By mimicking the extra-telomeric function
of hTERT, GV1001 has various biological functions, including anti-
oxidant, anti-inflammatory, and anti-apoptotic effects, induction
of cell proliferation, and mitochondrial stabilization. These effects
can protect against ischemia-reperfusion injury (IRI).*¢

Based on the diverse effects of GV1001, we hypothesized
that it might have neuroprotective effects against injury due to
cerebral ischemia and reperfusion. In this study, we investigat-
ed the protective effect of GV1001 against ischemic stroke in
an animal model and oxygen-glucose deprivation/reoxygen-
ation (OGD/R)-derived injury in NSCs.

Methods

In vivo methods

Animal preparation and experimental protocols

All animal procedures were performed in accordance with the
Hanyang University Guidelines for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and
Use Committee of Hanyang University. Male Sprague-Dawley rats
weighing 280 to 300 g were used (Biogenomics Incorporated,
Seoul, Korea). In accordance with the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines, all experiments were
conducted in a strictly blinded fashion using predetermined inclu-
sion and exclusion criteria and attrition due to mortality and oth-
er causes reported. However, sample sizes a priori could not be
calculated because anticipated differences in infarct size and es-
timated efficacy with GV1001 were not available.

Middle cerebral artery occlusion of rats
After a 7-day period of adaptation and pre-training for neuro-
logical examination, the left middle cerebral artery was oc-
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cluded for 2 hours and reperfused using the intraluminal fila-
ment technique described previously’® and in the Supplemen-
tary methods.

Dose response and therapeutic time window of efficacy

In the first experiment to determine the most effective dose,
rats were randomly divided into five groups: sham, saline, and
different doses of GV1001 (6, 30, and 60 pM/kg)-treated
groups (n=10 in each group). The sham group was subjected to
the same protocol without middle cerebral artery occlusion
(MCAOQ). Either saline or different doses of GV1001 (6, 30, and
60 puM/kg) were subcutaneously injected immediately before
reperfusion. All rats were sacrificed 48 hours after MCAOQ, and
the infarct volume was calculated after staining with 2,3,5-tri-
phenyltetrazolium chloride (Sigma-Aldrich, St. Louis, MO, USA)
as described previously.” Then, their brains were used for mo-
lecular biological assessment.

Magnetic resonance imaging-based cohort

After determining the optimal dose, another cohort randomized
after diffusion-weighted imaging (DWI) was studied. The rats un-
derwent DWI (repetition time [TR]/echo time [TE]=4,455/74 ms,
slice thickness/gap=1/1 mm, matrix=64x63, and field of view
[FOV]=50%x50 mm) at 3-Tesla using an Achieva device (Philips,
Best, The Netherlands) 2 hours after MCAQ. DWI lesion volumes
were measured using the Medical Image Processing, Analysis, and
Visualization (MIPAV) software (National Institutes of Health,
Bethesda, MD, USA). Rats were divided blindly to receive either sa-
line (n=13), 30 uM/kg GV1001 (n=12), or 60 pM/kg GV1001
(n=12). Rats in the treatment and control groups were subjected
to fluid-attenuated inversion recovery (FLAIR) magnetic resonance
imaging (MRI) (TR/TE/inverstion time [TI]=11,000/77/2,800 ms,
slice thickness/gap=1/1 mm, matrix=128x128, and FOV=50x50
mm) 48 hours after MCAOQ. The final infarct volume was inde-
pendently assessed with MIPAV by neurologists blinded to the ex-
perimental groups and was calculated from the average of the
two measurements (Figure 1A).

Transferase-mediated deoxyuridine triphosphate nick end
labeling assay

To detect apoptotic cells caused by ischemic stroke, a transfer-
ase-mediated deoxyuridine triphosphate nick end labeling (TU-
NEL) assay (Roche Boehringer Mannheim, Indianapolis, IN,
USA) was performed. The sham group underwent the same
protocol without MCAOQ, and the saline group was treated with
saline. GV1001 was administered at doses of 30 and 60 pM/kg.
The detailed method for the TUNEL assay is described in the
Supplementary methods.
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(A) Schematic representation of the study design and the timeline for the establishment of the ischemic stroke animal model. (B) 2,3,5-Triphenyltet-
razolium chloride staining showing the amount of cerebral infarction in each group. The infarct volume was significantly reduced in groups treated with 30
and 60 uM/kg GV1001. (C) The infarct volume was measured by diffusion-weighted imaging (DWI) and fluid-attenuated inversion recovery (FLAIR) magnetic
resonance imaging (MRI). The volume was significantly reduced in the 60 uM/kg GV1001 group. (D) All behavioral function tests showed a beneficial effect of
GV1001. (E) The number of transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL)-positive cells was reduced in the GV1001-treated
group, white scale bar: 250 pum; yellow scale bar: 100 um; and red scale bar: 25 pum. SD, Sprague-Dawley; TTC, triphenyltetrazolium chloride; DAPI, 4',6-di-
amidino-2-phenylindole. *P<0.05; *P<0.01 (vs. control-saline group).
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Neurological outcomes

1) Beam walking test

The sensorimotor function was assessed using beam walking,
rotarod, and modified sticky-tape tests performed before
MCAO and 2 and 3 days after MCAO by an investigator blinded
to the experimental groups. For the beam walking test, rats
were trained 7 days before MCAO to walk on a wooden beam
(2.5x2.5x80 cm) placed 60 cm above the floor to return to
their home cage. The test was scored as follows: 0, traverses
the beam with no foot slip; 1, traverses by grasping the lateral
side of the beam; 2, shows disability walking on the beam but
can traverse; 3, takes a considerable amount of time to tra-
verse the beam because of difficulty in walking; 4, unable to
traverse the beam; 5, unable to move the body or any limb on
the beam; 6, unable to stay on the beam for 10 seconds.’

2) Rotarod test

Rats were placed on an accelerating rotarod cylinder, and the
riding time that the animal remained on the rotarod was mea-
sured. The speed of the rotarod was not increased during the
experiment. A trial ended if the animal fell off the rungs or
gripped the device and spun around for two consecutive revo-
lutions without attempting to walk on the rungs. The animals
were trained 7 days before MCAO. Motor test data are pre-
sented as the mean duration (three trials) on the rotarod.*"

3) Modified sticky-tape test

A sleeve was created using a 3 cm piece of green paper tape
that was 1 cm wide. The tape was wrapped around the fore-
paw so that the tape attached to itself and allowed the fingers
to protrude slightly from the sleeve that was formed. The typi-
cal response was for the rat to vigorously attempt to remove
the sleeve by either pulling at the tape with its mouth and/or
brushing the tape with its contralateral paw. After attaching
the sleeve, the rat was placed in its cage and observed for 30
seconds. The timer was turned on only when the animal at-
tempted to remove the taped sleeve. The data collected repre-
sented the fraction of the 30 seconds observation period that
the animal spent attending to the stimulus. The contralateral
and ipsilateral limbs were tested separately. The test was re-
peated three times per test day, and the best two scores were
averaged."

Histology and immunohistochemistry

All rats used for the evaluation of infarction volume with MRI
were sacrificed 48 hours after MCAO for histological and im-
munohistochemical analyses. Hematoxylin and eosin (H&E)
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staining distinguished the peri-infarct region from the remain-
ing area. TUNEL-positive cells were counted in the GV1001 and
control (sham and saline) groups. Immunohistochemical stain-
ing was performed as previously described’® using antibodies
against phosphorylated Akt (pAkt; Ser473, 1:100, 9271, Cell
Signaling Technology, Beverly, MA, USA), phospho-glycogen
synthase kinase (pGSK-3; 1:100, ab107166, Abcam, Cam-
bridge, MA, USA), phosphorylated-extracellular signal-regulat-
ed kinase (pERK)1/2 (Thr202/Tyr204; 1:1,000, 9101, Cell Signal-
ing Technology), B-cell lymphoma 2 (Bcl-2; 1:100, sc-7382,
Santa Cruz Biotechnology, Dallas, TX, USA), Bcl-2 associated X
(Bax; 1:100, ab5714, Abcam), nestin (1:200, ab6142, Abcam),
neuronal nuclei (NeuN; 1:100, MAB377, Millipore, Bedford,
MA, USA), doublecortin (DCX; 1:100, ab28941, Abcam), and
SRY-box transcription factor 2 (SOX2; 1:50, ab79351, Abcam;
1:50, ab97959, Abcam). The detailed methods are described in
the Supplementary methods.

Western blotting

The peri-infarct region in the control (sham and saline) group
and the corresponding area in the GV1001-treated group, which
were confirmed based on MRI, were used in Western blot analy-
sis for phospho-insulin receptor substrate-1 (pIRS-1)
(Ser636/639; 1:1,000, 2388, Cell Signaling Technology), phos-
pho-phosphoinositide 3-kinase (pPI3K) p85 (Tyr458)/p55(Tyr199)
(p85a PI3K; 1:1,000, 4228, Cell Signaling Technology), pAkt
(Ser473), Akt (1:2,000, 9272, Cell Signaling Technology), pG-
SK-3B (1:1,000, 9336, Cell Signaling Technology), GSK-38
(1:2,000, sc-9166, Santa Cruz Biotechnology), pERK1/2 (Thr202/
Tyr204), Bcl-2, Bax (1:1,000, 2772, Cell Signaling Technology),
uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1,
1:500, ab237810, Abcam), FK506 binding protein 5 (FKBP5, 0.4
pg/mL, NBP1-84676, Novus Biologicals, Centennial, CO, USA),
sphingosine kinase type 1 (SPHK1, 1:1,000, ab71700, Abcam),
and beta-tubulin (3-tubulin, 1:2,000, 2146, Cell Signaling Tech-
nology). The detailed method for Western blotting is described in
the Supplementary methods.

In vitro methods

Culture and treatment of NSCs and primary cortical neu-
rons

NSCs were isolated from rodent embryonic brains, cultured,
and then expanded. NSCs were cultured as described previous-
ly."*"® Primary cultured cortical neurons were obtained from
the cerebral cortex of fetal Sprague-Dawley rats (Orient Bio,
Seongnam, Korea) on embryonic day 16. The methods for cul-
turing NSCs and primary cortical neurons are briefly described
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in the Supplementary methods.

OGD was achieved in a Forma anaerobic chamber (Thermo
Fisher Scientific, Waltham, MA, USA). A gas mixture containing
5% CO2, 0.2% 0, and 94.8% N, was flushed through the
chamber for 1, 2, 4, 6, 8, 10, 12, 14, 16, 22, and 24 hours. This
procedure maintained a non-fluctuating hypoxic environment
of <1% 0.. Reoxygenation was performed after 1 and 8 hours
of incubation in a hypoxic chamber, and the cells were incu-
bated again in a normoxic incubator (95% air/5% CO,) for 8
hours at 37°C. Untreated cells served as controls.

To evaluate the effect of GV1001 on NSCs, the cells were
treated with several concentrations of GV1001 alone. Finally, to
measure the protective effect of GV1001 against OGD, NSCs
were treated with several concentrations of GV1001 under
OGD for 1 and 8 hours, as described above.

Molecular studies

The diverse molecular analyses included (1) trypan blue stain-
ing (TBS) and lactate dehydrogenase (LDH) release assay to
measure cell viability and cytotoxicity; (2) bromodeoxyuridine
(BrdU) cell proliferation assay; (3) colony-forming unit (CFU)
assay to determine cell growth; (4) annexin V and propidium
iodide staining to detect cell death; (5) evaluation of apoptosis;
(6) determination of cell migration; (7) determination of free
radical production; (8) malondialdehyde (MDA) assay of lipid
peroxidation due to oxidative stress; (9) determination of Ca**
level; (10) determination of oxidative mitochondrial DNA dam-
age; (11) adenosine triphosphate (ATP) assay; (12) mitochon-
drial membrane potential assay; (13) Western blot analysis;
(14) proteomics analysis; and (15) antibody microarrays. The
methods are detailed in the Supplementary methods.

Statistical analyses

All data are presented as the meantstandard deviation values
from five or more independent experiments. Statistical analy-
ses of three or more datasets were performed using one-way
analysis of variance, followed by Tukey's post hoc comparisons.
Statistical significance was set at P<0.05. All statistical analy-
ses were performed using IBM SPSS Statistics for Windows
version 21.0 (IBM Co., Armonk, NY, USA).

Results
In vivo results
Reduction of infarct volume by GV1001

Administration of GV1001 2 hours after MCAO attenuated the
infarct volume at 48 hours. The effective doses of GV1001 were
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30 and 60 pM/kg, which were used in subsequent experiments
(Figure 1B). The initial infarct volumes on DWI were not signifi-
cantly different between the GV1001-treated and saline-treat-
ed groups (P=0.278). The infarct volume on FLAIR MRI 48
hours after MCAO compared to lesion volume on DWI MRI just
before injection showed a significantly smaller ratio in the
GV1001-treated group than in the saline-treated group (Figure
1C).

Efficacy of GV1001 based on behavioral evaluation and
expression of TUNEL-positive cells

The GV1001-treated groups showed consistently better neuro-
logical outcomes than the saline group. The treatment effects
over time were significant in a dose-dependent manner for the
rotarod, modified adhesive-removal, and beam balance tests
(Figure 1D). After sacrificing the rats, brain tissues were sec-
tioned and analyzed by TUNEL assay to assess apoptotic cell
death. The number of TUNEL-positive cells in the ischemic peri-
infarct region was compared among the sham, saline, and
GV1001-treated groups (30 and 60 uM/kg GV1001). The num-
ber of TUNEL-positive cells was reduced in the GV1001-treated
group compared with the control group in a dose-dependent
manner (Figure 1E).

Effect of GV1001 on intracellular signals

To investigate the mechanisms underlying GV1001-induced
neuroprotection against ischemic stroke, the immunoreactivity
of pIRS-1, pAkt (Ser473), pGSK-3p (Ser9), pERK1/2, Bcl-2, Bax,
glial fibrillary acidic protein (GFAP, an astrocyte marker), nestin
(a neuroectodermal stem cell marker), NeuN (a neuronal nucle-
ar antigen), DCX (a neuronal differentiation marker), and SOX2
(a multipotent NSC marker) were measured. Immunoreactivi-
ties of survival-related proteins (pIRS-1, pAkt, pGSK-38,
pERK1/2, and Bcl-2) were significantly increased in the peri-
infarct region after treatment with GV1001. The expression of
Bax, which is involved in cell death, was decreased by treat-
ment with GV1001 (Figure 2A).

Immunohistochemistry confirmed the increases in pAkt
(Ser473), pGSK-3 (Ser9), pERK, and Bcl-2 levels and decreases
in Bax levels along with increment in the number of NeuN- or
SOX2-positive cells after treatment with GV1001 (Figure 2B
and Supplementary Figure 1). Additionally, increased levels of
nestin, NeuN, SOX2, and DCX were noted in the peri-infarct
subventricular zone of the GV1001-treated group, but GFAP
expression was decreased by GV1001 treatment (Figure 2C).
The levels of markers for neurotoxic phenotype reactive astro-
cytes (UGT1A1 and FKBP5) were increased and those of neuro-
protective phenotype reactive astrocytes (SPHK1) were de-
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genase; CFU, colony-forming unit. *P<0.05 (vs. control group); *P<0.01 (vs. control group); P<0.05 (vs. NSCs only treated with OGD); *P<0.05 (vs. NSCs treated with OGD/R).
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creased in the peri-infarct area of the MCAO rat model, and
(GV1001 significantly restored the expression of these markers
(Figure 2D).

In vitro results

Effect of O0GD/R and GV1001 on NSC viability, prolifera-
tion, and mobilization

Cell viability was measured using TBS and LDH assays. Expo-
sure of primary cultured NSCs to OGD for 1 to 24 hours signifi-
cantly reduced NSC viability in a time-dependent manner (Fig-
ure 3A). As cell viability was 60% to 70% after 8 hours of 0GD
exposure, this condition was considered as optimal duration
(Figure 3A). GV1001 alone did not affect the viability of NSCs
(Figure 3B).

NSCs were exposed to OGD for 8 hours and treated simulta-
neously with different concentrations of GV1001. Compared
with treatment with OGD/R alone, treatment with OGD/R and
(GV1001 at concentrations of 10 and 50 uM increased NSC via-
bility, as measured by the TBS and LDH assays (Figure 3C and
F), and proliferation, as measured by the BrdU and CFU assays
(Figure 3D and E).

The effect of GV1001 on the apoptosis of NSCs induced by
OGD/R was determined by 4',6-diamidino-2-phenylindole
(DAPI) and TUNEL staining. These results revealed that the
percentage of apoptotic cells was increased by OGD/R and
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was significantly decreased by co-treatment with GV1001 (up
to 50 pM) (Figure 3G). Migratory capacity, which is an impor-
tant characteristic of stem cells, was evaluated using a migra-
tion assay kit. OGD/R reduced the migratory capacity of NSCs,
but co-treatment with GV1001 (10 and 50 uM) effectively re-
stored this capacity (Figure 3H).

Effect of GV'1001 on free radical production and oxidative
mitochondrial DNA damaged by OGD/R

We evaluated the free radical scavenging effect of GV1001 af-
ter OGD. GV1001 alone did not trigger reactive oxygen species
(ROS) production under cell-free conditions (Figure 4A). ROS
levels were dramatically elevated by reoxygenation after OGD
in NSCs, and GV1001 significantly inhibited ROS production
(Figure 4B). The levels of MDA, a lipid peroxidation marker,
were measured to confirm the antioxidant effect. The MDA
levels in NSCs were increased by OGD/R. However, GV1001 ef-
fectively decreased this level in a concentration-dependent
manner (Figure 4C). Intracellular Ca®* levels decreased, and oxi-
dative mitochondrial DNA damage increased with OGD/R.
These effects were significantly reversed by the administration
of GV1001 (Figure 4D and E).

Effect of GV1001 on mitochondria of NSCs injured by
OGD/R
We measured ATP levels and mitochondrial membrane poten-
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(A) Antioxidant effect of GV1001. GV1001 alone did not trigger reactive oxygen species (ROS) production. (B) Intracellular ROS produced after oxygen-
glucose deprivation/reperfusion (OGD/R) was decreased after treatment with GV1001, scale bar: 25 pm. (C, D, E) The levels of malondialdehyde (MDA) and intra-
cellular Ca®* and oxidative mitochondrial DNA damage were increased by OGD/R and were significantly decreased upon GV1001 treatment. (F) Adenosine triphos-
phate (ATP) assay for the function of mitochondria. ATP levels were decreased by OGD/R. GV1001 restored ATP levels. (G) The mitochondrial membrane potential
was significantly decreased with OGD/R, but GV1001 markedly restored this potential. mtDNA, mitochondrial deoxyribonucleic acid. *P<0.05 (vs. control group);
*P<0.01 (vs. control group); FP<0.05 (vs. NSCs only treated with OGD); P<0.01 (vs. NSCs only treated with OGD); " P<0.05 (vs. NSCs treated with OGD/R).
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tials to evaluate the effect of GV1001 on the mitochondria of
NSCs injured by OGD/R. ATP levels were reduced in NSCs after
OGD/R, but this reduction was significantly alleviated by
GV1001 treatment (Figure 4F). The mitochondrial membrane
potential in NSCs was decreased by OGD/R but was signifi-
cantly restored by GV1001 (Figure 4G).

Effect of O0GD/R and GV'1001 on intracellular protein levels
We performed Western blot and immunocytochemistry analy-
ses to directly measure changes in the immunoreactivities of
proteins affected by treatment with OGD/R and GV1001 (Figure
5A-C). Ki67 level, which is associated with proliferative activity,
was decreased by OGD/R but was increased by GV1001 (Figure
5A). The levels of survival-related proteins, such as p85a, PI3K,
pAkt (Ser 473), pGSK-3p (Ser9), and cytoplasmic high mobility
group box protein 1 (HMGB-1), were also decreased following
OGD/R injury but were recovered with GV1001 treatment (Fig-
ure 5A). The levels of death-related proteins, such as Bax, cyto-
solic cytochrome c, cleaved caspase-3, and cleaved caspase-9,
were increased with OGD/R but were significantly decreased
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with GV1001 treatment (Figure 5B).

We also measured alterations in the Wnt signaling pathway
to examine the non-canonical telomerase activity. 0GD/R de-
creased active (non-phospho) [3-catenin expression in the cyto-
plasm, whereas GV1001 significantly increased active 3-catenin
expression. OGD/R significantly decreased the expression of cy-
clin D1 and c-Myc, but GV1001 effectively restored their ex-
pression, although the expression pattern of c-Myc was restored
slightly at 1 hour after treatment (Figure 5C). Additionally, pro-
teomic analyses were performed to determine the effect of
OGD/R and GV1001 on the production of intracellular proteins
in NSCs. The production of numerous proteins was altered by
OGD/R, and treatment with GV1001 restored the altered protein
production (Figure 5D). An antibody microarray was performed
to assess the phosphorylation patterns of proteins. The levels of
the phosphorylated forms of various survival-related proteins
were decreased by 8 hours of OGD/R and were restored by
GV1001 treatment. The level of tryptophan hydroxylase, which
catalyzes serotonin synthesis, was increased by OGD/R and de-
creased by GV1001 treatment (Figure 5E).
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(A) Effect of GV1001 on intracellular proteins in oxygen-glucose deprivation/reoxygenation (OGD/R)-injured neural stem cells (NSCs). Western blots
showed that the levels of proteins associated with the proliferation and survival of NSCs decreased with OGD/R. The protein levels were increased upon treat-
ment with GV1001. (B) Levels of proteins associated with cell death increased with OGD/R. These levels were decreased upon GV1001 treatment. (C) Expressions
of active B-catenin, cyclin D1, and C-myc were evaluated to confirm the non-canonical telomerase activity of GV1001. These levels were decreased after O0GD/R
and were restored by GV1001 treatment. The data are expressed as percentages of the value in the control group and represented as the mean+standard
deviation values from five independent experiments. (D) Proteomic and (E) antibody microarray data revealed that GV1001 affected the levels of numerous in-
tracellular proteins in OGD/R-injured NSCs. PI3K, phosphoinositide 3-kinase; pAkt, phosphorylated Akt; pGSK-38, phospho-glycogen synthase kinase; HMGB1,
high mobility group box protein 1; Bax, Bcl-2 associated X; HSP, heat shock protein; ATP, adenosine triphosphate; PP1, protein phosphatase 1; NADH, nicotin-
amide adenine dinucleotide hydride; COP9, constitutive photomorphogenesis 9; CoA, coenzyme A; GRP1, general receptor of phosphoinositides 1; ARNO3; ARF
nucleotide-binding site opener 3; ERK, extracellular signal-requlated kinase; b-NOS, brain nitric oxide synthase; PKB, protein kinase B; PKC, protein kinase C.
*P<0.05 (vs. control group); *P<0.01 (vs. control group); *P<0.05 (vs. NSCs only treated with OGD); *P<0.01 (vs. NSCs only treated with OGD); " P<0.05 (vs. NSCs
treated with OGD/R).

Critical roles of PI3K pathway in GV1007-induced rejuve-
nation of stem cell characteristics of 0GD/R-injured NSCs
OGD/R significantly deteriorated the stem cell characteristics,
including survival, proliferation, and migration of NSCs. How-
ever, GV1001 effectively counteracted these effects and re-
stored the PI3K pathway. To investigate the role of the PI3K
pathway in the rejuvenation of NSCs by GV1001, NSCs were
pretreated with the PI3K inhibitor LY294002 before OGD/R and
GV1001 treatments. Pretreatment with the PI3K inhibitor
blocked the effect of GV1001 on OGD-injured NSCs, and cell
viability was significantly decreased compared to that of NSCs

430 http://j-stroke.org

not pretreated with the PI3K inhibitor (Figure 6). However, in
NSCs injured with OGD/R (8 hours OGD with 8 hours reoxy-
genation), the PI3K inhibitor attenuated the protective effect
of GV1001, but the effect was not statistically significant.

Effect of GV1001 on cortical neurons damaged by OGD/R

To confirm the effect of GV1001 on neurons injured by OGD/R,
viability, toxicity, and ROS production were assessed (Figure 7).
GV1001 restored the viability and reduced the toxicity of corti-
cal neurons, which were injured by OGD/R (Figure 7A and B).
Furthermore, GV1001 significantly inhibited the production of

https://doi.org/10.5853/j0s.2021.00626
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Oxygen-glucose deprivation/reoxygenation (OGD/R)-injured neu-
ral stem cells (NSCs) were treated with the phosphoinositide 3-kinase
(PI3K) inhibitor LY294002 to assess the role of the PI3K/Akt pathway in the
protective mechanism of GV1001. The NSCs were divided into seven
groups: control (group 1); OGD (group 2); 0GD+10 uM GV1001 (group 3);
0GD+10 uM GV1001+LY294002 (group 4); OGD/R (group 5); OGD/R+10
1M GV1001 (group 6); and OGD/R+10 uM GV1001+LY294002 (group 7).
LY294002 significantly blocked the effects of GV1001 on OGD-injured
NSCs. *P<0.05 (vs. group 1); P<0.05 (vs. group 2); *P<0.05 (group 3 vs.
group 4); *P<0.05 (group 5 vs. group 6).

ROS, which was elevated by reoxygenation after OGD, in these
neurons (Figure 7C). The levels of survival-related proteins were
decreased and those of death-associated proteins were in-
creased by OGD/R. However, treatment with GV1001 reversed
these changes (Figure 7D).

Discussion

In the present study, we demonstrated that GV1001 reduced
the infarct volume and restored the neurologic function in an
ischemic stroke rat model. GV1001 stimulated neuroprotective
pathways, as demonstrated by the increased levels of pAkt,
pGSK-38, pERK1/2, and Bcl-2, and decreased levels of Bax
along with an increase in the number of NeuN-positive neu-
rons and SOX2-positive NSCs. The expression of death-related
proteins, including cleaved caspase-3, cleaved caspase-9, and
Bax, was suppressed by GV1001. The in vitro 0GD/R model
demonstrated that GV1001 protected NSCs from OGD/R injury
by improving viability, restoring proliferation, increasing mobi-
lization, stabilizing mitochondria, and exerting antioxidant ef-
fects. In addition, GV1001 improved viability, increased migra-
tion activity, and decreased ROS in OGD/R-injured cortical
neurons.
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GV1001 is a vaccine peptide derived from hTERT," which
was originally developed as an anticancer agent."® Recent stud-
ies have shown extra-telomeric functions of hTERT, including
stabilizing mitochondria, promoting cellular proliferation, and
antioxidant, anti-inflammatory, and anti-apoptotic effects.*'®
GV1001 may protect against IRl by mimicking these extra-
telomeric functions. In line with our finding that GV1001
showed protective effects against IRl in the brain, previous re-
ports have described its protective effects against IRl in other
organs. GV1001 significantly increased the survivability of skin
flaps against IRI by reducing ROS levels and inflammation in a
rat model.'
effects in a myocardial IRI rat model,"” lung transplantation rat
model,”® and renal IRl mouse model."* However, to our knowl-
edge, the present study is the first to show significant neuro-
protective effects of GV1001 against cerebral IRI.

The PI3K pathway is important for cell survival and contrib-

Furthermore, GV1001 showed potential protective

utes to the protection of the brain and NSCs after ischemic in-
jury.” Activated PI3K phosphorylates Akt downstream,® and
pAkt inactivates glycogen GSK-3 by phosphorylation and in-
hibits caspase-9, which is related to apoptosis.”'** Activated
GSK-3p is associated with cell death due to ischemic injury.? In
the present study, the in vitro OGD/R model confirmed the
neuroprotective mechanism of GV1001, which was achieved by
increasing levels of the survival-related proteins (PI3K, pAkt,
and pGSK-3p) and decreasing levels of apoptosis-related pro-
teins such as Bax, cytosolic cytochrome c, cleaved caspase-3,
and cleaved caspase-9 (Figure 5A and B). These protective ef-
fects of GV1001 were significantly reduced by co-treatment
with the PI3K inhibitor, LY294003 (Figure 6). In cortical neu-
rons, GV1001 also increased the levels of survival-related pro-
teins (IRS-1 and PI3K) and attenuated those of apoptosis-re-
lated proteins. We previously demonstrated the downstream
PI3K pathway in cortical neurons after GV1001 treatment.’
These findings indicate the direct effect of GV1001 on the PI3K
pathway. Similar to the results of the in vitro O0GD/R model, the
PI3K pathway was associated with the neuroprotective mecha-
nisms of GV1001 in an ischemic stroke rat model. These neuro-
protective mechanisms were achieved by increasing pAkt,
pGSK-3f, pERK1/2, and Bcl-2 levels and by suppressing Bax
expression (Figure 2A and B), all of which are related to the
PI3K pathway.*'** Proteomics revealed that GV1001 increased
the levels of diverse intracellular proteins, including elongation
factor 1-delta, heat shock protein 90a, and ezrin in OGD/R-in-
jured NCSs. These proteins can promote the PI3K pathway.***
Additionally, microarray data showed an increase in Akt ex-
pression with GV1001 treatment. After activation, NSCs differ-
entiate into neural cells that replace damaged cells during
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Effects of GV1001 on cortical neurons injured by oxygen-glucose deprivation/reoxygenation (OGD/R). GV1001 restored the viability (A) and alleviated the
toxicity (B) of cortical neurons injured by OGD/R. (C) GV1001 significantly inhibited the production of reactive oxygen species (ROS), which was elevated by reoxy-
genation after OGD, in neurons, scale bar: 100 um. (D) Treatment with GV1001 restored the migration activity of cortical neurons, which was reduced by OGD/R.
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neurogenesis.”’ The replacement of cells by regeneration of en-
dogenous NSCs might restore neurological function after isch-
emic stroke.”?® However, endogenous NSCs are injured by
ischemic stroke and lose their critical stem cell characteristics.
SOX2 is a marker for multipotent NSCs.” In the peri-infarct
subventricular zone of the stroke rat model, SOX2 levels were
markedly increased in the GV1001-treated groups compared
with the saline group (Figure 2C). An in vitro OGD/R model re-
vealed that treatment with GV1001 restored the viability (Fig-
ure 3C) and proliferation (Figure 3D and E) activity of OGD/R-
injured NSCs. GV1001 showed an anti-apoptotic effect (Figure
3G) and recovered the impaired migratory activity (Figure 3H).

434  http://j-stroke.org

14
0-

*§ + *

Cleaved cas-9  Cleaved cas-3 Cytosolic
cytochrom-C

Bel-2

In addition, GV1001 demonstrated an antioxidant effect by re-
ducing ROS levels (Figure 4B) and decreasing oxidative mito-
chondrial damage caused by OGD/R (Figure 4E). MDA and in-
tracellular Ca** levels were assessed to verify the antioxidant
effect of GV1001. GV1001 attenuated both MDA and intracel-
lular Ca?* levels, which were increased by OGD/R (Figure 4C
and D).

The expressions of active B-catenin, cyclin D1, and c-myc
were analyzed to evaluate the Wnt signaling pathway. This path-
way has neuroprotective effects against and regenerative effects
after ischemic injury.® In this study, active B-catenin, cyclin D1,
and c-myc levels were decreased in NSCs following OGD/R injury
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but were restored by treatment with GV1001 (Figure 5C). These
findings suggest that GV1001 has non-canonical telomerase ac-
tivity, consistent with that seen in our previous study.® Addition-
ally, levels of Ki67, which reflects proliferative activity,” and
those of HMGB-1, which modulates DNA repair and chromatin
modification after DNA damage,* were reduced by OGD/R, and
treatment with GV1001 increased the levels of both (Figure 5A).
Therefore, GV1001 may repair the DNA.

NSCs, which are activated under various conditions, differ-
entiate into diverse types of nerve cells, including neurons, as-
trocytes, and oligodendrocytes.” After a stroke, NSCs more fre-
quently differentiate to form astrocytes, which contribute to
gliosis, with less frequent differentiation to neurons.?’ In this
study, incremental increases in the levels of neuronal markers
and decreases in the levels of astrocyte markers were evident
in the peri-infarcted regions of the brains of GV1001-treated
rates (Figure 2B). These findings can be explained by our previ-
ous report that GV1001 restores the ability of injured NSCs to
differentiate more frequently to neurons and less frequently to
astrocytes.®

This study had two limitations. First, the pharmacokinetics
of GV1001 were not evaluated. Second, no single animal model
can reflect the heterogeneous nature of human stroke. There-
fore, it is difficult to generalize the findings of the current
study directly to ischemic stroke in humans.

Conclusions

In conclusion, we demonstrated the neuroprotective effect of
GV1001 in an acute ischemic stroke animal model, as evi-
denced by improved tissue and neurological outcomes. GV1001
displayed neuroprotective effects against OGD/R injury in NSCs
by inducing proliferation, restoring cell migration, reducing
apoptosis, and stabilizing the mitochondria. These effects
mimic the extra-telomeric functions of hTERT. Thus, GV1001 is
a potential therapeutic candidate for ischemic stroke; however,
further studies are needed to confirm this.
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Supplementary methods

In vivo methods

Middle cerebral artery occlusion of rats

After a 7-day adaptation and pre-training period for neurologi-
cal examination, the rats were subjected to left middle cerebral
artery occlusion (MCAQ) for 2 hours using the intraluminal fil-
ament technique. The rats were anesthetized with isoflurane
(3% for induction and 2% for surgical procedure) in a mixture
of oxygen/nitrous oxide (30%/70%). Body temperature was
maintained at 36.6°C+0.5°C with a thermistor-controlled heat-
ing pad. Arterial pH, pCO, pO2, and hematocrit were measured
using a blood analysis system (International Technidyne, Edi-
son, NJ, USA) in 0.1 mL of arterial blood obtained from a right
femoral catheter. Arterial pressure was monitored from the
femoral catheter with a strain-gauge transducer (LIFE KIT DX-
360, Nihon Kohden, Tokyo, Japan) and amplifier (MacLab
Bridge Amplifier, AD Instruments Pty Ltd., Castle Hill, Australia).
Phasic pressure, mean arterial pressure, and heart rate were re-
corded at a sampling rate of 200/seconds using a data acquisi-
tion system and a laboratory computer (MaclLab 8 analog-to-
digital converter and Macintosh computer). After 2 hours of
occlusion, reperfusion was performed.

For the sham surgery, a needle was introduced into the left
common carotid artery of the rats and was immediately with-
drawn. Regional cerebral blood flow was measured using a la-
ser Doppler flowmeter (ALF21, Advance, Tokyo, Japan) and a
wire-type probe (0.3 mm diameter; Unique Medical, Tokyo, Ja-
pan). These flowmeters and probes were inserted through a
small burr hole 2 mm lateral to the bregma at the surface of
the cortex to evaluate the ischemic core in the caudate and
putamen.

Transferase-mediated deoxyuridine triphosphate nick end
labeling assay

After sacrificing the rats, they were transcardially perfused
with 0.9% sodium chloride. Brains were swiftly removed, fixed
overnight in 4% paraformaldehyde solution, and then cryopro-
tected in a 30% sucrose solution for 3 days. Each brain was
mounted on a cold metal block using an optimal cutting tem-
perature compound (Sakura Tissue Tek, Torrance, CA, USA).
Coronal sections (20 um thickness) were cut using a motorized
cryostat (Leica, Richmond, IL, USA) at -20°C. Slides were stored
at -4°C and processed for transferase-mediated deoxyuridine
triphosphate nick end labeling (TUNEL) staining. After washing
the fixed tissues with phosphate-buffered saline (PBS) for
30 minutes, the tissues were incubated with 3% H20. in meth-
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anol for 10 minutes. The tissues were rinsed with PBS and
placed in 0.1% Triton XX¥100 in 0.1% sodium citrate for 2 min-
utes on ice. After washing the tissues three more times, the
TUNEL reaction mixture was added, and the tissues were finally
incubated at 37°C without light for 1 hour. After washing three
times with PBS, the tissues were mounted with 4',6Xdiamidi-
noX2Xphenylindole (DAPI) mounting medium (Vector Laborato-
ries, Burlingame, CA, USA), and the number of TUNEL-positive
cells was counted.

Histology and immunohistochemistry

All rats used for the evaluation of the infarct volume with
magnetic resonance imaging (MRI) were sacrificed 48 hours
after MCAO for histological and immunohistochemistry analy-
ses. The rats were transcardially perfused with PBS. The brains
were quickly removed and cooled in ice-cold artificial cerebro-
spinal fluid for 5 minutes. Subsequently, 2 mm thick slices of
the brain matrix were prepared by sectioning along the coronal
plane approximately 0.4 mm from the bregma point on the
skull. The slices were fixed overnight in 4% paraformaldehyde
solution and then cryoprotected in a 30% sucrose solution for
3 days. The remaining brain tissues were stored at -80°C for
Western blotting. Each brain specimen was mounted on a cold
metal block using an optimal cutting temperature compound
(Leica, Wetzlar, Germany), and coronal brain sections (20 um in
thickness) were cut on a motorized cryostat (Leica, Wetzlar,
Germany) at —20°C. Three sections were placed on one “Muto"
glass slide by pressing the slide onto the section as it came off
the cryostat blade. Slides were stored at —80°C and processed
for hematoxylin and eosin (H&E) and TUNEL staining. H&E
staining distinguished the peri-infarct region. TUNEL-positive
cells were counted in both the GV1001 and control groups. Im-
munohistochemical staining was performed using antibodies
against phosphorylated Akt (pAkt; Ser473; 1:100, 9271; Cell
Signaling Technology, Beverly, MA, USA), phospho-glycogen
synthase kinase (pGSK-3f3, 1:1,000, 9336, Cell Signaling Tech-
nology), phosphorylated-extracellular signal-requlated kinase
(pERK1/2, Thr202/Tyr204; 1:1,000, 9101, Cell Signaling Tech-
nology), phosphorylated p38 (Thr180/182; 1:1,000, 9211, Cell
Signaling Technology), B-cell lymphoma 2 (Bcl-2; 1:100, 2876,
Cell Signaling Technology), nestin (1:200, ab6142, Abcam,
Cambridge, MA, USA), neuronal nuclei (NeuN; 1:100; MAB377,
Millipore, Bedford, MA, USA), and doublecortin (DCX; 1:100,
ab28941, Abcam). Immunohistochemically positive cells were
identified using a fluorescence microscope (Olympus, Tokyo,
Japan). The number of positive cells in the peri-infarct region
of the brain of the control group and in the corresponding area
of the brain in the GV1001-treated group was expressed as the
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average number of positive cells per high-power field (x200).
As a negative control, the above procedures were repeated
without a primary antibody; this sample showed no stained
cells.

Western blotting

Frozen brain tissues of rats were rapidly micro-dissected on an
ice-chilled plate. The peri-infarct region in the control group
and the corresponding area in the GV1001-treated group,
which were confirmed based on the MRI findings, were used
in the Western blot analysis. The micro-dissected tissues were
homogenized using a T 10 basic homogenizer (IKA Laboratory,
Wilmington, NC, USA) and a type B pestle in 10:1 volume/
weight buffer containing RIPA Il cell lysis buffer 1x EDTA-free
Triton, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM so-
dium fluoride, T mM sodium orthovanadate (NasV0.), and
0.5% 1x protease inhibitor cocktail. The protein concentra-
tions of the tissue lysates were determined using a protein as-
say kit (Bio-Rad, Hercules, CA, USA). Equal amounts (20 pg) of
protein were resolved by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred to nitrocellu-
lose membranes (Amersham Pharmacia Biotech, Piscataway,
NJ, USA). The membranes were blocked with 5% skim milk
and sequentially incubated with the same antibodies against
phospho-insulin receptor substrate-1 (pIRS-1) versus neural
stem cells (NSCs) only treated with OGD (Ser636/639) (1:1,000,
2388, Cell Signaling Technology), pAkt (ser473; 1:500, 9271,
Cell Signaling Technology), Akt (1:2,000, 9272, Cell Signaling
Technology), pGSK-33 (1:1,000, 9336, Cell Signaling Technolo-
gy), GSK-3B (1:2,000, sc-9166, Santa Cruz Biotechnology, Dal-
las, TX, USA), pERK1/2 (Thr202/Tyr204; 1:1,000, 9101, Cell Sig-
naling Technology), phosphorylated p38 (Thr180/182; 1:1,000,
9211, Cell Signaling Technology), Bcl-2 (1:1,000, 2876, Cell
Signaling Technology), Bcl-2 associated X (Bax; 1:1,000, 2772,
Cell Signaling Technology), and B-tubulin (1:2,000, 2146, Cell
Signaling Technology). The membranes were washed with Tris-
buffered saline containing 0.1% Tween-20 (TBST) and pro-
cessed using horseradish peroxidase-conjugated anti-rabbit
antibody (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA), followed by enhanced chemiluminescence de-
tection (GenDEPOT, Katy, TX, USA). The Western blot results
were quantified using an image analyzer (ImageQuant LAS
4000, GE Healthcare, Little Chalfont, UK).

In vitro methods

Culturing of neural stem cells
Rat embryos were decapitated on embryonic day 13. Their
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brains were rapidly removed and placed in a Petri dish half-full
of ice-cold Hank's balanced salt solution (137 mM NaCl, 5.4
mM KCl, 0.3 mM Na;HPO4, 0.4 mM KH;PQs, 5.6 mM glucose,
and 2.5 mM HEPES; GIBCO BRL, Carlsbad, CA, USA). Single cells
were dissociated from the whole cerebral cortex, lateral gan-
glionic eminence, and ventral midbrain of rat embryos. The re-
sulting cells were plated at a density of 2x10* cells/cm? in cul-
ture dishes pre-coated with poly-L-ornithine/fibronectin in
Ca®*/Mg?**-free PBS (GIBCO BRL) and cultured in N2 medium
(Dulbecco's modified Eagle's medium [DMEM]/nutrient mixture
F-12, 25 mg/L insulin, 100 mg/L transferrin, 30 nM selenite,
100 1M putrescine, 20 nM progesterone, 0.2 mM ascorbic acid,
2 nM L-glutamine, 8.6 mM D[+] glucose, and 20 nM NaHCO;;
Sigma-Aldrich, St. Louis, MO, USA) supplemented with basic fi-
broblast growth factor (10 ng/mL, R&D Systems, Minneapolis,
MN, USA). Cultures were maintained at 37°C in a humidified
5% CO. atmosphere for 4 to 6 days.

Culturing of primary cortical neurons

Primary cultured cortical neurons were obtained from the ce-
rebral cortex of fetal Sprague-Dawley rats (Orient Bio, Seong-
nam, Korea) on E16. The embryos were decapitated, and the
brains were rapidly removed and placed in a Petri dish half-
filled with ice-cold Hank's balanced salt solution (137 mM
NaCl, 5.4 mM KClI, 0.3 mM Na;HPO,, 0.4 mM KH,POs, 5.6 mM
glucose, and 2.5 mM HEPES; GIBCO BRL). Single cells dissoci-
ated from the whole cerebral cortex of the rat embryos were
plated on a poly-L-lysine (Sigma-Aldrich) pre-coated 100 mm
Corning dish (5x10° cells/cm?) or glass coverslips placed in 6-
or 24-well plates (Nunc, Roskilde, Denmark) at a cell density of
5x10° or 2.5x10° cells/em? Cultures were incubated in DMEM
(high concentration of glucose) supplemented with 10% heat-
inactivated fetal bovine serum (1.7 days after plating), 1%
penicillin-streptomycin, 3.7 g/L NaHCOs, 0.5 pg/mL insulin, and
p-aminobenzoic acid. Cultures were maintained at 37°C in a
humidified atmosphere containing 5% CO.. Two days after
plating, non-neuronal cells were removed by adding 5 uM cy-
tosine arabinoside for 24 hours. Only mature cultures (7 days
in vitro) were used for the experiments. The population of neu-
ronal cells was approximately 79.7% in cultured primary corti-
cal neurons.

Trypan blue staining and lactate dehydrogenase release
assay

Trypan blue staining and lactate dehydrogenase release assay
were performed to assess cell viability and cytotoxicity, respec-
tively. For trypan blue staining, 10 pL samples of cells were in-
cubated with 10 pL of trypan blue solution for 2 minutes. Un-
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stained live cells were counted using a hemocytometer. A colo-
rimetric assay kit (Roche Boehringer Mannheim, Indianapolis,
IN, USA) was used to quantify the amount of lactate dehydro-
genase released from cultured NSCs according to the manu-
facturer's instructions. Cell viability was assessed using a Syn-
ergy H1 Hybrid enzyme-linked immunosorbent assay (ELISA)
plate reader (BioTek Instruments, Winooski, VT, USA) by mea-
suring the absorbance at 490 nm at a reference wavelength of
690 nm. All results were normalized to the optical density (OD)
of an identical well without cells.

Bromodeoxyuridine cell proliferation assay

NSCs were incubated in bromodeoxyuridine (BrdU) labeling
medium (10 uM BrdU) for 5 hours. Cell proliferation was mea-
sured using a BrdU Labeling and Detection Kit (Roche Boeh-
ringer Mannheim, Grenzach-Wyhlen, Germany) according to
the manufacturer's instructions. Cell proliferation was assessed
by measuring the absorbance of each well at 370 nm (refer-
ence wavelength, 492 nm) using a Synergy H1 spectrophotom-
eter plate reader (BioTek Instruments). All results were adjusted
by subtracting the OD of an identical well without cells.

Colony-forming unit assay

The proliferation of NSCs was assessed using a colony-forming
unit assay. Approximately 0.5x10* cells were seeded in a 60-
mm grid plate and treated with oxygen-glucose deprivation/
reoxygenation (OGD/R) and GV1001 (10 and 50 uM) for 8
hours. The cells were washed with Dulbecco's PBS (DPBS) and
incubated with a fresh culture medium. After 14 days, the cells
were washed again with DPBS and stained with 0.5% crystal
violet (Sigma-Aldrich) in methanol for 30 minutes at room
temperature. After staining, the plates were washed with DPBS
and allowed to dry. Colonies were counted using a dissecting
microscope. Colonies <2 mm in diameter or those that were
faintly stained were excluded.

Annexin V/propidium iodide apoptosis assay

Apoptosis was measured using the fluorescein isothiocyanate
(FITC) Annexin V Apoptosis Detection Kit | (Beckton Dickinson,
Franklin Lakes, NJ, USA) according to the manufacturer's in-
structions. Briefly, NSCs were exposed to OGD with GV1001 (10
and 50 pM) and incubated for 8 hours at 37°C. Thereafter, the
cells were rinsed twice with cold PBS and then resuspended in
1x binding buffer. Cells were then transferred (100 pL of the
solution [1x10° cells]) to a 1.5 mL culture tube followed by ap-
plication of 5 uL of FITC Annexin V and 10 pL propidium iodide.
Samples were gently mixed and incubated for 15 minutes at
room temperature in the dark. Finally, 400 pL of 1x binding
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buffer was added to each tube, and samples were analyzed us-
ing flow cytometry (Accuri C6 Flow cytometer, BD Biosciences,
San Jose, CA, USA). Data were acquired and analyzed using BD
Accuri C6 software.

Evaluation of apoptosis

NSCs were seeded on a 4-well chamber slide containing re-
movable wells (Thermo Fisher Scientific, Waltham, MA, USA).
The cells were exposed to OGD and GV1001 (10 or 50 pM) or
OGD/R (exposed to OGD for 8 hours and subsequently reoxy-
genated for 8 hours) and 10 uM GV1001. The cells were then
rinsed twice with PBS, air-dried, and fixed with 4% parafor-
maldehyde in PBS for 1 hour at room temperature. Apoptotic
cell death was assessed using the TUNEL labeling assay (Roche
Boehringer Mannheim, Indianapolis, IN, USA). To monitor in-
tact, condensed, or fragmented nuclei, TUNEL-stained cells
were counterstained with DAPI (Vector Laboratories, Burlin-
game, CA, USA) for 20 minutes, washed several times with PBS,
and mounted on glass slides with mounting medium (Merck,
Kenilworth, NJ, USA). The cells were then observed under a
Bx53 microscope (Olympus).

Migration assay

The assay was performed using a QCM 24-well colorimetric
cell migration assay kit (Chemicon, Temecula, CA, USA) accord-
ing to the manufacturer's instructions. NSCs (3x10° cells/mL)
treated with OGD and GV1001 (10 or 50 pM) or OGD/R and 10
UM GV1001 were added to the upper chamber of the plate and
incubated for 24 hours at 37°C. The cells that migrated
through the membrane were stained and enumerated by mea-
suring the absorbance at 560 nm using a Synergy H1 spectro-
photometer plate reader (BioTek Instruments), as previously
described.’

Determination of free radical production

Cells were exposed to OGD and GV1001 (10 or 50 uM) or OGD/
R and 10 uM GV1001 and incubated with the fluorescent
probe 2',7'-dichlorodihydrofluorescein diacetate (H.DCF-DA;
Molecular Probes, Eugene, OR, USA) for 15 minutes to measure
free radical production. After incubation with 10 uM H,DCF-
DA at 37°C for 15 minutes, the cells were washed three times
with PBS. In the assay, H.DCF-DA freely crosses cell membranes
and is hydrolyzed by cellular esterase to H.DCF, which is subse-
quently oxidized to the fluorescent molecule 2'7'-dichlorofluo-
rescein (DCF) in the presence of peroxides. Therefore, DCF fluo-
rescence is indicative of the level of intracellular hydrogen per-
oxide, but not of superoxide levels. The intracellular accumula-
tion of DCF was assessed by measuring the fluorescence (exci-

http://j-stroke.org 3



JoS

tation at 488 nm; emission at 530 nm) of each well using a
Synergy H1 spectrophotometer plate reader (BioTek Instru-
ments). All results were adjusted by subtracting the OD of an
identical well without cells.

Malondialdehyde assay of lipid peroxidation

The assay was performed using a lipid peroxidation (malondial-
dehyde [MDA]) assay kit (Sigma-Aldrich) according to the
manufacturer's instructions. In brief, cells (1x10°/mL) were ho-
mogenized on ice in 300 pL of MDA lysis buffer containing 3
uL of butylated hydroxytoluene. The cells were then incubated
with 600 pL of thiobarbituric acid solution at 95°C for 1 hour.
The MDA level of each sample was assessed by measuring the
absorbance at 532 nm using a Synergy H1 spectrophotometer
plate reader (BioTek Instruments).

Determination of Ca** level
NSCs were treated for 8 hours, and the culture medium was
replaced with a fresh medium containing 5 uM fluo-4 ace-
toxymethyl (AM) (Life Technologies, Carlsbad, IL, USA). The cells
were then incubated at 37°C for 1 hour. The cells were washed
in PBS and incubated for another 30 minutes to allow com-
plete de-esterification of intracellular AM esters for fluores-
cence analysis. The accumulation of fluo-4 AM in the cells was
assessed using a Synergy H1 ELISA plate reader (BioTek Instru-
ments) by measuring the fluorescence (excitation 505 nm;
emission 530 nm). Fluo-4 AM intensity was quantified within a
region of interest for each cell and was expressed as the rela-
tive change in fluorescence.

AflF = (F- Rk

Where F is the fluorescence level at the start of the experi-
ment, after subtracting the background fluorescence. Peak am-
plitudes of Af/f, were determined after stimulation. Cumula-
tive increases in AFf were calculated for 420 seconds follow-
ing stimulation using Excel software (Microsoft, Redmond, WA,
USA).

Oxidative mitochondrial DNA damage assay

Oxidative mitochondrial DNA damage was measured using an
OxiSelect Oxidative DNA Damage ELISA kit for 8-hydroxy-de-
oxyguanine (8-OHdG; Cell Biolabs, San Diego, CA, USA) ac-
cording to the manufacturer's instructions. Mitochondrial
DNA was extracted using the Purelink Genomic DNA Mini Kit
(Invitrogen, Carlsbad, CA, USA). Samples/standards were add-
ed to the pre-adsorbed 8-OHdG/bovine serum albumin con-
jugate. Subsequently, an anti-8-OHdG monoclonal antibody
was added, followed by a horseradish peroxidase-conjugated
secondary antibody, and quantified with authentic 8-OHdG
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(Cell Biolabs) as a standard. Measurements were performed
using a Synergy H1 ELISA plate reader (BioTek Instruments)
with absorbance at 450 nm.

Adenosine triphosphate assay

Adenosine triphosphate (ATP) concentrations were measured
using an ATP assay kit (Abcam) according to the manufactur-
er's instructions. The fluorometric assessment was performed
using a Synergy H1 ELISA plate reader (BioTek Instruments).
ATP concentrations were detected at fluorescence excitation
and emission wavelengths of 535 and 587 nm, respectively.

Mitochondrial membrane potential assay

NSCs were seeded at a density of 5x10°/mL in a 96-well cul-
ture plate. The cells were exposed to OGD and GV1001 (1, 10,
or 50 uM) or OGD/R with 10 uM GV1001 and incubated for 8
hours at 37°C.

Mitochondrial membrane potential was measured using the
JC-1 Mitochondrial Membrane Potential Assay Kit (Abnova,
Taipei, Taiwan) according to the manufacturer's instructions
using a Synergy H1 ELISA plate reader (BioTek Instruments).
Healthy cells mainly comprising JC-1 J-aggregates were de-
tected with fluorescence settings usually designed to detect
rhodamine (excitation/emission wavelength=540/570 nm) or
Texas Red (excitation/emission wavelength=590/610 nm).
Apoptotic or unhealthy cells that mainly comprised JC-1
monomers were detected with settings designed to detect FITC
(excitation/emission wavelength=485/535 nm).

Western blot analysis

The levels of several intracellular signaling proteins, including
Ki67, p85a phosphoinositide 3-kinase (PI3K), pAkt (Ser 473), Akt,
pGSK-3P (Ser 9), GSK-33, high mobility group box protein 1
(HMGB-1), Bax, cytosolic cytochrome ¢, procaspase-9, cleaved
caspase-3 (Asp 175), phospho-B-catenin (Ser33/37/Thr41), non-
phospho (active) B-catenin (Ser33/37/Thr41), c-Myc, cyclin
D1, and beta-tubulin (3-tubulin), were analyzed by Western
blotting immediately after 24 hours of treatment. Cells
(5%10°) were washed twice in cold PBS and incubated for 30
minutes on ice in lysis buffer (RIPA Il cell lysis buffer 1x with
Triton, without EDTA, 1 mM PMSF, 1 mM sodium fluoride, 1
mM NazV0s, and 0.5% 1x protease inhibitor cocktail). To
evaluate cytosolic cytochrome c levels, cytosolic fractions
were isolated using the mitochondria/cytosol fractionation kit
(Abcam) according to the manufacturer's instructions. Briefly,
after OGD for 8 hours and exposure to different concentra-
tions of GV1001, NSCs were harvested, washed once with ice-
cold PBS, and resuspended in 1.0 mL of 1x cytosol extraction
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buffer mix containing dithiothreitol (DTT) and protease inhibi-
tors. After incubation on ice for 10 minutes, the cell suspen-
sion was sonicated using a Sonoplus apparatus 5 to 10 times
on ice. The samples were centrifuged at 3,000 rpm at 4°C for
10 minutes. The supernatants were centrifuged again at
13,000 rpm for 30 minutes to separate the mitochondrial
fraction (pellets) and the cytosolic fraction (supernatants). The
mitochondrial pellet was washed once with the isolation buf-
fer and then lysed in mitochondrial extraction buffer contain-
ing DTT and protease inhibitors. Samples containing equal
amounts (30 ug) of protein were resolved by 4% to 12% sodi-
um dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The resolved proteins were transferred onto nitrocellu-
lose membranes (Amersham Pharmacia Biotech). The mem-
branes were blocked with 2% skim milk and incubated with
the following specific primary antibodies: anti-Ki67 (1:100,
ab16667, Abcam), phospho-phosphoinositide 3-kinase (pPI3K)
p85(Tyr458)/p55(Tyr199) (p85a PI3K; 1:1,000, 4228, Cell Sig-
naling Technology), pAkt (ser473; 1:500, 9271, Cell Signaling
Technology), Akt (1:2,000, 9272, Cell Signaling Technology),
pGSK-3pB (1:1,000, 9336, Cell Signaling Technology), GSK-38
(1:2,000, sc-9166, Santa Cruz Biotechnology), HMGB-1
(1:1,000, 3935, Cell Signaling Technology), Bax (1:1,000, 2772,
Cell Signaling Technology), cytochrome ¢ (1:500, 4272, Cell
Signaling Technology), caspase-9 (1:500, 9506, Cell Signaling
Technology), cleaved caspase-3 (Asp175; 1:500, 9661, Cell
Signaling Technology), phospho-f3-catenin (Ser33/37/Thr41;
1:1,000, 9561, Cell Signaling Technology), non-phospho (ac-
tive) 3-catenin (Ser33/37/Thr41; 1:1,000, 8814, Cell Signaling
Technology), c-Myc (1:1,000, 5605, Cell Signaling Technology),
cyclin D1 (1:2,000, 2926, Cell Signaling Technology), and
B-tubulin (1:2,000, 2146, Cell Signaling Technology). The
membranes were washed with TBST and incubated with the
appropriate horseradish peroxidase-conjugated anti-rabbit
antibody (Jackson ImmunoResearch Laboratories Inc.), fol-
lowed by enhanced chemiluminescence detection (GenDEPOT).
Band intensities were quantified using an image analyzer (Im-
ageQuant LAS 4000, GE Healthcare, Buckinghamshire, UK).

Proteomics

1) Protein sample preparation

Cells were washed twice with ice-cold PBS and sonicated for 10
seconds with a Sonoplus (Bandelin Electronics, Berlin, Germany)
in a sample lysis solution composed of 7 M urea and 2 M thio-
urea with 4% (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-
1-propanesulfonate, 1% (w/v) DTT, 2% (v/v) pharmalyte, and 1
mM benzamidine. Proteins were extracted for 1 hour at room
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temperature by vortexing. After centrifugation at 15,000 xg for
1 hour at 15°C, the insoluble material was discarded, and the
soluble fraction was used for two-dimensional (2D) gel electro-
phoresis. Protein concentrations were determined using the
Bradford method.

2) 2D PAGE

Immobiline DryStrip gel (IPG) dry strips (4 to 10 NL IPG, 13 cm,
GE Healthcare) were re-swollen for 9.5 hours with Destreak re-
hydration solution and 0.5% IPG buffer and loaded with 150
ug of the sample. Isoelectric focusing (IEF) was performed at
20°C using an Ettan IPGphor 3 (GE Healthcare) following the
manufacturer's instructions. For IEF, the voltage was linearly
increased from 100 to 8,000 V over 7 hours for sample entry,
followed by maintenance at a constant 8,000 V. Focusing was
complete after 55 kVh. Before the second dimension separa-
tion, the strips were incubated for 15 minutes in equilibration
buffer (75 mM Tris-Cl, pH 8.8, containing 6 M urea, 2% SDS,
0.002% 1% bromophenol blue stock solution, and 29.3% glyc-
erol), first with 1% DTT and then with 2.5% iodoacetamide.
Equilibrated strips were inserted into sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels (13x18
cm, 12%), and SDS-PAGE was performed using a SE600 2D
system (GE Healthcare) following the manufacturer's instruc-
tions. The 2D gels were run at 20°C for 1,700 Vh.

3) Image analysis

Quantitative analysis of digitized images was performed using
ImageMaster 2D Platinum 7.0 software (GE Healthcare) ac-
cording to the manufacturer's protocols. The intensity of each
spot was normalized to the total valid spot intensity. The pro-
tein spots selected showed at least a two-fold difference in ex-
pression compared to those of the control or normal samples.

4) Peptide mass fingerprinting

For protein identification by peptide mass fingerprinting (PMF),
protein spots were excised, digested with trypsin (Promega,
Madison, WI, USA), and mixed with a cyano-4-hydroxycin-
namic acid in 50% acetonitrile/0.1% trifluoroacetic acid. The
samples were analyzed by matrix-assisted laser desorption ion-
ization-time of flight mass spectrometry using a Microflex LRF
20 device (Bruker Daltonics, Billerica, MA, USA). Spectra were
collected from 300 shots per spectrum over an m/z range of
600 to 3,000 and were calibrated by a two-point internal cali-
bration using trypsin auto-digestion peaks (m/z 842.5099,
2211.1046). The peak list was generated using Flex Analysis 3.0
software. The threshold used for peak selection was 500 for a
minimum resolution of monoisotopic mass and 5 for signal-to-
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noise. The Mascot search program developed by Matrix Science
(http://www.matrixscience.com/) was used for protein identifi-
cation by PMF. The following parameters were used for the da-
tabase search: trypsin as the cleaving enzyme, a maximum of
one missed cleavage, iodoacetamide (Cys) as a complete modi-
fication, oxidation (Met) as a partial modification, monoiso-
topic mass, and a mass tolerance of +0.1 Da. The PMF accep-
tance criteria were based on probability scoring.

Antibody microarray

The antibody microarray analysis was performed using a Pan-
orama Antibody Microarray-Cell Signaling kit (Sigma-Aldrich)

6  http://j-stroke.org
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according to the manufacturer's instructions. Briefly, 1.5x10’
cells were seeded in 100 mm dishes and grown in the presence
of OGD with GV1001 (1, 10, or 50 uM) or OGD/R with 10 uM
GV1001 for 8 hours. Cells were collected, and protein samples
were prepared according to the manufacturer's protocol. The
protein samples were labeled with Cy3 or Cy5 (Amersham Bio-
sciences) and subjected to antibody microarray analysis (Sig-
ma-Aldrich). The array slides were scanned using a GenePix
Personal 4100A scanner (Molecular Devices, San Jose, CA, USA),
and the data were analyzed using GenePix Pro 5.0 (Molecular
Devices).
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Immunohistochemistry analysis showing the effect of GV1001 on the expression of intracellular signaling proteins, a neuronal nu-
clear marker (neuronal nuclei [NeuN])-positive cells, and SRY-box transcription factor 2 (SOX2; a neural stem cell marker)-positive cells in per-infarct regions
of rats. In GV1001-treated groups, phosphorylated Akt (pAkt; Ser473) (A) and phospho-glycogen synthase kinase (pGSK-3(3; Ser9) (B) levels increased along
with an increase in the number of NeuN-positive cells. Expression of phosphorylated-extracellular signal-regulated kinase (pERK) (C) and B-cell lymphoma 2
(Bcl-2) (D) increased and that of Bel-2 associated X (Bax) (E) decreased with an increase in the number of SOX2-positive cells after GV1001 treatment, scale
bar: 50 pm.
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