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Abstract Deprivation of oxygen and glucose is the main
cause of neuronal cell death during cerebral infarction and
can result in severe morbidity and mortality. In general,
the neuroprotective therapies that are applied after ische-
mic stroke have been unsuccessful, despite many investi-
gations. Acetyl-L-carnitine (ALCAR) plays an important
role in mitochondrial metabolism and in modulating the
coenzyme A (CoA)/acyl-CoA ratio. We investigated the
protective effects of ALCAR against oxygen-glucose dep-
rivation (OGD) in neural stem cells (NSCs). We measured
cell viability, proliferation, apoptosis, and intracellular
signaling protein levels after treatment with varying con-
centrations of ALCAR under OGD for 8 h. ALCAR
protected NSCs against OGD by reducing apoptosis and
restoring proliferation. Its protective effects are associated
with increases in the expression of survival-related pro-
teins, such as phosphorylated Akt (pAkt), phosphorylated
glycogen synthase kinase 3b (pGSK3b), B cell lymphoma

2 (Bcl-2), and Ki-67 in NSCs that were injured by OGD.
ALCAR also reduced the expression of death-related pro-
teins, such as Bax, cytosolic cytochrome C, cleaved cas-
pase-9, and cleaved caspase-3. We concluded that ALCAR
exhibits neuroprotective effects against OGD-induced
damage to NSCs by enhancing the expression of survival
signals and decreasing that of death signals.
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Introduction

Deprivation of oxygen and glucose that is induced by ische-
mic stroke is the main cause of neuronal cell death in cerebral
infarction and is one of the leading causes of severe morbidity
and mortality [1–3]. Within several minutes of the onset of
cerebral ischemia, neuronal cell death occurs in the core le-
sion, and apoptosis occurs in the penumbra [4–6]. Over the
past several decades, many researchers have attempted to de-
velop novel drugs that prevent neuronal cell death after cere-
bral infarction, but few drugs have shown any efficacy in
ischemic stroke patients [7]. Nevertheless, we believe that it
is possible to identify neuroprotective drugs that can effective-
ly reduce the severity of ischemic stroke.

L-carnitine (4-N-trimethyl amino-3-hydroxybutyric acid,
LC) is an essential co-factor in the mitochondrial oxidation
of fatty acids, which produces cellular energy [8, 9]. Acetyl-L-
carnitine (ALCAR), an ester of LC, is a source of acetylcho-
line and L-glutamate; thus, it also exerts an important influ-
ence in energy-producing reactions. It is synthesized in the
brain from the reversible acetylation of carnitine [10] and is
well distributed throughout the brain. In addition to its major
role in fatty acid oxidation and energy metabolism [11],
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ALCAR induces several actions in the brain. Oxidative stress,
which is one of the most important cell death mechanisms that
is caused by oxygen-glucose deprivation (OGD), is induced
by the production of reactive oxygen species (ROS), including
free radicals and peroxides, and is involved in cell death dur-
ing ischemic stroke. Mitochondria are well known as the
source of ROS production [12]. Several studies have sug-
gested that ALCAR may have a neuroprotective role in pa-
tients who have experienced hypoxic-ischemic brain injury
[13]. Other studies have also shown that ALCAR may be
effective in reducing infarct size and striatal glutamate outflow
after focal ischemic insult in rats [14].

Neural stem cells (NSCs) are multipotent stem cells that
can differentiate into various cell types of the nervous system,
such as neurons, oligodendrocytes, and astrocytes. In recent
decades, NSCs have been studied as a potential target for
neuroprotective strategies for the treatment of acute ischemic
stroke. NSCs are well known to have an important role in
endogenous neurogenesis following cerebral ischemia. That
is, NSCs that are activated by ischemic injury migrate toward
injured lesions, where they become involved in the recovery
of the lesion [15]; however, NSCs can also be damaged by
ischemic stroke. Therefore, it is necessary to develop strat-
egies to prevent NSC injury following ischemic stroke to
reduce damage to the brain and help in the recovery of
neurological deficits.

In the present study, we aimed to investigate the neuropro-
tective effects and mechanisms of ALCAR in NSCs that are
injured by OGD.

Methods

Materials

To create OGD, we used an anaerobic chamber (Forma
Anaerobic System Model 1025; Thermo Forma, Marietta,
OH, USA) and glucose-free N2 medium (Gibco, NY,
USA). ALCAR (R130620010) was generously provided
by Hanmi (Seoul, Korea). Before use, we dissolved
acetyl-L-carnitine HCl in free media to a concentration that
ranged between 0.001~100 μM.

Culture of NSCs Under OGD with Acetyl-L-Carnitine
Treatment

All animal procedures were conducted in accordance with
Hanyang University’s guidelines for the care and use of labo-
ratory animals. All efforts were made to minimize the number
of animals used and animal suffering. All animals in the study
were used only once.

The NSCs were separated from embryonic rodent brains,
cultured, and expanded. The protocol for NSC culture was

described previously and had been widely used in previous
studies [16–18]. Rat embryos were decapitated at embryonic
day 13 (E13) and the brains were swiftly removed and placed
in a Petri dish with ice-cold Hank’s balanced salt solution
(HBSS=3.9 g/l HEPES; Gibco). Embryonic brain tissue was
dissected from the cortex (Sprague–Dawley rats; Orient Bio,
Seongnam, South Korea). Single cells were plated at 20,000
cells/cm2 on culture dishes that were precoated with poly-L-
ornithine/fibronectin in phosphate-buffered saline (PBS) and
cultured in N2 medium (DMEM/F12, 25 mg/l insulin,
100 mg/l transferrin, 30 nM selenite, 20 nM progesterone,
100 μM putrescine, 2 mM L-glutamine, 0.2 mM ascorbic
acid, 8.6 mM D(+)glucose, 20 nM NaHCO3, and 1 % peni-
cillin/streptomycin), which was added to basic fibroblast
growth factor (BFGF: 10 ng/ml, R&D Systems, Minneapolis,
MN) for 5–6 days as a monolayer on the adherent surface. The
cultures were maintained at 37 °C in a humidified 5 % CO2

incubator.
To confirm the identity of neural stem cells, NSCs were

seeded at 1×105 cells on chamber well plates for 48 h. The
cells were fixed in 2 % paraformaldehyde for 15 min and
permeabilized with 0.5 % Triton X-100 in PBS for 5 min.
Endogenous peroxidase activity was blocked with 3 % H2O2

in PBS for 20 min. The cells were incubated with 5 % normal
serum in PBS for 60 min. The cells were then incubated over-
night in 2 % normal serum in PBS that contained the follow-
ing primary antibodies: mouse anti-nestin (1:100; Abcam) and
rabbit anti-Ki67 (1:100; Abcam). The next day, the cells were
incubated for 60 min in 2 % normal serum in PBS containing
the following secondary antibodies: goat-anti-rabbit Alexa
F l u o r 4 8 8 (M o l e c u l a r P r o b e s ) , a n t i - r a b b i t
tetramethylrhodamine (Molecular Probes), and goat-anti-
mouse Alexa Fluor 488 (Molecular Probes). The cells were
washed several times with PBS and mounted on glass slides
with mounting medium containing DAPI (Vector Laborato-
ries). The cells were observed with an Olympus fluorescence
microscope or confocal laser scanning system (Leica) with the
appropriate excitation wavelengths.

All OGD experiments were conducted in an anaerobic
chamber. A gas mixture that contained CO2 (5 mol%), O2

(0.2 mol%), and N2 (94.8 mol%) was flushed through the
chamber for 0~24 h. This process preserved an environment
of non-fluctuating hypoxia below 1 mol% O2 [19] with sev-
eral experimental concentrations of acetyl-L-carnitine inner
salt (0, 0.001, 0.01, 0.1, 1, 10, and 100 μM) in glucose-free
N2 medium.

Lactate Dehydrogenase Assay and Trypan Blue Staining
to Calculate the Viability of NSCs

A colorimetric assay kit (Roche Boehringer–Mannheim, IN,
USA) was used to quantify lactate dehydrogenase (LDH) that
was released from cultured NSCs, per the manufacturer’s
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instructions. Cell viability was assessed using an ELISA plate
reader (Synergy H1 Hybrid reader, BioTek Winooski, USA)
by measuring absorbance at 490 nm at a reference wavelength
of 690 nm. All results were normalized to the OD of an iden-
tical well without cells. For trypan blue staining, 10 μl of
trypan blue solution (Gibco) was incubated for 2 min with
10 μl of cells. Unstained live cells were counted with a
hemocytometer.

DAPI and TUNEL Staining to Evaluate Apoptosis

NSCs were seeded in an eight-well slide glass plate (CTRL)
and treated with acetyl-L-carnitine (0.01~10 μM) with expo-
sure to OGD for 8 h. Afterward, the air-dried cells were fixed
with 4 % paraformaldehyde in PBS for 20 min at room
temperature.

Apoptotic cell death was recognized by terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL), per the manufacturer’s pro-
tocol (Roche Boehringer-Mannheim). To monitor the intact,
condensed, and fragmented nuclei, the TUNEL-stained cells
were washed several times with PBS for 20 min and mounted
on glass slides with mounting medium containing DAPI (Vec-
tor Laboratories, CA, USA). The cells were observed under a
fluorescence microscope (Eclipse Ti, Nikon) with the appro-
priate excitation wavelengths for DAPI and TUNEL staining.

Colony-Forming Unit Assay

The proliferation of NSCs was calculated via the colony-
forming unit (CFU) assay. Approximately 1×104 cells were
seeded in a 60-mm grid plate and treated with acetyl-L-
carnitine (0.01 and 0.1 μM) with exposure to OGD for 8 h.
The cells were washed with Dulbecco’s Phosphate-Buffered
Saline (DPBS) and the culture media was changed. After
14 days, the cells were washed again with DPBS and stained
with 0.5 % crystal violet (Sigma) in methanol for 30 min at
room temperature. After staining, the plates were washed with
DPBS and allowed to dry. The colony count was performed
by using a dissecting microscope and colonies that were less
than 2 mm in diameter or faintly stained were excluded.

Western Blot

Levels of phosphatase and tensin homolog (PTEN), phos-
phorylated Akt (pAkt) (Ser-473), phosphorylated glycogen
synthase kinase-3β (GSK-3β) (Ser-9), B cell lymphoma-2
(Bcl-2), Ki67, Bax, cytosolic cytochrome C, caspase-9,
cleaved caspase-9, caspase-3, and cleaved caspase-3 were an-
alyzed by Western blot. Briefly, 5×106 cells were washed
twice in cold PBS and incubated in lysis buffer for 30 min
on ice in lysis buffer [50 mM Tris (pH 8.0), 150 mM NaCl,
0.02 % sodium azide, 0.2 % sodium dodecyl sulfate (SDS),

100 mg/ml phenylmethylsulfonyl fluoride (PMSF), 50 ml/ml
aprotinin, 1 % Igepal 630, 100 mMNaF, 0.5 % sodium deoxy
choate, 0.5 mM EDTA, 0.1 mM EGTA]. The unbroken cells
and nuclei were pelleted by centrifugation for 15 min at 13,
000 rpm and the lysates were cleared by centrifugation at 10,
000×g. Mitochondrial and cytosolic fractions were isolated by
a Mitochondria/Cytosol Fractionation Kit (Abcam, UK),
which was used according to the manufacturer's instructions
to evaluate cytosolic cytochrome C levels. Briefly, after treat-
ment with acetyl-L-carnitine (0.01, 0.1 μM) with exposure to
OGD for (1 or 8 h), the NSCs were harvested, washed once
with ice-cold PBS, and resuspended in 1.0 ml of 1× cytosol
extraction buffer mix that contained dithiothreitol (DTT) and
protease inhibitors. After incubating on ice for 10 min, the cell
suspension was homogenized using a syringe 30 to 50 times.
The samples were centrifuged at 3000 rpm at 4 °C for 10 min.
The supernatants were centrifuged again at 13,000 rpm for
30 min to separate the mitochondrial fraction (pellets) and
the cytosolic fraction (supernatants). The mitochondrial pellet
was washed once with the isolation buffer and lysed in mito-
chondrial extraction buffer that contained DTT and protease
inhibitors. Samples that contained equal amounts (40 mg) of
protein were resolved using 12 % SDS-polyacrylamide gel
e lec t rophores is (SDS-PAGE) and t ransfer red to
polyvinylidene fluoride (PVDF) membranes (MILLPORE,
MA, USA). The membranes were blocked using 2 % milk
before incubation with specific primary antibodies against
PTEN (1:500; Cell signaling), Akt (1:1000, Cell signaling),
pAkt (Ser-473) (1:100; Cell signaling), GSK-3β (1:1000, Cell
signaling), pGSK-3β (Ser-9) (1:200; Cell signaling), Bcl-2
(1:200; Cell signaling), Ki67 (1: 200; Abcam), Bax (1:500
Cell signaling), cytosolic cytochrome C (1:200; Cell signal-
ing), caspase-9 (1:500; Cell signaling), cleaved caspase-9
(1:200; Cell signaling) caspase-3 (1:100; Santa Cruz), and
cleaved caspase-3 (1:200; Cell signaling). The membranes
were washed with Tris-buffered saline that contained
0.1 % Tween-20, which was followed by incubation with
a horseradish peroxidase-conjugated anti-rabbit or anti-
mouse antibody (Jackson Immunoresearch Laboratories,
Bar Harbor, ME, USA). The membranes were then stained
and visualized using a West-Q Chemiluminescent Sub-
strate Plus Kit (GenDEPOT, TX, USA). The results from
the Western blots were quantified using an image analyzer
(ImageQuant LAS 4000).

Immunocytochemistry

The NSCs were seeded (1×105 cells) on a four-well glass
slide plate (CTRL). The cells were treated with acetyl-L-
carnitine (0.01~10 μM) and were then exposed to an OGD
environment for 8 h. The cells were fixed in 2 % paraformal-
dehyde in DPBS for 15 min and were permeabilized with
0.5 % Triton X-100 in DPBS for an additional 5 min. The
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endogenous peroxidase activity was blocked using 3 % H2O2

in DPBS for 20 min and washed several times with DPBS.
The cells were incubated with 5 % normal serum in DPBS for
1 h. The cells were incubated overnight in 2 % normal serum
in DPBS that contained the primary antibody, rabbit anti-Ki-
67 antibodies (1:100; Abcam). The next day, the cells were
incubated in 2 % normal serum in DPBS that included sec-
ondary antibodies (tetramethylrhodamine goat anti-rabbit
lgG; Life Technologies) for 1 h. Next, they were washed sev-
eral times with DPBS and mounted on glass slides with
mountingmedium that contained DAPI (Vector Laboratories).
The cells were observed with a fluorescence microscope
(eclipse Ti, Nikon) so as to estimate the percentage of anti-
Ki-67-positive cells relative to the total number of cells.

Statistical Analysis

All data are presented as the mean±standard deviation from
three or more independent experiments. Comparisons be-
tween the different treatment groups of viability, cytotoxicity,
apoptosis rates, proliferation rates, immunocytochemistry, and
Western blot results were conducted using a one-way
ANOVA, followed by Tukey’s test. p values less than 0.05
were considered statistically significant. All statistical analy-
ses were performed using SPSS 17.0 software package for
Windows (SPSS, Seoul, Korea).

Results

Effect of OGD and ALCAR on the Viability of NSCs

Before starting the main experiments, we confirmed that cul-
tured neural stem cells were able to express neural stem cell
markers, such as nestin and Ki67 (Fig. 1). To confirm the
effect of OGD on NSCs, we incubated NSCs in an anaerobic
chamber for varying exposure times (0~24 h). Cell viability
was measured using trypan blue staining (TBS) and the LDH
assay. Under OGD, cell viability was significantly reduced in
a time-dependent manner (Fig. 2a, b). Because cell viability
was 60~70 % after 8 h of exposure to OGD, we determined
this to be the optimal exposure time.

To evaluate the effect of ALCAR itself on NSCs, we treat-
ed different groups of NSCs with several concentrations of
ALCAR (0.001, 0.01, 0.1, 1, 10, and 100 μM) without
OGD. We found that ALCAR is cytotoxic at high concentra-
tions (i.e., 1, 10, and 100 μM; Fig. 2c, d). To evaluate the
effect of ALCAR on NSCs under OGD, NSCs were exposed
to OGD for 8 h and were treated simultaneously with several
concentrations of ALCAR (0.001, 0.01, 0.1, 1, and 10 μM).
Cell viability was estimated with TBS. The viability of NSCs
treated with ALCAR under OGD gradually increased in a
concent ra t ion-dependent manner up to ALCAR

concentrations of 0.1 μM. The viability stopped increasing
once ALCAR concentrations reached 1 μM (Fig. 2e).

Anti-apoptotic Effects of ALCAR Under OGD

DAPI and TUNEL staining were performed to examine the
effect of ALCAR on apoptosis. As shown in Fig. 3, the per-
centage of apoptotic cells under OGD markedly increased but
then significantly decreased upon treatment with ALCAR (at
0.01 and 0.1 μM concentrations; p<0.01) (Fig. 2). Treatment
with 0.1 μM ALCAR resulted in the greatest decrease in the
percentage of apoptotic cells among all treatment groups.

Effects of ALCAR on Proliferation of Neural Stem Cells
Under OGD

Cell proliferation was assessed using a CFU assay. When
compared to NSCs that were exposed to OGD for 8 h, the
cells that were co-treated with ALCAR (0.01 and 0.1 μM)
significantly increased in cell proliferation (p<0.01; Fig. 4).

Effects of ALCAR on Intracellular Signaling Proteins

To study the effects of ALCAR on the signaling proteins that
are associated with NSC proliferation, such as Ki67, homog-
enates of NSCs were treated with various conditions and then
analyzed by immunoblotting. Ki67 increased in NSCs that
were co-treated with 0.1 μMALCARwhen compared to cells
that were exposed to OGD for 8 h (p<0.01, Fig. 5a).

To investigate the effects of ALCAR on several intracellu-
lar signaling proteins, we measured the expression levels of
PTEN, pAkt (Ser-473), GSK-3β (Ser-9), Bcl-2, Bax, cytosol-
ic cytochromeC, caspase-9, cleaved caspase-9, caspase-3, and
cleaved caspase-3 byWestern blotting. The results of Western

Fig. 1 Confirmation of NSCs. NSCs have immunoreactivity for Ki67, a
marker of proliferation capacity, and Nestin, a marker of neural stem cells
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blotting showed that the immunoreactivities (IRs) of pAkt
(Ser-473), GSK-3β (Ser-9), Bcl-2, caspase-9, and caspase-3,
which are related to survival, increased significantly after co-
treatment with 0.1 μMALCAR when compared to NSCs that

were exposed to OGD for 8 h. In contrast, treatment with
0.1 μM ALCAR significantly decreased the expression of
PTEN, Bax, cytosolic cytochrome C, cleaved caspase-9, and
cleaved caspase-3, which are linked to death (Fig. 5b–d).

Fig. 2 Effects of OGD and ALCAR on NSC viability. NSCs were
incubated in an anaerobic chamber with glucose-free N2 medium for
different exposure times (0~24 h; *p<0.05 and **p<0.01 compared to
the control group; a, b). NSCs were treated with several concentration of

ALCAR without OGD (**p<0.01 compared to the control group; c, d).
NSCs were treated with several concentrations of ALCAR under OGD
conditions for 8 h (**p<0.01 compared to the control group; ##p<0.01
compared to the group that was treated under OGD for 8 h; e)
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Discussion

Neuronal cell death caused by ischemic stroke is associated
with free radical production, energy failure, impaired metab-
olism, disturbed calcium homeostasis, and activation of

proteases. Among these mechanisms, mitochondrial dysfunc-
tion is known to contribute to ROS production, energy failure,
and impaired metabolism. Abnormal mitochondria exposed to
OGD-induced ischemic stroke generate a larger amount of
ROS, thereby resulting in oxidative stress [20]. Recently,

Fig. 3 Anti-apoptotic effects of
ALCAR under OGD conditions.
NSCs were stained with DAPI
and TUNEL. The data are
presented as % of TUNEL
positive cells±SD. Each
treatment group was compared
with all other groups using the
one-way ANOVA, followed by
Tukey’s test (**p<0.01 compared
with the control group; ##p<0.01
compared with NSCs under OGD
alone)

Fig. 4 Effects of ALCAR on
neural stem cell proliferation
under OGD. The colony
formation assay showed that
treatment with ALCAR restored
NSC proliferation, which was
inhibited by 8 h under OGD
(**p<0.01 compared with the
control group; ##p<0.01
compared with the group that was
treated under OGD for 8 h)
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researchers have found that ROS inhibits the Akt pathway,
which results in apoptosis [21]. We can hypothesize that the
rejuvenation of mitochondria is a potential therapeutic target
for the treatment of ischemic stroke.

The main role of LC and ALCAR is to transport fatty acids
into cellular mitochondria for conversion, through oxidation,
into energy. These substances also participate in balancing the
mitochondrial-acyl-CoA/CoA ratio, the oxidation of fatty
acids, and the production of ketone bodies. Deficiency of
LC or ALCAR is known to have serious deleterious effects
on the central nervous system (CNS) [22]. It has been sug-
gested that ALCAR may have anti-oxidative properties, in-
cluding an ability to protect cells against lipid peroxidation
and membrane breakdown that occurs in response to cellular
damage, including necrotic, apoptotic neuronal cell death, and
mitochondrial ROS formation following ischemic stroke
[23–26]. ALCAR has been shown to be transported into the
cytosol via carnitine/organic cation transporters (OCTNs) or
other carnitine transporters. Several studies have reported that

OCTN1/SLC22A4 is expressed in mouse neural progenitor
cells and mouse brain neurons [27, 28]. Other studies have
also suggested that OCTN2 is expressed in the brain [29] and
the brain capillary endothelial cells that constitute the blood–
brain barrier [30]. Considering all these findings, ALCAR
could be transported into NSCs via OCTNs or other carnitine
transporters, although we did not confirm this hypothesis di-
rectly in this study.

NSCs can contribute to recovery after ischemic stroke;
however, NSCs can be damaged by ischemia. Our results
demonstrated that NSCs are vulnerable to OGD (Fig. 2a, b).
Consistent with other previous findings [31, 32], we showed
that NSC proliferation was inhibited by OGD (Fig. 4). To
increase the recovery of the damaged brain through endoge-
nous neurogenesis of NSCs after cerebral infarction, it might
be important to protect NSCs against ischemic injury. We
hypothesized that ALCAR treatment could offer protective
effects for OGD-injured NCSs. It was confirmed that ALCAR
restored the viability of NSCs that were damaged by OGD

Fig. 5 Effect of ALCAR on intracellular signaling proteins. Using
Western blot, we identified alterations in intracellular signaling proteins
after treatment with ALCAR. a Through immunocytochemistry (ICC),
we also confirmed the beneficial effect of ALCAR on intracellular
signaling proteins under OGD conditions. ALCAR 0.01 μM increased
the expression of Ki-67, which is linked to survival; b ALCAR 0.01 μM
decreased the expression of PTEN and increased the expression of
phospho-AKT (Ser-473) and phospho-GSK (Ser-9), which are PI3K
pathway proteins. c ALCAR also increased the expression of Bcl-2 and

Ki-67, which are survival-related proteins. d Meanwhile, levels of Bax,
cytosolic cytochrome C, and cleaved caspase-3, which are apoptosis-
associated proteins, were reduced in NSCs that were treated with
0.01 μM ALCAR. Full-length caspase-9 showed decreased expression
and protein levels. All comparative analyses were performed using a one-
way ANOVA and Tukey’s tests (*p<0.05 compared to the control group,
**p<0.01 compared to the control group, #p<0.05 compared to the group
treated under OGD for 8 h, ##p<0.01, compared to the group treated
under OGD for 8 h)
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(Fig. 2e) as well as reduced cell apoptosis (Fig. 3). Therefore,
we concluded that ALCAR rescues NSCs fromOGD-induced
damage.

OGD results in the inhibition of survival signals and the
activation of death signals in NSCs [33]. Following OGD, the
proteins involved in the pathway that initiates and executes
apoptosis are complex and include a diverse set of protein
families [34]. For example, as shown in Fig. 4, OGD inhibits
phosphoinositide 3-kinase (PI3K) and activates glycogen
synthase kinase (GSK)-3β [35]. The PI3K/Akt pathway is
a major pathway of cell survival; it up-regulates anti-apo-
ptotic proteins and down-regulates pro-apoptotic proteins
[36–38]. Activated PI3K phosphorylates its downstream
target, Akt/protein kinase B, to mediate several biochemi-
cal cascades [39]. Phosphorylated Akt directly influences
GSK-3β, (BAD)/Bcl-2, a Bcl-2-associated apoptosis pro-
moter, caspase-9, IkB kinase, and fork head-related tran-
scription factor 1 [38, 39]. The active form of GSK-3β
inhibits HSTF-1 and enhances the mitochondrial death
pathway that is associated with the increased release of
cytochrome C from mitochondria and the activation of
caspase-3 [39–41]. Therefore, the inactivation of GSK-3β
by pAkt is important for neuronal cell survival. Herein, we
confirmed that diverse survival-related proteins, such as pAkt
(Ser-473), GSK-3β (Ser-9), and Bcl-2, increased and several
death-related proteins, such as PTEN, Bax, cytosolic cyto-
chrome C, cleaved caspase-9, and cleaved caspase-3, de-
creased in NSCs that were treated with ALCAR after cerebral
infarction. These findings suggested that ALCAR can in-
crease survival-related proteins and decrease death-related
proteins in NSCs and that these effects of ALCAR contribute
to the protection of NSCs against OGD.

This study has several limitations. First, because this study
was performed under in vitro conditions, the results might not
match those from in vivo studies or clinical trials, where more
factors can be observed and measured. Furthermore, there
were small differences in the viability of NSCs under OGD
conditions for 8 h, as shown in Fig. 2a, e. This might be due to
small differences across cellular clones, although we used the
exact same protocol. Nevertheless, the overall tendency to be
protected against death was quite similar among the cellular
clones. Therefore, this similarity in outcome despite clonal
variation highlights the robustness of this substrate in
protecting against death. Second, the ALCAR dosages that
we used in our experiments might be more elevated than the
natural physiological levels and therefore might not be rele-
vant. Because this was an in vitro study, observations from
long-term treatment with ALCAR at lower concentrations
were not possible. Therefore, we added ALCAR at higher
concentrations for relatively short durations. Third, this study
was performed using NSCs that were obtained from embryo.
However, because the oxidative stress that is associated with
neuronal cell death after stroke or neurodegenerative diseases

is important in elderly individuals, it would have been more
appropriate to perform our experiments using NSCs from
adults. Therefore, future studies might be required to confirm
the precise effects of OGD and ALCAR on adult NSCs.

In conclusion, we have shown that ALCAR has neuropro-
tective effects on NSCs against OGD and that the mechanisms
of neuroprotection were associated with the inhibition of ap-
optosis, the restoration of proliferation, the increase in
survival-related proteins, and the decrease in death-related
proteins. Neuroprotection of NSCs, as well as of neurons
and glia, is important after acute ischemic stroke. The neuro-
protective effects of ALCAR on NSCs that we observed in
this in vitro study might provide an experimental basis for
their clinical use as a treatment for ischemic stroke.
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