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Acetylcholine inhibits long-term hypoxia-induced apoptosis
by suppressing the oxidative stress-mediated MAPKSs activation
as well as regulation of Bcl-2, c-IAPs, and caspase-3 in mouse

embryonic stem cells
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Abstract This study examined the effect of acetylcholine
(ACh) on the hypoxia-induced apoptosis of mouse
embryonic stem (ES) cells. Hypoxia (60 h) decreased both
the cell viability and level of [°H] thymidine incorporation,
which were prevented by a pretreatment with ACh. How-
ever, the atropine (ACh receptor [AChR] inhibitor)
treatment blocked the protective effect of ACh. Hypoxia
(90 min) increased the intracellular level of reactive oxy-
gen species (ROS). On the other hand, ACh inhibited the
hypoxia-induced increase in ROS, which was blocked by
an atropine treatment. Subsequently, the hypoxia-induced
ROS increased the level of p38 mitogen activated protein
kinase (MAPK) and Jun-N-terminal kinase (JNK)
phosphorylation, which were inhibited by the ACh pre-
treatment. Moreover, hypoxic exposure (90 min) increased
the level of nuclear factor-kB (NF-xB) phosphorylation,
which was blocked by a pretreatment with SB 203580 (p38
MAPK inhibitor) or SP 600125 (JNK inhibitor). However,
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hypoxia (60 h) decreased the protein levels of Bcl-2 and
c-IAPs (cellular inhibitor of apoptosis proteins) but
increased the level of caspase-3 activation. All these effects
were inhibited by a pretreatment with ACh. In conclusion,
ACh prevented the hypoxia-induced apoptosis of mouse ES
cells by inhibiting the ROS-mediated p38 MAPK and JNK
activation as well as the regulation of Bcl-2, c-IAPs, and
caspase-3.

Keywords Acetylcholine - Apoptosis -
Embryonic stem cell - Hypoxia

Introduction

Oxygen is the most important factor in all forms of life [1].
Therefore, a change in the oxygen concentration induces a
variety of cellular responses including changes in gene
expression, metabolic function, ion channel activation, and
the release of neurotransmitters [2, 3]. In particular,
hypoxia elicits energy depletion, the release of excitatory
amino acids, the accumulation of ROS, and initiation of
apoptosis [4]. The generation of ROS by hypoxia provokes
a variety of signal molecules such as MAPKSs, which
induce cell apoptosis [5]. Traditionally, the embryotoxicity
induced by hypoxia was assumed to be necrotic because of
the correlation between the energy failure and necrotic cell
death [6]. The survival of ES cells is not only important for
normal development that apoptosis in embryos is triggered
by oxygen deprivation through the activation of effecter
caspases [7].

ACh is widely distributed in pro- and eukaryotic
organisms as well as in various non-nervous tissues of
animals [8]. Cholinergic mechanisms have been implicated
in the growth and maturation of oocytes in various species
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[9]. In addition, the expression of the cholinergic system
during embryonic development is a widespread phenome-
non [10]. However, it is unclear how the cholinergic system
influences ES cells and its specific functions are not com-
pletely understood. ACh might function in the context of a
classical neurotransmitter triad, which are ACh, AChR, and
ACh esterase, and employ this triad to regulate the cell
functions such as proliferation, differentiation, and the
establishment of the cell-cell contacts [11, 12]. Among
these functions, the proliferative effects of ACh have been
demonstrated in various cell types, e.g., epithelial cells,
thymocytes, or glial cells [13], and this process can be
mediated by the AChR, which is coupled to the second
messenger pathways. In addition, AChR exerts a modula-
tory role mainly in embryos and their cellular effects [12,
14]. ACh also protects neurons from a variety of insults both
in vitro [15] and in vivo [16]. Although there are a few
reports documenting ACh is involved in embryonic devel-
opment [12, 17], a precise function has not been elucidated.

ES cells have the ability to differentiate into all three
germ layers and have unlimited growth potential under
certain conditions [18]. In vitro studies using a stem cell
population with mammalian blastocysts have provided a
powerful tool for analyzing the hypoxic effects on the
cellular function [19]. The survival of ES cells is not only
important for normal development in vivo but is also
essential for the safe manipulation of cells under stressful
conditions. This model will be helpful for understanding
the effect of a low-oxygen environment in mouse ES cells
[20]. Although few preliminary studies have implicated the
neuroprotective potential of ACh against transient hypoxia
[21, 22], the precise mechanisms of cell death and
embryonic protection in ES cells are not completely
understood. Therefore, this study examined the nature of
cell apoptosis induced by long-term hypoxic exposure in
mouse ES cells and assessed the ES cell protective
potential of ACh.

Materials and methods
Materials

Mouse ES cells (ES-E14TG2a) were obtained from the
American Type Culture Collection (Manassas, VA, USA).
The experiments were carried out using ES-E14TG2a,
except where indicated. Fetal bovine serum was purchased
from Biowhittaker (Walkersville, MD, USA). Acetylcho-
line chloride was supplied by Sigma Chemical Company
(St. Louis, MO, USA). SB 203580 and SP 600125 were
obtained from the Sigma Chemical Company (St. Louis,
MO, USA). Phospho-p38 MAPK, p38 MAPK, phospho-
JNK, JNK, phospho-NF-xB, and NF-kB antibodies were
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purchased from New England Biolabs (Herts, UK). Bcl-2,
c-IAP1, c-IAP2, and caspase-3 were purchased from Santa
Cruz Biotechnology (Delaware, CA, USA). Goat anti-
rabbit IgG and goat-anti mouse IgG were obtained from
Jackson Immunoresearch (West Grove, PA, USA). All
other reagents were purchased commercially and were of
the highest purity available.

ES cell culture

The mouse ES cells were incubated in DMEM (Gibco-
BRL, Gaithersburg, MD) supplemented with 3.7 g/l
sodium bicarbonate, 1% penicillin and streptomycin,
1.7 mM r-glutamine, 0.1 mM f-mercaptoethanol, 5 ng/ml
mouse leukemia inhibitory factor, and 15% fetal bovine
serum (FBS) without a feeder layer for 5 days. The cells
were grown on a gelatinized 35 or 60 mm culture dish in an
incubator maintained at 37°C in an atmosphere containing
5% CO, in air. After 1-3 days, the cells were washed twice
with phosphate-buffered saline (PBS) and maintained in
serum-free DMEM including all the supplements. The
resulting cells were used for the experiments after a 24 h
incubation period.

Hypoxic treatment of ES cells

The ES cells were cultured in 35 or 60 mm culture dishes
and washed twice with PBS. Subsequently, the media was
changed to fresh serum-free DMEM supplemented with
LIF. The experiments were carried our in an incubator at
37°C under normoxic conditions by maintaining the cells
in an atmosphere containing 5% CO, in air or under hyp-
oxic conditions by incubating cells in a modular incubator
chamber gassed with 2.2% O,, 5.5% CO,, and 92.3% N,
(Billups-Rptheberg Inc, CA, USA) at a flow rate of 20 I/min
for 30 min. After the chamber was purged with gas, it was
sealed and placed in a conventional incubator at 37°C
during 60 h or 90 min.

Alkaline phosphatase (AP) staining

The mouse ES cells were washed twice with PBS and fixed
with 4% formaldehyde (in PBS) for 15 min at room tem-
perature. The cells were washed with PBS and incubated
with an alkaline phosphatase substrate solution (200 pg/ml
naphthol AS-MX phosphate, 2% N,N-dimethylformamide
0.1 M Tris [pH 8.2], and 1 mg/ml Fast Red TR salt [4-
chloro-2-methylbenzenediazonium salt; zinc chloride]) for
10 min at room temperature. The cells were washed with
PBS and photographed.
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RNA isolation and RT-PCR

The total RNA was obtained from the mouse ES cells using
STAT-60, monophasic solution of phenol and guanidine
isothiocyanate from Tel-test, Inc (Firendwood, Tex., USA).
Reverse transcription (RT) was carried out with 3 pg RNA
using a reverse transcription system kit (AccuPower RT
PreMix, Bioneer, Daejeon, Korea) with the oligo(dT),g
primers. About 5 ul of the RT products was then amplified
using a polymerase chain reaction (PCR) kit (AccuPower
PCR Premix) under the following conditions: denaturation
at 94°C for 5 min and 30 cycles at 94°C for 45 s, 55°C for
30 s, and 72°C for 30 s, followed by 5 min of extension at
72°C. The primers used were 5'-CGTGAGACTTTGCAG
CCTGA-3' (sense), 5'-GGCGATGTAAGTGATCTGCTG-
3’ (antisense) for Oct4 (519 base pair [bp]); 5'-TCTTAC-
ATCGCGCTCATCAC-3’ (sense), 5'-TCTTGACGAAGC
AGTCGTTG-3’ (antisense) for FOXD3 (171 bp); 5'-GTGG
AAACTTTTGTCCGAGAC-3' (sense), 5'-TGGAGTGG-
GAGGAAGAGGTAAC-3' (antisense) for SOX2 (550 bp).
PCR for f-actin was also carried out as a control for the
RNA quantity.

Trypan blue exclusion test and lactate dehydronase
(LDH) assay

In order to determine the number of cells, the cells were
washed twice with PBS and trypsinized from the culture
dishes. The cell suspension was mixed with a 0.4% (wt/vol)
trypan blue solution (500 pl), and the number of live cells
was determined using a hemocytometer. The cells failing to
exclude the dye were considered nonviable. The level of cell
injury was assessed using the LDH activity. The level of LDH
activity in the medium was measured using a LDH assay kit
(Iatron Lab, Tokyo, Japan). The level of LDH released is
expressed as a percentage of the control (normoxia).

[°H] thymidine incorporation

The [*H] thymidine incorporation experiments were carried
out using the methodology reported by Chen et al. [23] and
Zhang et al. [24] that most ES cells could be arrested in the
GO0/G1 phase through serum deprivation. Furthermore, the
synchronized ES cells could successfully reenter a normal
cell cycle after being resupplied with serum. In this study,
the cells were cultured in one well until they reached 50%
confluence. The cells were then washed twice with PBS
and maintained in serum free DMEM including all the
supplements. After 24 h incubation, the cells were washed
twice with PBS, and incubated with fresh serum free
DMEM including all the supplements and the indicated

agents. After the indicated incubation period, 1 puCi of
[methyl->H] thymidine (specific activity: 74 GBg/mmol,
2.0 Ci/mmol; Amersham Biosciences, Buckinghamshire,
UK) was added to the cultures and incubated for 1 h at
37°C. The cells were then washed twice with PBS, fixed in
10% trichloroacetic acid (TCA) at 23°C for 15 min, and
washed twice with 5% TCA. The acid-insoluble material
was dissolved in 0.2 N NaOH over a 12 h period at 23°C.
Aliquots were removed, and the level of radioactivity was
determined using a liquid scintillation counter (LS 6500,
Beckman Instruments, Fullerton, CA). The control levels
of [*H] thymidine incorporation were determined under the
conditions where the cells were cultured in serum free
DMEM under normoxic conditions. The values were con-
verted from the absolute counts to a percentage of the
control in order to allow a comparison between the
experimental groups.

DNA fragmentation assay

The semi-confluent mouse ES cells in a 60 mm dish were
harvested after treating cells with the indicated conditions,
then suspended in a lysis buffer (10 mM/l Tris—HCI [pH
7.5], 10 mM/1 EDTA [pH 8.0], 0.5% Triton-X). The cell
lysates were treated with 200 pg/ml proteinase K at 60°C
for 6 h followed by DNA extraction using phenol-chloro-
form. The DNA extracted was precipitated using isopropyl
alcohol, and then digested with 10 pg/ml TE-RNase at
37°C for 1 h. After digestion, the product was electro-
phoresed on 1% agarose gel stained with ethidium bromide
and photographed under ultraviolet (UV) light.

Flow cytometry analysis

The cells were incubated with or without ACh under hyp-
oxic conditions for 60 h, and the cells were then dissociated
in trypsin/EDTA, pelleted by centrifugation, washed in PBS
and fixed at 4°C in 70% ethanol for 12 h. The cells were then
resuspended in PBS containing 0.1% BSA. When required,
a PI solution (500 pg/mlPIin 3.8 x 102 M sodium citrate,
[pH 7.0]) and boiled RNase (10 mg/ml prepared in 10 mM
Tris—HCI, [pH 7.5]) were added to the cells in the dark at
room temperature, and the cells were incubated 37°C for
30 min. The sample was read by flow cytometry and ana-
lyzed using CXP software (Beckman Coulter).

Assay of intracellular ROS

CM-H,DCFDA (DCF-DA), which acts as a H,O,-sensitive
fluorophore, was used to detect the ROS. About 10 pM
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DCF-DA was added to cells, which were then incubated in the
dark for 30 min at room temperature. The cells were then
viewed using laser confocal microscopy (400x, fluoview 300,
Olympus, Japan), the fluorescence was excited at 488 nm, and
the light emitted was observed at 515-540 nm. In order to
quantify the intracellular H,O, levels, the cells treated with
DCF-DA were rinsed twice with ice-cold PBS and then
scraped. A 100 pl cell suspension was loaded into a 96-well
plate and examined using a luminometer (Victor3, Perkinel-
mer, USA) and a fluorescent plate reader at excitation and
emission wavelengths of 485 and 535 nm, respectively.

Western blot analysis

The cells were harvested, washed twice with PBS, and lysed
with a buffer (137 mM NaCl, 8.1 mM Na,HPO,, 2.7 mM
KCI, 1.5 mM KH,PO,, 2.5 mM EDTA, 1 mM dithiothrei-
tol, 0.1 mM PMSF, 10 pg/ml leupeptin [pH 7.5]) for 30 min
on ice. The lysates were centrifuged at 15,000 rpm for
10 min at 4°C, and the protein concentration was deter-
mined using the Bradford method [25]. Equal amounts of
the protein (40 pg) were resolved by 10% SDS-polyacryl-
amide gel electrophoresis and transferred to nitrocellulose
membranes. The blots on the membrane were washed with
TBST (10 mM Tris—HCI [pH 7.6], 150 mM NaCl, 0.05%
Tween 20), blocked with 5% skim milk for 1 h, and incu-
bated with the appropriate primary antibody at the dilutions
recommended by the supplier. The membrane was washed,
and the primary antibodies were detected using goat anti-
rabbit IgG or goat-anti mouse IgG conjugated to horseradish
peroxidase. The bands were then visualized by enhanced
chemiluminescence (Amersharm Pharmacia Biotech).

Statistical analysis

The results are expressed as a mean = standard errors
(SE). All the experiments were analyzed by analysis of
variance, and some experiments were examined by a
comparison of the treatment means with the control using
the Bonferroni-Dunn test. The difference was considered
statistically significant when p < 0.05.

Results

The protective effect of ACh on hypoxia-induced cell
apoptosis

The undifferentiated state of the mouse ES cells used in

this experiment was confirmed by examining the undif-
ferentiated stem cells markers, which included the Oct-4,
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Fig. 1 Effect of hypoxia with or without ACh on the characterization
of mouse ES cells. (A) Oct4 (519 bp), SOX 2 (550 bp), FOXD 3
(171 bp), and f-actin (350 bp) mRNA expression levels was exam-
ined in hypoxia with or without ACh (1073 M) using RT-PCR. (B)
The alkaline phosphatase enzyme activity was measured in the cells

after 60 h of hypoxia, as described in Materials and Methods. The
examples are representative of 3 independent experiments

SOX-2 and FOXD3 gene expression levels as well as the
alkaline phosphatase activity. As shown in Fig. 1A and B,
the mouse ES cells maintained an undifferentiated state
under the following conditions: normoxia, hypoxia, and
ACh with hypoxia.

In order to examine the effect of ACh and AChR on
hypoxia-induced cell apoptosis, the cells were pretreated
with ACh and atropine before being exposed to hypoxia for
60 h. As shown in Fig. 2A and B, the pretreatment with ACh
(10~ M) inhibited the hypoxia-induced decrease in the cell
viability and the increase in the level of LDH released,
which is a marker of structural damage. A pretreatment with
atropine (AChR inhibitor, 1073 M) inhibited the ACh-
induced prevention of the hypoxic effect. Moreover, the
hypoxia-induced decrease in the level of [*H] thymidine
incorporation was recovered by a pretreatment with ACh
(Fig. 2C). Hypoxic exposure increased the level of frag-
mented DNA, which was protected by a pretreatment with
ACh. However, atropine inhibited the protective effect of
ACh (Fig. 2D). Flow cytometry analysis also showed that
hypoxia increased the level of apoptotic cell death (Hypoxia:
37.5% vs. control: 8.06%). However, a pretreatment with
ACh inhibited the hypoxic effect (23.7%) (Fig. 2E).

Effect of ACh on hypoxia-induced ROS generation

In order to examine the effect of ACh on the hypoxia-
induced generation of ROS, the cells were pretreated with
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Fig. 2 Effect of ACh on the
hypoxia-induced apoptotic cell
death. The mouse ES cells with
ACh or atropine were exposed
to hypoxia for 60 h and (A) the
cell viability and (B) LDH
release was measured as
described in Materials and
methods. (C) Mouse ES cells
with or without ACh were
exposed to hypoxia for 60 h and
pulsed with 1 pCi of [°H]
thymidine for 1 h before
counting. (D) DNA
fragmentation was assessed
after 60 h hypoxia with ACh or
the atropine pretreatment. (E)
Flow cytometry analysis was
assessed to confirm the hypoxia-
induced apoptosis under
hypoxia with or without ACh, as
described Materials and
methods. The values are
reported as the mean &+ SE of 3 -
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ACh before being exposed to 60 h of hypoxia. As shown in
Fig. 3A, hypoxia increased the intracellular ROS levels but
ACh inhibited this effect. Moreover, the cells were pre-
treated with atropine (10~> M) before hypoxic exposure in
order to determine the effect of ACh via AChR on the
hypoxia-induced generation of ROS. As shown in Fig. 3B,
atropine abolished the inhibitory effect of ACh on the
hypoxia-induced generation of ROS.

Effect of ACh on hypoxia-induced phosphorylation
of MAPKSs and NF-xB

In the experiment to examine the involvement of MAPKs
in hypoxia-induced apoptotic cell death, hypoxia increased
the level of p38 MAPK and JNK phosphorylation in a
time-dependent manner (Fig. 4A). On the other hand, the
hypoxia-induced phosphorylation of MAPKSs was inhibited
by a pretreatment with ACh. Moreover, the hypoxia-

Apoptosis

Apoptosis
ey 23.7%

37.5%

Cell Number
g

Cell Number
g

64 96 128 180 182 224 255
DA Content

ACh + Hypoxia

98 128 180 192 M 256 ¢
DMA Content

Hypoxia

induced phosphorylation of p38 MAPK and JNK was
inhibited by a pretreatment with antioxidants, vitamin C
(107 M) and vitamin E (10~> M) (Fig. 4B, C). In the next
experiment, the level of NF-xB phosphorylation was
increased from 30 min of hypoxic exposure in a time-
dependent manner, and reached a maximum after 90 min
of hypoxia (Fig. 5A). However, a pretreatment with ACh
decreased the hypoxia-induced phosphorylation of NF-«xB.
The hypoxia-induced phosphorylation of NF-«kB was also
attenuated by a pretreatment with SB 203580 (10~® M) and
SP 600125 (107° M) (Fig. 5B).

Effect of hypoxia on Bcl-2, c-IAPs, and caspase-3
expressions
In experiments to examine the effect of hypoxia on the

expression of Bcl-2 and c-IAPs, the levels of the Bcl-2,
c-IAP1, and c-IAP2 proteins were increased up to 48 h, but
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Control

Fig. 3 Effect of ACh on the A
hypoxia-induced increase in
ROS. (A) Mouse ES cells with
or without ACh were exposed to
hypoxia and the DCF
fluorescence was measured. (B)
The cells were pretreated with
atropine (10~2 M) for 30 min
before the ACh treatment, and
exposed to hypoxia for 90 min.
The values are reported as the
mean £ SE of 3 independent B 1.4

ACh

Hypoxia

ACh+Hypoxia

experiments with triplicate
dishes. Open bar, control; filled o 1.24
bars, hypoxia. * P < 0.05 o
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they had decreased after 60 h of hypoxia (Fig. 6A).
However, a pretreatment with ACh prevented the decrease
in the Bcl-2 and c-IAPs levels after 60 h of hypoxic
exposure. Moreover, a pretreatment with BAY11-7082
(IkB phosphorylation inhibitor, 2 x 107> M) or SN 50
(NF-xB nucleus translocation inhibitor, 500 ng/ml) also
inhibited the effect of hypoxia on these proteins (Fig. 6B,
C, D). The level of caspase-3 activation was determined by
monitoring the decrease in the level of the p32 precursor
and the increase in the cleaved fragment p20 and pl7
subunits. As shown in Fig. 7, the cleaved fragments, p20
and pl7 subunits, were increased by hypoxia, but a pre-
treatment with ACh inhibited the activation of caspase-3.

Discussion

In this study, ACh inhibited the hypoxia-induced apoptosis
by inhibiting the ROS-mediated p38 MAPK, JNK, and NF-
kB pathways and regulating Bcl-2, c-IAPs, and caspase-3.
The mechanism for this process must have a rapid onset
and initiate a process that is maintained even after ACh has
been withdrawn. Generally, the ACh concentration of
whole blood is approximately 8.65 nM (1264 £ 149 pg/ml)
in humans and 1.43 nM (209 &+ 29 pg/ml) in rats [26].
However, ACh maintains high concentration during
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maturation and development of the placenta and the fetus,
and is decreased by aging [27]. Moreover, a high ACh
concentration is more effective to protect against the oxi-
dative stress and the apoptotic process [28]. Therefore, in
present study, we used higher concentration of ACh
(1 mM) than the physiological level, which is consistent
with previous studies [29, 30]. When considering the
possible mechanisms for cell survival mediated by ACh, it
is important to note that ACh is essential for protecting
mouse ES cells from oxidative stress. ACh is also well
known to have an anti-apoptotic effect via the increase of
antioxidant action and the activation of survival signaling
molecules, which are induced by AChR activation in var-
ious cell types [31-33]. Moreover, previous study showed
that cholinergic system including muscarinic AChR
(mAChR) expressed in mouse ES cells [12]. Therefore, it
can be suggested that ACh/AChR is implicated to play an
important role in ES cell expansion. However, the signal
transduction pathways modulated by ACh to suppress the
hypoxia-induced ES cell injury, or more specifically
apoptosis, are largely unknown.

Under physiological conditions, the mitochondrial
membrane is polarized and has a membrane potential,
which is maintained by ATP and proton gradients across
the membrane. These in turn are dependent on oxygen
availability. Maintenance of membrane potential keeps
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Fig. 4 Effect of ACh on the hypoxia-induced phosphorylation of
MAPKs. (A) Mouse ES cells were exposed to normoxia or hypoxia
for 15-180 min. The phosphorylated p38 MAPK and JNK were then
detected, as described in Materials and Methods. The mouse ES cells
with or without the ACh pretreatment were exposed to hypoxia for
90 min. Moreover, the cells were pretreated with or without vitamin
C (1073 M) and vitamin E (107> M) for 30 min, and exposed to
hypoxia for 90 min (B) The phosphorylated p38 MAPK and (C) JNK
were detected by Western blotting. The values are reported as the
mean £ SE of 5 independent experiments. Open bar, control; filled
bars, hypoxia. * P < 0.05 versus control (normoxia), # P < 0.05
versus hypoxia alone

ROS within the confines of the mitochondria. In hypoxia,
the loss of membrane potential effectively removes the
compartmentalization of ROS to the mitochondria. Rather
than increasing total ROS during hypoxia, it is envisioned
that cytoplasmic ROS are increased as they are no longer
“caged” within the mitochondria [3, 5]. The present results
confirmed that hypoxia increases intracellular level of ROS
generation, which activates JNK and p38 MAPK as well as
the NF-xB pathway in the hypoxia-induced apoptotic
response. Consistent with these findings, hypoxia-induced
signal molecules have been reported. ROS stimulates cell
death or tissue injury directly during hypoxia and reoxy-
genation via p38 MAPK and JNK [34]. The activation of
p38 MAPK and JNK during oxidative stress induce the
downstream inducible transcription factor, NF-xB, which
binds to a specific promoter region of the tumor necrosis
factor (TNF)-oo in the nucleus [35]. TNF-o initiates a
receptor-dependent death pathway by activating caspases
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I

Fig. 5 Effects of ACh on the hypoxia-induced phosphorylation of
NF-xB. (A) The mouse ES cells were exposed to normoxia or hypoxia
for 15-180 min. The phosphorylated NF-xB was detected as
described in Materials and methods. (B) Mouse ES cells with or
without ACh and cells pretreated with SB 203580 (p38 MAPK
inhibitor, 107° M) or SP 600125 (JNK inhibitor, 10~ M) for 30 min
were exposed to hypoxia for 90 min and the phosphorylated NF-xB
was detected. The values are reported as the mean &+ SE of 4
independent experiments. The bands represent 65 kDa of NF-xB.
Open bar, control; filled bars, hypoxia. * P < 0.05 versus control
(normoxia), # P < 0.05 versus hypoxia alone
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Fig. 7 Effect of ACh on the hypoxia-induced increase in caspase-3
activation. The mouse ES cells with or without ACh were exposed to
hypoxia for 60 h and the amounts of the p20 and p17 active subunits
and p32 precursor of capase-3 were assessed by Western blotting. The
values are reported as the mean + SE of 4 independent experiments.
Open bar, control; filled bars, hypoxia. * P < 0.05 versus control
(normoxia), # P < 0.05 versus hypoxia alone
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[36]. In this study, the hypoxia-induced apoptotic pathways
were inhibited by ACh through AChR, which suggest that a
functional cholinergic system is involved in the anti-
apoptotic effect of ACh. It was reported that ACh attenu-
ates oxidative stress and cell death in cardiomyocytes by
activating PKC-¢ during hypoxic stimulation [28, 33].
Moreover, AChR activation protects the cells from the
apoptotic effects including DNA fragmentation, oxidative
stress, and mitochondrial dysfunction [31]. AChR has a
domain that induces a decrease in oxidative stress sensi-
tivity, possibly playing a role in targeting the antioxidants
to specific receptor sites that impart oxidative stress sen-
sitivity [32]. Since mAChR can be identified as G protein-
coupled receptor (GPCR), it can be suggested that the
anti-oxidative effect of ACh is induced through GPCR-
related mechanisms including PLC-linked Ca®* mobiliza-
tion [37] and cAMP/PKA pathways [38]. AChR also
induces the activation of the survival signaling molecules,
the increase in the endogenous antioxidant reserve, and the
reduction of the apoptotic mediators such as FAS and p38
MAPK during ischemia/reperfusion [39]. Based on these
studies, AChR can be speculated to protect oxidative stress
though GPCR-mediated mechanisms, although the present
study did not show which second molecules are involved in
ACh/AChR-mediated anti-oxidative effect or whether
ACh/AChR pathway directly regulates specific genes or
proteins such as anti-oxidative enzymes.
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In this study, an assay to monitor apoptosis and DNA
damage in addition to the ES cell viability assay were used
to support the finding that ACh blocks the apoptotic cell
death induced by hypoxia in mouse ES cells. Caspase-3 has
been implicated as a key downstream molecule that exe-
cutes the apoptotic cascade after hypoxia [34]. In the
process of apoptosis-control by caspase, Bcl-2 and IAP
play an important role that can protect the cells against
apoptosis induced by hypoxia [40]. These results show that
a treatment with ACh provides significant protection
against the apoptosis-signaling cascade induced by
hypoxia. In addition, ACh facilitated the upregulation of
the anti-apoptotic Bcl-2 and c-IAPs proteins that suppress
effecter caspase activation. Among muscarinic receptors
initiating an anti-apoptotic signal, three of which (M1, M3,
and M5) are coupled to the Gy;;-PLC pathway and two
(M2 and M4) that inhibit adenylate cyclase via coupling to
Gi, [41]. Subsequently, GPCR-linked PI3K/Akt and
ERK1/2 pathways inhibit caspase-3 activation [42]. The
muscarinic AChR-induced transcription factor such as
CREB (cAMP response element-binding) phosphorylation
can promote cell survival through the PI3K/Akt pathway to
up-regulate the expression of the anti-apoptotic factor Bcl-2
[43, 44]. Another study reported that AChR recovers the
expression of Bcl-2 by regulating Bax protein [31]. In the
present study, ACh blocked hypoxia-induced NF-kB acti-
vation, which decreased Bcl-2 and c-IAPs protein levels.
Although the precise intermediate steps between activation
of anti-apoptotic pathways and muscarinic receptor-
induced ES cell protection await identification, based on
previous and our studies, we suggest that the muscarinic
pathway has an anti-apoptotic effect through GPCR-linked
activation of various survival molecules.

Understanding the biochemical mechanism of this
protective response will help in the ultimate goal of
determining the physiological importance of ACh in the
anti-apoptotic response (Fig. 8). These results do not
provide any insights into the mechanistic link between
the AChRs and the various signaling pathways examined.
Nevertheless, this data at least suggests that the activation
of AChRs may play an important role in the hypoxia-
induced cell injury/apoptosis by decreasing the level of
ROS in ES cells. Therefore, it is suggested that the
protection provided by ACh against oxidative stress
might be of greater importance in maintaining the func-
tion and plasticity of ES, which are likely to be impaired
temporally after exposure to hypoxia, even though the
indicators of apoptotic signaling were used as the out-
come measures in this study. In conclusion, ACh prevents
hypoxia-induced mouse ES cell apoptosis through the
inhibition of ROS-mediated p38 MAPK and JNK acti-
vation as well as the regulation of Bcl-2, c-IAPs, and
caspase-3.

|

Fig. 8 The hypothesized model for the signal pathways involved in
ACh-induced protection of apoptosis by hypoxia in mouse ES cells.
Hypoxia increases the generation of ROS, which induce the activation
of p38 MAPK and JNK to stimulate NF-xB phosphorylation.
Subsequently, the activation of p38 MAPK/INK and NF-«xB inhibits
the expression of Bcl-2 and c-IAPs proteins, which block caspase-3.
ACh through AChR, which can be blocked by atropine, inhibits the
generation of ROS, which in turn blocks hypoxia-induced apoptosis
pathways. ACh, Acetylcholine; ROS, reactive oxygen species;
MAPK, mitogen-activated protein kinase; JNK, Jun-N-terminal
kinase; NF-xB, nuclear factor-xB; c-IAPs, cellular inhibitor of
apoptosis proteins
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