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Ebselen attenuates oxidative stress-induced apoptosis via the
inhibition of the c-Jun N-terminal kinase and activator protein-1
signalling pathway in PC12 cells
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1 Ebselen (2-phenyl-1,2-benzisoselenazol-3[2H]J-one) is a selenoorganic compound exhibiting both
glutathione peroxidase activity and antioxidant activity. Although it has been reported that ebselen
is effective for oxidative stress-induced neuronal damage both in vivo and clinically, the precise
mechanisms of the efficacy have not yet been elucidated. Thus, we hypothesized that ebselen may
affect reactive oxygen species-induced mitogen-activated protein (MAP) kinase activation in cultured
PC12 cells.

2 Our findings showed that hydrogen peroxide (H,O,) stimulated rapid and significant activation
of extracellular signal-regulated kinase (ERK)1/2, c-Jun N-terminal kinase (JNK) and p38 in PC12
cells, which is a model of catecholamine-containing neurons.

3 H,0,-induced JNK activation was inhibited by ebselen, whereas ERK1/2 and p38 activation by
H,0, were not affected by ebselen.

4 Inhibition by ebselen of H,O,-induced hydroxyl radical generation in PC12 cells was observed
using electron paramagnetic resonance measurements. Ebselen also inhibited H,O,-induced increases
in DNA binding activity of activator protein-1 (AP-1), a downstream transcription factor of JNK,
composed of the c-Jun homo/heterodimer.

5 Finally, pretreatment of cells with ebselen resulted in a significant recovery from cell death
including apoptosis by H,O, in PC12 cells.

6 These findings suggest that ebselen attenuates oxidative stress-induced neuronal cell death
through the inhibition of the JNK and AP-1 signalling pathway. Thus, inhibition of JNK by ebselen
may imply its usefulness for treatment of ischaemic cerebral diseases relevant to neuronal cell death.
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Introduction

Reactive oxygen species (ROS) have been proposed to be
involved in the pathogenesis of cerebral ischaemia and
reperfusion injury (Chan, 1994; Kontos, 1985). ROS
including hydrogen peroxide (H,0,), superoxide radical
(O 7), hydroxyl radical (OH), and peroxynitrate (ONOO™)
have been shown to increase upon ischaemia and reperfusion
of the brain (Chan, 1996). In the ischaemic and reperfused
brain, many alterations such as change in neurotransmitter
release, change in gene expression, and neuronal cell death
have been observed (Chan, 2001; Mattson et al., 2000).
These alterations in the brain during ischaemia-reperfusion
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were suggested to be attributable to the change in the
intracellular signalling mechanisms. Among many intracel-
lular signalling molecules, ROS-induced cellular events have
been implicated, in part, to the activation of mitogen-
activated protein (MAP) kinases (Herdegen et al., 1998;
Ozawa et al., 1999).

Three subfamilies of MAP kinases that are sensitive to
ROS have been identified: extracellular-signal regulated
kinase (ERK1/2), c-Jun N-terminal kinase (JNK), p38
kinase (Abe & Berk, 1998). Each subfamily may be
regulated via different signal transduction pathways and
modulate specific cell functions (Widmann et al., 1999). It
has been recognized that ERKI1/2 plays a major role in
cell proliferation and differentiation as well as survival by
various growth factors (Cobb & Goldsmith, 1995).
However, JNK and p38 are activated by various
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inflammatory cytokines and environmental stresses that
lead to cellular hypertrophy or apoptosis (Kyriakis &
Avruch, 1996). PCI12 cells are useful for studying the
intracellular signalling mechanisms, and are regarded as a
model for catecholamine-containing neurons. Recently,
several studies reported the roles of MAP kinase activation
in both the protection and the injury of postischaemic
neuronal cells including PC12 cells (Tsuji ez al., 2000; Xia
et al., 1995; Zhang et al, 1998). Much evidence is
accumulating that activation of three MAP kinase family
members, ERK1/2, JNK, and p38 kinase was observed
after ischaemia and reperfusion of neurons (Herdegen et
al., 1998; Ozawa et al., 1999). These studies suggested that
the activation of ERK1/2 made neuronal cells protective
against ischaemia and reperfusion, whereas the activation
of JNK and p38 kinase led to apoptosis (Xia et al., 1995;
Zhang et al., 1998). However, the precise roles of these
three MAP kinase signalling pathways in the regulation of
cellular phenotypic modulation are still unclear and may
be cell type specific (Liu et al., 1996).

Ebselen (2-phenyl-1,2-benzisoselennazol-3[2H]-one) is a
lipid-soluble selenoorganic compound that potently inhibits
lipid peroxidation through a glutathione peroxidase-like
action (Muller er al., 1984; Wendel et al., 1984). Since
ebselen is active against membrane hydroperoxides such as
phospholipid hydroperoxide but not glutathione peroxidase
(Maiorino et al., 1988), this agent effectively inhibits lipid
peroxidation in vitro (Safayhi et al., 1985). In addition,
ebselen has been suggested to have a potential to protect
the brain damage due to ischaemia in which ROS may be
involved in its pathogenesis (Johshita et al., 1990;
Takasago et al., 1997). Previous studies showed that the
cerebral infarct size was reduced in rats with transient
middle cerebral artery occlusion by ebselen pretreatment
(Dawson et al., 1995). Another report showed that
ebselen improved the outcome of acute ischaemic stroke
in a placebo-controlled, double blind clinical trial
(Yamaguchi et al., 1998). However, the precise mechan-
isms of its efficacy against ischaemic cerebral diseases
have not yet been elucidated. Thus, we hypothesized that
ebselen may exert its preventing effect against ROS-
induced neuronal damage through affecting MAP kinase
signalling cascades.

In the present study, we first examined the effect of
hydrogen peroxide (H,O,), as an oxidative stress, on MAP
kinase activities, i.e. ERK1/2, JNK and p38 kinase in
PC12 cells. Thereafter, we investigated the effect of ebselen
on the change in MAP kinase activities and their
downstream transcription factors in the cells. The findings
of this study showed that ebselen specifically inhibited
H,0,-induced JNK activation, but not ERKI1/2 or p38
activation in PC12 cells. In addition, ebselen inhibited
H,05-induced increase in the DNA binding activity of
activator protein-1 (AP-1), a downstream transcription
factor of JNK. Ebselen scavenged ‘OH radicals generated
by H,O, stimulation and attenuated PCI12 cell death
including apoptosis. Although ROS-induced JNK activa-
tion has been reported in many cells (Fei et al., 2000; Lo
et al., 1996; Mansat-de Mas et al., 1999), we discovered
that ebselen inhibited ROS-induced JNK activation and
the resultant PCI12 cell death probably through the
scavenging effect of ‘OH radicals.

Methods
Chemicals

Ebselen (2-phenyl-1,2-benzisoselenazol-3[2H]-one) was from
Daiichi Pharmaceutical Co. Ltd. (Tokyo, Japan). All other
chemicals were purchased from Sigma Chemicals (St. Louis,
MO, U.S.A.) except where indicated. H,O, was from Wako
Pure Chemicals (Osaka, Japan). Anti-pan- and phospho-
ERK1/2 (Thr202/Tyr204) and p38 (Thr180/Tyr182) anti-
bodies, the JNK assay kit and pan-JNK antibody were
from Cell Signaling Technology Inc. (Beverly, MA, U.S.A)).
All other chemicals were commercial products of reagent
grade.

Cell culture

Rat pheochromocytoma (PC12) cells were grown in RPMI
1640 medium supplemented with 10% (v v~') donor horse
serum, 5% (v v~') new born calf serum and antibiotics (100
units ml~' penicillin, 100 ug ml~' streptomycin) in flasks
precoated with collagen. The culture was replaced after 2
months of passage by thawing a fresh aliquot of frozen cells.
The cultures were maintained in a humidified atmosphere
containing 5% CO, at 37°C. Cells at 70—80% confluence in
60-mm and 100-mm dishes were growth arrested by
incubation in serum-free RPMI 1640 medium for 24 h prior
to use. All experiments were performed with growth-arrested
cells to minimize basal MAP kinase activity.

Preparation of cell lysates for M AP kinase activity assay

PCI12 cells in the serum-free medium were treated with or
without H,O, at each indicated time or dose-point. After
treatment, the cells were washed once with ice-cold PBS, then
lysed with 0.5 ml of lysis buffer (mm), Tris-HCI 20, pH 7.4,
NacCl 150, Na,EDTA 1, EGTA 1, 1% (v v ') Triton, sodium
pyrophosphate 2.5, f-glycerophosphate 1, Na;VO, 1,
1 ug ml~' leupeptin and 1 mmM PMSF, and flash frozen using
liquid nitrogen. After allowing the cells to thaw, cells were
harvested and the lysates were sonicated (Handy Sonic UR-
20 P; Tomy Seiko Co., Ltd., Tokyo, Japan) on ice for 10 s
and then centrifuged at 14,000 x g for 20 min at 4°C. The
protein concentrations of the supernatants were measured
using a Bradford protein assay (Bio-Rad, Hercules, CA,
U.S.A).

Measurements of ERKI1/2 and p38 kinase activities in
PCI12 cells

Previously, we measured each MAP kinase activity using in-
gel kinase assay with specific substrates. However, we found
that the activation of ERK1/2 or p38 by in-gel kinase assay
and immunoblotting for phospho-ERK1/2 or phospho-p38
were highly correlated (R*=0.90) in various cell types
(unpublished data). Therefore, we used immunoblotting for
phospho-ERK1/2 and phospho-p38 to evaluate ERK1/2 and
p38 activation as described previously (Yoshizumi et al.,
2000; Kyaw et al., 2001). Using pan-ERK1/2 and p38
antibodies, total ERK1/2 and p38 protein expression were
also measured. For immunoblot analysis, cell lysates (30 ug
of protein) were subjected to SDS-polyacrylamide gel
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electrophoresis, and proteins were transferred to nitrocellu-
lose membranes (Hybond™-ECL, Amersham Pharmacia
Biotech, Buckinghamshire, U.K.) as described previously
(Yoshizumi et al., 2000; Kyaw et al., 2001). The membrane
was blocked for 1 h at room temperature with a commercial
blocking buffer from Amersham Pharmacia Biotech. The
blots were then incubated for 12 h with phospho-ERK1/2 or
p38 antibodies with a dilution rate of 1 to 1000 (Cell
Signaling Technology Inc.), followed by incubation for 1 h
with secondary antibody (horseradish peroxidase conjugated).
Immunoreactive bands were visualized using enhanced
chemiluminescence (ECL, Amersham Pharmacia Biotech)
and were quantified by densitometry in the linear range of
film exposure using a UMAX Astra 2200 scanner and NIH
image 1.60.

JNK activity assay

As we could not obtain high quality phospho-JNK
antibodies, we utilized in-vitro kinase assay to measure
JNK activity. JNK activity was measured with a commer-
cially available kit based on phosphorylation of recombi-
nant c-Jun (Cell Signaling Technology Inc.). After
treatment, cells were rinsed twice with ice-cold PBS,
scraped off the plates into lysis buffer (included in the
kit), and sonicated three times on ice. After removing the
cell debris by centrifugation (14,000 x g, 20 min, 4°C), the
protein content in the supernatant was measured using a
Bradford protein assay kit (Bio-Rad). Equal amounts of
protein (300 pg) were then immunoprecipitated with c-Jun
(1-89) fusion protein beads overnight. After washing the
beads, kinase assays were performed according to the
instructions of the manufacturer. Beads were loaded on a
10% (w v~') SDS-polyacrylamide gel, and immunoblotting
was performed with an antibody against phospho-c-Jun
with a dilution rate of 1 to 1000 (Yoshizumi et al., 2000;
Kyaw et al., 2001). Using pan-JNK antibody, total JNK
protein expression were also measured.

Electron paramagnetic resonance (EPR) measurements
of hydroxyl radical ((OH) generation in PC12 cells

EPR spin trapping technique was adopted to clarify the
ROS production from PCI12 cells. PCI12 cells were
suspended with DTPA (1 mM) added PBS (1x10° cells
ml~"), then aliquots were mixed with 0.9 M DMPO and
H,0, with or without ebselen (10 uM). Each sample was
incubated for 5 min at 37°C, then transferred to three
pieces of glass capillary (10 ul, Drummond Co., Broomall,
PA, US.A) and set to the EPR cavity for the
measurement. To avoid interference from the extracellular
EPR signal of H,O,, an excess amount of catalase (100
units) was added to the incubation medium immediately
before measurements. A JEOL EPR spectrometer (JES-TE
300, JEOL Co., Ltd., Tokyo, Japan) with an X-band cavity
was employed to collect all EPR spectra. Typical instru-
ment conditions were: 8 mW microwave power, 1.0 Gauss
modulation amplitude, 0.03 s time constant, 120 s scan
time, and 100 Gauss scan range. Hyperfine coupling
constants and spectral simulations were obtained using a
computer program, WINSIM (http://epr.nichs.nih.gov)
(Duling, 1994).

Gel mobility shift assay

For gel mobility shift assay, nuclear protein extracts were
prepared from PCI2 cells in 100-mm dishes after stimulation
with H,O, at the indicated time points. The cells were washed
once with ice-cold PBS and were scraped off the plates into
1 ml PBS, then centrifuged at 5000xg for 5 min and
supernatants were removed. The samples were homogenized
in 0.4 ml of 10 mM HEPES (pH 7.9) containing: KCI 10 mMm,
EDTA 0.1 mMm EGTA 0.1 mm, PMSF 0.5 mMm, DTT 1 mm;
chymostatin 10 ug wpl™', aprotinin 1 ug ml~!, pepstatin
1 ug ml=' and leupeptin 1 ug ml~'; incubated on ice for
15 min; and then added 1/100 volume of 10% (v v™')
Nonidet NP-40 and centrifuged at 5000 x g for 30 s at 4°C.
The resulting precipitations were homogenized in 50 ul of
HEPES 20 mm (pH 7.9), NaCl 0.4 M, EDTA | mMm, EGTA
I mMm, PMSF 1 mM, DTT 1 mM, chymostatin 10 ug ul=',
aprotinin 1 ug ml~', pepstatin 1 ug ml~' and leupeptin
1 ug ml~'; stirred at 4°C for 15 min. The resulting super-
natant was assayed for protein concentrations and stored at
—80°C before use. The procedure for the gel mobility shift
assay was described previously (Yoshizumi et al., 1998). In
brief, the gel mobility shift assay of PCI12 cells nuclear
activator protein-1 (AP-1) binding activity was performed
with an oligonucleotide probe containing the AP-1 binding
sequence (5-CGCTTGATGACTCAGCCGGAA-3) (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.). The
probe was end-labelled with y-*P-ATP (Amersham) using T4
polynucleotide kinase, and purified by chromatography on a
Bio-Spin column (Roche Molecular Biochemicals, Man-
nheim, Germany). For the DNA-protein binding reaction,
the samples of PC12 cell nuclear extracts (10 ug protein) were
incubated with 10 fmol of a 3?P-labelled oligonucleotide
containing the consensus AP-1 binding site at room
temperature for 30 min, in 20 ul of binding buffer consisting
of (mm): HEPES (pH 7.9) 20, EDTA 0.2, EGTA 0.2, NaCl
80, MgCl, 0.3, DTT 1, PMSF 0.2, 6% (v v") glycerol and
2 ug of polydeoxyinosinic deoxycytidylic acid (poly[dI-
dc])(Roche). The DNA-protein complexes were separated
from the free DNA probe using electrophoresis on 7% (w
v~1) nondenaturing polyacrylamide gels in 6.7 mm Tris-HCI
(pH 7.5), 3.3 mM sodium acetate, 0.1 mM EDTA, and 2.5%
(v v ") glycerol. Gels were run at 160 V at 4°C for 3 h, dried
and subjected to autoradiography and analysed with a
bioimage analyser (BAS-1500; Fuji Film, Tokyo, Japan).
To determine the specificity of DNA-protein binding, binding
reactions were performed as described above, in the presence
of a 100 fold molar excess of a non-labelled AP-1 consensus
oligonucleotide competitor followed by electrophoresis.
Furthermore, supershift assays were performed with rabbit
polyclonal pan-c-Jun antibody (Santa Cruz Biotechnology).
Anti c-Jun antibody was added to samples after the initial
binding reaction between PC12 cells nuclear protein extracts
and **P-labelled consensus AP-1 oligonucleotide, the reaction
was allowed to proceed at room temperature for 1 h, and
then the samples were subjected to electrophoresis, as
described above.

Determination of cell viability with MTT reduction

Measurement of cellular MTT reduction was carried out as
described previously (Hansen et al., 1989). PC12 cells were

British Journal of Pharmacology vol 136 (7)



1026 M. Yoshizumi et al

Ebselen inhibits JNK and apoptosis in PC12 cell

cultured at 70—80% confluently. Thereafter, cells were
growth arrested by serum-free RPMI 1640 medium. Follow-
ing 24 h incubation with H,O,, MTT was added to a final
concentration of 0.5 mg ml™', and after a further 1h
incubation PCI12 cells were lysed with isopropanol that
contained 0.04 M HCl. MTT reduction was read at 550 nm
by a spectrophotometer.

Nuclear Morphology-Hoechst 33248 staining

PC12 cells were stained with Hoechst 33248 dye (Koyama et
al., 1998). The cells were cultured on a coverglass in a 35-mm
dish and the cell-attached coverglass was taken out, washed
in PBS, transferred into MeOH/Acetic acid (3:1) and
submerged for 2 min, then cells were dried up at room
temperature. Then, the cells were fixed on a coverglass at
room temperature and stained with Hoechst 33248 working
solution (0.05 ug ml~") for 10 min. Next, the coverglass was
washed with distilled water and mounted in buffered glycerol.
Fluorescence was visualized using a fluorescent microscope
(Olympus, Tokyo, Japan). The cells on the coverglass were
observed under high magnification (x400) and the percen-
tage of apoptotic cells were calculated in ten different fields of
five separate samples.

Agarose gel electrophoresis for DNA fragmentation

DNA fragmentation was detected by the methods of Wyllie
et al. (1980) with minor modifications. Cells were pelleted at
400 x g and washed twice with ice-cold Tris-buffered saline
(NaCl 137 mMm, KCl 2.7 mMm, Tris, pH 7.0 25 mMm). The
pellets were resuspended in 50 ml of Tris-EDTA (EDTA
1 mMm, Tris, pH 8.0 10 mM) and lysed with 0.5 ml of an
extraction buffer (0.1 M EDTA, 0.5% (w v~') SDS, 10 mM
Tris, pH 8.0) containing 0.5 mg ml~' proteinase K. After
overnight incubation at 50°C, DNA was extracted from the
samples and ethanol preincubated for agarose gel electro-
phoresis. The DNA separated in the 2% agarose gel was
visualized by UV fluorescence.

Statistics

Values are presented as means+s.d. for five separate
experiments. Two-way ANOVA, followed by Scheffe’s multi-
ple comparison test was used to compare individual groups.
A value at P<0.05 was considered to be significant.
n=number of observations, d.f.=degrees of freedom in the
figure legends.

Results

Time courses for the activation of ERK1/2, JNK, and p38
in PC12 cells stimulated by H,0,

To evaluate the relative magnitude of MAP kinase activation
by H,0,, growth-arrested PC12 cells were exposed 300 uM
H,0,. Activation of ERK1/2, JNK and p38 in the cell lysates
was determined as described in Methods. ERK1/2 was
activated rapidly (peak at 5—10 min) and then gradually
declined (Figure 1A, top). JNK was activated within 5 min
and sustained for at least 60 min after the stimulation by
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Figure 1 Time course of H,O,-induced ERK 1/2, JNK and p38
activation in PC12 cells. Cells were stimulated with 300 um H,O, for
the indicated periods of time. Cells were harvested, lysed, and used
for subsequent analysis. The activities of ERK1/2, JNK and p38 were
measured as described in Methods. (A) Representative blots are
shown. (B) Densitometric analysis of ERK 1/2 (sum of the ERKI1
and ERK?2 bands), JNK and p38 activation. Values were normalized
by arbitrarily setting the densitometry of control cells (time=0) to 1.0
(values are the means+s.d., n=5). No obvious MAP kinase
activation was observed in vehicle-treated samples. Two-way
ANOVA detected significant differences between groups with or
without H,O, treatment: ERK1/2 (F=65.859, P<0.0001, d.f.=5),
JNK (F=109.645, P<0.0001, d.f.=5) and p38 (F=068.570,
P<0.0001, d.f.=5). *P<0.05 when compared with vehicle-treated
groups at each time point (ANOVA followed by Scheffe’s test).

H,0, in PC12 cells (Figure 1A, middle). p38 activity showed
a gradual increase by H,0, treatment, peaked at 10 min, then
decreased (Figure 1A, bottom). No differences in the
amounts of ERK1/2, JNK and p38 were observed in samples
by Western blot analysis with pan-ERK1/2, JNK and p38
antibodies (data not shown). These findings are summarized
in Figure 1B.

Concentration-response curve for the activation of ERKI/
2, JNK, p38 in PCI2 cells stimulated by H>0,

We also determined the concentration-dependence for MAP
kinase activation by H,O, in PCI12 cells. ERK1/2 activation
was determined by a 5-min incubation period, and JNK and
p38 were by 10 min incubation (Figure 2). ERK1/2 and p38
activation were observed only at higher concentrations of
H,O0,, i.e. more than 300 uMm (Figure 2A, top and bottom). In
contrast, JNK was activated at lower concentrations of H,O,
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Figure 2 H,O, stimulates a concentration-dependent increase in
ERK 1/2, JNK and p38 activities in PC12 cells. Cells were stimulated
with the indicated concentrations of H>O, for 5 min for ERKI1/2
activation and for 10 min for JNK and p38 activation. Cells were
harvested, lysed, and used for subsequent analysis. The activities of
ERKI1/2, JNK and p38 were measured as described in Methods. (A)
Representative blots are shown. (B) Densitometric analysis of ERK1/
2 (sum of the ERK1 and ERK2 bands), JNK and p38 activation.
Values were normalized by arbitrarily setting the densitometry of
control cells (without H,O,) to 1.0 (values are the means+s.d., n=>5).
No obvious MAP kinase activation was observed in vehicle-treated
samples. Two-way ANOVA detected significant differences between
groups with or without H,O, treatment: ERKI1/2 (F=129.504,
P<0.0001, d.f.=5), INK (F=107.909, P<0.0001, d.f.=5) and p38
(F=74.18, P<0.0001, d.f.=5). *P<0.05 when compared with
vehicle-treated groups at each concentration (ANOVA followed by
Scheffe’s test).

from 30 uMm, peaked at 300 um, and kept activated up to
1 mMm (Figure 2A, middle). No differences in the amounts of
ERK1/2, JNK and p38 were observed in samples by Western
blot analysis with pan-ERK1/2, JNK and p38 antibodies
(data not shown). These findings are summarized in Figure
2B. It was suggested that JNK is more sensitive than ERK1/2
and p38 to oxidative stress in PC12 cells.

Effect of ebselen on H,0 »-induced ERK1/2, JNK and p38
activation in PC12 cells

To clarify whether ebselen affects H,O,-induced MAP kinase
activation, we examined the effect of various concentrations
of ebselen on H,0s-induced ERK 1/2, JNK and p38
activation (Figure 3A,B). The cells were pretreated with
ebselen for 30 min before the addition of H,O, (300 uM) for
5 min for ERK1/2 activation and for 10 min for JNK and
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Figure 3 Inhibition by ebselen of H,O,-induced JNK activation in a
concentration-dependent manner, but not ERK1/2 and p38 activation
in PCI2 cells. Cells were pretreated with ebselen at the indicated
concentrations for 30 min. Controls with 0 uM ebselen represent
vehicle-treated samples. Then the cells were stimulated with 300 um
H,0, for 5 min for ERK activity and 10 min for JNK and p38
activities. Cells were harvested, lysed, and used for subsequent analysis.
The activities of ERK1/2, JNK and p38 were measured as described in
Methods. (A) Representative blots are shown. (B) Densitometric
analysis of the effect of ebselen on ERK1/2, INK and p38 activation.
Values are expressed as % of controls which was defined from each
MAP kinase activity stimulated by 300 um H,O, (values are the
means +s.d., n=15). Two-way ANOVA detected significant differences
between groups with or without H,O, treatment for JNK (F=77.746,
P<0.0001, d.f.=3), but not for ERK1/2 (F=3.104, P=0.0562, d.f. = 3)
and p38 (F=0.849, P=0.4873, d.f.=3). *P<0.05 when compared with
H,0,-treated groups (ANOVA followed by Scheffe’s test).

p38 activation. H,O,-induced JNK activation was inhibited
by ebselen in a concentration-dependent manner (1—100 um)
with an ICsq value of ~ 10 uM. In contrast, ERK1/2 and p38
activation was not influenced by ebselen (Figure 3A,B). No
significant differences in the amounts of ERK1/2, JNK and
p38 were observed in samples by Western blot analysis with
pan-ERK1/2, JNK and p38 antibodies (data not shown).
These findings suggest that H,O,-induced JNK activation,
but not ERK1/2 and p38 activation, is specifically sensitive to
ebselen in PCI12 cells.

Electron paramagnetic resonance (EPR) measurements
of H>0 y-induced -OH generation and its inhibition by
ebselen in PC12 cells

Since ebselen has been reported to possess an antioxidant
activity through the inhibition of Oy~ and ONOO~
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generation (Ichikawa er al., 1987, Masumoto & Sies, 1996),
we examined its effect on H,O-induced -OH generation in
PCI12 cells. ‘OH is readily generated from H,O, by the
Fenton reaction and originally derived from O, ~ within the
cells (Yoshizumi et al., 2001). As shown in Figure 4,
application of 300 uM H,O, to the cells resulted in a rapid
increase in ‘OH generation, which was almost abolished by
10 uM ebselen pretreatment. Since an excess amount of
catalase was added to the cell incubation medium before
measurements, it is unlikely that EPR signals of extracellular
H,0, interfered with the OH signals of the cells. These
findings suggest that ebselen has a radical scavenging
activity for ‘OH generated by H,O, stimulation of PC12
cells.
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Figure 4 EPR spectra of DMPO/OH adduct from PCI2 cells by
H,O, stimulation and its dismutation by ebselen. (A) a: computer
simulation of DMPO/OH adduct EPR spectra; b: PC12 cells (1 x 10°
cells ml~") with 0.9 M DMPO; c: same as b, but with ebselen
(10 um); d: same as b, but with H,O, (300 um) and e: same as b, but
with ebselen (10 uM) pretreatment for 5 min and following H,O,
(300 um) stimulation. To avoid interference from the extracellular
EPR signal of H>O,, an excess amount of catalase (100 units) was
added to the incubation medium immediately before measurements.
(B) Relative signal intensity was defined as a relative peak height of
the second EPR signal of the DMPO/ OH adduct with the first EPR
signal of the external standard, MnO. Values are the means+s.d. of
five separate experiments done in duplicate. Two-way ANOVA
detected significant differences among groups (F=148.879,
P<0.0001, d.f.=3). *P<0.05 when compared with H,O,-treated
groups (ANOVA followed by Scheffe’s test).

H,0 »-induced JNK activation regulates DNA binding
activity of AP-1, which was inhibited by ebselen

It was reported that JNK activation leads to c-Jun
phosphorylation, which constitutes a transcription factor
AP-1 complex, composed of c-Fos and c¢-Jun homo/
heterodimers (Karin ez al., 1997). Activated AP-1 has been
reported to induce various gene expressions, such as c-jun
itself and Fas ligand, which are believed to be involved in
neuronal cell death including apoptosis (Ham et al., 2000). As
shown in Figure 5A, DNA binding activity of AP-1 from the
nuclear extracts of PC12 cells increased at 2 h treatment with
300 uMm H,0,, and was sustained up to 24 h. The bands were
confirmed to be a result of specific binding for AP-1, because
the addition of unlabelled AP-1 consensus oligonucleotide
resulted in abolishment of the band intensity. Furthermore,
the addition of pan-c-Jun antibody to the binding reaction
produced supershifted complexes. Ebselen pretreatment of
the cells inhibited the increase in AP-1 DNA binding activity
induced by H,0, in a concentration-dependent manner
similarly to the findings in Figure 3 (Figure 5B).

H>0-induced PC12 cell death was inhibited by ebselen

Next we examined the effect of ebselen on H>O,-induced
PC12 cell death by measuring MTT reduction. As shown in
Figure 6, application of 300 um H,O, for 24 h resulted in
PC12 cell death of about 45%. Ebselen pretreatment
inhibited H,O,-induced cell death in a concentration-
dependent manner, although ebselen itself had no effect on
the cell viability. These findings are similar to those of ebselen
inhibition of H,0O,-induced JNK activation (Figure 3) and
AP-1 activation (Figure 5). However, the preventing effect of
ebselen on H,0,-induced PC12 cell death was incomplete and

A B
2
E 5 R
H303 (300 M) g 3 g & H0p (300uM)
g = ER ebselen (M)
Time(h):o 1 2 4 8 24 %= & S 3 o 1 10 100
M «ss

AP-1[ ... AP-1[ -

Figure 5 Time course for the activation of AP-1 DNA binding from
PC12 cell nuclear extracts stimulated with 300 um H,O, (A) and its
inhibition by ebselen (B). (A) The bracket in the panel indicates PC12
cell nuclear extract AP-1 DNA binding complexes induced by H,O,
(300 uM) stimulation at the indicated time points. A competition
assay for AP-1 was carried out in the presence of a 100 fold molar
excess of unlabelled AP-1 oligonucleotide (competitor). Supershift
analysis was performed with specific pan-c-Jun antibody (SS). F, free
probe. (B) Effects of ebselen on H,O,-induced increase in AP-1 DNA
binding activity from PC12 cell nuclear extracts. For the experiments
of ebselen against H,O,-induced increase in AP-1 DNA binding
activity, different concentrations of ebselen were added to the
incubation medium 30 min prior to H,O, (300 uM) stimulation for
4 h. Representative blots from three separate experiments are shown.
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Figure 6 H,O,-induced PCI2 cell death and its inhibition by
ebselen. Cell viability was evaluated with MTT reduction as described
in Methods. Cells were treated with or without 300 um H,O, for
24 h, then assayed. Ebselen at the indicated concentrations was
added to the incubation medium 30 min prior to H,O, stimulation.
Values are the means+s.d. of five experiments preformed in
triplicate. Two-way ANOVA detected significant differences among
groups (F=46.247, P<0.0001, d.f.=5). The asterisks represent
significant differences between the groups (¥*P<0.05, ANOVA
followed by Scheffe’s test).

cell viability did not return to the control level by ebselen
pretreatment.

Ebselen inhibits H>O »>-induced PC12 cell apoptosis

To determine whether H,O»-induced MTT reduction is due
to apoptosis, we examined apoptotic nuclei staining and
DNA fragmentation in H>O, administered PC12 cells with or
without ebselen pretreatment. As shown in Figure 7A,
apoptotic nuclei staining with Hoechst 33248 revealed that
33% of cells showed apoptosis by treatment with 300 um
H,O, for 24 h. Ebselen pretreatment inhibited H,O,-induced
apoptosis to 16% of total cells although the inhibition was
incomplete. These findings are consistent with those of DNA
fragmentation analysis with agarose gel -electrophoresis
(Figure 7B) and suggest that ebselen attenuates H,O,-induced
PC12 cell death including apoptosis.

Discussion

The major findings of the present study were as follows:
(1) H,O, stimulates rapid and significant activation of
three MAP kinase members; ERK1/2, JNK and p38
kinase in PC12 cells and JNK was more sensitive to
H,0, than the other two kinases; (2) H,Oj-induced JNK
activation was inhibited by ebselen in a concentration-
dependent manner, whereas ERK1/2 and p38 activation by
H,0, was not affected by ebselen; (3) EPR measurements
of PCI12 cells revealed that ebselen pretreatment almost
abolished ‘OH generation caused by H,O, stimulation of
the cells; (4) The H,0,-induced increase in DNA binding
activity of AP-1, a downstream transcription factor of
JNK, was also inhibited by ebselen by experiments with
gel mobility shift analysis and (5) Ebselen attenuated
H,0,-induced PCI12 cell death including apoptosis by
measuring MTT reduction, apoptotic nuclei staining and
DNA fragmentation.

Ho 09 (300uM) ebselen + H,04

M cont. eb HyO0p eb+
H202
Figure 7 Ebselen inhibits H,Oj-induced PCI2 cell apoptosis

assessed by apoptotic nuclei staining with Hoechst 33248 dye (A)
and agarose gel electrophoretic analysis of DNA fragmentation (B)
as described in Methods. Arrowheads indicate the typical apoptotic
nuclei and the bar represents 20 um in (A). Cells were treated with or
without 300 um H,O, for 24 h. Ebselen (10 um) was added to the
incubation medium 30 min prior to H,O, stimulation. M, marker
(B). Representative photographs from three separate experiments are
shown in both (A) and (B).

Recently, the role of MAP kinases, i.e. ERK1/2, JNK
and p38 kinase, in the fate of neuronal cells as well as
PC12 cells, such as differentiation, proliferation, and
apoptosis after ischaemia and reperfusion injury has been
investigated (Hu et al., 2000; Ozawa et al., 1999; Xia et al.,
1995). These studies suggested that activation of JNK and
p38 and concurrent inhibition of ERK in PC12 cells are
critical for induction of apoptosis caused by NGF with-
drawal. Another report also showed that the ERK
signalling pathway contributes to neuroprotection, whereas
JNK signalling leads to neuronal cell death in transient
ischaemia of the hippocampus (Tsuji er al., 2000). In
addition, differential activation and the distinct role of
ERK and p38 in neuronal protection and damage after
focal cerebral ischaemia have been observed (Irving er al.,
2000). Specific links of ROS to JNK activation have also
been shown (Fei et al., 2000; Lo et al., 1996; Mansat-de
Mas et al., 1999). The findings of these studies suggested
that ERK1/2 activation works as a cell survival factor
against oxidative stress, whereas activation of JNK and p38
contributes to cell death machinery. Conversely, it was
reported that inhibition of ERK with its inhibitors resulted
in neuroprotection against oxidative stress (Satoh et al.,
2000). Therefore, the precise roles of these three major
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MAP kinases in ischaemic brain damage are still con-
troversial and remain to be elucidated.

In the present study, we found that these three MAP
kinases were rapidly and significantly activated by oxidative
stress in cultured PCI12 cells (Figures 1 and 2). We utilized
H,O, as an oxidative stress to the cells because the examined
concentrations of H,O, were in the range of those reached
under pathophysiological conditions, such as during transient
cerebral ischaemia (Hyslop et al., 1995). However, the
concentration-dependency and the time course were different
among the three kinases. We found in this study that H,O»-
induced ERK1/2 and p38 activation was transient while JNK
activation was sustained for at least 60 min in PC12 cells.
The sustained activation of JNK by oxidative stress in the
present study was consistent with the findings of Herdegen et
al. (1998) where sustained JNK activation was observed after
ischaemia and reperfusion in the rat brain. In addition, our
findings that H,O,-induced ERK1/2 and p38 activation was
observed at concentrations higher than 300 uM, whereas JNK
was activated at lower concentrations from 30 um of H,O,
are similar to those of Bhat & Zhang (1999) who reported
higher sensitivities of JNK to H,O, than the other two
kinases in oligodendrocytes. We also reported that ERK1/2,
JNK and p38 were activated by H,O, in cultured fibroblasts
and vascular smooth muscle cells (Yoshizumi et al., 2000).
However, ERK1/2 was more sensitive to oxidative stress than
JNK and p38 in these cells. It is difficult to explain the
discrepancies regarding the sensitivities of three MAP kinases
to oxidative stress, it may be cell type specific. However, it
was found that JNK is more sensitive to oxidative stress than
ERK1/2 and p38 in PC12 cells.

Ebselen has been shown to cause protective actions on
neurons, including a glutathione peroxidase activity, anti-
oxidative effect, and inhibitory effect on lipid peroxidation
(Muller et al., 1984; Safayhi ez al., 1985; Wendel et al., 1984).
It was reported that ebselen has a potential to protect
ischaemia-induced brain damage probably due to ROS
scavenging actions (Matsui et al., 1990). Other reports
showed that ebselen reduced the cerebral infarct size in
experimental rat models as well as in clinical trials (Dawson
et al., 1995; Yamaguchi et al., 1998). However, no evidence
has been reported concerning the direct effect of ebselen on
MAP kinase activity in neuronal cells including PC12 cells.
We observed for the first time that ebselen specifically
inhibited H,0,-induced JNK activation, but not ERKI1/2
and p38 activation in PC12 cells. To our knowledge, only one
study has described that ebselen inhibits JNK activation, but
not p38 activation induced by lipopolysaccharide in rat
Kupffer cells (Shimohashi et al., 2000).

Although the potential targets of ebselen leading to JNK
inhibition remain to be clarified, it is likely that ebselen
inhibits ROS generation in PC12 cells. In the present study,
we confirmed directly with EPR that ebselen inhibited -OH
generation in PC12 cells evoked by H,O, stimulation. Since it
was reported that ebselen has a scavenging activity for
superoxide radical (O, ) as well as an inhibitory action on
NADH/NADPH oxidase enzyme (Ichikawa et al., 1987), it is
conceivable that the inhibitory effect of ebselen on JNK
activation may be attributable to its radical scavenging effect
on ROS or an inhibitory action on NADH/NADPH oxidase.
It was also reported that doxorubicin-induced ROS genera-
tion, probably through NADH/NADPH oxidase, was

inhibited by ebselen in bovine aortic endothelial cells
(Kotamraju et al., 2000) in which JNK was activated by
ROS (Wang et al., 1999). However, further studies are needed
to define the target molecule(s) of ebselen that links signals
from ROS to JNK activation in neuronal cells.

JNK, when activated, can phosphorylate c-Jun, which is a
component of the transcription factor complex AP-1 that binds
to a specific DNA sequence, the AP-1 site (5-TGACTCA-3")
(Angel & Karin, 1991). In the present study, gel mobility shift
analysis revealed that H,O, caused significant and sustained
increases in the DNA binding activity of AP-1 in PC12 cells.
These findings are consistent with those of Herdegen et al.
(1998) that lasting c-Jun phosphorylation was observed in the
nuclei of axotomized neurons. Moreover, we observed that
H,0,-induced increase in AP-1 binding was inhibited by
ebselen in a concentration-dependent manner. In PCI12 cells,
JNK activation and c-Jun N-terminal phosphorylation were
suggested to be critical components in the pathway leading to
apoptosis after either expression of MEKKI, a potent
upstream activator of the JNK cascade (Eilers e al., 1998),
or deprivation of NGF from differentiated PC12 neurons (Xia
et al., 1995). Another report that microinjection of a c-Jun
dominant-negative mutant into rat sympathetic neurons
protected these cells from apoptosis may support this notion
(Ham et al., 1995). Using MTT assay, we found in the present
study that 300 uM H,O, treatment for 24 h resulted in 45% cell
death which was recovered to 17% by ebselen pretreatment. In
addition, H,O,-induced apoptosis in PC12 cells was also
prevented by ebselen, as evaluated by apoptotic nuclei staining
and DNA fragmentation analysis. These findings are consistent
with previous observations that ebselen inhibited doxorubicin-
induced apoptosis in endothelial cells and cardiomyocytes
through its ROS scavenging effects (Kotamraju et al., 2000).
Considering the above findings, it may be reasonable to
conclude that ebselen attenuates H,Os-induced cell death
including apoptosis through the inhibition of the ROS-
mediated JNK and AP-1 signalling pathway in PCI12 cells.
Recent observations that ebselen reduced cytochrome c release
and DNA fragmentation after focal cerebral ischaemia in mice
may support our findings (Namura et al., 2001). However, since
ebselen inhibition of PC12 cell death as well as apoptosis was
incomplete, involvement of pathways other than JNK and AP-
1 cannot be denied in H,O»-induced insults. In addition, we did
not define the downstream effector of AP-1 that leads to
apoptosis in the present study. One likely function of N-
terminally phosphorylated c-Jun is to induce Fas-ligand
expression via several AP-1 sites in the fas-ligand promoter
(Kasibhatla et al., 1998). Further studies are needed to define
the entire mechanism of ebselen inhibition for neuronal cell
damage caused by ROS.

In conclusion, we showed for the first time that ebselen
specifically inhibited H,O,-induced JNK activation, but not
ERK1/2 and p38 activation in PCI12 cells. Ebselen also
attenuated H,O,-induced PCI12 cell death including apopto-
sis. Although the mechanisms of the beneficial effect of
ebselen against ROS-induced cellular injury remain to be
elucidated, it was suggested in part that ebselen affects the
ROS-mediated JNK and AP-1 signalling pathway in PC12
cells. The findings of the present study may shed light on the
pharmacological basis for the clinical application of
selenoorganic compounds in cerebral ischaemia and/or
reperfusion injury.

British Journal of Pharmacology vol 136 (7)



M. Yoshizumi et al

Ebselen inhibits JNK and apoptosis in PC12 cell 1031

References

ABE, J. & BERK, B.C. (1998). Reactive oxygen species as mediators of
signal transduction in cardiovascular disease. Trends Cardiovasc.
Med., 8, 59— 64.

ANGEL, P. & KARIN, M. (1991). The role of Jun, Fos and the AP-1
complex in cell-proliferation and transformation. Biochim.
Biophys. Acta, 1072, 129—157.

BHAT, N.R. & ZHANG, P. (1999). Hydrogen peroxide activation of
multiple mitogen-activated protein kinases in an oligodendrocyte
cell line: role of extracellular signal-regulated kinase in hydrogen
peroxide-induced cell death. J. Neurochem., 72, 112—119.

CHAN, P.H. (1994). Oxygen radicals in focal cerebral ischemia. Brain
Pathol., 4, 59-65.

CHAN, P.H. (1996). Role of oxidants in ischemic brain damage.
Stroke, 27, 1124—1129.

CHAN, P.H. (2001). Reactive oxygen radicals in signaling and
damage in the ischemic brain. J. Cereb. Blood Flow Metab., 21,
2-14.

COBB, M.H. & GOLDSMITH, E.J. (1995). How MAP kinases are
regulated. J. Biol. Chem., 270, 14843 —14846.

DAWSON, D.A., MASAYASU, H., GRAHAM, D.I. & MACRAE, .M.
(1995). The neuroprotective efficacy of ebselen (a glutathione
peroxidase mimic) on brain damage induced by transient focal
cerebral ischaemia in the rat. Neurosci. Lett., 185, 65—69.

DULING, D.R. (1994). Simulation of multiple isotropic spin-trap
EPR spectra. J. Magn. Reson. B., 104, 105—-110.

EILERS, A., WHITFIELD, J., BABIJ, C., RUBIN, L.L. & HAM, J. (1998).
Role of the Jun kinase pathway in the regulation of c-Jun
expression and apoptosis in sympathetic neurons. J. Neurosci.,
18, 1713-1724.

FEI, J., VIEDT, C., SOTO, U., ELSING, C., JAHN, L. & KREUZER, J.
(2000). Endothelin-1 and smooth muscle cells: induction of jun
amino-terminal kinase through an oxygen radical-sensitive
mechanism. Arterioscler. Thromb. Vasc. Biol., 20, 1244 —1249.

HAM, J., BABIJ, C., WHITFIELD, J., PFARR, C.M., LALLEMAND, D.,
YANIV, M. & RUBIN, L.L. (1995). A c-Jun dominant negative
mutant protects sympathetic neurons against programmed cell
death. Neuron, 14, 927-939.

HAM, J., EILERS, A., WHITFIELD, J., NEAME, S.J. & SHAH, B. (2000).
c-Jun and the transcriptional control of neuronal apoptosis.
Biochem. Pharmacol., 60, 1015—1021.

HANSEN, M.B., NIELSEN, S.E. & BERG, K. (1989). Re-examination
and further development of a precise and rapid dye method for
measuring cell growth/cell kill. J. Immunol. Methods, 119, 203 —
210.

HERDEGEN, T., CLARET, F.X., KALLUNKI, T., MARTIN-VILLALBA,
A., WINTER, C., HUNTER, T. & KARIN, M. (1998). Lasting N-
terminal phosphorylation of c-Jun and activation of c-Jun N-
terminal kinases after neuronal injury. J. Neurosci., 18, 5124 —
5135.

HU, B.R., LIU, C.L. & PARK, D.J. (2000). Alteration of MAP kinase
pathways after transient forebrain ischemia. J. Cereb. Blood Flow
Metab., 20, 1089—1095.

HYSLOP, P.A., ZHANG, Z., PEARSON, D.V. & PHEBUS, L.A. (1995).
Measurement of striatal H,O, by microdialysis following global
forebrain ischemia and reperfusion in the rat: correlation with the
cytotoxic potential of H,O; in vitro. Brain Res., 671, 181 —186.

ICHIKAWA, S., OMURA, K., KATAYAMA, T., OKAMURA, N,
OHTSUKA, T., ISHIBASHI, S. & MASAYASU, H. (1987). Inhibition
of superoxide anion production in guinea pig polymorphonuclear
leukocytes by a seleno-organic compound, ebselen. J. Pharma-
cobiodyn., 10, 595—-1597.

IRVING, E.A., BARONE, F.C., REITH, A.D., HADINGHAM, S.J. &
PARSONS, A.A. (2000). Differential activation of MAPK/ERK
and p38/SAPK in neurones and glia following focal cerebral
ischaemia in the rat. Mol. Brain Res., 77, 65-75.

JOHSHITA, H., SASAKI, T., MATSUI, T., HANAMURA, T., MASAYA-
SU, H., ASANO, T. & TAKAKURA, K. (1990). Effects of ebselen
(PZ51) on ischaemic brain oedema after focal ischaemia in cats.
Acta Neurochir. Suppl. (Wien), 51, 239-241.

KARIN, M., LIU, Z. & ZANDI, E. (1997). AP-1 function and
regulation. Curr. Opin. Cell. Biol., 9, 240 —246.

KASIBHATLA, S., BRUNNER, T., GENESTIER, L., ECHEVERRI, F.,
MAHBOUBI, A. & GREEN, D.R. (1998). DNA damaging agents
induce expression of Fas ligand and subsequent apoptosis in T
lymphocytes via the activation of NF-xkB and AP-1. Mol. Cell, 1,
543-551.

KONTOS, H.A. (1985). George E. Brown memorial lecture. Oxygen
radicals in cerebral vascular injury. Circ. Res., 57, 508 —-516.
KOTAMRAIJU, S., KONOREV, E.A., JOSEPH, J. & KALYANARAMAN,
B. (2000). Doxorubicin-induced apoptosis in endothelial cells and
cardiomyocytes is ameliorated by nitrone spin traps and ebselen.
Role of reactive oxygen and nitrogen species. J. Biol. Chem., 275,

33585-33592.

KOYAMA, A.H., AKARI, H., ADACHI, A., GOSHIMA, F. & NISHIYA-
MA, Y. (1998). Induction of apoptosis in HEp-2 cells by infection
with herpes simplex virus type 2. Arch. Virol., 143, 2435 -2441.

KYAW, M., YOSHIZUMI, M., TSUCHIYA, K., KIRIMA, K. & TAMAKI,
T. (2001). Antioxidants inhibit JNK and p38 MAPK activation
but not ERK /2 activation by angiotensin II in rat aortic smooth
muscle cells. Hypertens. Res., 24, 251 -261.

KYRIAKIS, J.M. & AVRUCH, J. (1996). Sounding the alarm: protein
kinase cascades activated by stress and inflammation. J. Biol.
Chem., 271, 24313 -24316.

LIU, Z.G., HSU, H., GOEDDEL, D.V. & KARIN, M. (1996). Dissection
of TNF Receptor 1 Effector Functions: JNK Activation Is Not
Linked to Apoptosis While NF-xB Activation Prevents Cell
Death. Cell, 87, 565-576.

LO, Y.Y., WONG, J.M. & CRUZ, T.F. (1996). Reactive oxygen species
mediate cytokine activation of c-Jun NH,-terminal kinases. J.
Biol. Chem., 271, 15703—15707.

MAIORINO, M., ROVERI, A., COASSIN, M. & URSINI, F. (1988).
Kinetic mechanism and substrate specificity of glutathione
peroxidase activity of ebselen (PZ51). Biochem. Pharmacol., 37,
2267-2271.

MANSAT-DE MAS, V., BEZOMBES, C., QUILLET-MARY, A., BET-
TAIEB, A., D’ORGEIX, A.D., LAURENT, G. & JAFFREZOU, J.P.
(1999). Implication of radical oxygen species in ceramide
generation, c-Jun N-terminal kinase activation and apoptosis
induced by daunorubicin. Mol. Pharmacol., 56, 867 —874.

MASUMOTO, H. & SIES, H. (1996). The reaction of ebselen with
peroxynitrite. Chem. Res. Toxicol., 9,262 —267.

MATSUI, T., JOHSITA, H., ASANO, T. & TANAKA, J. (1990). Effect of
a free radical scavenger, ebselen, on cerebral ischemia. In
Pharmacology of Cerebral Ischemia. eds. Krieglstein, J. &
Oberpichler, H. pp. 363-367. Stuttgart, Germany: Wissenschaf-
tliche Verlagsgesellschaft mbH.

MATTSON, M.P., CULMSEE, C. & YU, Z.F. (2000). Apoptotic and
antiapoptotic mechanisms in stroke. Cell Tissue Res., 301, 173 —
187.

MULLER, A., CADENAS, E., GRAF, P. & SIES, H. (1984). A novel
biologically active seleno-organic compound-I. Glutathione
peroxidase-like activity in vitro and antioxidant capacity of PZ
51 (Ebselen). Biochem. Pharmacol., 33, 3235-3239.

NAMURA, S., NAGATA, 1., TAKAMI, S., MASAYASU, H. & KIKUCHI,
H. (2001). Ebselen reduces cytochrome ¢ release from mitochon-
dria and subsequent DNA fragmentation after transient focal
cerebral ischemia in mice. Stroke, 32, 1906—1911.

OZAWA, H., SHIODA, S., DOHI, K., MATSUMOTO, H., MIZUSHIMA,
H., ZHOU, C.J.,, FUNAHASHI, H., NAKAI, Y., NAKAJO, S. &
MATSUMOTO, K. (1999). Delayed neuronal cell death in the rat
hippocampus is mediated by the mitogen-activated protein
kinase signal transduction pathway. Neurosci. Lett., 262, 57—60.

SAFAYHI, H., TIEGS, G. & WENDEL, A. (1985). A novel biologically
active seleno-organic compound—V. Inhibition by ebselen (PZ
51) of rat peritoneal neutrophil lipoxygenase. Biochem. Pharma-
col., 34,2691 -2694.

SATOH, T., NAKATSUKA, D., WATANABE, Y., NAGATA, 1,
KIKUCHI, H. & NAMURA, S. (2000). Neuroprotection by
MAPK/ERK kinase inhibition with U0126 against oxidative
stress in a mouse neuronal cell line and rat primary cultured
cortical neurons. Neurosci. Lett., 288, 163 —166.

British Journal of Pharmacology vol 136 (7)



1032 M. Yoshizumi et al

Ebselen inhibits JNK and apoptosis in PC12 cell

SHIMOHASHI, N., NAKAMUTA, M., UCHIMURA, K., SUGIMOTO,
R., IWAMOTO, H., ENJOJI, M. & NAWATA, H. (2000). Selenoor-
ganic compound, ebselen, inhibits nitric oxide and tumor
necrosis factor-a production by the modulation of jun-N-
terminal kinase and the NF-xB signaling pathway in rat Kupffer
cells. J. Cell. Biochem., 78, 595—606.

TAKASAGO, T., PETERS, E.E., GRAHAM, D.I., MASAYASU, H. &
MACRAE, .M. (1997). Neuroprotective efficacy of ebselen, an
anti-oxidant with anti-inflammatory actions, in a rodent model
of permanent middle cerebral artery occlusion. Br. J. Pharmacol.,
122, 1251-1256.

TSUJI, M., INANAMI, O. & KUWABARA, M. (2000). Neuroprotective
effect of a-phenyl-N-tert-butylnitrone in gerbil hippocampus is
mediated by the mitogen-activated protein kinase pathway and
heat shock proteins. Neurosci. Lett., 282, 41 —44.

WANG, N., VERNA, L., HARDY, S.,ZHU, Y., MA,K.S., BIRRER, M.J. &
STEMERMAN, M.B. (1999). c-Jun triggers apoptosis in human
vascular endothelial cells. Circ. Res., 85, 387—-393.

WENDEL, A., FAUSEL, M., SAFAYHI, H., TIEGS, G. & OTTER, R.
(1984). A novel biologically active seleno-organic compound-II.
Activity of PZ 51 in relation to glutathione peroxidase. Biochem.
Pharmacol., 33, 3241 —3245.

WIDMANN, C., GIBSON, S., JARPE, M.B. & JOHNSON, G.L. (1999).
Mitogen-activated protein kinase: conservation of a three-kinase
module from yeast to human. Physiol. Rev., 79, 143—180.

WYLLIE, A.H., KERR, J.F. & CURRIE, A.R. (1980). Cell death: the
significance of apoptosis. Int. Rev. Cytol., 68, 251 —-306.

XIA, Z., DICKENS, M., RAINGEAUD, J., DAVIS, R.J. & GREENBERG,
M.E. (1995). Opposing effects of ERK and INK-p38 MAP kinases
on apoptosis. Science, 270, 1326—1331.

YAMAGUCHI, T., SANO, K., TAKAKURA, K., SAITO, I., SHINO-
HARA, Y., ASANO, T. & YASUHARA, H. (1998). Ebselen in acute
ischemic stroke: a placebo-controlled, double-blind clinical trial.
Ebselen Study Group. Stroke, 29, 12—-17.

YOSHIZUMI, M., KIM, S., KAGAMI, S., HAMAGUCHI, A., TSU-
CHIYA, K., HOUCHI, H., IWAO, H., KIDO, H. & TAMAKI, T.
(1998). Effect of endothelin-1 (1-31) on extracellular signal-
regulated kinase and proliferation of human coronary artery
smooth muscle cells. Br. J. Pharmacol., 125, 1019 -1027.

YOSHIZUMI, M., ABE, J., HAENDELER, J., HUANG, Q. & BERK, B.C.
(2000). Src and Cas mediate JNK activation but not ERK1/2 and
p38 kinases by reactive oxygen species. J. Biol. Chem., 275,
11706 —-11712.

YOSHIZUMI, M., TSUCHIYA, K. & TAMAKI, T. (2001). Signal
transduction of reactive oxygen species and mitogen-activated
protein kinases in cardiovascular disease. J. Med. Invest., 48,11 —
24,

ZHANG, Y., ZHOU, L. & MILLER, C.A. (1998). A splicing variant of a
death domain protein that is regulated by a mitogen-activated
kinase is a substrate for c-Jun N-terminal kinase in the human
central nervous system. Proc. Natl. Acad. Sci. U.S.A., 95, 2586 —
2591.

(Received March 22, 2002
Revised May 7, 2002
Accepted May 21, 2002)

British Journal of Pharmacology vol 136 (7)



	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	fig_xref6
	fig_xref7
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	bib_xrefR10
	bib_xrefR11
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21
	bib_xrefR22
	bib_xrefR23
	bib_xrefR24
	bib_xrefR25
	bib_xrefR26
	bib_xrefR27
	bib_xrefR28
	bib_xrefR29
	bib_xrefR30
	bib_xrefR31
	bib_xrefR32
	bib_xrefR33
	bib_xrefR34
	bib_xrefR35
	bib_xrefR36
	bib_xrefR37
	bib_xrefR38
	bib_xrefR39
	bib_xref
	bib_xrefR40
	bib_xrefR41
	bib_xrefR42
	bib_xrefR43
	bib_xrefR44
	bib_xrefR45
	bib_xrefR46
	bib_xrefR47
	bib_xrefR48
	bib_xrefR49
	bib_xrefR50
	bib_xrefR51
	bib_xrefR52

