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Poly(ADP-ribose)polymerase-1 (PARP-1) is thought to be
required for apoptosis-inducing factor (AIF) release frommito-
chondria in caspase-independent apoptosis. Themechanism by
which AIF is released through PARP-1 remains unclear. Here,
we provide evidence that PARP-1-independent AIF release and
cell death are induced by a trienoic fatty acid, �-eleostearic acid
(�-ESA). �-ESA induced the caspase-independent and AIF-ini-
tiated apoptotic death of neuronal cell lines, independently of
PARP-1 activation. The cell death was inhibited by the MEK
inhibitor U0126 and by knockdown of MEK using small inter-
fering RNA. However, inhibitors for JNK, p38 inhibitors, cal-
pain, phospholipase A2, and phosphatidylinositol 3-kinase,
did not block cell death. AIF was translocated to the nucleus
after the induction of apoptosis by�-ESA indifferentiatedPC12
cells without activating caspase-3 and PARP-1. The �-ESA-me-
diated cell death was not inhibited by PARP inhibitor 3,4-di-
hydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-isoquinoline and by
knockdown of PARP-1 using small interfering RNA. Unlike
N-methyl-N�-nitro-N-nitrosoguanidine treatment, histone-
phosphorylated histone 2AXwas not phosphorylated by�-ESA,
which suggests no DNA damage. Overexpression of Bcl-2 did
not inhibit the cell death. �-ESA caused a small quantity of
superoxide production in the mitochondria, resulting in the
reduction of mitochondrial membrane potential, both of which
were blocked by a trace amount of �-tocopherol localized in the
mitochondria. Our results demonstrate that �-ESA induces
PARP-1-independent AIF release and cell death without acti-
vating Bax, cytochrome c, and caspase-3.MEK is also a keymol-
ecule, although the link between ERK, AIF release, and cell
death remains unknown. Finding molecules that regulate AIF
releasemaybe an important therapeutic target for the treatment
of neuronal injury.

Apoptosis is amode of programmed cell death that is used by
multicellular organisms to remove surplus and unwanted cells

in the immune and nervous systems (1–5). Apoptosis is char-
acterized by cell detachment, cell shrinkage, chromatin con-
densation, DNA degradation, and plasma membrane blebbing
(5–7). The surplus cells are removed by caspases, which are key
effector molecules of apoptotic cell death. Apoptosis is acti-
vated through twomain pathways as follows: the extrinsic path-
way, which originates from the activation of cell-surface death
receptors, such as Fas and tumor necrosis factor-receptor 1,
and results in the activation of caspase-8; and the intrinsic path-
way, which originates from the mitochondrial release of cyto-
chrome c and results in the activation of caspase-9 through the
Cyt-c2/apoptotic protease-activating factor-1/procaspase-9
heptamer (5, 8, 9).Most apoptotic stimuli use amitochondrion-
dependent process such as membrane potential shutdown and
outer membrane permeabilization controlled by Bax and Bak,
which are pro-apoptotic members of the Bcl-2 family (6–9).
This results in the release of the pro-apoptotic protein Cyt-c,
which triggers caspase activation, or the apoptosis-inducing
factor (AIF), which triggers caspase-independent pathways,
from mitochondrial intermembrane space.
In the developing nervous system, apoptosis is necessary for

the establishment of appropriate cell numbers and for the elim-
ination of unwanted cells (10); however, in the adult nervous
system, the inappropriate induction of apoptotic cell death con-
tributes to neurodegenerative diseases (15, 16). Activation of
the mitochondrial signaling cascade can activate both caspase-
dependent and caspase-independent apoptosis (11, 12). AIF
is a key molecule in caspase-independent neuronal cell death
(13–16). AIF is released from themitochondria into the cytosol
and then translocated to the nucleus in response to neuronal
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stimuli, including hypoxia, cerebral ischemia, and N-methyl-
N�-nitrosoguanidine (MNNG) or N-methyl-D-aspartic acid
(NMDA) insult (15, 17–20). Poly(ADP-ribose) polymerase-1
(PARP-1) activation is required for the translocation of AIF in
fibroblasts (20). Moubarak et al. (21) has reported that the
sequential activation of PARP-1, calpain, and Bax is essential in
AIF-mediated programmed necrosis.

�-Eleostearic acid (�-ESA) is a conjugated trienoic fatty acid
that occurs in the seeds of plants such as Vernicia spp. �-ESA
has been reported to suppress tumor growth through caspase-3
and peroxisome proliferator-activated receptor-� activation
accompanied by DNA fragmentation (22–24). Recently, we
have found that �-ESA induces caspase-independent apoptosis
that is not associated with nucleosomal DNA fragmentation in
neuronal cells. Notably,�-ESA-mediated apoptotic cell death is
accompanied by AIF translocation to the nucleus and pro-
longed ERK phosphorylation that lasts for more than 16 h, but
not by PARP-1 activation, in rat adrenal pheochromocytoma
PC12 cells. The MEK inhibitor U0126 and a trace amount of
�-tocopherol (�-Toc) completely inhibited the apoptotic cell
death. The methyl ester of �-ESA (�-ESA-Me) did not induce
apoptotic cell death, even though it has the same conjugated
triene group as �-ESA. Here, we show that �-ESA causes
PARP-1-independent AIF release and the cell death through
the superoxide production in a small quantity in themitochon-
dria and the prolonged ERK1/2 phosphorylation without
inducing other apoptotic molecules such as Bax, Bcl-2, Cyt-c,
caspase-3, and PARP-1.

EXPERIMENTAL PROCEDURES

Cell Culture—PC12 (JCRB0266) cells were grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% horse
serum and 5% fetal calf serum, penicillin, and streptomycin
(Invitrogen). Human neuroblastoma (SH-SY5Y) cells (Ameri-
can Type Culture Collection (ATCC), CRL-2266) were grown
in Dulbecco’s modified Eagle’s medium/F-12 supplemented
with 10% fetal calf serum. Mouse neuroblastoma � rat glioma
hybrid (NG108-15) cells (ATCC, HB-12317) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum. The PC12 cells were induced to differentiate by
treatment with 50 ng/mlNGF 7 S (Sigma) andweremaintained
at 37 °C and 5% CO2. The SH-SY5Y and NG108-15 cells were
induced to differentiate by treatment with 10 �M all-trans-ret-
inoic acid (Sigma) and 250 �M dibutyryl cyclic AMP (Tocris),
respectively. The PC12 and NG108-15 cells were allowed to
differentiate on polylysine-coated plates or glass chambers. The
cell viability was measured by a WST-8 assay (Nacalai Tesque,
Japan). Briefly, PC12 cells were differentiated by NGF for 48 h,
and then �-ESA was added to the cells. Sixteen hours later, the
cell count reagent (2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H tetrazolium) for the WST-8
assay was added to the cells, and the cells were incubated for
1–2 h. For proliferating cells, �-ESA was added 16–18 h after
seeding the cells. Cell viability wasmeasured by 450 and 650 nm
(as a reference) absorbance.When pretreatment with a specific
inhibitor is needed, an inhibitor was added to the cells 30 min
before �-ESA. Cell viability data were obtained between two
and four independent experiments performed in triplicate.

Antibodies andChemicals—TheAbs for ERK, phospho-ERK,
JNK/stress-activated protein kinase, phospho-JNK/stress-acti-
vated protein kinase, p38, phospho-p38, Akt, phospho-Akt,
caspase-3, MEK1 (61B12), Bcl-2, and glyceraldehyde-3-phos-
phate dehydrogenase (14C10) were purchased from Cell Sig-
naling. The Abs for AIF (E-1), Cyt-c (7H8), Bax (N-20), Bcl-2
(C-2), and PARP-1 (H-250) were purchased from Santa Cruz
Biotechnology. Anti-PAR (10H) was obtained from Alexis Bio-
chemicals. Anti-H2A was obtained from Millipore. Anti-�-
H2AXwas obtained fromActiveMotif. Anti-manganese super-
oxide dismutase was obtained fromAssay Designs. Anti-MEK2
was purchased fromBDBiosciences. The pan-caspase inhibitor
Z-VAD-fmk, PD98059, SB203580, U0126, palmitoyl trifluo-
romethyl ketone, and DPQ were obtained from Calbiochem.
SP600125 was obtained from Assay Designs. 7-Nitro-2,1,3-
benzoxadiazol-4-yl (NBD)-labeled �-Toc was kindly provided
by J. Atkinson (Brock University, Canada). Bromoenol lactone
andmethylarachidonyl fluorophosphates were purchased from
Cayman Chemicals. The orange fluorescent protein-tagged
leader sequence of E1� pyruvate dehydrogenase (Organelle
Light), MitoTracker Red CM-H2Ros, and MitoSOX Red were
purchased from Invitrogen and used to stain with the mito-
chondria. The high purity of �-ESA was purchased from Laro-
dan Fine Chemicals (Sweden). Staurosporine was obtained
from Tocris Bioscience. 5(and 6)-Chloromethyl-2�,7�-dichlo-
rodihydrofluorescein diacetate (CM-H2DCF-DA) was pur-
chased from Invitrogen. BESSo-AMwas purchased fromWako
Pure Chemicals (Japan). �-ESA-Me was prepared by reacting
�-ESA with trimethylsilyl-diazomethane in 10% hexane solu-
tion (TCI, Japan). Trimethylsilyl-diazomethane was added to
the reactionmixture (�-ESA, 20.0mg in 18mlmethanol) drop-
by-drop over 1 h at room temperature to avoid by-products.
The reaction mixtures were purified with a C18 column. The
resulting material was stored in a vial under a nitrogen gas
atmosphere at �80 °C or below.
Western Blot Analysis—PC12 cells were cultured at 6 � 105

cells/dish in 10-cm poly-L-lysine-coated dishes in a differentia-
tion condition. After 24 h, the cells were cultured with NGF for
another 48 h. �-ESA was then added to the cells to induce apo-
ptosis after inhibitors, U0126 or �-Toc, if needed. The cells
were collected after 16 h of �-ESA treatment. Briefly, after the
cells were washed with Tris-buffered saline, lysates were pre-
pared using Triton-based lysis buffer containing protease
inhibitors and phosphatase inhibitors. Neurotropic factor
(NGF) was included in the washing buffer to avoid other types
of apoptosis caused by neurotropic factor withdrawal from dif-
ferentiating cells. AProteoExtract subcellular proteome extrac-
tion kit (Calbiochem) was used for the preparation of the
nuclear and cytosolic fractions. The cell lysates and subcellular
fraction samples were resolved by SDS-PAGE on 5–20% gradi-
ent gels and transferred onto polyvinylidene fluoride mem-
branes (ATTO, Japan). The membranes were incubated with
primary Abs at 4 °C overnight and then with alkaline phos-
phatase-labeled secondary Abs for 1 h at room temperature.
The blots were detected by an alkaline phosphatase-conjugated
substrate kit (Bio-Rad). For Bcl-2 overexpression and siRNA
experiments, a chemiluminescent ECL system was used to
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detect the blots.Western blot analyses were performed on data
from more than three independent experiments.
Immunofluorescent Staining—PC12 cells on poly-L-lysine-

coated glass chamber slides were washed twice with Dulbecco’s
phosphate-buffered saline containing NGF before the cells
were fixedwith 4% paraformaldehyde (Wako, Japan) for 30min
and permeabilized with cold 0.2% Triton X-100 for 10 min.
After blocking with 2% bovine serum albumin for 1 h, the cells
were incubated with primary Abs against Bax, AIF, ERK, or
phospho-histone H2AX at 4 °C overnight. The cells were
washed and incubated with Alexa 488- or Texas Red-labeled
secondary antibodies (Invitrogen) and Hoechst 33342 (Invitro-
gen) or TUNEL (Roche Diagnostics) at room temperature for
1 h. After washing, the cells were mounted with Prolong gold
mountingmedia (Invitrogen). Fluorescentmicroscopywas per-
formed using an IX71 microscope (Olympus, Japan), a decon-
volution microscope DeltaVision personal DV (Applied Preci-
sion), and a Leica confocal microscope TCS-SP5 (Leica
Microsystems, Germany). Immunofluorescent staining data
were obtained from more than four independent experiments.
Caspase-3/7 Assay—PC12 cells were cultured in 10-cm poly-

L-lysine-coated dishes in the differentiation condition. The
caspase-3 activity of lysates from PC12 cells treated with ESA
was measured with the Apo-ONE homogeneous caspase-3/7
assay kit (Promega) according to the manufacturer’s protocol
using a fluorescent plate reader (Infinity M, Tecan). Data were
obtained from two independent experiments.
DNA Analysis—Genomic DNA was extracted from the cells

treated with �-ESA for 30 h using FastPure DNA kit (Takara,
Japan), and DNA was analyzed using agarose gel electrophore-
sis and pulse field gel electrophoresis (CHEF DR-II, Bio-Rad).
The conditions for the pulse field gel electrophoresis were as
follows: 1% agarose, 6 V/cm, 15 °C, 15 h.
Bcl-2 Transfection—The human bcl-2was a kind gift from Y.

Tsujimoto (Osaka University, Japan). The bcl-2 was subcloned
into the pcDNA-DEST40 expression vector (Invitrogen). PC12
cells (2 � 106 cells/ml) were transfected with the bcl-2 by an
electroporation method (Amaxa Nucleofector II; Lonza, Swit-
zerland) according to the manufacturer’s protocol (program
U-029). The same numbers of the transfected cells were seeded
to 35-mm dishes in the differentiation condition. Twenty four
hours after the transfection, the cells were exposed to�-ESA for
an additional 24 h. The cell viability was then measured using
the WST-8 reagent, and Western blot analysis was performed
to check Bcl-2 protein expression. Blots were detected using
ECL plus (GE Healthcare) and Hyperfilm (GE Healthcare) fol-
lowing horseradish peroxidase-labeled secondary Abs.
RNA Interference—The knockdown of PARP-1 was per-

formed in PC12 cells using predesigned ON-TARGETplus
siRNA SMART pool purchased from Dharmacon. The trans-
fection efficiencies were optimized using siRNA optimization
kit (Amaxa). The transfections were performed by the electro-
poration method (Amaxa, program U029), and the same num-
bers of the transfected cells were seeded to 35-mmdishes. After
24 h of incubation in the differentiation condition, the cells
were exposed to �-ESA or MNNG (500 �M, 15 min) for an
additional 24 h. ON-TARGETplus nontargeting siRNA pool
(300 nM) was used as a control for nonsequence-specific effects.

The knockdown of MEK1/2 was performed using predesigned
Stealth Select siRNA (1 �M) purchased from Invitrogen. Two
mixed primers for each target (MEK1 or MEK2) were used for
the experiments. Map2k1-RSS301293 and -RSS301295 are for
MEK1. Map2k2-RSS339849 and -RSS339850 are for MEK2
(Invitrogen). Stealth RNA interference negative control was
used as a control for nonsequence-specific effects. The cell via-
bility was then measured using the WST-8 reagent, and West-
ern blot analysis was performed to check protein expression.
The blots were detected using ECL Plus (GE Healthcare) or an
alkaline phosphatase-conjugated substrate kit (Bio-Rad).
Microinjection of AIF Antibody—AIF antibody (100 �g/ml,

mouse IgG2b) or MOPC21 (100 �g/ml, isotype control for
IgG2b) was microinjected into the differentiated PC12 cells
using Stamporation apparatus SU100 (Olympus, Japan) and
StampoNeedle (ST-ME330CN-20A, Olympus) (25) in 35-mm
poly-L-lysine-coated culture dishes. The microinjected cells
were exposed to �-ESA (2 �g/ml) after a 6-h incubation. After
16 h of treatment with �-ESA, the cells were stained with pro-
pidium iodide.
Bax Localization—The differentiated PC12 cells were

treated with staurosporine (STS, 500 nM) or �-ESA (2 �g/ml).
The cells were fixed and stained with Bax andMitoTracker Red
CM-H2XRos (1 �M).
Measurements of ROS and Potential—Intracellular ROS and

mitochondrial superoxides were measured using H2DCF-DA
(10 �M) and MitoSOX Red (5 �M), respectively. Differentiated
PC12 cells were incubated with CM-H2DCF-DA or MitoSOX
for 1 h or 10min, respectively. After washing,�-ESAwas added
to the cells. After 2, 5, and 20 h of incubation, the cells were
counted to calculate the percentages of ROS-positive cells from
a total of 100 cells. Cells that have fluorescent intensities more
than the signal to noise ratio of �5 were determined to be
positive. ImageJ (version 1.41) software was used to analyze the
intensities of the cells. Mitochondrial membrane potential was
measured using JC-1 (5 �M).
Statistical Analysis—All data are expressed as the mean �

S.D. The statistical significance was evaluated by one-way anal-
ysis of variance followed by the Dunnett’s test to compare the
data from multiple groups against a common control group
(SigmaPlot). Student’s t test was used to compare the data from
two groups. Statistical significance was determined at p � 0.05
(indicated with an asterisk in the figures).

RESULTS

�-ESA Induces Apoptosis in Neuronal Cells—The time
course illustration of the experiments using �-ESA (Fig. 1A)
were shownwith themorphological and nuclear changes in Fig.
1B. In both proliferating (nondifferentiated) and differentiated
cells, apoptotic cell death was initiated. PC12 cells were seeded
18 h before the addition of NGF. NGF induced strong ERK1/2
phosphorylation between 7 min and 1 h, resulting in the differ-
entiation and neurite outgrowth. Forty eight hours after the
addition of NGF, the phosphorylation of ERK1/2 decreased to
the basal level. Then �-ESA (2 �g/ml) was added to the differ-
entiated PC12 cells (Fig. 1C). �-ESA induced apoptotic cell
death in a dose-dependent manner in neuronal PC12,
SH-SY5Y, and NG108-15 cells (Fig. 1D). The �-ESA-mediated
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cell death was not inhibited by the pan-caspase inhibitor
Z-VAD-fmk and caspase-3 inhibitor V (Z-D(OMe)QM-
D(OMe)-fmk) (Fig. 1E). Methyl ester of �-ESA did not induce
cell death (supplemental Fig. S1).
Effects of MAPK Inhibitors and Antioxidants on �-ESA-me-

diated Cell Death—A variety of inhibitors was tested to clarify
themechanisms bywhich�-ESA provoked apoptotic cell death
(Fig. 2 and supplemental Fig. S1). TheMEK1/2 inhibitorU0126,
which inhibits MEK1/2 activity and thereby blocks ERK1/2
phosphorylation, completely abrogated the �-ESA-mediated
cell death at a concentration of 5 �M in both nondifferentiated
and differentiated cells (Fig. 2A). The suppression of phosphor-
ylated ERK1/2 may be important. The cell death was not inhib-
ited by the c-Jun N-terminal kinase (JNK) inhibitor SP600125
and the p38 inhibitor SB203580 (Fig. 2B).
Next, the effect of antioxidants on the �-ESA-mediated cell

deathwas examined. Cell deathwas fully abrogated by�-Toc in
neuronal PC12 cells (Fig. 2C) but was not inhibited by the green
tea antioxidant epicatechin (Fig. 1E). Other antioxidants, such
as flavonoids (including quercetin and luteolin) and �-caro-
tene, did not reduce the �-ESA-mediated cell death.3 A trace

amount (0.01�g/ml; equivalent to 23 nM) of�-Toc significantly
blocked the cell death induced by 2 �g/ml (equivalent to 7.2
�M)�-ESA (Fig. 2C). The inhibitory effects ofU0126 and�-Toc
on the �-ESA-mediated cell death were also observed in
SH-SY5Y and NG108-15 cells (Fig. 2D). These results suggest
that the �-ESA-mediated cell death is not dependent on neuro-
tropic factors such as NGF, retinoic acid, or dibutyryl-cAMP.
Thus, ERK1/2 and �-Toc appear to be a key molecule in the
�-ESA-mediated apoptotic cell death.

Transient activation of ERK1/2 occurred when PC12 cells
were treated with epidermal growth factor, and sustained acti-
vation of ERK1/2 occurred when the cells were treated with
NGF (26, 27). After NGF stimulation for a few hours, the sus-
tained ERK1/2 phosphorylation decreased to the basal level in
our experiments (Fig. 1C).�-ESAwas then added to the culture
media containing NGF, and the ERK1/2 phosphorylation was
investigated at variable intervals in PC12 cells (Fig. 3). Similar
experiments were performed in the cells that were pretreated
with the MEK1/2 inhibitor U0126 or �-Toc for 30 min. Pro-
longed ERK1/2 phosphorylation that lasted for at least 16 h was
observed in the �-ESA-treated PC12 cells as well as in the
camptothecin (CPT)-treated cells. ERK1/2 phosphorylation
was observed 2–6 h after the addition of �-ESA and strongly
increased by 16 h. U0126 blocked the ERK1/2 phosphorylation

3 K. Kondo, S. Obitsu, S. Ohta, K. Matsunami, H. Otsuka, and R. Teshima, unpub-
lished data.

FIGURE 1. �-ESA induces apoptotic cell death in neuronal cells. A, structure of �-ESA. B, time course of �-ESA-mediated cell death in the differentiated PC12
cells. The cells were differentiated by NGF for 48 h and then exposed to �-ESA. C, time course of phosphorylation of ERK1/2 during NGF and �-ESA treatment.
NGF induced a strong phosphorylation of ERK1/2, and its phosphorylation decreased to the basal level by 48 h. Then the addition of �-ESA induced prolonged
and moderate phosphorylation of ERK1/2 again, resulting in the cell death. D, �-ESA (2 �g/ml) induced apoptotic cell death in neuronal PC12, SH-SY5Y, and
NG108-15 cells. n � 9; p � 0.05 versus control (DMSO alone). E, �-ESA-mediated apoptosis was not inhibited by pan-caspase inhibitor Z-VAD-fmk and caspase-3
inhibitor in PC12 cells. �-Toc, but not epicatechin, inhibited the cell death. The values represent the means � S.D. The viability of �-ESA treated cells was
measured by WST-8 reagent 16 h after the treatment. *, p � 0.05.
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and thereby prevented the �-ESA-mediated cell death. In con-
trast, the ERK1/2 phosphorylation was not inhibited by �-Toc,
although it completely prevented the cell death (Fig. 3, A and
D). U0126 did not prevent the CPT-initiated apoptosis.3 These
results suggest that the inhibitory mechanism of �-Toc differs
from that of U0126.
Next, we examined the activation of caspase-3 during the

�-ESA-mediated apoptosis. Caspase-3 was not cleaved to yield
an active fragment by �-ESA stimulation over a 16-h time
course (Fig. 3A). The enzyme activity of caspase-3 was also
measured using the fluorescent substrate bis-(N-benzyloxy-
carbonyl-L-aspartyl-L-glutamyl-L-valyl-aspartic acid amide)-rho-
damine 110 (Z-DEVD-rhodamine 110). The activity of
caspase-3 markedly increased in the CPT-treated cells,
whereas no increase in the caspase-3 activity was observed in

the �-ESA-treated cells (Fig. 3B). CPT was used as a positive
control of caspase-3 activation.
ERK1/2 translocation to the nucleus was investigated using

confocal microscopy. ERK1/2 migrated to the nucleus 4 h after
the induction of apoptotic cell death by �-ESA (Fig. 3C). YZ
planar images confirmed that ERK1/2 was localized in the
nucleus. This result was consistent with Western blot analysis
data. Actin rearrangement was abrogated in PC12 cells treated
with �-ESA. The growth cone of neurite of the cells was signif-
icantly suppressed, showing the retardation of pseudopods.
AIF Translocation to the Nucleus and Chromatin Con-

densation—We next investigated AIF migration upon �-ESA
treatment. ERK1/2 was localized in the nucleus when PC12
cells were treated with �-ESA as described above. AIF was
initially localized in the mitochondria and migrated to the

FIGURE 2. MEK inhibitor and �-tocopherol block �-ESA-mediated cell death. A, MEK inhibitor U0126 prevented �-ESA-mediated cell death in both
differentiated and nondifferentiated PC12 cells (5 or 2 �M). n � 6; *, p � 0.05 versus �-ESA alone. B, JNK inhibitor SP600125 and p38 inhibitor SB203580 did not
block �-ESA-mediated cell death. C, �-Toc blocked �-ESA-mediated cell death at lower concentrations (0.01 �g/ml). n � 6; *, p � 0.05 versus �-ESA alone. D, in
both SH-SY5Y and NG108-15 cells, �-ESA-mediated cell death was blocked by U0126 and �-Toc. The values represent the means � S.D. The viability of �-ESA
treated cells was measured by WST-8 16 h after the treatment.
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nucleus upon �-ESA treatment. At 4 h after the induction of
apoptotic cell death, AIF was translocated from the mitochon-
dria to the nucleus, and the number of TUNEL-positive cells
was increased. By 7 h after the induction of apoptosis, AIF was
mostly localized in the nucleus and DNA compaction occurred
(Fig. 4A). It was previously reported that when caspase-inde-
pendent apoptosis was induced, AIF caused the cleavage of
DNA into large fragments (�50 kb), which was referred to as
stage-I apoptosis (28). Similar DNA cleavage was observed in

the �-ESA-treated cells, which was not associated with nucleo-
somal DNA fragmentation. Pulse field gel electrophoresis
revealed the cleavage of DNA into large scale (30–50 kb) frag-
ments in neuronal PC12 cells (Fig. 4B). In deconvolution anal-
ysis, 30 slices of images were obtained to rebuild three-dimen-
sional images. Data analysis was done using ImageJ software.
This result clearly showsAIF localization in the nucleus and the
TUNEL-positive nucleus. The subcellular fractions were ana-
lyzed by Western blotting. AIF was released from the mito-

FIGURE 3. ERK1/2 phosphorylation, PARP-1, and caspase-3 activation induced by �-ESA. A, Western blot samples were prepared from PC12 cells at
different time points (2, 6, and 16 h). Western blot analysis was independently repeated three times, and representative data are shown here. ERK1/2 was
phosphorylated 2 h or later after �-ESA treatment. U0126 blocked the phosphorylation, whereas �-Toc did not. The cleaved form of PARP-1 (89 kDa) and the
active form of caspase-3 (17 kDa) were not detected in �-ESA-treated cells. con, control. B, caspase-3 enzymatic activity was measured using a fluorescent
substrate. The activity remained at the basal level until 6 h after the induction of apoptosis by �-ESA. CPT was used as a positive control of caspase-3 activity.
*, p � 0.05 versus control (DMSO alone). C, ERK1/2 migrated to the nucleus upon �-ESA treatment. Images were obtained from samples treated with �-ESA for
4 –5 h. Growth cone disappeared, and the actin rearrangements were suppressed. The confocal microscopy images showed that ERK1/2 was localized
throughout the nucleus. D, treatment of U0126, but not �-Toc, blocked nuclear localization of ERK1/2. The nuclear localization of ERK1/2 and AIF was observed
in the �-ESA-mediated cells. Phosphorylated ERK1/2 was observed in the nucleus (bottom panel).
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chondria into the cytosolic fraction of the �-ESA-treated cells,
which was in agreement with the findings of microscopic stud-
ies (Fig. 4A). In addition, manganese superoxide dismutase was
detected in the cytosolic fraction 2–7 h after the induction of
the cell death (Fig. 4D), suggesting that mitochondrial mem-
brane permeabilization occurred in the �-ESA-treated cells. In
addition, the increase in the amount of AIF protein in the
nucleus is time-dependent. In this fractionation, there was no
contamination from the cytosol or heavy membrane fractions.
Finally, the inhibitory effect of�-Toc andU0126 onAIF release
was investigated. Both�-Toc andU0126 abrogatedAIF release.
PARP-1-independent Cell Death—We next found that the

�-ESA-mediated cell death was not abrogated by the PARP-1

inhibitor DPQ at concentrations of up to 100�M.Moreover, no
PAR proteins were detected in Western blot analysis (Fig. 5A).
This suggests that the �-ESA-mediated apoptotic cell death
differs not only from caspase-dependent apoptosis but also
from caspase-independent and AIF-mediated apoptosis,
which always requires PARP-1 activation, as reported else-
where (29). To our knowledge, no previous report has
described AIF-mediated caspase-independent apoptosis
without PARP-1 activation.
DNA damage was also evaluated in the �-ESA-treated cells

using anti-phosphorylated histone H2AX (�-H2AX) Ab. His-
tone H2AX was phosphorylated in response to DNA damages
such as double strand breaks by �-irradiation. The DNA-alkyl-

FIGURE 4. AIF translocation to the nucleus by �-ESA. A, �-ESA induced AIF translocation from the mitochondria to the nucleus. At 4 h after the induction of
apoptosis by �-ESA, AIF was translocated to the nucleus (green). The nucleus was stained with TUNEL (red) and Hoechst (blue). Scale bars show 10 �m. The
TUNEL staining was scattered. By 7 h, the nucleus greatly condensed, and AIF spread throughout the nucleus. The peripheral distribution of chromatin in the
�-ESA-treated cell shown was characteristic of AIF-induced stage-I condensation. Images were obtained using the deconvolution microscope. B, DNA analysis.
Genomic DNA was extracted from PC12 cells that were treated with either DMSO as a control or �-ESA (2 �g/ml) for 30 h. The extracted DNA was analyzed by
pulse field gel (PFG) electrophoresis. High molecular weight fragments (30 –50 kb) were detected on pulse field electrophoresis. Nucleosomal DNA fragmen-
tation was analyzed by 2% agarose gel, showing that �-ESA did not induce nucleosomal DNA degradation. C, three-dimensional images of AIF localization in
the nucleus. AIF was localized in the whole nucleus, and the nucleus was stained with TUNEL. D, subcellular fractionation analysis. The release of AIF and
manganese superoxide dismutase (Mn-SOD) was observed in the cytosolic fraction (fr) of �-ESA-treated cells, resulting in AIF-initiated cell death (left panel). The
Western blotting of the nuclear fraction revealed AIF localization in the nucleus. There is no contamination of cytosolic and heavy membrane fractions,
including mitochondria. �-Toc and U0126 blocked AIF release to the cytosolic fraction (right panel). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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ating agent MNNG induced double strand breaks, whereas
�-ESA did not. This indicates that DNA double strand breaks
do not arise from the �-ESA-treated cells (Fig. 5B).
To clarify the action of �-Toc in these cells, its localization

was examined using NBD-labeled �-Toc and orange fluores-
cent protein-tagged mitochondrial resident protein. In both
PC12 andNG108-15 cells, �-Tocmostly migrated to and was
localized in the mitochondria (Fig. 5C). The localization of
�-Toc to the nucleus was not observed in both cell types. The
post-treatment with �-Toc 1 h after the addition of �-ESA
still blocked the apoptotic cell death (Fig. 5C). Recently,
ERK1/2 was reported to regulate PARP-1 activation (30, 31).
However, PARP-1 itself was not activated in the �-ESA-
treated cells.
Microinjection of AIF Antibody—AIF (mouse IgG2b) or

MOPC21 (isotype control) antibodywasmicroinjected into the
differentiated PC12 cells. TheAIFAb-injected cells blocked the
�-ESA-mediated cell death, whereas theMOPC21 Ab-injected
cells were killed by �-ESA (Fig. 6A). This shows that AIF is a
critical factor for the �-ESA-mediated cell death.

Overexpression of Bcl-2—Pro-
survival Bcl-2 widely protects apo-
ptosis induced by various stimuli
such as camptothecin, etoposide,
and staurosporine because Bax/
Bak-mediated release of Cyt-c,
Smac/Diablo, AIF from mitochon-
dria is blocked by pro-apoptotic
Bcl-2 and Bcl-XL (9, 32, 33). Thus,
PC12 cells were transfected with
bcl-2 by the electroporationmethod
(Amaxa Nucleofector II). The
amount of Bcl-2 protein in the
transfected cells was approximately
nine times greater than that in
mock-transfected cells according to
Western blot analysis. The cell via-
bility was measured using the
WST-8 assay reagent for the whole
cells. The release of AIF from the
mitochondria to the nucleus was
suggested to be regulated by Bcl-2
(34). However, the �-ESA-mediated
apoptotic cell deathwas not blocked
by Bcl-2 overexpression (Fig. 6B).
Yu et al. (20) reported that Bcl-2
alone was not sufficient to prevent
MNNG-treated AIF release and
caspase-independent cell death.
RNA Interference of PARP-1 or

MEK1/2—�-ESA induced AIF
release, resulting in the cell death
without PARP-1 activation. The
well established PARP-1 inhibitor
DPQdidnot block the apoptotic cell
death. To clarify the involvement of
PARP-1 in the �-ESA-mediated cell
death, the knockdown experiments

for PARP-1 were carried out using siRNA targeted for rat
PARP-1. The siRNA-transfected PC12 cells were exposed to
�-ESA (2 �g/ml) or MNNG (500 �M) as a positive control in the
differentiated condition. The PARP-1 knockdown inhibited the
MNNG-treated cell death, whereas the knockdown did not abro-
gate the �-ESA-mediated cell death (Fig. 6C). DPQ treatment of
PARP-1knockdowncells alsodidnotblock thecelldeath (Fig.6D).
These results suggest that PARP-1, which is considered to be
required for AIF-initiated caspase-independent apoptosis, is not
involved in the �-ESA-mediated cell death.
We next investigated whether or not ERK1/2 phosphoryla-

tionwas critical for the�-ESA-mediated cell death using siRNA
targeted for rat MEK1/2. The siRNAs forMEK1 orMEK2 were
transfected into PC12 cells, and the cells were exposed to
�-ESA (5 �g/ml) in the proliferation condition. The knock-
down of either MEK1 or MEK2 effectively blocked the �-ESA-
mediated cell death (Fig. 6E). Together with the inhibitor
(U0126) experiments, these results indicate that ERK1/2 phos-
phorylation plays an important role in the �-ESA-mediated
apoptotic cell death.

FIGURE 5. A, �-ESA-mediated cell death was not inhibited by the established PARP inhibitor DPQ, and PAR
proteins were not detected. CPT (40 �M) was used as a positive control for PAR formation. Data were
obtained from two independent experiments performed in triplicate (mean � S.D.). Significance in DPQ-
pretreated cells was not observed (versus �-ESA alone). B, �-H2AX staining (nuclei in blue and �-H2AX in
green). Phosphorylation (Ser-139) of histone H2AX (�-H2AX) was induced by MNNG (500 �M), not by �-ESA
(2 �g/ml). �-H2AX protein levels were not changed in �-ESA-mediated cells. c, control. C, �-Toc distribu-
tion in PC12 and NG108-15 cells was investigated using a confocal microscope. �-Toc is labeled in green,
and mitochondria are labeled in red. The merged images in PC12 and NG108-15 cells show that �-Toc was
distributed mostly in the mitochondria. D, effect of �-Toc after �-ESA treatment (post-treatment). �-Toc
(0.2 �g/ml) was added to the cells at the same time as or after the addition of �-ESA (2 �g/ml). �-Toc
blocked cell death 1 h after the addition of �-ESA. Adding �-Toc more than 2 h after �-ESA had no effect.
*, p � 0.05.
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Involvement of Superoxide Anion Radicals and Mitochon-
drial Membrane Potential in �-ESA-mediated Cell Death—In-
volvement of ROS in the �-ESA-mediated apoptotic cell death
was next investigated using fluorescent probes, CM-5-(and-6)-
chloromethyl-2�,7�-dichlorodihydrofluorescein diacetate for
total ROS and BESSo-AM (35, 36) andMitoSOXRed for super-
oxide anion radicals. Intracellular ROS was observed in the
�-ESA-treated cells. The ROS production was blocked by
�-Toc pretreatment, whereas epicatechin was not able to
inhibit ROS production and the apoptotic cell death (Fig. 7A).
Superoxide anion radicals were produced shortly before the
�-ESA-mediated plasma membrane blebbing started (Fig. 7B).
Some BESSo-positive cells showed normal morphology, and
some of the cells started plasma membrane blebbing. The pro-
duction of superoxide anion radicals was time-dependent. The
strongest intensity was observed 5 h after �-ESA treatment.
Superoxide anion radicals produced by �-ESA are probably a
small quantity because a trace amount of �-Toc (0.01 �g/ml)
localized mostly in the mitochondria abrogated the apoptotic
cell death. It appears that the �-ESA-mediated cell death is
different from that induced by a high concentration of 1-meth-
yl-4-phenylpyridine or 3-nitropropionic acid (�1 mM), which
canproduce a large amount of ROSand activate caspase. Super-
oxide production was also measured using MitoSOX Red to
detect superoxides in the mitochondria. Superoxide was pro-
duced in the �-ESA-treated cells, whereas the cells pretreated

with �-Toc scavenged superoxides (Fig. 7C). U0126 almost
blocked superoxides.
Mitochondrial membrane potential (	
m) was next exam-

ined using JC-1 staining. An uncoupler, carbonyl cyanide
p-chlorophenylhydrazone, in themitochondria-electron trans-
port chain immediately abrogated the potential. In contrast, the
mitochondrial membrane potential gradually decreased over
5 h in the �-ESA-treated cells (Fig. 7D). These results suggest
that �-ESA initiates a small amount of superoxide anion radi-
cals, thereby inducing the reduction in the mitochondrial
membrane potential, which results in the cell death associated
with the plasma membrane blebbing.
Bax Localization of �-ESA-mediated Cells—In the STS-

treated cells, Bax started to translocate into themitochondria at
4 h. However, Bax migration to the mitochondria was not
observed in the �-ESA-mediated cells (Fig. 8). These results
suggest that Bax-induced channel formation in the mitochon-
drial outer membrane is not involved in the �-ESA-mediated
cell death. The data that Cyt-c was not released from the mito-
chondria into the cytosol before AIF (Fig. 4D) support this
result.
Putative Cell Death Mechanism Induced by �-ESA—When

cells were treated with STS or actinomycin D in the presence of
Z-VAD-fmk, caspase activationwas blocked.However, Bax and
Bak are localized in themitochondria, resulting in the release of
Cyt-c, AIF, and other mitochondrial proteins such as Smac/

FIGURE 6. Effect of AIF microinjection, Bcl-2 overexpression, and knockdown of PARP-1 and MEK1/2 on �-ESA-mediated apoptosis. A, microinjection
of AIF antibody blocks �-ESA-mediated apoptosis. AIF or MOPC21 (isotype control) antibody (Ab) was microinjected into the differentiated PC12 cells using
Stamporation apparatus and incubated for 6 h. The cells were exposed to �-ESA (2 �g/ml) for 16 h and stained with propidium iodide. The AIF Ab-microinjected
cells blocked �-ESA-mediated cell death, whereas the MOPC21 Ab-microinjected cells did not, stained in red, which means the cells were dead. Images were
obtained from three independent experiments. All cells in these images were microinjected. B, bcl-2 was transiently transfected into PC12 cells. After 24 h of
incubation, the cells were exposed to �-ESA (2 �g/ml) and incubated for another 16 h. The cell viability was measured for the whole cells. The overexpression
of Bcl-2 did not protect PC12 cells from �-ESA-mediated apoptosis (n � 3). WB, Western blot. C, siRNA targeted for rat PARP-1 was transfected into PC12 cells.
After 24 h of incubation, the cells were exposed to �-ESA (2 �g/ml) or MNNG (500 �M) and incubated for another 16 h. The cell viability was measured for the
whole cells. The knockdown of PARP-1 did not block �-ESA-mediated apoptosis, whereas it prevented MNNG-treated (500 �M, 15 min) cells from the apoptosis.
(n � 3; *, p � 0.001). D, combination of PARP-1 knockdown and DPQ treatment (50 �M) had no effect on the block of the apoptosis. E, siRNA experiments for
rat MEK1 and MEK2 were performed in the proliferation condition. The knockdown of either MEK1 or MEK2 significantly blocked �-ESA-mediated cell death
(n � 6; *, p � 0.05). The knockdown of both MEK1 and MEK2 also inhibited the cell death. The transfection efficiency was �80% judging from the cells
transfected with cDNA encoding green fluorescent protein. The blots for the knockdown samples are shown in the right panel. The cell viabilities were
measured for the whole cells in overexpression and knockdown experiments.
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FIGURE 7. Production of ROS and mitochondrial membrane potential in �-ESA-treated cells. A, intracellular total ROS was measured using H2DCF
fluorescent probe. �-ESA initiated ROS, which was blocked by �-Toc (2 �g/ml) but not epicatechin (20 �M). The numbers of ROS-positive cells were
counted in the �-ESA-treated cells (12 h) with or without �-Toc. B, production of superoxide anion radicals (O2

.) was measured using BESSo fluorescent
probe, specific for O2

. . Fluorescent intensities were analyzed by ImageJ software. The cell numbers 2 and 3 that have fluorescent intensities more than
the signal to noise ratio of �5 were positive. O2

. production was observed 5 h after the addition of �-ESA (bottom right). Membrane blebbing was
observed immediately after superoxide production. C, O2

. was measure by MitoSOX Red indicator. O2
. was produced in �-ESA-treated cells. �-Toc (2

�g/ml) inhibited the O2
. production. U0126 (5 �M) almost blocked the O2

. production. D, mitochondrial membrane potential was measured using JC-1.
Carbonyl cyanide p-chlorophenylhydrazone (CCCP) (50 �M) immediately shut down the potential. �-ESA gradually reduced the potential. E, mitochon-
drial morphology during �-ESA-mediated cell death process. Fragmented and condensed mitochondria were observed in the �-ESA-treated cells. Scale
bars show 8 �m.
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Diablo, Omi/HtrA2 (Fig. 9A). The excitotoxic NMDAorDNA-
alkylating agent MNNG induces DNA damage leading to
PARP-1 activation, which results in PARP-1-dependent AIF

release and cell death (Fig. 9B).
In caspase-independent apoptosis,
PARP-1 is believed to be a death sig-
nal. On the other hand, �-ESA
induces PARP-1-independent AIF
release through the production of
superoxide and ERK1/2 phosphor-
ylation, resulting in caspase-inde-
pendent and PARP-1-independent
cell death (Fig. 9C). �-Toc protects
the �-ESA-mediated cell death
because mitochondrially localized
�-Toc can scavenge superoxides.
This is a novel and alternative path-
way for caspase-independent apo-
ptosis without the involvement of
other apoptotic proteins.

DISCUSSION

�-ESA is a conjugated trienoic
fatty acid and an isomer of noncon-
jugated linolenic acid. It has been
reported to suppress both tumor
growth in vivo and angiogenesis in
vitro by inducing caspase-3 via lipid
peroxidation at a concentration of
20 �M (23, 24). �-ESA has been
shown to be cytotoxic in human
tumor cell lines such as DLD-1,
HepG2, and A549, althoughMCF-7
cells lacking caspase-3 were rela-
tively resistant to the �-ESA-medi-
ated apoptosis (22). These reports
suggest that a higher concentration
of �-ESA can activate caspase-
dependent pathways in non-neuro-
nal cells.
First of all, in this study apoptosis

induced by �-ESA was not blocked
by both the broad spectrum caspase
inhibitor Z-VAD-fmk and caspase-3
inhibitor, but it was inhibited by
the MEK inhibitor U0126 and the
lipophilic antioxidant �-Toc. The
�-ESA-mediated apoptosis was abro-
gatedby as little as 23nM (0.01�g/ml)
of �-Toc. If the peroxidation of
�-ESA is involved in the �-ESA-me-
diatedneuronaldeath, a similarmolar
concentration of antioxidants should
beneeded toprotect the cells. In addi-
tion, intracellular ROS production
caused by the peroxidation of �-ESA
can deactivate phosphatases by the
oxidation in the active center, leading

to the increase in ERK1/2 phosphorylation. This phosphorylation
can be inhibited by antioxidants. However, �-Toc did not block
the increase in ERK1/2 phosphorylation. Even when �-Toc was

FIGURE 8. Bax localization of �-ESA-treated cells. The differentiated PC12 cells were treated with stauros-
porine (1 �M) or �-ESA (2 �g/ml), and stained with anti-Bax and MitoTracker Red CM-H2Ros. Bax migrated into
the mitochondria in the STS-treated cells, whereas Bax did not in the �-ESA-treated cells.

FIGURE 9. A speculative mechanism of �-ESA-mediated cell death. A, staurosporine � Z-VAD-fmk treat-
ment induces Bax/Bak-mediated Cyt-c, AIF, and other apoptotic mitochondrial proteins such Smac/Diablo,
although caspase is blocked by Z-VAD-fmk. This type of apoptosis is blocked by pro-survival Bcl-2 protein.
B, MNNG, NMDA, or hypoxia ischemia induces the increase in an intracellular Ca2� concentration ([Ca2�]i),
intracellular ROS production, and DNA alkylation followed by PARP-1 activation, which results in PARP-1-
mediated AIF release, leading to the caspase-independent cell death. C, �-ESA induces PARP-1-independent
AIF-release, resulting in a novel caspase-independent apoptosis. U0126 and MEK1/2 knockdown block the cell
death by unknown mechanisms. ERK1/2 is certainly involved in the cell death. �-Toc blocks ROS production in
the mitochondria and cell death without the influence on ERK1/2. PARP-1 is not involved in �-ESA-mediated
cell death. �-ESA appears to act separately on MEK1/2-ERK1/2 and superoxide production leading to the
reduction of the membrane potential.
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added to the cells 1 h after treatment with �-ESA, it blocked the
�-ESA-mediated cell death. Moreover, the cell death was not
mediated by �-ESA-Me (methyl ester of �-ESA). Together with
MitoSOXRed analysis, these results suggest that�-Tocblocks the
�-ESA-mediated superoxide production in a small quantity at
least in the mitochondria and the resulting cell death.

�-Toc reportedly up-regulated pro-survival Bcl-2 and pro-
tected against hydrogen peroxide (H2O2)-induced cell death in
cortical neurons 24 h after pretreatment with 10 nM �-Toc
through ERK1/2 activation (37). The amount of Bcl-2 protein
was not changed in this study.3 Thus, the effect of �-Toc on the
up-regulation of Bcl-2 is not important in this apoptotic cell
death. This is supported by Bcl-2 overexpression study.
Second, U0126 completely prevented the �-ESA-mediated

cell death. U0126 blocked the migration of AIF. The knock-
down experiments of MEK1 and MEK2 revealed that MEK1/2
is an important pathway in the �-ESA-mediated cell death.

Caspase-3 and PARP-1 were not activated by �-ESA during
the apoptotic cell death process. PARP-1 activation followed by
AIF migration is considered to be important for caspase-inde-
pendent apoptotic cell death. In this study, AIF was released
from the mitochondria and migrated to the nucleus by �-ESA.
By 7 h, the nucleus was condensed, and AIF was localized
throughout the nucleus. However, the cell death was not inhib-
ited by the PARP-1 inhibitor DPQ. PAR proteins were not
observed in �-ESA-treated cells at various time points. In addi-
tion, PARP-1 knockdown had no protective effect on the
�-ESA-mediated cell death. The combination of PARP-1
knockdown andDPQ pretreatment showed no effect. The PAR
polymer is considered to be a death signal. AIF is thought to be
mediated by PARP-1 activation in caspase-independent apo-
ptotic cells (21, 29, 38, 39). To our knowledge, these are the
novel findings of AIF-mediated and caspase-independent apo-
ptosis without PARP-1 activation.
Third, STS or actinomycin D in the presence of Z-VAD-fmk

may induce apoptosis without activation of caspase and
PARP-1.However, Bax alreadymigrated to themitochondria to
form Bax/Bak channels to release apoptotic proteins such as
Cyt-c, AIF, and Smac/Diablo. Bax was not translocated to the
mitochondria in the �-ESA-treated cells, whereas Bax did
migrate to the mitochondria in the STS-treated cells. More-
over, Cyt-c was not released into the cytosol before AIF. These
results suggest that Bax-mediated apoptosis is not involved in
the �-ESA-mediated apoptosis. Thus, this type of pathway is
excluded. In addition, manganese superoxide dismutase was
released into the cytosol, suggesting mitochondrial remodeling
or membrane permeabilization associated with the reduction
of mitochondrial membrane potential during the apoptotic
process, independently of PARP-1 and other signaling mole-
cules. Scattered and condensed mitochondria were observed
(Fig. 7E).
Fourth, ERK1/2 is reportedly activated by CPT, etoposide

(40), and MNNG (31). The apoptotic cell death induced by
etoposide and MNNG can be blocked by MEK1/2 inhibitors
PD98059 and U0126, the latter of which protects against brain
ischemia (41). These reports suggest that ERK1/2 is a key reg-
ulator of apoptosis (42). Kauppinen et al. (31) reported on the
regulation of PARP-1 by ERK1/2 and the inhibition of neuronal

cell death by DPQ. However, DPQ at concentrations of up to
100 �M was unable to prevent the cells from the �-ESA-medi-
ated apoptosis. MNNG or NMDA induces PARP-1-dependent
AIF translocation to the nucleus. Thus, MNNG or NMDA-
treated and the �-ESA-treated cells appear to exert different
signaling pathways. Calpain I can mediate AIF release from the
mitochondria in ischemia neuronal injury (43).Moubarak et al.
(21) reported that PARP-1 was activated upstream of calpains
in MNNG-induced murine embryo fibroblasts. Recently, how-
ever, calpain was reported to be unnecessary for AIF transloca-
tion in PARP-1-dependent cell death (44). In this study, the
�-ESA-mediated cell death was not abrogated by the calpain
inhibitors N-Acetyl-Leu-Leu-Nle-CHO ALLN and calpeptin
and by the Ca2�-dependent- and independent phospholipase
A2 inhibitors, bromoenol lactone, methylarachidonyl fluoro-
phosphonate (MAFP), and palmitoyl trifluoromethyl ketone.
MNNG, NMDA, or hypoxia ischemia can all induce oxida-

tive stress, thereby leading to DNA damage. These stimuli can
initiate caspase-independent and PARP-1-dependent signaling
cascades. In contrast, �-ESA did not activate PARP-1, although
the �-ESA-treated cells became TUNEL-positive. H2AX was
not phosphorylated by �-ESA, indicating that DNA strand
breaks did not occur. The overexpression of Bcl-2 did not block
the �-ESA-mediated apoptotic cell death. Bcl-2 appears not to
be enough to protect against �-ESA-mediated apoptosis.
In conclusion, our results show that �-ESA causes a novel

PARP-1-independent AIF release and the cell death through
the superoxide production and the prolonged ERK1/2 phos-
phorylation. The cell death was not associated with Bax, Cyt-c,
caspase-3, and PARP-1.
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