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Prostaglandin D2 (PGD2), a major cyclooxygenase product in a
variety of tissues and cells, readily undergoes dehydration to yield
the bioactive cyclopentenone-type PGs of the J2-series, such as
15-deoxy-�12,14-PGJ2 (15d-PGJ2). The observation that the level of
15d-PGJ2 increased in the tissue cells from patients with sporadic
amyotrophic lateral sclerosis suggested that the formation of
15d-PGJ2 may be closely associated with neuronal cell death during
chronic inflammatory processes. In vitro experiments using SH-
SY5Y human neuroblastoma cells revealed that 15d-PGJ2 induced
apoptotic cell death. An oligonucleotide microarray analysis
demonstrated that, in addition to the heat shock-responsive
and redox-responsive genes, the p53-responsive genes, such as
gadd45, cyclin G1, and cathepsin D, were significantly up-regulated
in the cells treated with 15d-PGJ2. Indeed, the 15d-PGJ2 induced
accumulation and phosphorylation of p53, which was accompa-
nied by a preferential redistribution of the p53 protein in the nuclei
of the cells and by a time-dependent increase in p53 DNA binding
activity, suggesting that p53 accumulated in response to the
treatment with 15d-PGJ2 was functional. The 15d-PGJ2-induced
accumulation of p53 resulted in the activation of a death-inducing
caspase cascade mediated by Fas and the Fas ligand.

Prostaglandin (PG) D2 is a major cyclooxygenase-catalyzed
reaction product in a variety of tissues and cells and has

significant effects on a number of biological processes, including
platelet aggregation, the relaxation of vascular and nonvascular
smooth muscles, and nerve cell functions (1). It has been shown
that PGD2 readily undergoes dehydration in vivo and in vitro to
yield biologically active PGs of the J2 series, such as PGJ2,
�12,14-PGJ2, and 15-deoxy-�12,14-PGJ2 (15d-PGJ2) (2–4). Mem-
bers of the J2 series of the PGs, characterized by the presence of
a reactive �,�-unsaturated ketone in the cyclopentenone ring
(cyclopentenone PGs), have their own unique spectrum of
biological effects, including antitumor activity, the inhibition of
cell cycle progression, the suppression of viral replication, the
induction of heat shock protein expression, and the stimulation
of osteogenesis (5). In addition, they also show an anti-
inflammatory effect, including inhibition of nuclear factor-�B
activation by inhibiting I�B kinase (6, 7).

Many types of mammalian cells undergo apoptosis during normal
development or in response to a variety of stimuli, including DNA
damage, growth factor deprivation, and the abnormal expression of
oncogenes or tumor suppressor genes (8–10). Apoptosis induced by
these agents appears to be mediated by a common set of down-
stream elements that act as regulators and effectors of apoptotic cell
death. In many cases, apoptosis requires the p53 tumor suppressor
protein (11). The function of p53 in the destruction of aberrant cells
has been well established in numerous organ systems. The loss of
p53 activity undermines healthy cellular phenotypes, which can lead
to cancer and neurodevelopmental diseases (12). The central
involvement of p53 in initiating apoptosis after exposure to a
pleiotropic array of stimuli results in the up-regulation of proapo-
ptotic members of the bcl-2 family of proteins, such as Bcl-2 and
Bax, or in cell cycle inhibitors p21 (13). Recent data suggest that

p53-induced apoptosis is also through mechanisms other than Bax.
Several laboratories have suggested the involvement of the Fas�Fas
ligand (FasL) in p53-mediated apoptosis (14).

In the present study, we obtained in vivo evidence that the level
of 15d-PGJ2 increased in the spinal cord motor neurons of
sporadic amyotrophic lateral sclerosis (ALS) patients. More-
over, we investigated the molecular mechanisms involved in
neuronal cell death induced by 15d-PGJ2.

Experimental Procedures
Material. 15d-PGJ2 was obtained from Cayman Chemicals (Ann
Arbor, MI). Hoechst 33258 and propidium iodide (PI) were from
Molecular Probes. The caspase inhibitors benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk) and acetyl-Ile-
Glu-Thr-Asp-CHO (Ac-IETD-CHO) were obtained from Pep-
tide Institute (Osaka). The antibodies against cyclooxygenase-2
(COX-2), p53, and phosphorylated p53 at Ser-15 were obtained
from Santa Cruz Biotechnology. The anti-15d-PGJ2 monoclonal
antibody (mAb11G2) was used for immunohistochemical detec-
tion of 15d-PGJ2 (15). The p53 sense (p53SE) and antisense
(p53AS) oligonucleotides were obtained from Amersham Phar-
macia Biosciences: p53SE, 5�-GGAGCCAGGGGGGAG-
CAGGG-3�; p53AS, 5�-CCCTGCTCCCCCCTGGCTCC-3�.

Cell Culture and Cell Viability. SH-SY5Y cells were grown in
Cosmedium-001 (Cosmo-Bio, Tokyo) containing 5% Nakashi-
betsu precolostrum new-born calf serum, 100 �g�ml penicillin,
and 100 units�ml streptomycin. The cells were seeded in plates
coated with polylysine and cultured at 37°C. Cell viability was
quantified by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay as previously described (16).

Gene Chip Analysis. An oligonucleotide microarray analysis was
performed by using a gene chip, the HuGene human FL array
(Affymetrix, Santa Clara, CA) as previously described (17).

Nuclear Staining Assay. To determine the apoptotic nuclei, cells
treated with 10 �M 15d-PGJ2 or vehicle for 24 and 48 h were
fixed in 4% paraformaldehyde solution and stained with a
fluorescent DNA-binding dye, Hoechst 33258, and observed by
using a fluorescence microscope (Olympus, Tokyo).

Analysis of DNA Fragmentation. For analysis of the DNA fragmen-
tation by agarose gel electrophoresis, cellular DNA was ex-
tracted from whole cells treated with 10 �M 15d-PGJ2 for 24 and
48 h. After treatment with 15d-PGJ2, the cells were harvested,
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washed once with ice-cold PBS, and resuspended in 100 �l of
lysis buffer (10 mM Tris�HCl, pH 7.4�10 mM EDTA, pH
8.0�0.5% Triton X-100), and the samples were then left on ice
for 10 min. After centrifugation at 9,000 � g for 5 min, the
supernatant was transferred to another Eppendorf tube, and
sequential extractions were carried out. RNase was added to the
samples at the final concentration of 0.5 mg�ml, and the mixture
was incubated at 37°C for 1 h. Then, proteinase K was added to
the mixture at the final concentration of 0.5 mg�ml, and the
mixture was incubated at 50°C for 30 min. Electrophoresis was
performed on a 2.0% agarose gel, and DNA was visualized by
ethidium bromide staining.

Flow Cytometry Analysis of Cell Cycle. The cells were washed and
then collected with PBS. The samples were centrifuged and
treated with PBS containing 0.1% Triton X-100 and resus-
pended in 0.5% RNase and 25 �g�ml PI. The stained cells were
analyzed on a flow cytometer (Epics XL, Beckman Coulter).

Immunoblot Analysis. Whole cell lysates from SH-SY5Y cells
treated with 15d-PGJ2 were incubated with the SDS-sample

buffer for 5 min at 100°C. The samples were then separated by
10% SDS�PAGE. One gel was used for staining with Coomassie
Brilliant Blue; the other gel was transblotted onto a nitrocellu-
lose membrane, incubated with Blockace for blocking, washed,
and incubated with antibody. This procedure was followed by the
addition of horseradish peroxidase conjugated to rabbit anti-
mouse IgG and ECL reagents. The bands were visualized by
Cool Saver AE-6955 (Atto, Tokyo).

Reverse Transcription (RT)-PCR. The total RNA was isolated with
isogen reagent (Nippon Gene, Tokyo) and spectrophotometri-
cally quantified. The RT-PCR was performed as previously
reported (18).

Localization of p53. For the immunocytochemistry, cells were
fixed overnight in PBS containing 2% paraformaldehyde and
0.2% picric acid at 4°C. After the membranes were permeabil-

Fig. 1. Photomicrographs of spinal cord sections from control cases (A, C, E,
and G) and ALS cases (B, D, F, and H) immunostained with antibodies specific
for COX-2 (A–D) and 15d-PGJ2 (E–H). The control spinal cords were negatively
stained with the antibodies to COX-2 (A and C) and 15d-PGJ2 (E and G). In the
ALS spinal cords, both of these antibodies reacted with the gray matter but not
with the white matter (B and F). These immunoreactivities were more intense
in the perikarya and proximal cell processes of the anterior horn cells, com-
pared with the reactive astrocytes (arrows), microglia�macrophages (arrow-
heads), and surrounding neuropil to a lesser extent. (A–D) Formalin-fixed,
paraffin-embedded sections; (E-H) OCT compound-embedded, frozen sec-
tions; (A-H) avidin-biotin-immunoperoxidase complex method. (A, B, E, and F)
�6; (C, D, G, and H) �40.

Fig. 2. Induction of apoptosis in SH-SY5Y cells treated with 15d-PGJ2. (A)
SH-SY5Y human neuroblastoma cells were fixed with paraformaldehyde,
stained with Hoechst 33258, and examined by fluorescence microscopy. (Left)
Untreated control cells. (Right) Cells treated with 10 �M 15d-PGJ2 for 24 h. (B)
DNA fragmentation in SH-SY5Y cells treated with 10 �M 15d-PGJ2. Nucleoso-
mal DNA fragmentation was visualized by agarose gel electrophoresis. M,
DNA size markers. (C) SubG1 analysis of SH-SY5Y cells treated with 15d-PGJ2.
SH-SY5Y cells treated with 10 �M 15d-PGJ2 were analyzed for DNA content by
PI staining by using a flow cytometer (Upper). The subG1 DNA content was
used as indicative of apoptotic cells (Lower). Cells with nuclei condensation,
DNA fragmentation, and subG1 DNA contents as typical hallmarks of apopto-
sis revealed that 15d-PGJ2 induced apoptosis.
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ized by exposing the fixed cells to PBS containing 0.3% Triton
X-100, the cells were sequentially incubated in PBS solutions
containing blocking serum (5% normal goat serum) and immu-
nostained with the anti-p53 antibody. The cells were then
incubated for 1 h in the presence of FITC-labeled goat anti-
rabbit, rinsed with PBS containing 0.3% Triton X-100, and
covered with anti-fade solution. Images of the cellular immu-
nofluorescence were acquired by using a confocal laser micro-
scope (Bio-Rad) with a �40 objective (488-nm excitation and
518-nm emission).

Gel Shift Assay. Nuclear proteins were prepared as previously
reported (19). Binding reactions involved 22 �l volumes con-
taining 5 �g of nuclear proteins, 3 �g of poly(dI-dC), and the
[�-32P]ATP-labeled oligonucleotide probe (2 � 104 cpm). After
30 min, the DNA–protein complexes were resolved in a 6%
nondenaturing acrylamide gel and electrophoresed at room
temperature. The gel was dried and exposed to Kodak film at
�80°C overnight. The P53 consensus oligonucleotide probe used
was as follow: 5�-TACAGAACATGTCTAAGCATGCTGGG-
GACT-3� (Santa Cruz Biotechnology).

Immunohistochemical Detection of 15d-PGJ2 in Sporadic ALS Patients.
The presence of 15d-PGJ2 was examined on spinal cords ob-
tained at autopsy from six sporadic ALS patients [sex: three
males and three females; age: 31–73 (58.67 � 15.17) years] and
six age-matched, non-diabetic control individuals [sex: two males
and four females; age: 50–78 (61.67 � 11.34) years] without
neurological disorders, after their family members granted in-
formed consent in accordance with the Guideline for human
materials in Tokyo Women’s Medical University. Each spinal
cord was processed with formlain (10%)-fixed, paraffin-
embedded materials stored at room temperature for hematox-
ylin-eosin staining and COX-2 immunohistochemistry, and with
OCT compound (Sakura Fine Technical, Tokyo)-embedded,
frozen materials stored at �80°C for COX-2 and 15d-PGJ2
immunohistochemistry. An immunohistochemical analysis was
performed as previously described (20).

Results
Immunochemical Detection of 15d-PGJ2 in Motor Neurons of Sporadic
ALS Patients. To determine the role for 15d-PGJ2 in neuronal
degeneration, we investigated immunohistochemical localization
of 15d-PGJ2 in the control and ALS spinal cords, by using
anti-15d-PGJ2 monoclonal antibody that specifically recognizes
free 15d-PGJ2 (15). No significant immunoreaction product
deposits were seen in sections processed with the omission of the
primary antibodies (data not shown). As shown in Fig. 1, the
spinal cords in the control cases exhibited no significant immu-
noreactivities for COX-2 or 15d-PGJ2 (Fig. 1 A, C, E, and G). In
the ALS cases, both the anti-COX-2 and 15d-PGJ2 antibodies
reacted strongly with the spinal cord gray matter (Fig. 1 B and
F), especially almost all of the anterior horn cells (Fig. 1 D and
H). These immunoreactivities were more intense in the
perikarya and proximal cell processes of the anterior horn cells
than in the reactive astrocytes, microglia�macrophages, and
surrounding neuropil (Fig. 1 D and H). The coexistence of
COX-2 and 15d-PGJ2 in the neurons and glias was verified on
consecutive sections. These data suggest that the intracellular
production of 15d-PGJ2 may be closely associated with neuron
death during inflammatory processes.

Induction of Apoptotic Cell Death of SH-SY5Y Neuroblastoma Cells by
15d-PGJ2. We have previously shown that the in vitro exposure of
human nueroblastoma SH-SY5Y cells to 15d-PGJ2 led to a dose-
and time-dependent decrease in the number of viable cells (16).
Here, we characterized whether 15d-PGJ2-induced cell death
included apoptosis. When human nueroblastoma SH-SY5Y cells

were exposed to 10 �M 15-PGJ2, fragmented nuclei were found
in cells exhibiting typical morphological features of apoptosis
(Fig. 2A). The gel electrophoresis of DNA from SH-SY5Y cells
exposed to 15-PGJ2 also displayed nucleosomal DNA fragmen-
tation (Fig. 2B). Moreover, we measured the numbers of cells
with a subG1 DNA content as a measure of apoptosis and
observed a significant increase in the apoptotic cells (Fig. 2C).
These results indicate that 15d-PGJ2 induces apoptotic cell death
of SH-SY5Y cells.

15d-PGJ2-Mediated Gene Expression. Clay et al. (21) have recently
demonstrated that early de novo gene expression is required for
15-PGJ2-induced apoptosis in breast cancer cells. Hence, to
investigate the 15-PGJ2-mediated expression of genes critical to
the apoptosis of the SH-SY5Y cells, we performed an oligonu-
cleotide microarrays analysis. As shown in Table 1, the expres-
sion of genes involved in the heat shock response, including heme
oxygenase, HSP40, HSP70, and HSP28, and the genes involved in
the redox regulation, including �-glutamylcysteine synthetase,
thioredoxin reductase, Nrf2, and glutathione peroxidase, was sig-
nificantly up-regulated. More notably, we found that the p53-
responsive genes, such as gadd45, cyclin G1, and cathepsin D,
significantly rose by �3-fold in cells treated with 15d-PGJ2. The
data suggest that p53, which is thought to monitor the integrity
of the cellular genome and responds to DNA damage by inducing
cell cycle arrest and�or apoptosis, is activated in cells treated
with 15d-PGJ2.

15d-PGJ2-Induced Apoptosis Is p53 Dependent. The tumor sup-
pressor gene product p53 has been reported to mediate
apoptosis in many experimental systems. It is believed that this
activity is responsible for the tumor suppressive function of p53
(13, 22, 23). Therefore, we examined whether the p53 protein
is involved in the 15d-PGJ2-induced apoptosis. As shown in
Fig. 3A, 15d-PGJ2 induced p53 in time- and dose-dependent
manners. To determine whether the p53 accumulated in
response to the treatment with 15d-PGJ2 was functional, we
assayed the phosphorylation and subcellular localization of

Table 1. Effect of 15d-PGJ2 on gene expression studied by
gene chip

GenBank
accession no. Name of gene

Fold
increase

X06985 Human mRNA for heme oxygenase 75.5
L35546 Homo sapiens �-glutamylcysteine synthetase

light subunit mRNA; complete cds
17.8

M63138 Cathepsin D (catD) gene 14.9
D85429 H. sapiens gene for heat shock protein 40;

complete cds
12.2

M60974 Human growth arrest and
DNA-damage-inducible protein (gadd45)
mRNA; complete cds

5.5

L12723 Human heat shock protein 70 (hsp70)
mRNA; complete cds

3.6

X91247 H. sapiens mRNA for thioredoxin reductase 3.3
S74017 Nrf2 � NF-E2-like basic leucine zipper

transcriptional activator (human;
hemin-induced K562 cells; mRNA; 2304 nt)

3.3

X77794 H. sapiens mRNA for cyclin G1 3.2
Z23090 H. sapiens mRNA for 28-kDa heat shock

protein
3.1

D00632 H. sapiens mRNA for glutathione
peroxidase; complete cds

2.6

Total RNA isolated from the SH-SY5Y cells treated with 10 �M 15d-PGJ2 for
24 h was subjected to oligonucleotide microarray analysis.
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p53 and expression of the p53 target genes in cells treated with
15d-PGJ2. As shown in Fig. 3B, 15d-PGJ2 significantly induced
the phosphorylation of p53. In addition, the p53 phosphory-
lation was accompanied by a preferential redistribution of the
p53 protein into the nuclei of the cells (Fig. 3C) and by
significant increase in p53 DNA binding activity (Fig. 3D).
Moreover, the RT-PCR analysis also demonstrated the up-
regulation of a distinct set of p53-responsive genes, such as p21,
Fas, FasL (Fas ligand), MDM2, and gadd45, in the cells treated

with 15d-PGJ2 (Fig. 3E). 15d-PGJ2 scarcely induced the proapo-
ptotic Bcl-2 family members, such as Bax and Bcl-2. Finally, the
involvement of p53 in the 15d-PGJ2-induced cell death was
examined by the effect of p53 antisense on the cytotoxic effect
of 15d-PGJ2. As shown in Fig. 3F, the p53 antisense signifi-
cantly suppressed the 15d-PGJ2-induced phosphorylation and
expression of p53, which were well correlated with the inhi-
bition of cell death. These data suggest that p53 is involved in
the 15d-PGJ2-induced cell death.

Fig. 3. Induction of p53 in SH-SY5Y cells treated with 15d-PGJ2. SH-SY5Y cells were treated for 8 h with 10 �M of the indicated PGs, and p53 induction was
examined by immunoblot analysis. (A Upper) Dose-dependent induction of p53 in SH-SY5Y cells treated with 0–50 �M 15d-PGJ2 for 8 h. (Lower) Time-dependent
induction of p53 in SH-SY5Y cells treated with 10 �M 15d-PGJ2. (B) Analysis of activated p53 in SH-SY5Y cells treated with 10 �M 15d-PGJ2. (C) Induction of nuclear
translocation of p53 in SH-SY5Y cells exposed to 10 �M 15d-PGJ2. The RL34 cells were fixed in 2% paraformaldehyde and 0.2% picric acid and then immunostained
with the anti-p53 antibody. Images of the cellular immunofluorescence were acquired by using a confocal laser scanning microscope. (D) 15d-PGJ2 induces nuclear
protein-p53 binding activity. SH-SY5Y cells were treated with 10 �M 15d-PGJ2 for different time intervals as indicated in the figures. (E) RT-PCR analysis of
p53-responsive gene expression in SH-SY5Y cells treated with 10 �M 15d-PGJ2 for different time intervals. (F) Inhibition of p53 phosphorylation, p53 protein
expression, and cell death by p53AS in SH-SY5Y cells treated with 15d-PGJ2. Indicated antisense oligonucleotides (2 �g) were transfected for 12 h in SH-SY5Y cells,
and then the cells were treated for 8 h with 10 �M 15d-PGJ2. The induction of p53 was examined by immunoblot analysis, and cell viability was measured by
the MTT assay. In the MTT assay, data are expressed as the percentage of control culture conditions.
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Activation of p53-Mediated Fas�FasL Signaling Pathway by 15d-PGJ2.
It was found that the p53-mediated apoptosis required transcrip-
tional activation, because actinomycin D and cycloheximide,
which block RNA and protein synthesis, significantly inhibited
the 15d-PGJ2 cytotoxicity (data not shown). These results were
consistent with the previous observation that early de novo gene
expression is required for the 15-PGJ2-induced apoptosis in
breast cancer cells (21). Therefore, it is reasonable to hypothe-
size that the p53-responsive gene products may be involved in the

signaling cascade of apoptosis. In this context, based on the
finding (Fig. 3E) that 15d-PGJ2 significantly induced the gene
expressions of Fas and FasL that elicit the activation of a
death-inducing caspase cascade, we examined the involvement of
the Fas�FasL signaling pathway in the p53-mediated apoptosis
induced by 15d-PGJ2. As shown in Fig. 4A, the p53 antisense
suppressed the expression of Fas, suggesting that the p53 accu-
mulation might be associated with the up-regulations of Fas and
its ligand. To examine the involvement of the caspase cascade,
broad spectrum of the caspase inhibitor, z-VAD-fmk, and a
specific caspase-8 inhibitor, Ac-IETD-CHO, were used to treat
the cells after exposure to 15d-PGJ2. As shown in Fig. 4B, both
inhibitors significantly prevented the 15d-PGJ2-induced neuro-
nal apoptosis monitored by the accumulation of the subG1
fraction. Thus, it appears that 15d-PGJ2 is a potential activator
of the p53-mediated Fas�FasL signaling pathway (Fig. 4C).

Discussion
In the present study, we demonstrated that 15d-PGJ2 was
accumulated in the spinal cord of sporadic ALS patients, mainly
occurring in the motor neurons of the anterior horn (Fig. 1).
Many of the COX-2- and 15d-PGJ2-positive neurons were devoid
of pathological changes, but some were clearly distorted and
smaller, probably corresponding to the more advanced injury of
the neurons. To a lesser extent, the positive cells in the gray
matter were non-neuronal and primarily corresponded to the
reactive astrocytes and occasionally to the activated microglial
cells. These data raise the possibility that COX-2 up-regulation,
through its pivotal role in inflammation, followed by the en-
hanced intracellular production of 15d-PGJ2 is involved in the
ALS neurodegenerative process.

The in vitro studies using SH-SY5Y neuroblastoma cells
showed that 15d-PGJ2-induced cell death included apoptosis
(Fig. 2). Moreover, the gene chip and RT-PCR analyses iden-
tified p53 as a key molecule in the 15d-PGJ2-induced apoptosis.
The p53 protein is a tumor suppressor protein that transmits
signals arising from various forms of cellular stress, including
DNA damage and hypoxia, to genes and factors that induce cell
cycle arrest and apoptosis (24). Not only is p53 induced by a
variety of apoptotic stimuli, but the overexpression of p53 has
been demonstrated to induce apoptosis in a variety of cell types
(11, 25). Based on the enhanced gene expression of p53-
responsive genes in the 15d-PGJ2-treated cells, we hypothesized
that p53 might be accumulated and activated in the cells.
Consistent with this hypothesis, we found that the treatment with
15d-PGJ2 resulted in the rapid accumulation of p53 in the cells
(Fig. 3 A–C) and that, although there was a possibility that the
PG could inactivate the wild-type p53 (26), the accumulated p53
was shown to be biologically active, based on the increased
p53 DNA binding activity (Fig. 3D) and transactivation of the
p53 target genes (Fig. 3E). Moreover, the 15d-PGJ2-induced
apoptosis was blocked by the expression of the p53 antisense
oligonucleotide (Fig. 3F). Although other molecules may also be
involved in cell death, these data suggest that p53 is a key
molecule in the apoptosis induced by 15d-PGJ2.

The precise mechanism by which p53 modulates cell viability
has not yet been determined. However, the prime candidates for
its regulation may be Fas and its ligand (FasL), which are known
to be one of the downstream mediators in the p53-dependent
apoptotic pathway (14). Indeed, the p53- and Fas-associated
apoptosis has been suggested to be a common mechanism of cell
loss in several neurodegenerative diseases (27). The Fas (CD95�
APO-1) receptor is a member of the death receptor subfamily of
the tumor necrosis factor�nerve growth factor superfamily. The
receptor has an extracellular domain for ligand binding and an
intracellular death domain. After binding to its specific ligand
FasL, the trimerization of Fas recruits the Fas-associated death
domain (FADD) via interactions between the death domains of

Fig. 4. p53-dependent activation of Fas�FasL pathway by 15d-PGJ2. (A)
Inhibition of p53 protein expression (Upper) and Fas expression (Lower) by
p53AS in SH-SY5Y cells treated with 15d-PGJ2. The p53 sense (p53SE) or
antisense (p53AS) oligonucleotides were transfected with Lipofectin (GIBCO)
reagents for 12 h in SH-SY5Y cells, and then the cells were treated with 10 �M
15d-PGJ2 for 8 h. Fas induction was examined by RT-PCR analysis. Treatment
with Lipofectin alone did not affect the expression of p53 and Fas (data not
shown). (B) Effect of caspase inhibitors on 15d-PGJ2-induced increase in num-
ber of cells with a subG1 DNA content. The inhibitors used were z-VAD-fmk
(hatched bar) and Ac-IETD-CHO (filled bar). The SH-SY5Y cells were treated
with 10 �M 15d-PGJ2 in the presence or absence of inhibitor for 8 h. The subG1
DNA contents were analyzed by PI staining by using a flow cytometer. (C)
Model for mechanisms by which 15d-PGJ2 exerts p53-mediated neuronal
apoptosis.
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Fas and FADD. This is followed by FADD-like IL-1�-converting
enzyme (FLICE)�caspase-8 binding via interactions between the
death-effector domains of FADD and caspase-8, and by activa-
tion of caspase-8. Activation of caspase-8, in turn, activates the
caspase cascade leading to apoptosis (14). The present study
showed that 15d-PGJ2 induced the gene expression of Fas and
FasL (Fig. 3E) and that the 15d-PGJ2-induced Fas expression
was significantly blocked by the expression of the p53 antisense
oligonucleotide (Fig. 4A). These and the observations that the
15d-PGJ2-induced apoptosis monitored by the accumulation of
the subG1 fraction was completely inhibited by the addition of
a broad spectrum of caspase inhibitor and a specific caspase-8
inhibitor (Fig. 4B) suggest that 15d-PGJ2 is a potential activator
of the Fas�FasL signaling pathway in SH-SY5Y neuroblastoma
cells.

On the other hand, mitochondrial dysfunction is also a well-
documented event in apoptosis (28, 29). A process known as
permeability transition appears to be responsible for the loss of
the mitochondrial membrane potential, leading to the opening of
the permeability transition pore and release of solutes from the
mitochondria (30–32). Among the proteins released are the
apoptosis-inducing factor and cytochrome c. The release of these
proteins leads to activation of caspases, a family of serine
threonine proteases, and subsequently apoptosis (33). The ex-
posure of cells to 15d-PGJ2 indeed resulted in a significant
decrease in the mitochondrial membrane potential after expo-

sure to 15d-PGJ2 (16). Moreover, we have observed cytochrome
c release after 48 h of 15d-PGJ2 treatment (M. Kondo. & K.U.,
unpublished observation), which correlated with the time that
apoptosis was observed (Fig. 2C), suggesting that the Fas�FasL-
independent and mitochondria-dependent apoptosis pathway
may also be involved.

It was also anticipated that reactive oxygen species (ROS)
might be involved in the p53-dependent apoptotic pathway (34,
35). Indeed, the following observations have suggested the
involvement of ROS in the 15d-PGJ2-induced cell death (16): (i)
reaction of 15d-PGJ2 with cells induces mitochondrial damage
and generates ROS; (ii) 15d-PGJ2-induced cell death can be
partially inhibited by antioxidants, including �-tocopherol and
N-acetylcysteine; and (iii) The cytotoxic potential of the cyclo-
pentenone PGs is associated with the ability to generate ROS.
However, our preliminary experiment has shown that the 15d-
PGJ2-induced p53 accumulation in the cells was scarcely affected
by pretreatment with N-acetylcysteine (M. Kondo & K.U.,
unpublished observation). Thus, further studies are required for
elucidation of the role of ROS in the 15d-PGJ2-induced cell
death.
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