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Role of GST P1-1 in Mediating the Effect of Etoposide on
Human Neuroblastoma Cell Line SH-SY5Y
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Abstract The oxidative stress could have a dual action on glutathione S-transferase (GST) P1-1 metabolism: tran-
scriptional induction and/or polymerization. The former should represent a form of adaptation to oxidative stress and
contribute to protect the cell, the latter one should activate apoptosis via c-Jun N-terminal kinase (JNK). We studied the
effect of etoposide on human neuroblastoma cell line SH-SY5Y and on an etoposide-resistant clone to investigate
whether a pleiotropic effect of etoposide on the redox status of the cell exists which is able to interfere with apoptosis
through the GST P1-1 system. Etoposide treatment was able to induce GST P1-1 polymerization and activation of
apoptosis. The data obtained from our etoposide-resistant clone and the possibility to reverse the sensitive phenotype to
a resistant one by means of hexyl-glutathione preincubation, seem to suggest that cellular levels of glutathione have a
key role in protecting GST P1-1 by oxidation and consequently the cell’s decision between life and death. J. Cell.
Biochem. 86: 340–347, 2002. � 2002 Wiley-Liss, Inc.
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Glutathione S-transferases (GSTs, EC
2.5.1.18) belong to a large family of functionally
different enzymes, which catalyzes the S-con-
jugationofglutathione (GSH)withawidevariety
of electrophilic compounds including carcino-
gens, anticancer drugs, reactive oxygen species,
and products of cellularmetabolism. The soluble
GSTs in human tissues are classified in eight
classes: Alpha, Kappa, Mu, Pi, Sigma, Theta,
Zeta, and Omega, some of which are present in
multiple isoforms [Hayes and Strange, 2000].
GSTs are enzymes functionally active as homo-
dimers or heterodimers formed between sub-

units of the same class. Even though the S-
conjugation reaction protects the cell from cyto-
toxic and carcinogenic agents, many evidences
show that some classes might be involved in
anticancer drug-resistance and even be consid-
ered as tumor markers [Tew, 1994; Armstrong,
1997; Zhang et al., 1998]. In particular, elevated
levels of GST P1-1 (GST P1-1) have been found
in stomach, colon, bladder, testicular, prostate,
breast, skin, acutemyeloid and lymphoid leuke-
mia, and lung tumors, compared with corre-
spondingnormal tissues [Helzlsoveretal., 1988;
Gilbert et al., 1993; Russo et al., 1994; Gaffey
et al., 1995; Harries et al., 1997]. Furthermore,
among individuals with similar levels of GST
P1-1 expression in tumor, enzyme catalytic
activity would be expected to vary according to
the possible presence of variant GSTP1 geno-
type. Indeed four allelic variants exist, which
differ from each other by a single conservative
amino acid substitution residing in the xenobio-
tic substrate-binding site (H site) at codons 105
and 114. The proteins encoded by the different
GSTP1 alleles show different ability to metabo-
lize carcinogens and anticancer agents and
several studies have indicated various degree of
association between GSTP1 polymorphism and
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risk for a variety of cancers [Harries et al., 1997;
Leeetal., 2000;Gsuret al., 2001;Maugardetal.,
2001] as well as response to cancer treatment
[Stanulla et al., 2000; Sweeney et al., 2000] or
susceptibility to some diseases such as Parkin-
son’s disease [Menegon et al., 1998], multiple
sclerosis [Mann et al., 2000], and asthma
[Spiteri et al., 2000]. Even if the results of many
studies are often conflicting and the association
between GSTP1 polymorphism and disease
susceptibility/outcome has not been definitively
established, it is clear that it might be an
ubiquitous ‘‘disease modifying’’ agent.
In this context, the role of GST P1-1 in mod-

ulating the stress kinases signaling pathways,
and then apoptosis has to be considered. DNA
damaging agents, such as UV irradiation and
topoisomerase inhibitors (i.e., etoposide) seem
to trigger the activation of the c-JunN-terminal
kinase (JNK) pathway, which is followed by
CD95L expression and apoptosis [Kasibhatla
et al., 1998]. Recently, it has been shown that
monomeric GSTP1-1 could form a complexwith
JNK and this association is inversely correlated
with JNK activity. The inhibition of JNK activ-
ity by monomeric GST P1-1 is reversed by the
oxidative stress, which causes an oligomeriza-
tion of GST P1-1, and consequently, the dis-
sociation of the GST P1-1-JNK complex [Adler
et al., 1999] interfering with apoptosis [Bernar-
dini et al., 2000].On the otherhand, theGSTP1-
1 inactivation is reversible by the binding of
reduced glutathione to the enzyme [Shen et al.,
1993]. In addition, several evidences suggest
that aromatic compounds like etoposide, meta-
bolized to generate phenols and reactive carbo-
nyls could enter the ‘‘redox cycling,’’ increase
ROS production, and transcriptionally acti-
vate GST genes through the antioxidant reac-
tive elements present in their promoter region
(ARE) [Hayes and McLellan, 1999]. Therefore,
the oxidative stress could have a dual action
on GST P1-1 metabolism: transcriptional in-
duction and/or polymerization. This might
determineanopposite effect oncell fate, because
transcriptional activation could represent a
form of adaptation to oxidative stress contribut-
ing to protect the cell, while polymerization
should activate apoptosis via JNK. Probably
bothmechanisms are present in the cell and the
decision between life and deathmight be depen-
dent from the functional moment of the cell
as well as from the kind, level, and length of
exposure to stressors.

The aim of our study was to investigate the
modifications of GST P1-1 mRNA expression
and protein polymerization after etoposide
treatment in a human neuroblastoma cell line
SH-SY5Y. In particular, we have investigated
the effect of etoposide on the sensitive cell line
and on an etoposide-resistant clone to better
understandwhetherapleiotropic effect of etopo-
side on the redox status of the cell exists, which
might interfere with apoptosis bymeans of GST
P1-1.

MATERIALS AND METHODS

Materials

The SH-SY5Y cell line was purchased from
the American Type Tissue Collection (Mana-
ssas, VA). Dulbecco’s modified Eagle’s medium
(DMEM) nutrient mix Ham’s F12 (DMEM-
F12), fetal bovine serum (FBS), N-2-hy-
droxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES), Ca2þ- and Mg2þ-free phosphate-buf-
fered saline (PBS),Ca2þ- andMg2þ-free trypsin,
L-glutamine and non-essential amino acids
(NEAA) were purchased from Euroclone
(Devon, UK). Tri-reagent, ribonuclease A, pro-
pidium iodide, etoposide, S-hexylglutathione,
EDTA, Bicinchoninic acid solution and copper
(II) sulfate assay, and all the reagents used for
the measurement of intracellular glutathione
levels were purchased from Sigma (St. Louis,
MO). The first strand synthesis kit was from
Roche Diagnostics (Mannheim, Germany). In
addition, all the electrophoresis reagents, either
on agarose or on acrylamide, were purchased
from BioRad (Hercules, CA). The rabbit poly-
clonal antibody for the glutathione transferase
P1-1 (NCL-GSTpi) was purchased from Novo-
castra (Newcastle, UK). The Supersignal West
PicoChemiluminescent substratewas byPierce
(Rockford, IL). All the amplifications primers
used were from Invitrogen s.r.l. (Groningen,
The Netherlands), while the Taq DNA polymer-
ase and deoxynucleotides (dNTPs) were pur-
chased from Amersham Pharmacia Biotech
Europe (Freiburg, Germany). The pUC mix
marker 8 was from M-medical-Genenco (Fire-
nze, Italy). All tissue culture plastics were from
Becton Dickinson labware (Bedford, MA).

Cell Cultures

The human SH-SY5Y neuroblastoma cell
line was grown in DMEM nutrient mix Ham’s
F12 (DMEM-F12) supplemented with 10%

Effect of Etoposide on GST P1-1 in SH-SY5Y 341



heat-inactivated FBS, 1% NEAA, 2 mM
L-glutamine, and 15 mM HEPES, at 378C with
5% CO2 in a humidified atmosphere. Cells were
splitted 1:5 twice weekly and routinely fed 24 h
before each experiment. Cells were treatedwith
1 mMetoposide and/or 1mMS-hexylglutathione
at different time as reported in the result
section. Each experiment was performed in
triplicate. The SY5Y clone, resistant to 1 mM
etoposide, was obtained after a 4 months’ selec-
tion during which the cells were treated with
increasing concentration of etoposide starting
from 1 nM reaching 1 mM.

RT-PCR Analysis

Total RNA was extracted from 2� 106 cells
collected by centrifugation at 800g for 10 min
using 1 ml of tri-reagent following the manu-
facturer’s instructions. Total RNA was then
reverse-transcribed with AMV reverse tran-
scriptase according to the manufacturer’s
instructions. The cDNA was amplified by diff-
erential PCR using b2-microglobulin (b2-M) as
internal standard. The PCR was performed
with a Gene Amp PCR system 2400 (Perkin
Elmer Applied Biosystems, Foster City, CA).
PCR for GST P1-1/b2-M was carried out after a
pre-heating at 948C for 5 min through 25 cycles
(denaturation at 948C for 1 min, annealing at
598C for 1min, extension at 728C for 1min), and
a final extension at 728C for 7 min. The reaction
mixture for afinal volumeof 50mlwasas follows:
8 ml of the RT reaction mixture, PCR buffer
10mMTris (pH8.3), 50mMKCl, 1.5mMMgCl2,
0.2 mM dNTPs, 1.25 U Taq Polymerase, and
0.5 mMof the listed primers: GST P1-1 sense: 50-
TCA CTC AAA GCC TCC TGC CTA T-30 GST
P1-1 antisense: 50-CAG TGC CTT CAC ATA
GTC ATC C-30 b2-M sense: 50-ACC CCC ACT
GAA AAA GAT G-30 b2-M antisense: 50-ATC
TTC AAA CCT CCA TGA TG-30 b2-M primer
sequence generated a 110-bp product; the GST
P1-1 primers a 242-bp product, which includes
exons 5 and 6. The RT-PCR product (15 ml) were
separated on 3% agarose, 0.5 mg/ml ethidium
bromide gels and visualized on Fluor-S-Max
(BioRad). The ratio of target to control b2-M
gene products was determined by bi-dimen-
sional densitometry on Fluor-S-Max (BioRad).

Immunoblotting Analysis

The proteinswere extracted from 5� 106 cells
collected by centrifugation at 800g for 10 min.
The pellets, resuspended in 100 ml of 0.1 M

potassium-phosphate buffer, pH 6.5, were soni-
cated by Sonics Vibra Cell (Danbury, CT) and
then centrifuged at 12,000g for 5 min at 48C to
isolate the cytosolic proteins. Protein concen-
trations were measured by bicinchoninic acid
solution and copper (II) sulfate assay (BCA-
protein assay). Proteins were normalized to
50 mg/lane and applied in non-reducing condi-
tions to a 12%SDS–polyacrylamide gel forGST
P1-1. The gel was blotted (3 h at 300 mA at 48C)
onto a nitrocellulose filter (0.2 mM). The filter
was washed twice with TBS containing 0.05%
Tween-20 (T-TBS) before blocking non-specific
binding sites with a 2-h incubation at room
temperature in 5% dry milk/T-TBS. The filter
then was incubated overnight at room tempera-
ture with GST P1-1 polyclonal antibody (1:500
in 1% dry milk/T-TBS). After three washes in
TBS and seven in T-TBS, the filter was incu-
bated for 2 h with goat anti-rabbit horseradish
peroxidase-conjugated IgG (1:5,000 in 1% dry
milk/T-TBS) at room temperature. After three
washes in TBS and seven in T-TBS, the filter
was treated with the chemiluminescence de-
tection system and detected on Fluor-S-Max
(BioRad).

Determination of DNA Fragmentation

To estimate DNA fragmentation, 106 cells
subjected to different treatments were collected
at 800g for 10 min and fixed with 1:1 PBS and
methanol–acetone (4:1 v/v) solution at �208C.
After a wash in PBS, the cells were incubated
with 13 kU RNase for 20 min at 378C and then
with 40 mg/ml propidium iodide for 15 min at
378C. The apoptotic bodies were evaluated by
flow cytometry on a FACS-Calibur flow cyto-
meter (Becton-Dickinson, San Jose, CA). Cells
were excited at 488 nm using a 15 mW Argon
laser, and the fluorescence was monitored at
578 nm at a rate of 150–300 events/s. Ten
thousand events were evaluated using the Cell
Quest Programme (ibid). Electronic gating
FSC-a/vs/FSC-h was used, when appropriate,
to eliminate cell aggregates. The experiments
were performed in duplicate.

Measurement of Intracellular Glutathione Levels

The cells (5� 106) differently treated were
collected by centrifugation at 800g for 10 min.
The cells were sonicated by Sonics Vibra Cell
for three times of 2 s in 100 ml of 0.1 M
potassium-phosphate buffer, pH 7.2 for GSSG
determination, the buffer contains 5 mM

342 Bernardini et al.



N-ethylmaleimide.After sonication,50ml of 12%
sulfosalicylic acid was added; GSH (or GSSG)
content on the acid-soluble fraction was deter-
mined; the protein pellet was dissolved in 150 ml
of 0.1 N NaOH, and GS-Pro was determined.
Protein concentrations were determined by
BCA-protein assay.
TheHPLC-system,withsampleprocessorand

solvent delivery system, was an Agilent 1100
Series, equipped with a fluorescence detector
G1321A operating at an excitation wavelength
of 390 nm and an emission wavelength of
478 nm; the data obtained were analyzed with
the HP-chemstation program of Agilent Tech-
nologies (Hewlett-Packard Co., Amsterdam,
The Netherlands). The derivatization proce-
dure has been performed as follows: in a der-
ivatization vial, containing 15 ml of sample and
15 ml of internal standard (50 mM cysteamine),
were added 30 ml of 4 M NaBH4 (dissolved in
a solution of 333 ml/L of DMSO and 66 mN
NaOH), 20 ml of a solution containing 2 mM
EDTA and 2 mM DTT, 10 ml of 1-octanol and
20 ml of HCl 1.8 M. After a 3-min incubation at
room temperature, 100 ml ofN-ethylmorpholine
buffer 1.5 M, pH 8.0, 400 ml of distilled water,
and 20 ml of bromobimane 25 mM (in acetoni-
trile/H2O1:1) were added. After a 3-min incuba-
tion at room temperature, 40 ml of acetic acid
was added and the autosampler injected 20 ml of
this mixture into the column. The derivatized
sample was injected into a 150 mm� 4.6 mm
Hypersil-ODS column (ThermoQuest, Hypersil
Division, Cheshire, UK) equilibrated with
30-mMammoniumnitrateand40-Mammonium
formate buffer, pH 3.6 (A). Glutathione was
eluted from the column in 5 min with a gradient
of acetonitrile (B) (0–4 min, 0–30% B; 4–5 min,
30–100%B)ataflowrate of 1.5ml/min.Ambient
temperature was used, and the retention time
for the analyte were calculated using external
standards at six different concentrations. The
experiments were performed in duplicate.

RESULTS

Expression of GST P1-1 in Human Neuroblastoma
Cell Line and Its Modulation by Etoposide

We have investigated the mRNA expression
of GSTP1-1 in the SH-SY5Yneuroblastoma cell
line by means of differential RT-PCR using b2-
microglobulin (b2-M) as housekeeping gene.
The SH-SY5Ywere treated with 1 mMetoposide
for 6, 8, 10, 12, 18, and 24 h to investigate the

possible presence of a modulatory effect of
etoposide on the GST P1-1 expression.

As shown in Figure 1 (panel A), we did not
detect any modulation of GST P1-1 during 24 h
of incubation with etoposide. The percentage of
variation between different times of treatment,
expressed asGSTP1-1/b2-M ratio was less than
20%. At 10 h of incubation with etoposide, there
was a reduction in GST P1-1 mRNA levels, but
there was also a comparable reduction in the
housekeeping gene leading to an unchanged
ratio value.

Immunoblotting of GST P1-1 in Human
Neuroblastoma Cell Line and Its Modulation

by Etoposide

We evaluated the GST P1-1 protein modula-
tion due to etoposide at different times of
treatment using an immunoblotting assay in
non-reducing conditions.

As shown in Figure 1 (panel B), during 24 h of
treatment, we did not detect any significant
change in the monomeric GST P1-1 levels.
Interestingly, we detected the appearance of
an extraband (MW 46 kDa) in samples treated
with etoposide for 8 and 10 h, indicating the
presence of post translationally modified GST
P1-1. Indeed, the extraband, about twice the
molecular weight of monomeric GST P1-1, cor-
responds to that previously described as a dimer
via intersubunit disulfide bonding between
Cys-47 residues [Bernardini et al., 2000].

Evaluation of Oxidative Stress in Human
Neuroblastoma Cell Line by Etoposide

We evaluated the oxidative stress as the per-
centage of GSSGþGS-Pro/GSH (GSSG, oxi-
dated glutathione;GS-proGlutathione bound to
proteins; GSH, reduced glutathione).

As shown in Figure 1 (panel C), we observed a
modification in the oxidative status of the cells
after treatment with etoposide. In particular,
the oxidative stress, reported as a ratio-fold over
control, started to increase at 12 h of etoposide
treatment and reached its highest value at 24 h
of treatment.

Evaluation of Apoptosis Induced
by Etoposide in Human Neuroblastoma Cell Line

The percentage of apoptotic bodies was mea-
sured by flow cytometry after propidium iodide
staining, and expressed as fold over control.

As shown in Figure 1 (panel D), we observed a
progressive increase in the apoptotic bodies

Effect of Etoposide on GST P1-1 in SH-SY5Y 343



starting at 8 h, reaching the maximum level at
24 h of etoposide treatment.

Evaluation of GST P1-1 mRNA Expression,
Protein Polymerization, and Oxidative Stress,

in SH-SY5Y Etoposide-Resistant Clone

The results obtained for the etoposide resis-
tant clone where compared with those obtained
at 10-h treatment in the sensitive cell line. We
chose this time of incubation because of a rele-
vant value of apoptotic bodies and the presence
of GST P1-1 polymerization. The SH-SY5Y
etoposide-resistant clone presented an apop-
totic bodies percentage comparable to the
untreated sensitive cell line.

As shown in Figure 2 (panel A), we did not
detect any significant variation in the GST P1-1
mRNA expression between the resistant clone
and the sensitive cell line. On the contrary, we
did not detect the extraband due to a lack of
polymerization of GST P1-1 in the resistant cell
clone (Fig. 2, panel B).

Fig. 1. Evaluation of GST P1-1 mRNA expression, protein
polymerization, oxidative stress, and apoptosis in SH-SY5Y
treated with 1 mM etoposide at different times. Panel A:
Differential reverse transcription-polymerase chain reaction
(RT-PCR) with co-amplification of GST P1-1 and b2-microglob-
ulin (b2-M) in basal condition (ctrl, lane 1) and after treatment
with 1 mM etoposide for 6 (lane 2), 8 (lane 3), 10 (lane 4), 12
(lane 5), 18 (lane 6), and 24 h (lane 7); RT-PCR negative control
was loaded in lane 8. M: pUC mix marker 8. Panel B:

Immunoblotting of GST P1-1 in non-reducing condition.
Samples were analyzed in basal condition (ctrl, lane1) and
after treatment with 1 mM etoposide for 6 (lane 2), 8 (lane 3), 10
(lane 4), 12 (lane 5), 18 h (lane 6), and 24 h (lane 7). Panel C:
Oxidative stress reported as fold over control in basal condition
(ctrl) and after treatment with 1 mM etoposide for 6, 8, 10, 12,
18, and 24 h. Panel D: The percentage of apoptotic bodies
reported as fold over control in basal condition (ctrl) and after
treatment with 1 mM etoposide for 6, 8, 10, 12, 18, and 24 h.

Fig. 2. Evaluation of GST P1-1 mRNA expression and protein
polymerization in SH-SY5Y etoposide-resistant clone. Panel A:
Differential RT-PCR with co-amplification of GST P1-1 and b2-
microglobulin (b2-M) in SH-SY5Y etoposide sensitive cell line
after treatment with 1 mM etoposide for 10 h (lane 1) and in SH-
SY5Y etoposide resistant clone (lane 2). RT-PCR negative
control was loaded in lane 3. M: pUC mix marker 8. Panel B:
Immunoblotting of GST P1-1 in non-reducing condition.
Samples were analyzed in SH-SY5Y etoposide-sensitive cell
line after treatment with 1 mM etoposide for 10 h (lane 1) and in
SH-SY5Y etoposide-resistant clone (lane 2).
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The oxidative stress expressed as the percen-
tage of GSSGþGS-Pro/GSH was about 2.5
times lower in the etoposide-resistant clone
compared to the sensitive cell line. At the
same time, theGSH levelswas two times higher
in the etoposide resistant clone (49.1� 2.4 mM/
mg/ml total proteins) compared to the sensitive
cell line (26.4� 1.6 mM/mg/ml total proteins).

Effect of S-Hexyl Glutathione on Human
Neuroblastoma Cell Line

In order to investigate the role of the GSH on
the ability of the cells to undergo apoptosis, we
performed an experiment in which we pre-
treated the SH-SY5Y with 1 mM S-hexyl gluta-
thione for 2 h, and then treated with 1 mM
etoposide for 10 h. As shown in Figure 3 (panel
A), theS-hexyl glutathione is able to prevent the
GST P1-1 polymerization, and to determine a
reduction in the apoptotic bodies formation
(Fig. 3, panel B).

DISCUSSION

GSTs are a family of enzymes involved in
the detoxification of electrophilic xenobiotics,
including several anticancer drugsand environ-
mental carcinogens. Therefore, GSH conjuga-
tion reaction catalyzed by GSTs might play a
role in the inactivation of anticancer drugs in
neoplastic cells. Many studies have confirmed
their role in drug resistance, although the
specific role of each isoenzyme has been difficult
to assess; this is possibly due to the variability in
the degree of resistance among different cell

lines investigated to the different drugs used in
relation to the isoenzymes transfected [Naka-
gawa et al., 1990; Leyland-Jones et al., 1991;
Gaffey et al., 1995; Miyara et al., 1996]. More-
over, other GSH-related mechanisms involved
in drug resistance, like GS-X and multidrug
resistance associated protein (MDR)pumps, the
activity of g-glutamylcysteine synthetase, GSH
peroxidase and GSH reductase, have to be
considered [Zhang et al., 1998].

Muchevidence suggests that thephenotypeof
drug resistance may result from reduction in
the ability of neoplastic cells to start program-
med cell death when exposed to antineoplastic
drugs. This reduced ability could be intrinsic to
the cell because of genetic changes in the
apoptosis machinery or related to other factors
that could interact with it.

It has been shown that monomeric GST P1-1
could form a complex with JNK. This associa-
tion is inversely correlated with JNK activity.
The inhibition of JNK activity by monomeric
GST P1-1 is reversed by the oxidative stress,
which causes an oligomerization of GST P1-1,
and consequently, the dissociation of the GST
P1-1-JNK complex. Thus, GST P1-1 hypotheti-
cally could interfere with the apoptosis machin-
ery [Kasibhatla et al., 1998; Adler et al., 1999].

On the other hand, several evidences suggest
that aromatic compounds like etoposide, meta-
bolized to generate phenols and reactive carbo-
nyls could enter the ‘‘redox cycling,’’ increase
ROS production and transcriptionally acti-
vate GST genes through the antioxidant reac-
tive elements present in their promoter region
(ARE) [Hayes and McLellan, 1999]. Therefore,
the oxidative stress could have a dual action on
GST P1-1 metabolism: transcriptional induc-
tion and/or polymerization. This might deter-
mine an opposite effect on cell fate, indeed
transcriptional activation should represent a
form of adaption to oxidative stress and contri-
bute to protect the cell, on the contrary poly-
merization should activate apoptosis via JNK.

The aim of our study was to investigate the
modifications of GST P1-1 mRNA expression
and protein polymerization during etoposide
treatment in a human neuroblastoma cell line
SH-SY5Y. In particular, we have investigated
the effect of etoposide on sensitive cell line and
on an etoposide-resistant clone to better under-
stand, if a pleotropic effect of etoposide on the
redox status of the cell exists, which interfere
with apoptosis by means of GST P1-1.

Fig. 3. Effect of S-hexyl glutathione on GST P1-1 protein
polymerization and apoptosis in SH-SY5Y treated with 1 mM
etoposide for 10 h. Panel A: Immunoblotting of GST P1-1 in
non-reducing condition. SH-SY5Y etoposide-sensitive cell
line were analyzed in basal condition (ctrl, lane1) and after
treatment with 1 mM etoposide for 10 h without (lane 2) and with
(lane 3) pre-treatment with 1 mM S-hexyl glutathione for 2 h.
Panel B: The percentage of apoptotic bodies reported as fold
over control in basal condition (ctrl) and after treatment with
1 mM etoposide for 10 h without (lane 2) and with (lane 3) pre-
treatment with 1 mM S-hexyl glutathione for 2 h.
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We exposed the SH-SY5Y human neuroblas-
toma cell line to etoposide for mainly three
reasons: (1) etoposide is currently employed in
the chemotherapeutic protocols for neuroblas-
toma; (2) etoposide is able to induce apoptosis
both as DNA damaging agent, and acting
through the JNK pathway, the activation of
AP-1 (consensus activator protein 1), which in
turn promotes CD95L expression to induce
apoptosis [Shen et al., 1993]; (3) etoposide is
an aromatic compound that on metabolization
could generate phenols and reactive carbonyls,
which enter in the ‘‘redox cycling’’ producing
ROS.

Our experiments have beenperformed onSH-
SY5Y human neuroblastoma cell line and on an
etoposide-resistant clone of the same cell line.

The GST P1-1 mRNA expression and mono-
meric GST P1-1 protein levels did not change
in a relevant manner after 6, 8, 10, 12, 18, and
24 h of incubation with etoposide 1 mM in the
sensitive cell line. However, we detected the
appearance of an extraband (MW 46 kDa) in
samples treated with etoposide for 8 and 10 h,
indicating the presence of post translationally
modified GST P1-1. This polymerization repre-
sents away to induce JNKactivity removing the
inhibition exerted by monomeric GST P1-1
[Kasibhatla et al., 1998].

The treatment with etoposide 1 mM induced
apoptosis starting from 8 h, reaching its highest
value at 24 h. In the same conditions, we also
detected an increase of oxidative stress al-
though it started only at 12 h. All these data
suggest that theGSTP1-1 polymerization plays
an important role in the apoptotic mechanisms
induced by etoposide and is not only an ephi-
fenomen of the oxidative stress.

The etoposide-resistant clone,which presents
a percentage of apoptotic bodies comparable to
the untreated control of the sensitive cell line,
did not show any difference in the GST P1-1
mRNA expression, but showed a lack of the
extraband indicating non-polymerization of the
GST P1-1. Furthermore, the etoposide-resis-
tant clone showed a decrease in the oxidative
stress and an increase of GSH levels when
compared to the sensitive cell line treated with
etoposide for 10 h.

This phenomenon prompted us to investigate
the role of the GSH on the ability of the cells to
undergo apoptosis. We pre-treated the SH-
SY5Y with 1 mM S-hexyl glutathione for 2 h
and then treated the cell line with 1 mM

etoposide for 10 h. As anticipated, the S-hexyl
glutathione was able to prevent the GST P1-1
polymerization and to determine a reduction in
the apoptotic bodies formation.

Our data seem to suggest that etoposide
treatment was unable, at least in our experi-
mental conditions, to induce a transcriptional
activation of GSTP1 in SH-SY5Y human neuro-
blastoma cell line. On the other hand, etoposide
wasable to induceGSTP1-1polymerizationand
activation of apoptosis via the JNK pathway.
The data obtained from the etoposide-resistant
clone and the possibility to reverse the sensitive
phenotype to a resistant one by means of hexyl-
glutathione preincubation, seem to suggest
that cellular levels of GSH have a key role in
protecting GST P1-1 from oxidation, and there-
fore, in the decision of the cell between life and
death.
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