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GS28 Protects Neuronal Cell Death Induced by Hydrogen Peroxide
under Glutathione-Depleted Condition
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Golgi SNAP receptor complex 1 (GS28) has been implicated in vesicular transport between
intra-Golgi networks and between endoplasmic reticulum (ER) and Golgi. Additional role(s) of GS28
within cells have not been well characterized. We observed decreased expression of GS28 in rat ischemic
hippocampus. In this study, we examined the role of GS28 and its molecular mechanisms in neuronal
(SK-N-SH) cell death induced by hydrogen peroxide (H:0:). GS28 siRNA-transfected cells treated with
H:0: showed a significant increase in cytotoxicity under glutathione (GSH)-depleted conditions after
pretreatment with buthionine sulfoximine, which corresponded to an increase of intracellular reactive
oxygen species (ROS) in the cells. Pretreatment of GS28 siRNA-transfected cells with p38 chemical
inhibitor significantly inhibited cytotoxicity; we also observed that p38 was activated in the cells by
immunoblot analysis. We confirmed the role of p38 MAPK in cotransfected cells with GS28 siRNA
and p38 siRNA in the cell viability assay, flow cytometry, and immunoblot. Involvement of apoptotic
or autophagic processes in the cells was not shown in the cell viability, flow cytometry, and immunoblot
analyses. However, pretreatment of the cells with necrostatin-1 completely inhibited H:O:-induced
cytotoxicity, ROS generation, and p38 activation, indicating that the cell death is necroptotic.
Collectively these data imply that H»0: induces necroptotic cell death in the GS28 siRNA-transfected
cells and that the necroptotic signals are mediated by sequential activations in RIP1/p38/ROS. Taken
together, these results indicate that GS28 has a protective role in H:;O:-induced necroptosis via

inhibition of p38 MAPK in GSH-depleted neuronal cells.
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INTRODUCTION

Under metabolic processes, cells can generate a partially
reduced form of oxygen referred to as reactive oxygen spe-
cies (ROS) [1]. ROS are generated by various enzyme sys-
tems, such as the mitochondrial electron transport chain,
NADPH oxidase, xanthine oxidase, cytochrome P450, and
lipoxygenase [2]. Incomplete reduction of an oxygen mole-
cule during mitochondrial respiration leads to production
of a superoxide anion that is enzymatically dismutated to
hydrogen peroxide (H20:), a type of ROS. By Fenton re-
action, H3O2 is converted to hydroxyl radicals, which can
cause damage to DNA, membrane lipids, and proteins.
Mammalian cells maintain intracellular ROS at a low level
through antioxidant systems such as superoxide dismutase,
vitamins E and C, and glutathione (GSH) [3]. GSH plays
a central role in maintaining redox homeostasis [4].
Elevated ROS elicit a variety of oxidative stress responses
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ranging from cell proliferation to growth arrest to cell death
[5,6]. The particular outcome can vary depending on cell
type as well as the concentration and duration of ROS
exposure.

It is well known that elevated ROS can induce apoptosis
or necrosis that occurs usually depending on the level of
intracellular ROS and ATP [1]. The existence of necrotic
cell death regulated by an intrinsic death program distinct
from that of apoptosis was also proposed, termed nec-
roptosis [7]. It was reported that oxidative stress induces
necroptosis, which is a caspase-independent nonapoptotic
cell death and appears morphologically similar to necrosis
[8]. Recent studies demonstrated that ROS induce autopha-
gic cell death, another type of programmed cell death dis-
tinct from apoptosis [9,10]. Molecular mechanisms in cell
injury have been well demonstrated in ROS-induced
apoptosis. Studies have implicated a major role for mi-
togen-activated protein kinases (MAPKSs) in the signaling
and have suggested other kinases also play a role, such as

ABBREVIATIONS: GS28, golgi SNAP receptor complex 1; HoOq,
hydrogen peroxide; ROS, reactive oxygen species; GSH, glutathione;
BSO, buthionine sulfoximine; HsDCF-DA, 2',7'-dichlorodihydro-
fluorescein diacetate; DFO, deferoxamine mesylate; Nec-1, necro-
statin-1; siRNA, small interfering RNA; RIP1, receptor-interacting
protein 1.
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phosphatidylinositol 3-kinase (PISK)/AKT, protein kinase C
(PKC), and nuclear factor-«B (NF-«B) [1].

We identified a gene related to oxidative stress, Golgi
SNAP receptor complex 1 (GS28), and designed experi-
ments to characterize the roles of this gene in cellular oxi-
dative injury. Decreased expression of the GS28 gene was
shown in rat ischemic hippocampus. In this study, we ex-
amined the role of GS28 and its molecular mechanisms in
neuronal cell death induced by HzOs.

METHODS

Materials

The SK-N-SH cell line (HTB-11) was purchased from
ATCC (Rockville, MD). Dulbecco's modified Eagle's medium
(DMEM) and fetal bovine serum (FBS) were from Thermo
Scientific (Waltham, MA). Lipofectamine™ 2000 and
Opti-MEM were from Invitrogen Corporation (Carlsbad,
CA). Hydrogen peroxide (H20s), buthionine sulfoximine
(BSO), deferoxamine mesylate (DFO), bafilomycin Al, dime-
thylsulfoxide (DMSO), phosphate-buffered saline (PBS), and
2'7'-dichlorodihydrofluorescein diacetate (HsDCF-DA) were
from Sigma (St Louis, MO). The GS28 antibody was from
BD Transduction Laboratories (San Jose, CA). The £ -actin
antibody and secondary mouse and rabbit antibodies were
from Sigma. The Bax antibody was from Delta Biolabs
(Gilroy, CA). Microtubule-associated protein 1 light chain
3 (LC3), caspase-3, PARP, p-p38, and beclin-1 antibodies
were from Cell Signaling Technology (Danvers, MA). The
GAPDH antibody and necrostatin-1 (Nec-1) were from
Santa Cruz Biotechnology (Santa Cruz, CA). SB202190,
SP600125, wortmannin, and tempol were from Calbiochem
(San Diego, CA), and zVAD-fmk was from Tocris (Ellisville,
MO). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide MTT) was from Duchefa (Haarlem, Netherlands).
The PVDF membrane was from GE Healthcare (Bucking-
hamshire, England). ECL Western Blotting Detection
Reagent was from Pierce (Rockford, IL). Immobilon™
Western was from Millipore (Billerica, MA). Bradford re-
agent was from Bio-Rad (Hercules, CA). The ApoScan
Annexin V-FITC apoptosis detection kit was from BioBud
(Seoul, Korea).

Cell culture, siRNA transfection, and cell viability
assay

Human neuroblastoma SK-N-SH cells were cultured in
DMEM supplemented with 10% heat-inactivated FBS at
37°C in 5% C04/95% air. Cells were transfected using
Lipofectamine™ 2000 according to the manufacturer’s
instructions. The day before transfection, cells were seeded
at a concentration of 4.5x10° cells per well in a 6 well plate.
Cells were transfected with small interfering RNA (siRNA)
targeted for each gene. After 2 days, the cells were seeded
into 96-well plates at 1.2x10" cells per well in medium con-
taining with 200 «M BSO, a specific inhibitor of glutathione
(GSH) synthesis. After overnight culture, the cells were
treated with various concentrations of HzO2 with 200 M
BSO for 24 h. Cell viability was analyzed by MTT reduction
assay. The cell viability assay also was performed following
pretreatment with MAPK inhibitors or chemicals 1 h before
addition of H30s. The inhibitors or chemicals used were
SB202190 (P38 inhibitor), SP600125 (JNK/SAPK inhibitor),

wortmannin (PI3K inhibitor), zVAD-fmk (pan-specific cas-
pase inhibitor), Nec-1 (selective RIP1 inhibitor), DFO (iron
chelator), and tempol (ROS scavenger). Duplex siRNAs for
GS28 and Atgb were 5-GCAUUGCUAUGGCAACAAA-3'
and 5-GGAAUAUCCUGCAGAAGAA-3', respectively, and
were synthesized by Ambion (Austin, TX). MAPK14 siRNA
was from Dharmacon (Lafayette, CO). Negative control
siRNA was purchased from Ambion. Efficiency in silencing
gene expression was determined three days after trans-
fection by immunoblots. Cell viabilities were expressed as
a percentage of that observed in untreated cells. Effect on
cell viability by the silencing siRNAs was compared with
that in cells transfected with a non-silencing siRNA control.

Detection of intracellular ROS

Detection of intracellular ROS was performed as de-
scribed previously [1]. To visualize intracellular ROS gen-
eration at the end of treatments, cells were incubated for
10 min with 5 «M HeDCF-DA. The cells were washed with
PBS, and DCF fluorescence intensity was monitored using
a fluorescence microscope (IX71, Olympus, Tokyo, Japan).
To determine the intracellular ROS levels, the fluorescence
intensities emitted at 515~545 nm from the suspended
cells incubated with 5 #M H3;DCF-DA were measured us-
ing a flow cytometer (FACSCalibur, Becton Dickinson, San
Jose, CA) and analyzed using CellQuest software (Becton
Dickinson). The fluorescent intensity in the cells trans-
fected with silencing siRNAs was compared to that in the
cells transfected with control siRNA.

Flow cytometric analysis of apoptosis

Determination of apoptosis was performed using an
ApoScan Annexin V-FITC apoptosis detection kit according
to the manufacturer's protocol as described previously [11].
Cells transfected with siRNA were treated with H2Os for
2 h, and the cells were collected and washed twice in PBS.
The cells were incubated for 15 min at room temperature
with annexin V-FITC, and propidium iodide (PI) was added.
The fluorescence intensities from the cells were measured
with the FL1 channel for detecting FITC (518 nm) and with
the FL2 channel for detecting PI (620 nm) using a flow cy-
tometer (FACSCalibur) and analyzed using CellQuest soft-
ware (Becton Dickinson).

Immunoblot analysis

On the third day of transfection, cells were treated with
H20.. After incubation of indicated times, cells were har-
vested and lysed with RIPA buffer. After centrifugation of
lysates, supernatants were mixed with an equal volume of
2x SDS-PAGE loading buffer. Protein concentrations were
quantified using Bradford solution. Equal amounts of the
cell lysates were loaded and separated by SDS-PAGE, and
proteins were transferred to PVDF membranes. The mem-
branes were incubated with primary antibodies; next, they
were incubated with secondary antibodies conjugated to
horseradish peroxidase. Immunoreactive protein signals
were visualized using ECL™ Western Blotting Detection
Reagents or Immobilon™ Western. AB-actin or GAPDH
were used as internal controls in the immunoblot analysis.
The conversion of LC3 was expressed in the ratio of LC3-II
to LC3-I determined by densitometry of the immunoblots.
Western blots also were performed following pretreatment
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with DFO, tempol, or Nec-1 1 h before the addition of HzOs.
Statistical analysis

Analysis and data graphing were done with Prism 4.0
(GraphPad Software, San Diego, CA). Data are expressed
as meanstSEM of at least three independent experiments.
Statistical analysis was performed by two-way ANOVA for
multiple group comparisons followed by Bonferroni post-tests.
A value of p<0.05 was considered statistically significant.

RESULTS

GS28 on H;0sinduced neuronal cytotoxicity in GSH-
depleted conditions

Libraries of cDNA prepared from ischemia/reperfusion
(I/R)-treated and -untreated hippocampal tissues were used
to isolate genes related to oxidative injury by a differential
screening method as described previously [12]. One of the
identified genes showing decreased expression in the
I/R-treated hippocampus was GS28 (data not shown). In
this study, we examined the role of GS28 and its molecular
mechanisms in neuronal (SK-N-SH) cell death induced by
H;0; as an oxidative stress. In contrast to a decrease in
ischemic hippocampal tissues, the increase of GS28 gene
expression in the neuronal cells treated with HsOs was
demonstrated in immunoblot analysis (Fig. 1A), which sug-
gests that GS28 plays roles in oxidative injury. To examine
the molecular mechanisms in this condition, we introduced
GS28 siRNA into the cells to silence gene expression. GS28
siRNA was efficient in silencing gene expression compared
to that of control siRNA three days after transfection as

seen by immunoblot (Fig. 1B). Without pretreatment with
BSO, the change of cytotoxicity in the GS28 siRNA-trans-
fected cells treated with H2O2 was not shown in a cell via-
bility assay (Fig. 1C). After overnight pretreatment with
BSO, GS28 siRNA-transfected cells treated with HzOs
showed a significant, dose-dependent increase in cytotox-
icity compared to that of cells transfected with a control
non-silencing siRNA (Fig. 1D). The following experiments
were performed under GSH-depleted conditions with BSO
pretreatment. In the assays, H2Os was applied to cells at
concentrations ranging from 0 to 400 x«M. The GSH level
in cells treated with 200 «M BSO was negligible compared
to that of non-treated cells (data not shown). These data
suggest that GS28 plays protective roles against H20.-
induced cytotoxicity under GSH-depleted conditions.

H:0s-induced ROS responsible for cytotoxicity

It was well-demonstrated that intracellular HoOs can be
converted to hydroxyl radicals via Fenton reaction. We ex-
amined whether or not H2O2 addition correlates with the
generation of ROS in the GS28 siRNA-transfected cells.
Pretreatment of GS28 siRNA-transfected cells with tempol
or DFO significantly inhibited the cytotoxicity of H2O2 in
cell viability assays (Fig. 2). We measured the intracellular
ROS accumulation by staining cells with HoDCF-DA. A sig-
nificant increase of DCF fluorescence in flow cytometry
analysis was shown in GS28 siRNA-transfected cells treat-
ed with HzO; for 3 h (Fig. 4). The increase of fluorescence
in the cells was inhibited by pretreatment with iron chela-
tor (DFO) and ROS scavenger (tempol). These data suggest
that ROS generated by the HyO2 are responsible for the
cytotoxicity in GS28 siRNA-transfected cells, and GS28 is
involved in regulation of intracellular ROS levels.
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Fig. 1. Increase of Hs0q-induced cytotoxicity by silencing gene expression of the GS28 in glutathione (GSH)-depleted neuronal cells. (A)
After treatment of neuroblastoma SK-N-SH cells with 400 M Hs0; for indicated times, expression of GS28 in the cell lysates was examined
by immunoblot analysis using GS28 or GAPDH antibody. (B) siRNAs were transfected into cells by lipofectamine, and efficiency of silencing
GS28 expression was examined with immunoblot 3 days after transfection. The transfected cells were treated with various concentrations
of H30; for 24 h in the absence (C) or presence (D) of 200 «M buthionine sulfoximine (BSO). Cell viability was determined by an MTT
reduction assay. The data represent the mean+=SEM of 3 independent experiments. *p<0.05 versus the values in control siRNA-transfected

cells (two-way ANOVA, Bonferroni posttests).
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Fig. 3. Involvement of p38 in the Hs0s-induced cytotoxicity in GS28 siRNA-transfected cells. (A) siRNA-transfected cells were treated with
H;0: in the presence of BSO without or with pretreatment with chemical inhibitors. The inhibitors are 20 «M SB202190 (p38), 20 M
SP600125 (JNK), 200 nM wortmannin (PI3K), and 20 M zVAD-fmk (pan-specific caspase). Cell viability was determined by an MTT
reduction assay. The data represent the mean+SEM of 3 independent experiments. *p<0.05 versus the values in GS28 siRNA-transfected
cells without pretreatment. (B) Efficiency of silencing gene expression was examined after transfection of p38 siRNA by immunoblot analysis
of protein lysates. B-actin was used as loading controls. (C) HyO2-induced cytotoxicity was examined in GS28 siRNA-transfected cells without
or with cointroduction of p38 siRNA. The cells were treated with H2Os for 24 h in the presence of BSO. Cell viability was determined
by an MTT reduction assay. The data represent the mean+SEM of 3 independent experiments. *p<0.05 versus the values in the cells
transfected with GS28 siRNA alone. (D) Activation of p38 MAPK in GS28 siRNA-transfected cells treated with H.O. was examined.
siRNA-transfected cells were treated with 100 #M Hs0, for 3 h without or with pretreatment with 1 mM tempol and 50 «M deferoxamine
(DFO). Phosphorylation of p38 was determined by immunoblot analysis. B-actin was used as a loading control.

ROS-induced cellular damage, we examined the effects of

Non-apoptotic cell death by H:0: via p38 MAPK GS28 on signaling pathways involved in HOs-induced
activation cytotoxicity. It is widely recognized that MAPK pathways
are important in the regulation of cell survival and death

Since we showed that GS28 has a protective role against in response to intracellular ROS levels. Cell viability was
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examined in GS28 siRNA-transfected cells by pretreatment
with MAPK inhibitors (Fig. 3A). Pretreatment of the cells
with a PI3K (wortmannin) or JNK (SP600125) inhibitor
had no effect on cytotoxicity, but pretreatment with a p38
(SB202190) inhibitor significantly inhibited cytotoxicity. As
shown in Fig. 3D, we also confirmed via immunoblot analy-
sis that p38 MAPK was activated in GS28 siRNA-trans-
fected cells treated with H2O. for 3 h. These data suggest
that GS28 has a protective role against H2Os-induced cell
death through inhibition of p38 MAPK.

To examine whether or not HyOs-induced cytotoxicity was
attributed to apoptosis, GS28 siRNA-transfected cells treat-
ed with HyOs were analyzed by staining with annexin V
and propidium iodide in flow cytometry. Apoptotic rates
were low in both control and GS28 siRNA-transfected cells
(Fig. 7A). We further examined cytotoxicity with molecular
apoptotic markers. We could not detect the cleavage frag-
ments of procaspase-3 and PARP in immunoblot analyses
(Fig. 5). Pretreatment with zVAD-fmk, a pan-specific cas-
pase inhibitor, had a minor inhibitory effect on HyOs-induced
cytotoxicity in the cells, but the effect was not significant
statistically (Fig. 3A). These data suggest that HzOs-induced
cytotoxicity in the GS28 siRNA-transfected cells is shown
primarily as non-apoptotic.

Necroptotic cell death induced by H:0:

We were unable to observe any involvement of apoptotic
processes in GS28 siRNA-transfected cells treated with
H30;. Therefore, we examined the autophagic process in
cells treated with H2O.. To identify whether or not H20O2
induced autophagy, we observed the conversion of LC3-I in-
to LC3-II, a marker of autophagy, by immunoblot. Increase
of LC3-II conversion was shown in both control siRNA- and
GS28 siRNA-transfected cells treated with H2O2 without a
significant difference between them (Fig. 5), which imply
that a defensive autophagic process to survive against HoOo
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as described in Materials and Methods.

exposure is activated in the cells. To further examine auto-
phagic cell death, we introduced Atg5 siRNA into cells to
silence gene expression. The siRNA was efficient in silenc-
ing the expression of Atgh proteins (Fig. 6A). Atgh siRNA
was unable to inhibit cytotoxicity in GS28 siRNA-trans-
fected cells treated with H2O: (Fig. 6B). Pretreatment of
the cells with bafilomycin Al, a lysosomal inhibitor, also
did not affect cytotoxicity. Recent studies suggest that nec-
roptosis is another type of cell death induced by ROS. Nec-1
is a specific inhibitor on the process of necroptosis via in-
hibition of receptor-interacting protein 1 (RIP1) kinase ac-
tivity [8]. In flow cytometry analysis, increase of ROS gen-
eration was completely inhibited by the pretreatment with
Nec-1 in GS28 siRNA-transfected cells treated with H2O,
(Fig. 4). Cytotoxicity induced by H2O:z in the cells was com-
pletely inhibited by the pretreatment with Nec-1 in flow
cytometry and a cell viability assay (Fig. 7A, 7B). The data
suggest that HeOs-induced cytotoxicity in the GS28 siRNA-
transfected cells is shown primarily to be necroptotic.

Necroptotic cell death by H:0: via p38 MAPK activation

We have shown the activation of p38 MAPK in GS28
siRNA-transfected cells treated with HxOs (Fig. 3D) and the
inhibition of cytotoxicity with pretreatment of the cells with
a p38 chemical inhibitor (Fig. 3A). The increase of p38 acti-
vation in the cells was inhibited by pretreatment with tem-
pol or DFO (Fig. 3D), which implies that p38 MAPK activa-
tion is dependent on the level of intracellular ROS. To fur-
ther confirm these molecular mechanisms, we introduced
p38 siRNA into cells to silence gene expression. This siRNA
was efficient in silencing gene expression (Fig. 3B) and was
able to significantly inhibit ROS generation (Fig. 4) and cy-
totoxicity (Fig. 3C, 7A) in the GS28 siRNA-cotransfected
cells treated with H2Os. Finally, we observed complete in-
hibition of p38 activation by pretreatment with Nec-1 in
the GS28 siRNA-transfected cells treated with H2O, (Fig.
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Fig. 5. Immunoblot analysis in GS28
siRNA-transfected cells treated with
H20,. siRNA-transfected cells were
treated with 100 M H,0, for indi-
cated times. Activation of p38, pro-
caspase-3, and LC3 and cleavage of
PARP in the cells were examined by
immunoblot analysis using the specific
antibodies as described in Materials
and Methods. AB-actin was used as a
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H:0; in GS28 siRNA-transfected
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blot analysis of protein lysates. £ -
actin was used as loading controls.
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7C). Collectively, these data indicate that necroptotic sig-
nals in GS28 siRNA-transfected cells treated with HsO are
mediated by sequential activations in RIP1/p38/ROS and
also suggest that GS28 has a protective role in necroptotic
cell death induced by HO2 via inhibition of p38 MAPK in
GSH-depleted neuronal cells.

DISCUSSION

A number of studies suggest that oxidative stress can be
a final common pathway in various forms of neuronal cell
death, including a variety of acute and chronic neurological
diseases as well as in normal aging [13]. GSH is considered
to be the most prevalent and important intracellular anti-
oxidant for reducing oxidative stresses. Astrocytes seem to
play a role in protecting neurons from oxidative stress by
establishing an anti-oxidative defense system because GSH
is more abundant within astrocytes [14]. Reduced GSH sta-

examined in GS28 siRNA-transfected
cells treated with H3Os. The data
represent the mean+SEM of 3 in-
dependent experiments.

tus was reported in various diseases including a number
of neurological disorders [15]. In our previous study, deple-
tion of GSH with BSO significantly enhanced cytotoxicity
by treatment of osteoblasts and glial cells with oxidative
stresses [10,16].

We isolated a new gene, GS28, responding to oxidative
stress in rat ischemic hippocampal tissues using a differ-
ential screening method. In this study, we examined the
role of GS28 and its molecular mechanisms in SK-N-SH
cell death induced by HsO2 as an oxidative stress. GS28
has been described as a member of soluble N-ethyl-
maleimide-sensitive factor attachment protein receptors
(SNARESs) [17]. Mammalian SNAREs known to participate
in vesicular transport include GS28, Betl, Sec22b, and syn-
taxin 5. SNAREs have been implicated in several traffick-
ing steps, including vesicular transport from the endoplas-
mic reticulum (ER) to the Golgi, intra-Golgi transport, and
homotypic vacuole fusion [17]. All reports have been inter-
ested in roles of GS28 in vesicular transport, and little is
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Fig. 7. H0s-induced necroptotic cell death via activations of p38 MAPK in GS28 siRNA-transfected cells. (A) Pattern of H2O2-induced
cell death was examined in GS28 siRNA-transfected cells without or with cointroduction of p38 siRNA. siRNA-transfected cells were treated
with HsOs for 3 h in the presence of BSO without or with pretreatment with 40 M necrostatin-1 (Nec-1). The cells were stained with
annexin V and propidium iodide (PI) and analyzed by flow cytometry, as described in Materials and Methods. (B) H30s-induced cell death
was examined in GS28 siRNA-transfected cells without or with pretreatment with 40 M Nec-1. The cells were treated with HsO, for
24 h in the presence of BSO. Cell viability was determined by an MTT reduction assay. The data represent the mean+SEM of 3 independent
experiments. *p<0.05 versus the values in the cells transfected with GS28 siRNA alone. (C) H3Os-induced necroptotosis via activations
of p38 MAPK was examined in GS28 siRNA-transfected cells. siRNA-transfected cells were treated with 100 #M H3Os for 3 h without
or with pretreatment with 40 «M Nec-1. Phosphorylation of p38 was determined by immunoblot analysis. 5 -actin was used as a loading

control.

known about the possible involvement of GS28 in patho-
logical conditions. A recent study demonstrated that the de-
letion of GS28 in C. elegans induces reduced seam cell num-
bers and a missing ray phenotype during post-embryonic
development, suggesting GS28 has roles in cell proliferation
and differentiation [18]. There has been no report on a role
for GS28 in cellular oxidative stress response.

In this study, we found that GS28 siRNA-transfected
cells are more vulnerable to HyOs-induced cytotoxicity than
control siRNA-transfected cells under GSH-depleted con-
ditions. This finding indicates that the level of intracellular
GSH is important in HsOs-induced cell death and that GS28
has a protective role in cell death. Therefore, it is possible
that inhibition of GSH synthesis in tumor cells is effective
for patients undergoing radiation or chemotherapy. Increase
of intracellular ROS in GS28 siRNA-transfected cells ex-

posed to HyO2 was responsible for cell death, which was
inhibited by an iron chelator and a ROS scavenger.
Activation of p38 MAPK mediated the ROS increase in
cells. The common type of neuronal cell death by ROS is
apoptosis, which is also important in I/R injury [19]. When
we examined involvement of apoptosis in HzOs-exposed
cells, it was not detected in a cell viability assay, flow cy-
tometry, and immunoblot analysis. Furthermore, we could
not observe activation of the autophagic process. Ultra-
structural morphology of the cells using transmission elec-
tron microscopy did not show any evidence suggesting apop-
totic or autophagic cell death (data not shown). Pretreat-
ment of the cells with Nec-1 showed the complete inhibition
of HzOs-induced cytotoxicity, ROS generation, and p38 acti-
vation, which implies that the cell death induced by Hs0»
in GSH-depleted conditions is necroptotic.
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Necroptosis and its molecular mechanisms have been re-
cently well introduced by Vandenabeele et al. [20]. Necrop-
tosis is a type of cell death manifesting regulated necrosis
by an intrinsic death program distinct from apoptosis. It
was reported that oxidative stresses induce necroptosis in
neuronal and non-neuronal cells [21,22]. Key molecules and
processes in necroptosis are characterized as initiators and
effectors [20]. One important initiator molecule is RIP1,
which is part of the TNF receptor 1 (TNFR1) complex.
When caspase activation is prevented, RIP1 is activated by
phosphorylation and induces generation of effectors, ROS,
via signaling molecules, including MAPKs. We demon-
strated that RIP1 inhibitor (Nec-1) blocked H2Og-induced
cytotoxicity in GS28 siRNA-transfected cells and inhibited
p38 MAPK activation and ROS generation in the cells. The
p38 inhibition by its siRNA blocked ROS generation in the
cells. These findings correspond to the molecular mecha-
nisms characterized in necroptosis. However, we did not ex-
amine contribution of p38 to RIP1 activity because an anti-
body against phospho-RIP1 is not commercially available.
Recent studies have suggested the contribution of p38 acti-
vation to necroptosis, as induction of necroptosis via p38
activation and ROS generation, occurs in retinal ganglion
cells stimulated with light and in hepatocytes exposed to
a pollutant, 3-nitrofluoranthene [23,24]. GS28 is a member
of SNAREs implicated in vesicular transport in ER and
Golgi, and involvement of SNAREs in necroptosis is
unknown. Future work should include examination of the
intracellular localization of GS28 in different conditions in-
cluding oxidative stress which will aid in the character-
ization of additional roles for GS28 in cells. In addition,
the role of GS28 and its precise molecular mechanisms in
ROS-induced necroptosis should also be determined.

In this study, we found that GS28 siRNA-transfected
neuronal cells were more sensitive to HsO2 than control
cells under GSH-depleted conditions. Exposure to HoO2 in
the cells induced p38 MAPK activation via RIP1, which
leads to generation of intracellular ROS. Molecular parame-
ters suggesting apoptotic or autophagic cell death were not
observed in the cells. These data suggest that GS28 has
a protective role against ROS-induced necroptotic cell death
via inhibition of p38 MAPK in GSH-depleted neuronal cells.
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