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Abstract

We have previously characterized the cytotoxic action of
diallyl disulfide (DADS) on neuroblastoma cells, and we have
shown the crucial role of an early and massive reactive oxygen
species production in the induction of c-Jun NH2-terminal
kinase–mediated apoptotic pathway. In the present work,
we report that DADS is ineffective in inducing apoptosis in a
human adenocarcinoma gastric cell line (AGS). In particular,
we show that AGS cells are able to recover from the p53/p21-
mediated cell cycle arrest in the G2-M phase upon DADS
treatment without committing cells to death. This event is
most likely due to a peculiar surviving pathway of these cells
involving: (a) the formation of mixed disulfides between
reduced glutathione (GSH) and protein thiols, (b) a higher
and inducible glutathione peroxidase activity, and/or (c)
an efficient modulation of the phospho-active levels of the
extracellular signal–regulated kinases 1 and 2 (ERK 1/2).
Moreover, by increasing glutathione peroxidase expression or
GSH concentrations, cell cycle arrest is fully abolished; the
apoptotic death is induced by either decreasing the availabil-
ity of intracellular GSH or inhibiting the reactivation of ERK
1/2. Altogether, our data show that ERK 1/2 participates in
the active proliferation of AGS cells and that an efficient
reactive oxygen species buffering system makes these cells
resistant to DADS-mediated detrimental effects. (Cancer Res
2005; 65(24): 11735-42)

Introduction

Several cellular functions are the results of oxidation-reduction
(redox) activities, among which mitochondrial respiration (1),
cytosolic oxidase, and oxygenase activities (2, 3) are responsible for
the reduction of oxygen leading to reactive oxygen species (ROS).
Redox unbalance in favor of oxidation may result in a condition
of oxidative stress that induces specific cellular responses. To
minimize adverse effects resulting from excessive production of
ROS, cells have elaborated defense systems that include enzymes
and low molecular weight antioxidants (4). Particularly, the
reduced glutathione (GSH)/oxidized glutathione (GSSG) redox
couple provides a very efficient system in maintaining the
intracellular redox environment (5). The majority of GSH is found
in the cytosolic compartment, where it is synthesized and present

at a concentration ranging from 1 to 11 mmol/L. The oxidized
isoforms of this tripeptide are mainly represented by the intra-
molecular disulfide GSSG, the levels of which are 100- to 1,000-fold
lower than those of GSH, and by the less abundant mixed disulfides
between GSH and protein thiols (GS-R; refs. 5, 6).
Besides the induction of oxidative damage on proteins (7),

phospholipids (8), and DNA (9), ROS are also able to function as
second messengers by activating specific signal transduction termi-
nating as a cell response leading to death in a gene-programmed
manner (apoptosis; refs. 4, 10).
A chemotherapeutic and/or chemopreventive use of phytochem-

icals could open new avenues in searching for strategies against the
proliferation of cancer cells. Among these compounds, redox-active
molecules, such as polyphenols from grapes, berry fruits, and sulfur-
containing compounds from garlic seem to be good candidates for a
direct or a combined approach in cancer treatment. On one side,
the low concentrations of these molecules seem to be able to
counteract the deleterious effects of environmental stresses
associated with oxidative injury (such as UV radiation, smoke, diet,
etc.; refs. 11–14). On the other hand, a therapeutic use for high
concentrations of these molecules could help in selectively killing
tumor cells through sustained and site-directed bursts of ROS
(15, 16). In fact, the chemotherapeutic action of several anticancer
drugs commonly used (e.g., Adriamycin) is partly based on their
capability to catalyze one-electron redox cycles with oxygen, thus
producing high concentration of ROS, capable of selectively killing
tumor cells (17).
Several biological regulatory systems are redox-sensitive; among

them, signal transduction pathways mediated by the activation of
mitogen-activated protein kinases (MAPK) are well-established
examples (18–20). We have previously observed that diallyl
disulfide (DADS) increases intracellular levels of ROS (21). The
increased steady-state concentration of ROS is sensed by glutathi-
one transferase that, through its oxidatively induced detachment
from c-Jun NH2-terminal kinase (JNK), leaves the JNK/c-Jun signal
transduction pathway free to autoactivate and initiate apoptosis
via the mitochondrial route (21).
DADS is one of the most abundant oil-soluble garlic derivatives,

with several beneficial properties. It has been reported that DADS
can decrease the risk of hypertension and coronary diseases owing
to its inhibitory action on plaque formation (22) and on cholesterol
synthesis (23). Moreover, it has been shown that DADS has both
antioxidant and anticancer properties and that both functions
are dependent on its concentration. A low concentration of DADS
could be a potential therapeutic or modulating agent for neuro-
degenerative and other diseases associated with oxidative damage,
whereas high concentrations could be a powerful tool against
proliferation, through the induction of apoptosis in cancer cells.
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However, cancer cells are differently equipped against ROS
production. In fact, it has been suggested that increased prolif-
eration could be a consequence of an increased ROS flux, which
may result from impairment of the antioxidant cell system (24–26).
Thus, it is reasonable that cancer cells could be differently suscep-
tible to ROS-mediated detrimental damage.
In this study, we showed that a human adenocarcinoma gastric

cell line (AGS) is characterized by an unusually high level of GS-R
and glutathione peroxidase (GPx). Concomitantly, these cells
undergo a transient growth arrest but are resistant to DADS-
induced apoptosis even at very high DADS concentrations.
Moreover, we found a specific modulation of extracellular signal–
regulated kinases 1 and 2 (ERK 1/2) pattern that could explain the
transitory and protective arrest of cell cycle without commitment
to apoptosis.

Materials and Methods

Cell culture. Human adenocarcinoma cells (AGS) were purchased from

the American Type Cell Culture Collection (Manassas, VA) and were grown
in F12 medium supplemented with 10% FCS, at 37jC in an atmosphere of

5% CO2 in air. Cells were routinely trypsinized, plated at 4 � 104/cm2 flasks.

Cell viability was assessed by trypan blue exclusion.

Treatments. A solution of 50 mmol/L DADS (Sigma, Co., St. Louis, MO)
was prepared just before the experiments dissolving 5.5 mol/L DADS in

DMSO. Treatments were done with different amounts of DADS ranging

from 10 to 200 Amol/L at 37jC in medium supplemented with serum.

Unless specified, the concentration of DADS selected for all the experi-
ments was 50 Amol/L because it gives a valuable degree of apoptosis on

SH-SY5Y neuroblastoma cells and because it is in the range used for

in vivo study (21). As control, an equal amount of DMSO (0.1%) was added
to untreated cells.

D,L-Buthionine S,R -sulfoximine (BSO) was used at the final concentration

of 1 mmol/L to reduce GSH neo-synthesis by the irreversible inhibition of

g-glutamate-cysteine ligase activity and was maintained in culture medium
for 12 hours. Then AGS cells were washed with fresh medium and

treatments with DADS were done.

GSH ethyl ester (GSHest) was supplemented to the culture medium at

a concentration of 2 mmol/L for 6 hours; then the medium was removed
to avoid nonspecific reaction between GSHest and DADS, just before

treatments with DADS.

Selenomethionine (Sigma) was used at a final concentration of 0.5 Amol/L
to enhance the intracellular concentration of selenium that is normally

associated with an increase in the expression levels of the selenium-

containing family of enzyme Gpxs (27). This concentration was selected on

the basis of efficacy in the induction of the enzymes and inefficiency in being
cytotoxic.

Treatment with the cell-permeable MEK 1/2 inhibitor, U0126

(Calbiochem-Novabiochem, La Jolla, CA) was done at a concentration

of 0.26 Amol/L because lower concentrations did not show significant
inhibition of ERK 1/2 phosphorylation, and higher concentrations were

toxic. U0126 was added 1 hour before the addition of DADS and was

maintained throughout the experiment. Detection of intracellular ROS
was done as previously described (21).

Analysis of cell viability and apoptosis. Adherent (after trypsinization)
and detached cells were combined, washed in PBS, and counted after

trypan blue staining, directly by optical microscope on hemocytometer.
Alternatively, cells were stained with 50 Ag/mL propidium iodide (dissolved

in 0.1% Triton X-100) prior to analysis by a FACScalibur instrument (Becton

Dickinson, San Jose, CA). The percentages of cells in each phase of the cell

cycle were evaluated according to Nicoletti et al. (28) by calculating peak
areas of nuclei with different amounts of DNA.

Preparation of cell lysates and Western blot analyses. Cell pellet
was resuspended in lysis buffer containing 10 mmol/L Tris-HCl (pH 7.4),

5 mmol/L EDTA, 150 mmol/L NaCl, 0.5% IGEPAL CA-630, and protease

inhibitors (Sigma). Proteins (20 Ag) were transferred onto a nitrocellulose
membrane after SDS-PAGE. Polyclonal anti-GPx (1:1,000), a gift from

Prof. Marmocchi, University of Camerino, Italy, anti-phospho-p38MAPK,

phospho-ERK 1/2, p42/44 (1:1,000; Cell Signaling, Beverly, MA), anti-p21,

anti-p38MAPK, anti-ERK and anti-JNK (1:1,000), and monoclonal anti-
phospho-activated JNK (1:1,000; Santa Cruz Biotechnology, Santa Cruz,

CA), anti-p53 and h-actin (1:5,000; Sigma) were used as primary antibodies.

The specific protein complex, formed upon specific secondary antibody

treatment (1:10,000; Bio-Rad, Hercules, CA), was identified using a
Fluorchem Imaging system (Alpha Innotech, Analitica De Mori, Italy) after

incubation with ChemiGlow chemiluminescence substrate (Alpha Innotech).

Glutathione determination and other assays. Intracellular glutathione
was assayed upon formation of S-carboxymethyl derivatives of free thiols
with iodoacetic acid, followed by the conversion of free amino groups to

2,4-dinitrophenyl derivatives by the reaction with 1-fluoro-2,4-dinitroben-

zene as previously described (20). Cell lysates were divided into two
aliquots: one used for GSH/GSSG assay, whereas the other was used to

determine mixed disulfides by treating with 300 mmol/L NaBH4 at 40jC for

30 minutes prior to derivatization, as previously described (29). Data are

expressed as nanomoles of GSH equivalents per milligram of protein.
Glutathione peroxidase activity. Total GPx activity was measured

spectrophotometrically as previously described (30), following the decrease

of absorbance at 340 nm, using H2O2 as substrate. Data are expressed as

nanomoles of NADPH consumed per minute per milligram of protein.
Measurement of oxidative damage. Carbonylated proteins were

detected using the Oxyblot Kit (Intergen, Purchase, NY) after reaction with

2,4-dinitrophenylhydrazine, as previously described (21). Levels of malon-
dialdehyde and 4-hydroxynonenal were measured as previously described

(21) by a colorimetric method using the Lipid Peroxidation Assay Kit

(Calbiochem-Novabiochem). Proteins were determined by the method of

Lowry et al. (31).
Data presentation. All experiments were done at least five different

times (n = 5) unless otherwise indicated. The results are presented as

means F SD. Statistical evaluation was conducted by ANOVA, followed by

correction with Bonferroni’s test. Comparisons were considered to be
significant at P < 0.05.

Results

Diallyl disulfide treatment induces a transient cell cycle
arrest in AGS cells. The effects of DADS on AGS cells proliferation
were analyzed by direct counts upon trypan blue exclusion.
Treatment was done with 50 Amol/L DADS on cells plated at a
density of 4 � 104/cm2, as previous experiments carried out on
neuroblastoma cells, SH-SY5Y, showed that these conditions were
successful in inducing apoptosis (21). Cell growth, monitored for
up to 60 hours of treatment, shows that DADS induced an arrest of
proliferation, particularly evident between 12 and 24 hours of
treatment (Fig. 1A), without a concomitant increase of trypan
blue–positive cells (data not shown). This is indicative of a lack of
cytotoxic effects under the experimental conditions employed and
was confirmed by the efficient recovery of cell growth evidenced at
longer time intervals, when the number of viable cells treated with
DADS almost matched the control values (Fig. 1A). To further
evaluate the effects of DADS on growth arrest, we treated AGS cells
plated at a lower density (2 � 104/cm2) with 50 Amol/L of DADS.
As depicted in the inset of Fig. 1A , this condition amplified the
cytostatic effect of DADS, but cells, although at later time points
(>96 hours), recovered the capability to proliferate (data not
shown). We next did a cytofluorimetric analyses of the cell cycle by
staining AGS cells with propidium iodide. Histograms depicted in
Fig. 1B (and values in the table reported below), show that DADS
treatment was able to induce a time-dependent increase of the
percentage of cells in G2-M phase with a maximum effect at
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12 hours (60.2 F 5.8% versus 33.8 F 4.0% calculated in untreated
cells). Moreover, we found a slight increase of the percentage of
sub-G1 (apoptotic) cell population after 24 hours of treatment.
However, this phenomenon was followed by a recovery of the cell
cycle progression at 48 hours of treatment, demonstrating that AGS
cells were able to counteract DADS-mediated toxicity. Thus, we did
Western blot analyses of the main molecular factors involved in the
inhibition of cell cycle progression, p53 and p21. Figure 1C shows
that the expression levels of p53 rapidly increased between 1 and
3 hours of treatment with DADS, followed by a slow decrease up
to 6 hours, to finally reach the control values at 12 and 24 hours.
As a downstream response, p21 protein levels were raised in a
time-dependent manner up to 6 hours, returning to the basal
concentration at 12 and 24 hours (Fig. 1C). In order to show that
the observed effects were not a mere consequence of a low dose of
DADS employed, we did cytofluorimetric analyses of AGS cells
treated for 24 hours with 100 and 200 Amol/L of DADS. Figure 1D
shows that higher doses of DADS did not result in a further
increase of the percentage of sub-G1 cell population but only
strengthened the cytostatic effect, as the time of cell cycle recovery
shifted to 96 hours (data not shown).
Reduced glutathione–related systems are implicated in the

resistance of AGS to diallyl disulfide treatment. We previously
showed that, in neuroblastoma cells, ROS production represented
the earliest causative event of the apoptosis induction triggered by
DADS (21). In order to evaluate whether the different responses of
AGS cells was due to a lower induction of oxidative stress, we first
examined the intracellular concentration of ROS by cytofluorimet-

ric analyses, using the fluorochrome DCF-DA. As evidenced in
Fig. 2A , only a slight increase in the percentage of DCF-positive
cells was observed upon treatment with DADS (f3.5% between
10 and 30 minutes), which rapidly declined after 1 hour.
To confirm the capacity of AGS cells in buffering DADS-

mediated intracellular oxidative stress, we determined the content
of protein oxidation in terms of carbonyl group formation
through Western blot analyses, and by measuring the content
of malondialdehyde and 4-hydroxynonenal, the extent of lipid
peroxidation. Under our experimental conditions, we were not able
to detect any significant changes either in protein carbonyls or in
lipid peroxidation at different time points, ranging from 1 to
24 hours (data not shown).
The absence of a massive flux of ROS, as well as of a ROS-

dependent damage, let us hypothesize that AGS cells could be
equipped with an efficient antioxidant defense system. In this
context, it is worthwhile to mention that gastric-derived cell lines,
besides the well-known GPx, possess an additional isoform of the
enzyme, referred to as the gastrointestinal one (GI-GPx; ref. 32). On
the basis of these findings, we determined the GPx activity
spectrophotometrically by using H2O2 as a substrate. Figure 2B
shows that these cells are equipped with a very high physiologic
level of the enzyme, especially if compared with the almost
undetectable levels of GPx measured in other cell types (e.g.,
neuroblastoma SH-SY5Y cells; data from our laboratory). Moreover,
the enzyme activity was significantly increased (f75%) after
6 hours of treatment with DADS, and it was maintained at high
levels up to 24 hours of treatment.

Figure 1. DADS induces p53/p21-dependent cell cycle
arrest but not apoptosis in AGS cells. A, AGS cells were
plated at a density of 4 � 104/cm2 and treated with
50 Amol/L DADS. At indicated time points, cells were
harvested and counted upon trypan blue staining.
Alternatively, the experiment was done at a density of
2 � 104 cells/cm2 (inset ). Points, mean of viable cells only
(trypan blue–negative); bars, F SD; **, P < 0.01 (n = 6).
B, AGS cells were treated with 50 Amol/L DADS up to
48 hours, washed and stained with propidium iodide.
Analysis of cell cycle and apoptosis was done by a
FACScalibur instrument and the percentages of cells in
cell cycle phases were calculated using WinMDI version
2.8 software. The cell cycle histograms reported are from
one of five typical experiments done in triplicate which
gave similar results. A table indicating the percentages of
nuclei in the sub-G1 and G2-M phases of the cell cycle is
shown at the bottom (sub-G1, apoptotic cells). C, AGS
cells were treated with 50 Amol/L of DADS up to 24 hours.
Total cell extracts (20 Ag) were loaded for detection of
p53 and p21 expression levels. Immunoblots are from one
of three representative experiments that gave similar
results. D, AGS cells were treated with 50 Amol/L
DADS for 24 hours. After treatment, cells were stained
with propidium iodide for cell cycle and apoptosis
cytofluorimetric analyses. Percentages of sub-G1 and
G2-M-arrested cells were calculated using WinMDI version
2.8 software. Columns, means; bars, F SD (n = 5); *,
P < 0.01; **, P < 0.001.
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GSH represents the most important physiologic antioxidant
either by directly reacting with ROS, or indirectly preserving
cysteine residues of proteins from irreversible oxidations, giving
rise to GS-R. Furthermore, it is the GPx cofactor for peroxide-
reducing reactions. We measured the content of intracellular
GSH and its related redox species, in order to show a possible
involvement of this redox system in the resistance of AGS cells to
DADS treatment. Figure 2C shows the GSH and GS-R levels
analyzed by high-pressure liquid chromatography (HPLC) tech-
nique. Untreated cells showed an average intracellular GSH
concentration of f12 nmol/mg protein, and, unusually, a well
determinable concentration of GS-R (4.02 F 0.65 nmol/mg
protein). Cells treated with DADS showed a rapid and sustained
increase of GSH levels (68.04 F 4.12 nmol/mg protein) up to 24
hours, most probably due to the detoxification of DADS (33). This
phenomenon was associated with an increase of GS-R concentra-
tion (7.67 F 0.82 nmol/mg protein) up to 12 hours, followed by a
decline close to control values at 24 hours. Figure 2C also shows
the intracellular GSSG content that was not affected by treatment
with DADS, remaining at very low levels, without significant
changes with respect to control values (1 nmol/mg protein).
Modulation of the level of glutathione-related systems

influences the effects of diallyl disulfide. In order to establish
the role played by GSH and its redox-related species in the cellular
response to DADS, we treated AGS cells with BSO, a specific
inhibitor of g-glutamate-cysteine ligase, to decrease the intracel-

lular GSH levels. Figure 3A shows that after 12 hours of incubation
with 1 mmol/L BSO, AGS cells still presented detectable levels of
GSH (�63%) with values close to 4 nmol/mg of protein. The level of
intracellular GS-R also declined with respect to untreated cells
(�49%), although to a lower extent. After 12 hours of incubation
with BSO, cells were treated with 50 Amol/L of DADS for different
times and then stained with propidium iodide for cytofluorimetric
analyses. Figure 3B shows that the GSH decrement made the cells
prone to undergo apoptosis; in particular, the death process was
time-dependent and reached values of 32.8F 3.2% after 24 hours of
treatment with DADS.
In order to further show the pivotal role of GSH and the related

enzyme GPx in the resistance of AGS cells to DADS-mediated
apoptosis, two different sets of experiments were done. First, we
loaded the cells with the ethyl-ester form of GSH, which is able to
freely cross the cell membrane enriching the intracellular GSH
pool. Second, we induced the expression of GPx, by growing AGS
cells for seven passages, in culture medium supplemented with 0.5
Amol/L selenomethionine. Cells were treated with 50 Amol/L DADS
and stained with propidium iodide for cytofluorimetric analyses.
Figure 4A shows that pretreatment with 2 mmol/L GSH-ethyl ester
for 6 hours significantly decreased the percentages of the cell
population arrested in G2-M phase upon treatment with 50 Amol/L
DADS at 12 and 24 hours. This phenomenon was accompanied by
an increase of the cells in G1 phase, suggesting that, by raising
intracellular GSH levels, AGS cells were more protected against

Figure 2. DADS-mediated oxidative insults are
counteracted by GPx and GS-R formation. A, AGS
cells were incubated with 50 Amol/L DCF-DA
at 37jC for 30 minutes and then treated with
50 Amol/L DADS for up to 60 minutes. At the
indicated time points, cells were washed with
PBS and ROS production was analyzed by
FACScalibur instrument. Points, means; bars,
F SD (n = 3); *, P < 0.01. B, AGS cells were
treated with 50 Amol/L DADS for 24 hours. At the
indicated time points, cells were harvested and
lysed by sonication. GPx activity was detected by
spectrophotometrically following the decrease of
absorbance of NADPH at 340 nm, as described
in Materials and Methods. Data are shown
as nmol of NADPH consumed/min/mg total
protein; columns, means; bars, F SD (n = 5);
**, P < 0.001. C, AGS cells were treated with
50 Amol/L DADS up to 24 hours. At the indicated
time points, cells were collected, exhaustively
washed with PBS, and used for GSH, GSSG,
and GS-R assay by HPLC as described in
Materials and Methods. GSH, GSSG and GS-R
data are expressed as nmol of GSH or GSSG/mg
total protein; columns, means; bars, F SD (n = 5).
Significance was calculated with respect to
each control: #, P < 0.01; ##, P < 0.001 for GSH
and *, P < 0.01; **, P < 0.001 for GS-R.
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DADS-mediated cell cycle arrest. Supplementation of 0.5 Amol/L
selenomethionine induced an increase of GPx in terms of both
activity and protein content (Fig. 4B). The enzyme activity was
3-fold higher then untreated cells, and a comparable increment in
the protein content was also detected. As shown in Fig. 4C , this
condition allowed the cells to completely overcome the arrest
in G2-M phase, giving rise to a superimposable trend of the
GPx-overexpressing and untreated cells.
Diallyl disulfide treatment modulates expression of mitogen-

activated protein kinases in AGS cells. DADS-induced apoptosis
in neuroblastoma cells was mediated by the induction of the
JNK-governed phosphorylative cascades. This event represented a
downstream effect of ROS burst, because by preventing their
production, the apoptotic response was inhibited (21). In order to
characterize whether resistance of AGS cells to DADS could be
associated with a different pattern of MAPK modulation, Western
blot analyses of basal and phospho-activated isoforms of the
proapoptotic members of the MAPK family, JNK, and p38MAPK were
done. Figure 5A shows that no significant changes in the expression
and phospho-activation levels of both JNK and p38MAPK could be

determined. In particular, although phospho-JNK was also detected
in high amounts in untreated cells, the phospho-active band
of p38MAPK was slightly evident, and no change was observed
during treatment (Fig. 5A). ERK 1/2 is another member of the
MAPK family, which is related to the survival response. ERK
1/2-dependent phosphorylative cascades seem to be activated by
oxidative stimuli as well, suggesting that ROS may have a
regulatory role in its mitogenic activity. To completely evaluate
the MAPK network in AGS cells, we determined the expression and
activation level of ERK 1/2 by Western blot analyses. As shown in
Fig. 5A , the phospho-levels of ERK 1/2 were easily detectable under
resting conditions; moreover, they had already decreased at 3 hours

Figure 3. GSH depletion sensitizes AGS cells towards DADS-induced
apoptosis. A, AGS cells were incubated with 1 mmol/L BSO for 12 hours and
used for GSH and GS-R assay by HPLC as described in Materials and Methods.
Data are expressed as nmol of GSH equivalents/mg total protein. Columns,
means; bars, F SD (n = 3); **, P < 0.001. B, AGS cells were incubated with
1 mmol/L BSO for 12 hours and then treated with 50 Amol/L of DADS for up to
24 hours. At each time point, cells were stained with propidium iodide for
cytofluorimetric analyses. Percentages of sub-G1 (apoptotic) cells were
calculated using WinMDI version 2.8 software. Columns, means; bars, F SD
(n = 3); *, P < 0.01; **, P < 0.001.

Figure 4. Increase of GSH levels or GPx activity rescues AGS cells from
DADS-induced cell cycle arrest. A, AGS cells were incubated with 2 mmol/L
GSHest for 6 hours, then treated with 50 Amol/L of DADS for up to 12 and
24 hours, and finally stained with propidium iodide for cytofluorimetric analyses.
Percentages of the cells in the G1 and G2-M phases of cell cycle were calculated
using WinMDI version 2.8 software. Columns, means; bars, F SD (n = 3).
All treated cells were significantly different with respect to controls (P < 0.001).
B, AGS cells were grown for at least seven passages in medium containing
0.5 Amol/L selenomethionine to induce GPx expression. Then, cells were
assayed for GPx activity by spectrophotometric analyses as described in
Materials and Methods. Data are shown as nmol of NADPH consumed/min/mg
total protein; columns, means; bars, F SD (n = 5); **, P < 0.001. Alternatively,
Western blot analyses were done for the detection of GPx expression levels
by loading 75 Ag of total cell extracts on SDS-PAGE. Immunoblots are from one
of three representative experiments that gave similar results. C, AGS cells
were grown for at least seven passages in medium containing 0.5 Amol/L
selenomethionine to induce GPx expression. Then, cells were treated with
50 Amol/L of DADS for the following 6 and 12 hours, and finally stained with
propidium iodide for cytofluorimetric analyses. The percentages of sub-G1
(apoptotic) cells were calculated using WinMDI version 2.8 software. The cell
cycle plots reported are from one of five typical experiments done in triplicate
that gave similar results.
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of treatment with DADS followed by a recovery to control values at
24 hours. To confirm the involvement of ERK 1/2 in the cell cycle
arrest, we preincubated AGS cells with its specific inhibitor, U0126,
for 1 hour. After 24 hours of treatment with DADS, cells were
stained with propidium iodide for cytofluorimetric analyses. Figure
5B shows that the inhibition of ERK 1/2 induced an increase of the
sub-G1 population, suggesting that the decision between prolifer-
ation and apoptosis is a process dependent, at least in part, on the
reactivation of this member of the MAPK super family. Figure 5B
also reports the results obtained with SP600125, an inhibitor of
JNK, as a control for specific involvement of ERK 1/2 in the
resistance to death. The selective inhibition of JNK induced per se a
sustained and persistent arrest of cell cycle in G2-M phase, whereas
in combination with DADS, it was able to decrease even the low
amount of physiologic rate of apoptosis, confirming the key role of
the constitutive activation of JNK in cell cycle re-entry.
Results thus far obtained show the involvement of both redox

environment and ERK 1/2 modulation in the resistance and
recovery from growth arrest upon DADS treatment. In order to
identify a possible relationship between the two systems, we
determined the trend of ERK 1/2 phospho-activation in AGS cells
previously depleted of GSH. Figure 6 shows that pretreatment for
12 hours with 1 mmol/L BSO inhibited the early decline of the
phospho-active band of ERK 1/2, allowing the commitment of cells
to apoptosis. This phenomenon could also explain the decline of
the phospho-active levels at 12 and 24 hours, suggesting a possible

cross-talk between the intracellular redox state and ERK 1/2
modulation and, at the same time, it confirms the need for an early
inactivation of this MAPK to produce cell cycle arrest and repair
from DADS-mediated insult.

Discussion

Under physiologic conditions, the cell maintains a specific redox
homeostasis that is mainly regulated by the GSSG/2GSH redox
couple and to a lower extent by GS-R (20, 34). In this study, we have
shown that AGS cells are resistant to DADS-mediated cytotoxic
effects: the cells were only transiently arrested in G2-M phase as the
result of induction of the p53/p21 system. We showed that AGS
cells are characterized by a significantly higher content of GS-R
with respect to the basal level, usually determined in tumor cell
lines from different origins (data from our laboratory). Further-
more, these redox species seem to actively participate in the cell
response against DADS-mediated cytotoxicity. In fact, GS-R levels
increase concomitantly with cell growth inhibition and return to
the basal content in concomitance with the cell cycle re-entry. Due
to the transitory nature of the phenomenon observed, it might be
suggested that GS-R formation represents an efficient buffering
system among the early sensing cellular determinants of DADS
effects. Additionally, the results indicate that cellular systems
implicated in the reduction of GS-R (e.g., thioredoxin/thioredoxin
reductase system) are operative and able to restore the basal
conditions. Work is in progress in our laboratory in order to
identify the mechanism(s) underlying the higher basal level of GS-R
in AGS cells.
Under resting conditions, AGS cells show very high activity of

the selenium-containing enzyme, GPx, which, in turn, is rapidly
induced upon treatment with DADS. This response seems to

Figure 5. DADS treatment induces dephosphorylation of ERK 1/2. A, AGS cells
were treated with 50 Amol/L DADS up to 24 hours. Total cell extracts (20 Ag)
were loaded for detection of both the basal and phospho-active isoforms of JNK,
p38MAPK, and ERK 1/2. Actin was used as a loading control. Immunoblots are
from one of five representative experiments that gave similar results. B, AGS
cells were incubated for 1 hour with U0126 or SP600125, the specific inhibitors of
ERK 1/2 and JNK, respectively. Then, cells were treated with 50 Amol/L of DADS
for up to 24 hours, and finally stained with propidium iodide for cytofluorimetric
analyses. The percentages of sub-G1 (apoptotic) cells were calculated using
WinMDI version 2.8 software. The cell cycle histograms reported are from one of
five typical experiments done in triplicate that gave similar results.

Figure 6. GSH depletion results in the maintenance of the phospho-active state
of ERK 1/2. AGS cells were incubated with 1 mmol/L BSO for 12 hours and then
treated with 50 Amol/L DADS up to 24 hours. Total cell extracts (20 Ag) were
loaded for detection of the phospho-active isoform of ERK 1/2. The immunoblot
is from one of five representative experiments that gave similar results.
Densitometric analyses of the immunoreactive bands were also done with
FluorChem software (bottom ).
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be highly efficient in counteracting the ROS-mediated insults
because no detectable damages to lipids are envisaged under
DADS challenge. These results are in line with the knowledge that
gastric-derived cells are equipped with several GPx isoforms,
among which, the gastrointestinal one, GI-GPx, has been shown
to be up-regulated in colorectal adenomas and during neoplastic
transformation (35).
The crucial role exerted by GSH in resistance to DADS-mediated

insults was also confirmed by the experiments carried out in the
presence of BSO, in which we showed that AGS cells could not
buffer DADS-induced oxidative injuries when they are deprived of
GSH. These results strongly suggest that the intrinsic capability of
AGS cells to preserve protein thiols from irreversible oxidation,
together with the high level and inducibility of GPx, could
represent a specific tool of defense against oxidative insults. It
could be interesting to identify the proteins that are specifically
S -glutathiolated during DADS treatment, and whether this
modification is functional for the modulation of protein activity.
Induction of cell cycle arrest upon DADS treatment seems to be

necessary for cell response to its cytotoxicity. This was shown by
the experiments carried out in the presence of both GSH-ethyl
ester and selenomethionine, in which by increasing the intracel-
lular ROS-buffering systems, cells efficiently metabolize DADS
without any appreciable growth arrest.
It has been recently shown that diallyl trisulfide, a garlic-derived

compound very similar to DADS, is able to induce the phospho-
activation of the histone H2A.X at Ser139, which controls the
recruitment of the DNA repair machinery in response to DNA
strand break during replication (36). These results, together with
the evidence that under our experimental conditions, AGS cells are
arrested between 12 and 24 hours of treatment without any
concomitant measurable damages to proteins and lipids, reason-
ably suggest that DADS could be able to induce damage to DNA.
The lipophilic nature of DADS, which confers the capability to
freely cross cellular membranes, as well as the early activation of
the p53/p21 system, lead us to suppose a direct harmful action of
DADS, or DADS-derived radicals, within the nuclear compartment.
We previously showed that DADS induces apoptosis in

neuroblastoma cells via ROS production and JNK/c-Jun pathway

activation (21). Among the MAPK members, only ERK 1/2 was
involved in the response to DADS treatment. In particular, we
observed a transient dephosphorylation of ERK 1/2 concomitant to
growth arrest and a subsequent reactivation necessary for cell cycle
recovery. Indeed, AGS cells show very high levels of the basal
phosphorylated isoform of both JNK and ERK 1/2, which could be,
as reported in literature, a consequence of the altered physiology of
neoplastic cells (37). However, only the specific inhibition of ERK
1/2 phosphorylation, by MEK 1/2 upstream kinases, induces a
significant increase of apoptotic cells, confirming the key role of
ERK 1/2 in AGS cell proliferation.
The MAPK signaling pathways seem to be profoundly affected by

the intracellular redox environment. This is well-established for
JNK and p38MAPK, the inhibitory proteins of which (glutathione-
S-transferase and thioredoxin, respectively) are redox-modulated
(38–40). The results obtained in this study, by the experiments
carried out in the presence of BSO, show that the decrease of GSH
levels affects ERK 1/2 dephosphorylation upon DADS treatment,
allowing us to speculate a possible modulation of this MAPK by
the intracellular redox environment. Furthermore, GSH depletion
commits cells to apoptosis in the presence of phospho-active ERK
1/2, confirming the requirement of its dephosphorylation in order
to enter cell cycle arrest and repair DADS-induced damages.
Overall, the results obtained indicate that chemotherapy based

on the induction of oxidative stress cannot be indiscriminately
applied for inducing apoptosis in cancer cells, but the pattern of
antioxidants and MAPKs have to be taken into account to design
specific treatments. Moreover, the results of the ERK 1/2 signal
transduction pathway confirm its deregulation in colorectal and
gastric cancer cells and, at the same time, validate the potential of
acting on this kinase as an approach to cancer treatment.
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