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Abstract
In a previous study, E47 HepG2 cells that overexpress human CYP2E1 were shown to be more
sensitive to cisplatin than C34 cells that do not express CYP2E1. In this study, we found that this
sensitivity was due to an earlier activation of ERK in the E47 cells than in C34 cells. Glutathione
depletion by L-buthionine sulfoximine (BSO) enhanced cisplatin cytotoxicity via increasing
production of reactive oxygen species (ROS) and activation of ERK. In contrast, elevation of
glutathione by glutathione ethyl ester (GSHE) decreased cisplatin/BSO cytotoxicity by decreasing
ROS production and ERK activation. Inhibition of ERK activation by U0126 protected against
cisplatin/BSO cytotoxicity via inhibiting ROS production but not restoring intracellular glutathione
content. Examination of the mode of cell death showed that U0126 inhibited cisplatin-induced
necrosis but not apoptosis. Cisplatin induced apoptosis was caspases-dependent; BSO switched
cisplatin-induced apoptosis to necrosis via decreasing activities of caspases, and GSHE switched
cisplatin/BSO induced necrosis back to apoptosis through maintaining activities of caspases. Similar
to GSHE, U0126 partially switched cisplatin/BSO induced necrosis to apoptosis via restoring
activities of caspases. Cisplatin lowered levels of thioredoxin, especially in the presence of BSO.
Although U0126 failed in restoring intracellular glutathione levels, it restored thioredoxin levels
which maintain activities of the caspases. These results suggest that thioredoxin can replace
glutathione to promote the active thiol redox state necessary for caspase activity, and thus glutathione
and thioredoxin regulate the mode of cisplatin toxicity in E47 cells via redox regulation of caspase
activities.
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Introduction
Multiple mechanisms have been suggested in causing cisplatin-induced cytotoxicity, including
intracellular accumulation of cisplatin, impaired DNA-repair processes, and decreased levels
of cisplatin inactivating factors, such as glutathione and metallothioneins (1-2). Increased
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production of reactive oxygen species (ROS) appears to be closely associated with cisplatin-
induced cytotoxicity (3-7). Glutathione depletion induces accumulation of ROS, leading to cell
death (8). L-Buthionine-[R,S]-sulfoximine (BSO), which lowers cellular glutathione levels,
enhances cisplatin-induced cytotoxicity to primary cultured rat hepatocytes and renal tubular
epithelial cells, while L-cysteine, the precursor of GSH, protects against cisplatin cytotoxicity
(9-10). Cytochrome P450 2E1 (CYP2E1), an active producer of ROS, enhances cisplatin-
induced cytotoxicity (11). Administration of free radical scavengers or antioxidants inhibits
the cisplatin-induced nephrotoxicity in animal models (3-5).

ROS contribute to cell death partly through effects on various cellular signaling pathways
including the mitogen-activated protein kinase (MAPK) pathway (12-15). MAPK family
members, including extracellular signal-regulated kinases (ERK1/2), c-JUN NH2-terminal
protein kinase (JNK), and P38 MAPK, respond to several extracellular stimuli. These MAPK
members participate in integrating extracellular signals to regulate cell proliferation,
differentiation, cell survival and apoptosis (16). MAPK signaling pathways have been
suggested to play a role in cisplatin-mediated cytotoxicity such as ERK in Hela cells (17) and
human glioma cells (18), JNK/P38 MAPK in ovarian carcinoma cells (19), P38 MAPK in small
cell lung carcinoma cells (20). Thus, depending on the conditions and cell type, different
MAPK may play a role in cisplatin cytotoxicity.

E47 HepG2 cells that overexpress human CYP2E1 are more sensitive to cisplatin than C34
HepG2 cells that do not express CYP2E1 (11). CYP2E1 is an active producer of ROS (21), it
can produce synergistic toxic effects with other hepatotoxins such as endotoxin (22,23), and
CYP2E1-mediated cytotoxicity includes both apoptotic and necrotic modes of cell death
(24-26). In the present study, we investigated the role of MAPKs and of glutathione in cisplatin-
induced cytotoxicity and in regulating the mode of cell death induced by cisplatin, including
apoptosis and necrosis, in CYP2E1-overexpressing E47 cells.

Materials and Methods
Cell cultures and cytotoxicity determination.

E47 cells are HepG2 cells that were transfected with pCI-CYP2E1 to overexpress human
CYP2E1 followed by establishing stable cell lines via selection for G418 resistance, whereas
C34 cells are HepG2 cells that were transfected with the pCi vector only and do not express
CYP2E1 (27). Cells were cultured in minimal essential medium (MEM) supplemented with
10% fetal bovine serum plus 100 units/ml penicillin and 100 μg/ml streptomycin in 5% CO2
at 37°C. Before the experiment, cells were trypsinized and inoculated into 24-well or 6-well
plates, at an amount of 1 × 105 (24-well) or 4 × 105 (6-well) cells/well. Cells were cultured in
the plates for 2 days, and then varying concentrations of cisplatin (Sigma) were added. In some
experiments, cisplatin was added after pretreatment of the E47 cells with 40 μM BSO (Sigma)
to remove glutathione, or 5 mM glutathione ethyl ester (GSHE; Calbiochem, Temecula, CA),
or 5 mM deferoxamine mesylate (DFO; Sigma) to increase glutathione, an iron chelator, or
0.1 mM Trolox (Calbiochem, Temecula, CA), an antioxidant, or 50μM MnTMP (Sigma), a
mimic of superoxide distmase (SOD), or 50 μM Z-VAD-FMK, a pan caspase inhibitor, or 20
μM U0126, a specific inhibitor of ERK, or 20 μM SB203580, a specific inhibitor of P38 MAPK,
or 20 μM SP600125, a specific inhibitor of JNK. Cisplatin-induced cytotoxicity was
determined by reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) as described previously (27).

Measurement of Intracellular ROS production
Fluorescence spectrophotometry was used to measure the levels of ROS, with 2′,7′-
dichlorofluorescein diacetate (DCF-DA, Sigma) as the probe (28). DCF-DA readily diffuses
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through the cell membrane and is enzymatically hydrolyzed by intracellular esterases to the
nonfluorescent DCFH, which can then be rapidly oxidized to highly fluorescent DCF in the
presence of ROS. Cells incubated in medium alone or cells incubated under different treatment
conditions were incubated with 5 μM DCF-DA in MEM for 30 min at 37°C in the dark. The
cells were washed in PBS, trypsinized, and resuspended in 3 ml of PBS, and the intensity of
fluorescence was immediately read in a fluorescence spectrophotometer (Perkin-Elmer 650
−10S, Hitachi, Ltd.) at 503 nm for excitation and at 529 nm for emission. Results are expressed
as arbitrary fluorescence units per mg protein.

Measurement of intracellular glutathione content
Cells were mixed with 5% trichloroacetic acid (TCA) and incubated at 4°C for 30 min to extract
intracellular glutathione. The TCA supernatant was used to measure the glutathione content
following the method of Tietze (29). Glutathione dissolved in 5% TCA solution was used as
standard. Results are expressed as ng glutathione per mg protein.

Caspase-3, -8, and 9 activity
Caspase-3, -8 and -9 activity was determined by measuring enzymatic cleavage of the
substrates Ac-DEVD-AMC, Z-IETD-AFC, and Ac-LEHD-AFC (Calbiochem, Temecula,
CA), respectively. The substrates (final concentration 0.2 mM) were dissolved in assay buffer
containing 20 mM HEPES (pH7.5), 10% glycerol, and 2 mM dithiothreitol. 10 μl of cell lysate
was added to this assay buffer (0.2 ml) and incubated at 30°C overnight. The fluorescence
associated with the released AMC (excitation at 380 nm, emission at 460 nm) or AFC
(excitation at 400 nm, emission at 505 nm) was assayed in a PerkinElmer spectrofluorometer
(Wellesley, MA). The data are expressed as arbitrary fluorescence units per milligram of
protein.

Western blots
Cell lysate proteins (40 μg) were resolved by electrophoresis using SDS–PAGE and then
transferred to nitrocellulose membranes for blotting with antibodies specific for pERK, ERK,
pP38 MAPK, P38 MAPK, pJNK, JNK, TRX (Santa Cruz Biotechnology, Santa Cruz, CA),
CYP2E1 (a gift from Dr. Jerome Lasker, Hackensack Biomedical Research Institute,
Hackensack, NJ), or β-actin (Sigma) antibody, followed by horseradish peroxidase-conjugated
secondary antibody. Proteins were visualized by radiography using the ECL Western detection
reagent (Amersham Bioscience, Piscataway, NJ). Blots were quantified using the UN-SCAN-
IT automated digitizing system version 5.1 (Silk Scientific, Inc.), and the results expressed as
the ratio of p-ERK/ERK.

Fluorescence microscopy
Nuclear morphology of the cells was examined to identify the mode of cell death. Nuclear
morphology with characteristic features of apoptosis or necrosis is considered a very reliable
determinant for distinguishing the type of cell death in cell culture (30,31). The adherent cells
were trypsinized and suspended in PBS along with the floating cells, and the collected cells
were divided into two tubes. One tube was stained with the cell membrane-impermeant DNA-
specific dye propidium iodide (PI; Sigma) for 5 min at 37°C (final concentration 0.5 μM), and
then the cells were observed under the fluorescence microscope using the appropriate filter to
examine necrotic cells. Necrosis was determined on the basis of positive (red color) PI staining
of the nucleus, which is indicative of loss of membrane integrity (32). The other tube was fixed
with cold methanol, the cells were washed in PBS, and the above procedures with PI repeated
to examine apoptotic cells (33). Condensed or fragmented nuclei were counted as apoptotic
cells. Apoptotic or necrotic cells were quantitated in randomly selected 5 high-power fields.
In some experiments, PI was added directly into culture plate wells to stain the adherent cells.
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In order to further confirm apoptosis, Annexin V-FITC Apoptosis Detection Kit (BioVision,
Mountain View, CA) was used to stain the cells followed by observation under the fluorescence
microscope using the appropriate filter to examine apoptotic cells. Cells that have bound
Annexin V-FITC show green staining in the plasma membrane.

LDH leakage
Lactate dehydrogenase (LDH) leakage was assayed using the cytotoxicity detection kit (Roche
Diagnostics GmbH, Penzberg, Germany). The cytotoxicity was expressed as percentage LDH
release: 100% × LDHout/(LDHout + LDHin).

SiRNA study
Thioredoxin siRNA, scrambled siRNA and transfection reagent were purchased from Santa
Cruz Biotechnology, Santa Cruz, CA. MEK1 and MEK2 siRNA kits were purchased from Cell
Signaling Technology, Beverly, MA. Transfections were performed according to the protocols
provided by the respective commercial company.

Statistics
Statistical evaluation was carried out by analysis of variance (ANOVA) followed by Student-
Newman-Keuls post hoc test. Results were considered statistically different if P was less than
0.05.

Results
Cell death induced by cisplatin is ERK-dependent

In order to examine the role of MAPKs in cisplatin cytotoxicity, E47 and C34 cells were
pretreated for 1 h with specific inhibitors of P38 MAPK, JNK, and ERK (SB203580,
SP600125, and U0126, respectively), and then varying concentrations of cisplatin were added.
After incubation for 24 h, MTT assays were performed to examine cytotoxicity. In E47 cells,
concentration-dependent cisplatin cytotoxicity was observed as 0.5 mM of cisplatin led to more
than 80% loss of cell viability, while 0.25 mM of cisplatin led to 50% loss of cell viability (Fig.
1 A). In C34 cells, 0.5 mM of cisplatin caused 50% loss of cell viability, but 0.25 mM of
cisplatinn did not cause loss of cell viability (Fig. 1 A). Among the three specific inhibitors of
MAPK, only the ERK inhibitor U0126 decreased the loss of cell viability induced by cisplatin
in both E47 and C34 cells (Fig. 1 A), suggesting that ERK, but not P38 MAPK and JNK, played
an important role in the cisplatin cytotoxicity. The inhibition of toxicity by U0126 also suggests
that cisplatin may activate ERK under these experimental conditions. Phosphorylation of ERK
(ERK activation) was assayed by western blotting analysis. Because 0.25 mM cisplatin led to
cell death in E47 cells but not in C34 cells, 0.25 mM of cisplatin was selected for all the
following experiments. As shown in Fig. 2 A, cisplatin induced a sustained ERK activation in
both C34 and E47 cells, but in E47 cells ERK activation occurred earlier. For example, after
1 or 4 h of cisplatin treatment, ERK was already activated (pERK/ERK ratios of 0.08 and 0.15,
respectively) and with further activation at 8, 16 and 24 h (pERK/ERK ratios of 0.3, 0.5 and
0.85, respectively) (Fig. 2 A). In C34 cells, no activated ERK was observed at the earlier times
(1 and 4 h); ERK activation was observed at 8 h (pERK/ERK ratios of 0.07) but this was weaker
than that in E47 cells. At later times (16 and 24 h), ERK activation was comparable to that
found in E47 cells (Fig. 2 A). On the contrary, no activation of P38 MAPK or of JNK was
observed through 24 h of treatment with cisplatin (Fig 2 A), which probably explains the lack
of effect of SB203580 and SP600125 on cisplatin toxicity (Fig 1A). Cisplatin did not affect
CYP2E1 expression in the E47 cells throughout the treatment time (Fig 2 A). U0126 inhibited
this ERK activation in both C34 and E47 cells after 24 h incubation (Fig. 2 B). This suggests
that U0126 inhibited cisplatin cytotoxicity via inhibiting ERK activation. In order to test if
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earlier activation of ERK contributes to the sensitivity of E47 cells to cisplatin, U0126 was
added at different times after cisplatin, and then cell viability was measured. As shown in Fig.
1 B, addition of U0126 at 1−8 h a fter cisplatin prevented cisplatin cytotoxicity in C34 and E47
cells. However, addition of U0126 at 16 h after cisplatin prevented cisplatin cytotoxicity in
C34 cells but not in E47 cells. These results are consistent with the notion that sustained ERK
activation contributed to cisplatin cytotoxicity both in E47 and C34 cells, and an earlier ERK
activation may have caused the E47 cells to be more sensitive to cisplatin.

Effect of glutathione de pletion on cisplatin toxicity and activation of ERK
E47 cells have elevated levels of glutathione, which appears to reflect a metabolic adaptation
to the CYP2E1-generated oxidative stress (34). Depletion of glutathione can induce cell
toxicity and death (8). The relationship between glutathione and ERK activation in the actions
of cisplatin in E47 cells was therefore examined. Cells were pretreated with 40 μM of BSO
(an inhibitor of glutamate cysteine ligase) overnight to deplete intracellular glutathione, and
then 0.25 mM of cisplatin was added. As shown in Fig. 3 A, cisplatin alone induced about a
40% loss of cell viability in E47 cells, but BSO plus cisplatin induced a 95% loss of cell
viability. BSO alone under these conditions had no effect on cell viability (data not shown).
U0126 partially protected against this BSO plus cisplatin enhanced cell death. BSO enhanced
cisplatin-induced ERK activation, and U0126 prevented this BSO-enhanced ERK activation
(Fig. 3 B). Pretreatment with 5 mM of GSHE for 1 h blunted the E47 cell death induced by
cisplatin alone or the enhanced cell death of cisplatin in combination with BSO (Fig. 3 C).
ERK activation was also inhibited by GSHE (Fig. 3 D). Thus glutathione loss potentiated ERK
activation by cisplatin in E47 cells. We next examined the glutathione level in order to validate
the actions of BSO. As shown in Fig. 4 A, after treatment with 0.25 mM of cisplatin, E47
intracellular glutathione content decreased about 25% after 4 h of cisplatin treatment, 40% at
8 h, and 60% at 16 h. However, to our surprise, U0126 had no effect on the glutathione level
(Fig 4A) even though it protected against cisplatin toxicity (Fig. 1A). This inidicates that the
protection by U0126 is not related to elevating glutathione. An 85% loss of glutathione was
caused by BSO alone or cisplatin plus BSO, but U0126 did not increase glutathione levels (Fig.
4 A), even though the U0126 partially protected against the potentiated toxicity produced by
cisplatin plus BSO (Fig 3 A).

Besides glutathione, ROS play an important role in cisplatin cytotoxicity, therefore we
examined the relationship between ROS accumulation and ERK activation. As shown in Fig.
4 B, cisplatin did not increase ROS accumulation at 4 h, but it increased ROS 2-fold at 8 h and
5-fold at 16 h. The increase in ROS production may play a role in the cisplatin-induced toxicity
and ERK activation. ROS accumulation caused by cisplatin in C34 cells did not increase at 8
h (data not shown), indicating that, like ERK activation, cisplatin elevation of ROS
accumulation occurred earlier in E47 cells than C34 cells. U0126 blocked ROS accumulation
caused by cisplatin (Fig. 4 B), even though glutathione levels were not restored (Fig 4 A).
These results suggest that ERK activation and ROS accumulation are associated with each
other. BSO alone did not lead to ROS accumulation (data not shown), but it enhanced cisplatin-
induced ROS accumulation at 8 h and 16 h (Fig. 4 B). The enhanced ROS accumulation found
with cisplatin plus BSO may play a role in the enhanced toxicity and elevated activation of
ERK found with cisplatin plus BSO. U0126 blocked this enhanced ROS production (Fig. 4 B)
even though U0126 did not restore the low glutathione levels (Fig. 4 A). Increasing glutathione
by pretreatment with GSHE blocked the ROS accumulation caused by cisplatin alone or in
combination with BSO (Fig 4 C), which probably is important for the protection by GSHE
against cisplatin toxicity (Fig. 3 C) and activation of ERK (Fig. 3 D).

To further support a connection between ERK activation and ROS production, MEK1/2 siRNA
instead of U0126 was used to inhibit ERK activation. In the presence of a scrambled siRNA,
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cisplatin activated ERK (Fig 5A). This ERK activation was inhibited partially by MEK1 siRNA
(siRNA1) or MEK2 siRNA (siRNA2) (Fig 5A). Cisplatin-induced accumulation of ROS was
decreased partially (Fig 5B) and cell viability was increased partially (Fig 5C) by siRNA1 and
siRNA2. These results, along with the U0126 results, are consistent with the notion that ERK
activation promoted ROS production and cytotoxicity.

Role of ERK activation in cisplatin-induced cell necrosis and apoptosis
Cisplatin induces both necrosis and apoptosis (35,36). Since the MTT assay cannot distinguish
the mode of cell death, experiments with PI staining were carried out to evaluate the mode of
cell death caused by cisplatin. Necrosis was determined on the basis of positive PI staining
(red color) of the nucleus in non-permeabilized cells, indicative of the loss of membrane
integrity (32). As shown in Fig. 6 A, after exposure to 0.25mM of cisplatin alone, no necrotic
cell death was detected at 4 and 8 h. About 15% necrotic cells were detected after exposure
for 16 h to cisplatin. Treatment with BSO plus cisplatin caused 20% necrosis at 8 h and 95%
necrosis at 16 h. These results were confirmed by a LDH leakage assay; thus, LDH leakage,
reflective of necrosis, was detected at 16 h but not at 4 or 8 h after cisplatin treatment, and
treatment with BSO plus cisplatin elevated LDH leakage at 16 h (Fig 6 B). Thus, cisplatin
toxicity is largely apoptotic but switches to necrosis when glutathione is depleted. U0126
decreased the cell necrosis induced by cisplatin alone or especially in combination with BSO
(Fig. 6A, 6B).

Apoptotic cells were detected after the cells were fixed and permeabilized followed by PI
staining. Condensed or fragmented nuclei were counted as apoptotic cells. As shown in Fig. 6
C, after exposure to 0.25mM of cisplatin, no apoptotic cells were detected at 4 h, but 30%
apoptotic cells were detected at 8 h and 45% at 16 h. Pretreatment with U0126 had no effect
on cisplatin-induced apoptosis (Fig. 6C). To further confirm this result, we applied Annexin
V staining as another method for apoptosis detection. Cells that have bound Annexin V-FITC
show green staining in the plasma membrane. Cisplatin alone induced Annexin V staining and
U0126 had no effect on this Annexin V staining induced by cisplatin (Fig. 6D).

Cisplatin-induced apoptosis is caspase-dependent (20,35). Therefore, activities of caspase-3,
-8 and -9 were determined in the absence and presence of BSO and/or U0126. The activities
of caspase-3, -8, and -9 increased at 4 h, peaked at 8 h and remained elevated at 16 h after
cisplatin treatment, as compared to Controls (Fig. 7). U0126 either did not inhibit or actually
increased activities of the three caspases in the presence of cisplatin (Fig. 7). Taken as a whole,
these results show that cisplatin-induced toxicity in the E47 cells is mainly apoptotic and
associated with activation of caspases, and in contrast to the inhibition of cisplatin-induced
necrosis by U0126, cisplatin-induced apoptosis or activation of caspases is not inhibited by
U0126.

The above experiments were carried out after incubating E47 cells with cisplatin for up to 16
h. In Fig. 1 A, using an MTT assay, we observed cisplatin-induced loss of cell viability after
24 h of treatment which is prevented, in part, by U0126. In order to validate the MTT data, we
evaluated apoptosis and necrosis by PI staining after 24 h of treatment of E47 cells with
cisplatin. At 24 h, cisplatin alone caused 40% necrosis and 50% apoptosis; U0126 decreased
the cell necrosis to 5%, but U0126 had not effect on the cell apoptosis. These data suggest that
the partial protection by U0126 against the loss of cell viability observed from MTT reduction
(Fig 1A) reflects inhibition of cisplatin-induced necrosis by U0126, whereas the inability of
U0126 to completely prevent the loss of cell viability by cisplatin may reflect the inability of
U0126 to prevent cisplatin-induced apoptosis.

As mentioned above, cisplatin induced much more necrosis in the presence of BSO (Fig. 6 A
and B). We evaluated the effect of BSO on the cisplatin-induced apoptosis. After treatment of
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E47 cells with BSO plus cisplatin, almost no apoptosis was detected at the three time points
studied (Fig. 6 C). In contrast to the Annexin V staining observed with cisplatin alone, no such
apoptotic staining was found in BSO plus cisplatin-treated cells (Fig. 6 D). Thus, the BSO
treatment switches cisplatin toxicity from an apoptotic mode of cell death to a necrotic mode.
This switching may be due to the decrease in caspase activities found in the cisplatin plus BSO
treated cells, in contrast to the increase in caspase activities found in cisplatin alone treated
cells (Fig. 6). Interestingly, U0126 partially switched necrosis induced by cisplatin plus BSO
back to apoptosis, as shown in Figure 6 C and D; no apoptosis was detected after treatment
with BSO plus cisplatin, but U0126 pretreatment led to about 10% apoptotic cells being
detected at 8 h and 20% at 16 h (Fig 6C). While BSO inhibited the activities of the three
caspases, U0126 partially restored these activities at the three time points, especially caspase-3
activity (Fig. 7).

To evaluate the role of caspases in the cisplatin toxicity, the effect of a pan-caspase inhibitor,
Z-VAD-FMK, was studied. Indeed, Z-VAD-FMK inhibited the apoptosis produced by
cisplatin alone (Fig. 8 panels 1−2), however, Z-VAD-FMK had no effect on the PI staining
produced by cisplatin plus BSO (Fig. 8 panels 3−4), indicating either the latter reflected
necrosis, not apoptosis, or caspase-independent apoptosis.

Caspases are cysteine proteases with a cysteine residue at the active site, and modification of
the cysteine residue abrogates their catalytic activities (37). GSH can regulate the redox state
within cells by forming reversible mixed disulphides with protein thiols to prevent irreversible
oxidation of cysteine residues under oxidative stress conditions (38). Therefore, the possibility
was considered that after GSH depletion by BSO, irreversible oxidation of cysteine residues
under oxidative stress induced by cisplatin could inactivate caspases, and explain why
apoptosis was not detected in the cisplatin plus BSO treated cells and the switch of cell death
to necrosis. In contrast, GSHE pretreatment may prevent oxidation of or restore cysteine
residues and thereby switch necrosis by cisplatin plus BSO to apoptosis. Indeed, the activities
of caspases which were inhibited by cisplatin plus BSO were elevated after GSHE treatment,
especially caspase-3 (Fig. 9 A). This recovery of caspase activities resulted in a switch of the
cisplatin plus BSO toxicity from necrosis to apoptosis in the presence of GSHE e.g. note the
increase in apoptosis by cisplatin plus BSO plus GSHE compared to cisplatin plus BSO (Fig
9B, bar graphs 2 and 6) and the decrease in necrosis found with cisplatin plus BSO plus GSHE
compared to cisplatin plus BSO (Fig. 9 C, bar graphs 2 and 6).

Results in Fig 4 showed that cisplatin increased ROS production, and this increase could be
further elevated by cisplatin plus BSO treatment. U0126 and GSHE both lowered the elevated
ROS produced by cisplatin alone or cisplatin plus BSO (Fig. 4), which may account for their
protection against the cisplatin and cisplatin plus BSO toxicity. To more directly evaluate the
role of ROS in cisplatin toxicity, especially the mode of cisplatin toxicity, the effect of several
antioxidants was evaluated. The necrosis produced by the combination of cisplatin plus BSO
was prevented by treatment with a scavenger of superoxide (MnTMP), a synthetic vitamin E
analogue which is a powerful inhibitor of lipid peroxidation (Trolox), and by an iron chelator
(DFO) (Fig. 9 C). These antioxidants were as effective as GSHE in lowering the cisplatin plus
BSO necrosis. Thus oxidative stress plays a key role in the cisplatin-induced necrosis.
However, the antioxidants did not mimic GSHE in promoting a switch of cisplatin plus BSO
toxicity from necrosis to apoptosis (Fig. 9 B), suggesting that GSHE is not promoting this
switch by acting as an antioxidant. The likely reason that GSHE could restore the apoptosis
might be related to the increased intracellular glutathione levels by GSHE but not by the other
antioxidants (Fig. 9 D).

However, U0126 had no effect on intracellular glutathione content (Fig. 4 A), although it
restored or promoted activities of caspases in the presence of cisplatin plus BSO (Fig. 7). It is
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proposed that there must be other thiol resources which can replace glutathione to adjust the
intracellular redox status. We examined the levels of thioredoxin (TRX), a redox active protein
which also regulates cellular redox status (39). As shown in Fig. 10 A, TRX expression
decreased at 8 h and especially at 16 h after treatment of E47 cells with cisplatin. BSO strikingly
decreased TRX expression in the presence of cisplatin even after only 4 h of incubation (Fig
10A). U0126 restored this decreased TRX expression induced by cisplatin alone or in
combination with BSO (Fig. 10 A). GSHE could also promote the recovery of the inhibited
TRX expression produced by cisplatin alone or in combination with BSO (Fig. 10 B). It is
conjectured that in this model, TRX might replace glutathione as a thiol reductant to maintain
caspases in their active state when glutathione was depleted by BSO, and that the ability of
U0126 to prevent necrosis but not apoptosis is due to the U0126-mediated increase in TRX
levels. Note that there is an inverse relationship between ERK activation and levels of TRX
i.e. TRX levels are low when ERK is activated by cisplatin and especially cisplatin and BSO,
and TRX levels are high when ERK activation is prevented by U0126 or by glutathione (Fig
10 A, B). To further support this hypothesis, TRX siRNA was used to decrease the expression
of TRX. As shown in Fig 10 C, TRX siRNA inhibited TRX expression compared to the
scrambled siRNA control and the cisplatin plus BSO plus U0126 treated cells. This decrease
in TRX levels potentiated the cisplatin loss of cell viability (Fig 10 D). As shown above, CP-
induced caspase-3 activity was inhibited by pretreatment with BSO and U0126 restored
caspase-3 activity. However, TRX SiRNA partially prevented this restoring of caspase 3
activity (Fig 10 E). Similarly, the partial restoration of apoptosis by U0126 in the cisplatin plus
BSO treated cells was lower in the siRNA TRX transfected cells relative to the scrambled
siRNA transfected cells (Fig 10 F).

Discussion
Cisplatin induces activation of MAPK such as P38 MAPK, JNK, and ERK in different cell
models (17-20). In E47 cells, cisplatin induced ERK activation but not activation of P38 MAPK
and JNK. Although many studies show that ERK serves as a surviving signaling pathway,
recent evidence suggests that the activation of ERK can also contribute to cell death under
certain conditions. For example, ERK is activated in neuronal and renal epithelial cells upon
exposure to oxidative stress and toxicants, and inhibition of the ERK pathway blocks apoptosis
(40). In cisplatin-induced cytotoxicity models, a death-promoting role for ERK was also
reported. For example, Wang et al (17) have shown that only ERK activation is the most
important factor for cisplatin-induced apoptosis, although all three MAPK members are
activated. Other MAPK e,g, JNK or P38 MAPK were found to be important for cisplatin
toxicity in other models (19,20). It has been suggested that the precise pattern of ERK activation
ultimately determines whether ERK protects or promotes cell death, e.g. the sustained
activation of ERK promotes cell death in a HT22 hippocampal cell line (41,42). The kinetics
and duration of ERK activation may direct ERK toward downstream targets that will either
promote or limit neuronal survival (43,44). In the present study, we found that cisplatin led to
sustained activation of ERK in both C34 and E47 cells, but activation occurred earlier in E47
cells than C34 cells. Depletion of glutathione with BSO not only enhanced cisplatin
cytotoxicity, but also enhanced ERK activation, and the inhibition of ERK by U0126 or
MEK1/2 SiRNA protected, at least in part, cells against cytotoxicity induced by cisplatin alone
or in combination with BSO. GSHE inhibited cisplatin alone or cisplatin plus BSO cytotoxicity
as well as ERK activation. It is suggested that activation of ERK contributed to cisplatin-
induced cytotoxicity in CYP2E1-overexpressing HepG2 (E47) cells.

ERK has been implicated in apoptotic events upstream of caspase-3 activation, or contributes
to apoptosis through the suppression of the anti-apoptotic signaling molecule AKT (40). In
Hela cells, ERK activation blocks cytochrome c release and subsequent activation of caspase
3 in cisplatin-induced apoptosis (17). Most previous studies have focused on cisplatin-induced
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apoptosis. In E47 cells, however, activation of ERK contributed to cisplatin-induced necrosis
but not apoptosis, as U0126 blocked cisplatin or cisplatin plus BSO induced necrosis but did
not inhibit cisplatin-induced apoptosis. Cisplatin-induced apoptosis is mediated by caspases.
In addition to an antioxidant action, glutathione can regulate redox state within cells by forming
reversible mixed disulphides with protein thiols to prevent irreversible oxidation of cysteine
residues under oxidative stress (38). In E47 cells, cisplatin caused a 25−60% loss of glutathione,
however, the mode of toxicity was mainly apoptotic suggesting that the remaining glutathione
still could prevent irreversible oxidation of caspase cysteine residues. But after nearly complete
glutathione depletion by BSO (about 90%), the low remaining glutathione could not prevent
irreversible oxidation of cysteine residues, hence caspases could not be activated (Fig. 7), and
cisplatin toxicity switched from an apoptotic mode of cell death to a necrotic mode.

It has been reported that BSO was able to change the mode of cell death caused by H2O2 or
anti-tumor drugs from apoptosis to necrosis (35,36). In the E47 cells, adding GSHE switched
cisplatin plus BSO-induced necrosis to apoptosis, because intracellular glutathione levels were
increased. Is this switch an antioxidant action of glutathione? However, despite their anti-
necrosis effect, other antioxidants could not switch cisplatin plus BSO-induced necrosis to
apoptosis, because they could not increase intracellular glutathione levels (Fig. 8). Therefore,
maintaining the intracellular glutathione levels appears crucial for onset of apoptosis in this
model. However, although U0126 increased apoptosis caused by BSO plus cisplatin, U0126
did not increase the intracellular glutathione levels. Another redox active protein, thioredoxin
(TRX) decreased dramatically after treatment with cisplatin plus BSO, but pretreatment with
U0126 restored the decreased TRX (Fig. 10 A). The TRXs are a family of small redox active
proteins (12 kD) that undergo reversible oxidation/reduction and help to maintain the redox
state of cells; TRX acts in a manner similar to glutathione in thiotransferase reactions (39).
TRX is maintained in a reduced state, under conditions resulting in glutathione depletion and
oxidation (45). Besides maintaining the cellular redox state, TRX has an antioxidant effect. By
reducing oxidized thioredoxin peroxidase, TRX restores the enzyme to its monomeric form,
thus allowing it to continue its ROS scavenging action (39). In fact, addition of GSHE also
restored TRX (Fig. 10 B); inhibition of TRX by SiRNA lowered the elevation of caspases and
the restoration of apoptosis by U0126 (Fig 10 E, 10F). This suggests that, in the absence of
glutathione, TRX can also maintain the redox state of cisplatin-treated cells thereby promoting
caspase activity and apoptosis, and by restoring TRX expression, U0126 can activate the
activities of caspases. The mechanisms by which U0126 increases TRX and the reciprocal
regulation of TRX levels by ERK will require further studies. In addition, these results do not
rule out possible roles of other cellular reductants which help maintain the cellular redox state
since TRX siRNA was only partially effective in enhancing cisplatin toxicity and preventing
restoration of caspase-3 activity and apoptosis.

Oxidative stress is closely associated with cisplatin-induced cytotoxicity (46). Glutathione
depletion induces accumulation of ROS, leading to cell death (8). Intracellular glutahione can
be depleted by cisplatin through formation of cisplatin GSH conjugates, and subsequent
accumulation of ROS leads to cell death. Cisplatin-induced cytotoxicity was inhibited by
GSHE pretreatment and exacerbated by depleting intracellular glutathione with BSO. U0126
protected against cytotoxicity induced by cisplatin plus BSO, but U0126 increased TRX
expression instead of maintaining or restoring the glutathione levels. By restoring TRX
expression, U0126 inhibited ROS accumulation, and protected against necrosis. Cisplatin
lowered TRX levels in the E47 cells (Fig 10), and human TRX was shown to protect against
cisplatin cytotoxicity (46,47). Thus, inhibition of ERK by U0126 in E47 cells caused dual
effects: inhibition of ERK protected against necrosis, probably via TRX's antioxidant action
(other antioxidants also protected against the cisplatin plus BSO induced necrosis); on the other
hand, inhibition of ERK restored activities of caspases and switched necrosis to apoptosis,
probably via maintaining the redox state of cells by TRX. Further studies such as
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overexpression of TRX by transfection will be helpful to further evaluate the role of TRX in
the necrotic and apoptotic modes of cell death produced by cisplatin in the E47 cells.

Many reports in the literature support a role for ROS production as an early mediator of cell
signaling, with ERK being a downstream effector. ERK stimulation by ROS has been reported
widely (31-33,48,49). Our data suggest a reciprocal relationship between ROS production and
ERK activation. GSHE inhibited but BSO enhanced cisplatin-induced ERK activation as well
as ROS accumulation; this suggests that ROS accumulation caused activation of ERK. On the
other hand, at earlier times after addition of cisplatin, ERK had been activated but ROS
production had not yet been elevated; moreover, inhibition of ERK by U0126 inhibited ROS
production, suggesting that ERK activation caused ROS accumulation. This suggests a possible
feedback mechanism between ERK activation and ROS production. ERK activation induced
ROS that in turn further activated ERK. This role of ERK activation as a moderator of ROS
production has also been found in lung endothelial cells, where hyperoxia-induced ERK
activation was necessary for hyperoxia-induced NADPH oxidase activation which can result
in ROS production (50), and in pulmonary epithelial cells, where inhibition of ROS production
by N-acetyl-cysteine pretreatment blocked mechanical strain-induced ERK activation (51).
However, the mechanisms by which ERK regulates ROS production require further studies.
A model for interactions between glutathione, ROS production, ERK activation and TRX
expression, and cisplatin toxicity, and the mode and switch of cell death is shown in Fig. 11
and discussed in the legend to Fig. 11.

Due to being poorly coupled with NADPH-cytochrome P-450 reductase, CYP2E1 exhibits
enhanced NADPH oxidase activity and elevated rates of production of superoxide and
hydrogen peroxide (21).This CYP2E1-dependent production of ROS occurs in the absence of
added substrate (52,53). CYP2E1-mediated oxidative stress is thought to play an important
role in alcoholic liver disease and it can produce synergistic toxic effects with other
hepatotoxins such as endotoxin (22,23). We have previously reported that the E47 cells were
more sensitive to cisplatin than C34 cells (11). CYP2E1 expression was not affected by
cisplatin. Compared with C34 cells, ERK was activated earlier in E47 cells. U0126 when added
at 16 h after cisplatin treatment prevented cytotoxicity in C34 cells but not in E47 cells. U0126
when added even only 1 h after cisplatin prevented cytotoxicity indicating early activation of
ERK sets events in action which subsequently cause loss of cell viability. It is proposed that,
in E47 cells, CYP2E1 along with activated ERK produce high levels of ROS, and the elevated
ROS further activates ERK which in turn further increases ROS production, ultimately causing
greater cell death, compared with C34 cells.
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Fig1.
(A) Effects of U0126, SB203580, and SP600125 on cisplatin-induced loss of cell viability.
Cells were seeded into 24-well plates at 1×105 cells/well and after 2 days' preincubation, 20
μM of SB203580, 20 μM of SP600125, or 20 μM of U0126, or DMSO control were added for
1 h, following by addition of varying concentrations of cisplatin, and readdition of SB203580,
SP600125, and U0126. After incubation for 24 h at 37°C, MTT assays were performed to
evaluate cell viability. Data are shown as means±SD. * P<0.05, compared with CP group. CP,
cisplatin; SB, SB203580; SP, SP600125; U0, U0126.
(B) Effect of the timed addition of U0126 on cisplatin-induced loss of cell viability. Cells were
seeded into 24-well plates at 1×105 cells/well and after 2 days' preincubation, 20 μM of U0126
or DMSO control was added 1 h before (CP U-1), concurrent with (CP U+0), or 1, 4, 8, or 16
h (CP U+1, +4, +8, +16, respectively) after cisplatin treatment, MTT assays were performed
to evaluate cell viability after cisplatin treatment for 24 h at 37ºC . Data are shown as means
±SD. ** P<0.01, compared with Control; ## P<0.01, compared with CP group. CP, cisplatin.
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Fig 2.
A. Effect of cisplatin on activation of MAPKs. Cells were seeded into 6-well plates at 4×105

cells/well and after 2 days' preincubation, 0.25 mM of cisplatin was added. After incubation
for different times at 37°C, cells were collected, washed, and then sonicated. Cell lysates were
used for Western blotting analysis of phosphorylated and total levels of MAPK.
B. Effect of cisplatin concentration on the activation of ERK in the absence or presence of
U0126. Cells were seeded into 6-well plates at 4×105 cells/well and after 2 days' preincubation,
20 μM of U0126 or DMSO control was added for 1 h, following by addition of varying
concentrations of cisplatin and readdition of U0126. After incubation for 24 h at 37°C, cells
were collected, washed, and then sonicated. Cell lysates were used for Western blotting analysis
to detect phosphorylated ERK (activated ERK) and total ERK. CP, cisplatin; U0, U0126.
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Fig 3.
A. Effects of U0126 on BSO-enhanced cisplatin cytotoxicity. E47 cells were seeded into 24-
well plates at 1×105 cells/well and after 2 days' preincubation, 40 μM of BSO or control medium
was added for overnight incubation, followed by addition of 0.25 mM of cisplatin and BSO
re-addition. 20 μM of U0126 or DMSO control was added 1 h prior to cisplatin. MTT assays
were performed to evaluate cytotoxicity. * P<0.05, compared with Control group; # P<0.05,
compared with CP group; $ P<0.05, compared with BSO+CP group.
B. Effects of U0126 on BSO-enhanced ERK activation. E47 cells were seeded into 6-well
plates at 4×105 cells/well and after 2 days' preincubation, 40 μM of BSO or control medium
was added for overnight incubation, followed by addition of 0.25 mM of cisplatin with BSO
re-addition. 20 μM of U0126 or DMSO control was added 1 h prior to cisplatin. After
incubation for 16 h at 37°C, cells were collected, washed, and then sonicated. Cell lysates were
applied for Western blotting analysis to detect phosphorylated ERK and total ERK.
C. Effects of GSHE on BSO-enhanced cisplatin cytotoxicity. The procedures for cell and drug
treatment were similar to (A) except for addition of 5mM GSHE instead of U0126. $ P<0.05,
compared with Control; * P<0.05, compared with CP group; && P<0.01, compared with CP
group; ## P<0.01, compared with CP+BSO group.
D. Effects of GSHE on BSO-enhanced ERK activation. The procedures for cell and drug
treatment were similar to (B) except for addition of 5mM GSHE instead of U0126. CP,
cisplatin; U, U0126; GSHE, glutathione ethyl ester.
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Fig4.
Effects of U0126 on glutathione levels and ROS production induced by cisplatin alone or
cisplatin plus BSO.
A. Effect of U0126 on glutathione levels. E47 cells were seeded into 6-well plates at 4×105

cells/well and after 2 days' preincubation, 40 μM of BSO or control medium was added for
overnight incubation, followed by addition of 0.25 mM of cisplatin with BSO re-addition. 20
μM of U0126 or DMSO control was added 1 h prior to cisplatin. After incubation at 37°C for
4, 8, and 16 h, respectively, glutathione levels were measured as described in MATERIALS
AND METHODS. ** P<0.01, compared with CP group.
B. Effect of U0126 on ROS accumulation. The procedures for cell and drug treatment were
the same as (A). ROS production was measured as described in MATERIALS AND
METHODS. * P<0.05 and ** P<0.01, compared with CP group; ## P<0.01, compared with
CP+BSO group.
C. Effect of GSHE on ROS accumulation. The procedures for cell and drug treatment were
similar to (A) except that 5 mM GSHE instead of U0126 was used. * P<0.05, compared with
Control; $ P<0.05, compared with CP group; ## P<0.01, compared with CP+BSO group. CP,
cisplatin; U, U0126.
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Fig5.
A. Effects of MEK1/2 SiRNA on ERK activation. 100 nM SiRNA was added and E47 cells
were incubated for 24 h, followed by addition of 0.5 mM of CP for 16 h. Cells were collected,
washed, and then sonicated. Cell lysates were used for Western blotting analysis of
phosphorylated and total levels of ERK. SiRNAs, scramble SiRNA; SiRNA1, MEK1 SiRNA;
SiRNA2, MEK2 SiRNA.
B. Effects of MEK1/2 SiRNA on ROS production. The procedures for cell and SiRNA
treatment were the same as (A). ROS production was measured as described in MATERIALS
AND METHODS. ** P<0.01, compared with the SiRNAs group; # P<0.05 and ## P<0.01,
compared with CP+SiRNAs group; $ P<0.05, compared with CP+SiRNA1.
C. Effects of MEK1/2 SiRNA on cell viability. The procedures for cell and SiRNA treatment
were the same as (A). MTT assays were performed to measure cell viability. ** P<0.01,
compared with SiRNAs group; # P<0.05 and ## P<0.01, compared with the CP+SiRNAs
group; $ P<0.05, compared with CP+SiRNA1.
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Fig6.
A. Effects of U0126 on cisplatin-induced necrosis. Cells were seeded into 6-well plates at
4×105 cells/well and after 2 days' preincubation, 40 μM of BSO or control medium was added
for overnight incubation, followed by addition of 0.25 mM of cisplatin with BSO re-addition.
20 μM of U0126 or DMSO control was added 1 h prior to cisplatin. After incubation at 37°C
for 16 h, cell necrosis was measured by PI staining as described in MATERIALS AND
METHODS. CP, cisplatin; U, U0126. ** P<0.01, compared with CP group; ## P<0.01,
compared with CP+BSO group.
B. LDH leakage. The procedures for cell and drug treatment were similar to (A) except that
cells were seeded into 24-well plates at 1×105 cells/well. LDH levels in the medium and the
cell extract were measured as described in MATERIALS AND METHODS. CP, cisplatin; U,
U0126. * P<0.05 and ** P<0.01, compared with CP group; ## P<0.01, compared with CP
+BSO group.
C. Effects of U0126 on cisplatin-induced apotosis. The procedures for cell and drug treatment
were same as (A). Apoptosis was measured as described in MATERIALS AND METHODS.
CP, cisplatin; U, U0126. ** P<0.01, compared with CP group; ## P<0.01, compared with CP
+BSO group.
D. Annexin-V staining. The procedures for cell and drug treatment were the same as (A).
Annexin-V staining was measured as described in MATERIALS AND METHODS.
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Fig 7.
Effect of cisplatin with or without BSO or U0126 on the activation of caspase-3, -8, and -9.
Cells were seeded into 6-well plates at 4×105 cells/well and after 2 days' preincubation, 40
μM of BSO or control medium was added for overnight incubation, followed by addition of
0.25 mM of cisplatin with BSO re-addition. 20 μM of U0126 or DMSO control was added 1
h prior to cisplatin. After incubation at 37°C for 4, 8, or 16 h, cells were collected, washed,
and then sonicated. Cell lysates were used to measure activities of caspase-3, -8, and -9 as
described in MATERIALS AND METHODS. CP, cisplatin; U, U0126. *P<0.05 and
**P<0.01, compared with Control; & P<0.05 and && P<0.01, compared with CP group; #
P<0.05 and ## P<0.01, compared with CP+BSO group.
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Fig 8.
Effect of Z-VAD-FMK on E47 cell necrosis or apoptosis induced by cisplatin or cisplatin plus
BSO. Cells were seeded into 6-well plates at 4×105 cells/well and after 2 days' preincubation,
40 μM of BSO or control medium was added for overnight incubation, followed by addition
of 0.25 mM of cisplatin with BSO re-addition. 50 μM of Z-VAD-FMK or DMSO control was
added 1 h prior to cisplatin. After treatment at 37°C for 16 h, 0.5 μM of PI was added into the
culture wells for 5 min iincubation, and then the adherent cells were either observed under the
fluorescence microscope using the appropriate filter to examine necrotic cells, or under the
light microscope to observe cell morphology. Arrows show apoptotic bodies. The morphology
shown is magnified 40-fold. CP, cisplatin; FM, fluorescence microscopy; LM, light
microscopy.
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Fig 9.
Effect of GSHE and non-thiol antioxidants on apoptosis or necrosis induced by BSO plus
cisplatin. A. Caspase activities: The procedures for cell and drug treatment were similar to Fig.
7 except that 5 mM of GSHE instead of U0126 was used. The activities of caspase-3, -8, and
-9 were measured as described in MATERIALS AND METHODS. ** P<0.01, compared with
CP+BSO group.
B. Apoptosis and C. Necrosis: The procedures for cell and drug treatment were similar to Fig.
6 except that 5mM of GSHE, 50 μM of MnTMP, 100 μM of Trolox, or 5mM of DFO instead
of U0126 were used. PI staining to assess apoptosis (B) or necrosis (C) was performed as
described in MATERIALS AND METHODS. ** P<0.01, compared with BSO+CP group; $
$ P<0.01, compared with BSO group.
D. GSH levels: The procedures for cell and drug treatment were similar to Fig.4 A except that
5mM of GSHE, 50 μM of MnTMP, 100 μM of Trolox, or 5mM of DFO were used instead of
U0126. Measurement of GSH was performed as described in MATERIALS AND METHODS.
Note: Data are shown as GSH levels relative to the BSO group instead of the Control group
(GSH levels were about 90% lower after BSO treatment). * P<0.05, compared with BSO group.
CP, cisplatin; DFO, deferoxamine mesylate; GSHE, glutathione ethyl ester.
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Fig 10.
A. Effect of U0126 on expression of thioredoxin. Cells were seeded into 6-well plates at
4×105 cells/well and after 2 days' preincubation, 40 μM of BSO or control medium was added
for overnight incubation, followed by addition of 0.25 mM of cisplatin alone or with BSO re-
addition. 20 μM of U0126 was added 1 h prior to cisplatin. After incubation at 37°C for 4, 8,
and 16 h, respectively, cells were collected, washed, and then sonicated. Cell lysates were used
for Western blotting analysis to detect either thioredoxin or p-ERK.
B. Effect of GSHE on expression of thioredoxin. The procedures for cell and drug treatment
were similar to (A) except that 5mM of GSHE instead of U0126 was added 1 h prior to cisplatin.
A total 16 h incubation time was used.
C. Effects of TRX SiRNA on thioredoxin expression. 80 nM SiRNA was added and the E47
cells were incubated for overnight, followed by addition of 0.25 mM of CP for 16 h. Cells were
collected, washed, and then sonicated. Cell lysates were used for Western blotting analysis of
thioredoxin. CP, cisplatin; CBU, cisplatin+BSO+U0126.
D. Effects of TRX SiRNA on caspase-3 activity. The procedures for cell and SiRNA treatment
were the same as (C). Caspase-3 activity was measured as described in MATERIALS AND
METHODS. ** P<0.01, compared to Control; && P<0.01, compared with CP group; # P<0.05
and ## P<0.01, compared with CP+BSO group; $ P<0.05, compared with SiRNA scramble
group.
E. Effects of TRX SiRNA on apoptosis. The procedures for cell and SiRNA treatment were
the same as (C). Apoptosis was measured as described in MATERIALS AND METHODS.
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** P<0.01, compared to Control; && P<0.01, compared with CP group; # P<0.05 and ##
P<0.01, compared with CP+BSO group; $$ P<0.01, compared with SiRNA scramble group.
F. Effects of TRX SiRNA on cell viability. The procedures for cell and SiRNA treatment were
similar to (C) except that cells were seeded in 24-well plates. MTT assays were performed to
measure cell viability. ** P<0.01, compared with Control; P<0.05, # compared with SiRNA-
scramble group.
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Fig 11.
Model for cisplatin toxicity in E47 cells. Cisplatin causes moderate glutathione depletion, ROS
accumulation, ERK activation and lowers TRX. This results in elevated activity of caspases
so cell death is mainly apoptosis. However, cisplatin plus BSO causes severe glutathione
depletion, ROS accumulation, ERK activation and very low levels of TRX. This results in
inhibition of caspase activities, so cell death is mainly necrosis, and antioxidants can block this
cell death. When glutathione is elevated by adding GSHE or when TRX is restored by U0126,
caspases are reactivated and necrosis is switched to apoptosis. CP, cisplatin; U, U0126; TRX;
thioredoxin; GSH, glutathione; GSHE, glutathione ethyl ester.
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