
Abstract. Pyrogallol (PG) is a polyphenol compound and
is known to be an O2

- generator. In the present study, we
evaluated the anti-apoptotic effects of caspase inhibitors in
relation to changes in reactive oxygen species (ROS) and
glutathione (GSH) levels in PG-treated human pulmonary
adenocarcinoma Calu-6 cells. Treatment with 50 μM PG
inhibited the growth of Calu-6 cells ~60% and induced
apoptosis ~17% at 24 h, accompanied by mitochondrial
membrane potential loss (ΔΨm). Treatment with pan-caspase
inhibitor (Z-VAD-FMK), caspase-3 inhibitor (Z-DEVD-
FMK), caspase-8 inhibitor (Z-IETD-FMK) and caspase-9
inhibitor (Z-LEHD-FMK) significantly prevented apoptosis
in PG-treated Calu-6 cells at 24 h. PG increased the ROS and
depleted GSH contents in Calu-6 cells. Treatment with each
caspase inhibitor did not significantly change the ROS and
GSH levels in PG-treated Calu-6 cells at 24 h. However, Z-
VAD significantly prevented GSH depletion in PG-treated
Calu-6 cells at the late time phase of 72 h. Conclusively, the
anti-apoptotic effect of caspase inhibitor on PG-induced
Calu-6 cell death was closely related to changes in GSH
content rather than ROS levels.

Introduction

The mechanism of apoptosis mainly involves two signaling
pathways, the mitochondrial and cell death receptor pathways
(1-3). The key element in the mitochondrial pathway is the
efflux of cytochrome c from mitochondria to cytosol, where
it subsequently forms a complex (apoptosome) with Apaf-1
and caspase-9, leading to the activation of caspase-3 (4). The
cell death receptor pathway is characterized by the binding of
cell death ligands and cell death receptors, and subsequently
activates caspase-8 and -3 (5,6). Caspase-3 is an executioner
caspase, whose activation can systematically dismantle cells
by cleaving key proteins such as PARP.

Pyrogallol (PG) is a polyphenol compound and is known
to be a superoxide anion (O2

-) generator (7,8). This compound
is often used to investigate the role of O2

- in the biological
system. The superoxide anion (O2

-) belongs to the reactive
oxygen species (ROS) including hydrogen peroxide (H2O2),
hydroxyl radical ( OH) and peroxynitrite (ONOO-). These
ROS have recently been implicated in the regulation of many
important cellular events, including transcription factor
activation, gene expression, differentiation and cell prolif-
eration (9-11). ROS are formed as by-products of mito-
chondrial respiration or certain oxidases such as nicotine
adenine diphosphate (NADPH) oxidase, xanthine oxidase
(XO), and a number of arachidonic acid oxygenases (12). A
change in the redox state of tissue implies a change in the
generation or metabolism of ROS. Principal metabolic
pathways include superoxide dismutase (SOD), which is
expressed as extracellular, intracellular and mitochondrial
isoforms (13). These isoforms metabolize O2

- to H2O2. Further
metabolism by peroxidases which include catalase and
glutathione (GSH) peroxidase yields O2 and H2O (14). Cells
possess antioxidant systems to control the redox state, which
is important for their survival. Excessive production of ROS
gives rise to the activation of events that lead to death in
several cell types (15-18). Also, PG was shown to induce O2

-

-mediated death of several types of cells such as mesangial
(19), human lymphoma (7), human glioma (20) and As4.1
juxtaglomerular cells (21). The exact mechanisms involved
in cell death induced by ROS are not fully understood.

Lung cancer is a major cause of cancer-related death in
developed countries. Various novel therapeutic strategies are
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currently under consideration, as the clinical use of cytotoxic
drugs is limited due to intrinsic or acquired resistance and
toxicity (22). Studies of the molecular mechanisms of
cytotoxic drug action have shed light on the treatment of lung
cancer, and novel agents that target specific intracellular
pathways related to the distinctive properties of cancer cells
continue to be developed. However, little is known about the
relationship between PG and lung cancer cells. 

In the present study, we evaluated the anti-apoptotic effects
of caspase inhibitors in PG-treated human pulmonary adeno-
carcinoma Calu-6 cells in relation to changes in ROS and
GSH levels.

Materials and methods

Cell culture. The human pulmonary adenocarcinoma Calu-6
cell line was obtained from the ATCC (HTB56) and was
maintained in a humidified incubator containing 5% CO2 at
37˚C. Calu-6 cells were cultured in RPMI-1640 supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (Gibco BRL, Grand Island, NY). Cells were
routinely grown in 100-mm plastic tissue culture dishes
(Nunc, Roskilde, Denmark) and harvested with a solution
of trypsin-EDTA while in a logarithmic phase of growth.
Cells were maintained in these culture conditions for all
experiments.

Reagents. PG was purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO). PG was dissolved in H2O at 1x10-1 M
as a stock solution. Pan-caspase inhibitor (Z-VAD-FMK;
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketon),
caspase-3 inhibitor (Z-DEVD-FMK; benzyloxycarbonyl-
Asp-Glu-Val-Asp-fluoromethylketon), caspase-8 inhibitor
(Z-IETD-FMK; benzyloxycarbonyl-Ile-Glu-Thr-Asp-
fluoromethylketon) and caspase-9 inhibitor (Z-LEHD-FMK;
benzyloxycarbonyl-Leu-Glu-His-Asp-fluoromethylketon)
were obtained from R&D Systems, Inc. (Minneapolis. MN)
and were dissolved in dimethyl sulfoxide (DMSO) (Sigma) at
1x10-2 M as a stock solution, which also was used as a control
vehicle. All of the stock solutions were wrapped in foil and
kept at 4 or -20˚C. 

Cell growth inhibition assay. The in vitro cell growth
inhibition effect of PG on Calu-6 cells was determined by
measuring 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) dye absorbance of living cells as
described previously (23). In brief, 5x104 cells per well were
seeded in 96-well microtiter plates (Nunc, Roskilde, Denmark)
in the presence of 50 μM PG following 1 h of pre-incubation
with 12.5 μM caspase inhibitor. After exposure to PG for 24 h,
50 μl of MTT (Sigma) solution (2 mg/ml in PBS) was added
to each well, and the plates were incubated for an additional
3 h at 37˚C. MTT solution in medium was aspirated off. To
achieve solubilization of the formazan crystals formed in
viable cells, 200 μl of DMSO was added to each well. The
optical density of each well was measured at 570 nm using
a microplate reader (Spectra Max 340, Molecular Devices
Co, Sunnyvale, CA, USA). Each plate contained multiple
wells at a given experimental condition and multiple control
wells. 

Annexin V staining. Apoptosis was determined by staining
cells with Annexin V-fluorescein isothiocyanate (FITC)
(Ex/Em = 488 nm/519 nm), because Annexin V can be used to
identify the externalization of phosphatidylserine during the
progression of apoptosis and, therefore, can detect cells during
early phases of apoptosis. In brief, 1x106 cells were incubated
with 50 μM PG after 1 h of pre-incubation with 12.5 μM
caspase inhibitor for 24 or 72 h. Cells were washed twice
with cold PBS and then resuspended in 500 μl of binding
buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM
CaCl2) at a concentration of 1x106 cells/ml. Annexin V-FITC
(5 μl; Pharmingen, San Diego, CA) was then added to these
cells, which were analyzed with a FACStar flow cytometer
(Becton Dickinson). For each sample, 5,000 or 10,000 events
were collected. 

Measurement of mitochondrial membrane potential (MMP)
(ΔΨm). The mitochondrial membrane was monitored using the
Rhodamine 123 fluorescent dye (Ex/Em = 485 nm/535 nm),
a cell-permeable cationic dye, which preferentially enters
mitochondria based on the highly negative MMP (ΔΨm).
Depolarization of MMP (ΔΨm) results in the loss of Rhodamine
123 from the mitochondria and a decrease in intracellular
fluorescence. In brief, 1x106 cells were incubated with 50 μM
PG after 1 h of pre-incubation with 12.5 μM caspase inhibitor
for 24 or 72 h. Cells were washed twice with PBS and
incubated with Rhodamine 123 (0.1 μg/ml; Sigma) at 37˚C for
30 min. Rhodamine 123 staining intensity was determined by
flow cytometry. For each sample, 5,000 or 10,000 events
were collected.

Detection of intracellular general ROS and O2
- concentration.

Intracellular general ROS such as H2O2, OH and ONOO
were detected by means of an oxidation-sensitive fluorescent
probe dye, 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA) or 3'-(p-hydroxyphenyl) fluorescein (HPF) (24)
(Invitrogen Molecular Probes, Eugene, OR). H2DCFDA was
deacetylated intracellularly by nonspecific esterase, which was
further oxidized by cellular peroxides, yielding 2,7-dichloro-
fluorescein (DCF), a fluorescent compound (Ex/Em = 495 nm/
529 nm). HPF specifically reacts with OH and ONOO and
yields a bright green fluorescent product (Ex/Em = 490 nm/
515 nm). DCF and HPF are poorly selective for the super-
oxide anion radical (O2

-). In contrast, dihydroethidium (DHE)
(Ex/Em = 518 nm/605 nm) (Invitrogen Molecular Probes) is
a fluorogenic probe that is highly selective for O2

- among
ROS. DHE is cell-permeable and reacts with the superoxide
anion to form ethidium, which in turn intercalates in
deoxyribonucleic acid, thereby exhibiting a red fluorescence.
In brief, 1x106 cells were incubated with 50 μM PG after 1 h
of pre-incubation with 12.5 μM caspase inhibitor for 24 or
72 h. Cells were then washed in PBS and incubated with
20 μM H2DCFDA, HPF or DHE at 37˚C for 30 min
according to the manufacturer's instructions. DCF, HPF and
DHE fluorescences were detected using a FACStar flow
cytometer. For each sample, 5,000 or 10,000 events were
collected. ROS and O2

- levels were expressed as mean
fluorescence intensity (MFI), which was calculated by
CellQuest software.
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Detection of mitochondrial O2
- concentration. Mitochondrial

O2
- levels were detected by means of MitoSox™ Red mito-

chondrial O2
- indicator (Invitrogen Molecular Probes), which

is a fluorogenic dye for highly selective detection of O2
- in

the mitochondria of live cells. Once in the mitochondria,
MitoSox Red agent is oxidized by O2

- and exhibits red
fluorescence (Ex/Em = 510 nm/580 nm). In brief, 1x106 cells
were incubated with 50 μM PG after 1 h of pre-incubation
with 12.5 μM caspase inhibitor for 24 h. Cells were then
washed in PBS and incubated with 5 μM MitoSox Red agent
at 37˚C for 30 min according to the manufacturer's instructions.
MitoSox Red fluorescence was detected using a FACStar
flow cytometer. For each sample, 5,000 or 10,000 events
were collected. MitoSox Red levels were expressed as mean
fluorescence intensity (MFI), which was calculated by
CellQuest software.

Detection of intracellular glutathione (GSH). Cellular GSH
levels were analyzed using 5-chloromethylfluorescein
diacetate (CMFDA, Molecular Probes) (Ex/Em = 522 nm/
595 nm). CMFDA is a useful, membrane-permeable dye for
determining levels of intracellular glutathione (25,26). In
brief, 1x106 cells were incubated with 50 μM PG after 1 h of
pre-incubation with 12.5 μM caspase inhibitor for 24 or 72 h.
Cells were then washed with PBS and incubated with 5 μM
CMFDA at 37˚C for 30 min according to the manufacturer's
instructions. Cytoplasmic esterases convert nonfluorescent
CMFDA to fluorescent 5-chloromethylfluorescein, which can
then react with glutathione. PI (1 μg/ml), which is membrane
impermeant and generally excluded from viable cells, was
subsequently added, and CMF fluorescence and PI staining
intensity were determined using a FACStar flow cytometer
and calculated by CellQuest software. For each sample, 5,000
or 10,000 events were collected.

Statistical analysis. Results shown in the figures represent the
mean of at least three independent experiments; bar, SD.

Microsoft Excel or Instat Software (GraphPad Prism4, San
Diego, CA) was used to analyze the data. The Student's t-test
or one-way analysis of variance (ANOVA) with post hoc
analysis using Tukey's multiple comparison test was used for
parametric data. Statistical significance was defined as
P<0.05.

Results

Effects of caspase inhibitors on cell growth, apoptosis and
mitochondrial membrane potential (MMP) loss in PG-treated
Calu-6 cells at 24 h. We examined the effect of caspase
inhibitors on the growth of PG-treated Calu-6 cells using an
MTT assay. We screened the range concentration of PG for
this experiment and chose the suitable dose of 50 μM PG,
which inhibited the growth of Calu-6 cells ~60% at 24 h
(Fig. 1A). We also determined 12.5 μM to be the optimal dose
of pan-caspase inhibitor (Z-VAD-FMK), caspase-3 inhibitor
(Z-DEVD-FMK), caspase-8 inhibitor (Z-IETD-FMK) and
caspase-9 inhibitor (Z-LEHD-FMK), which did not affect the
growth of Calu-6 control cells (data not shown). Treatment
with each caspase inhibitor significantly prevented the growth
inhibition of Calu-6 cells by PG at 24 h (Fig. 1A). Each
caspase inhibitor also rescued Calu-6 cells from PG-induced
apoptosis at 24 h in view of Annexin V-positive staining
(Fig. 1B), which indicated that the cell death of Calu-6 cells by
PG occurred via an apoptotic pathway. It is known that
apoptosis is closely related to the collapse of MMP (ΔΨm) (27).
Therefore, we determined the loss of MMP (ΔΨm) in PG-
treated Calu-6 cells. As expected, the loss of MMP (ΔΨm) was
observed in PG-treated cells at 24 h (Fig. 1C). However,
treatment with each caspase inhibitor did not significantly
change the levels of MMP loss (ΔΨm) in PG-treated cells at
this time (Fig. 1C). 

Effects of caspase inhibitors on ROS and GSH levels in PG-
treated Calu-6 cells at 24 h. To determine whether the levels
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Figure 1. Effects of caspase inhibitors on cell growth, apoptosis and mitochondrial membrane potential (MMP) loss in PG-treated Calu-6 cells. Exponentially
growing cells were treated with 50 μM PG for 24 h following a 1-h pre-incubation with 12.5 μM caspase inhibitor. (A) The growth of Calu-6 cells was
assessed by an MTT assay. (B) Cells with Annexin V staining were counted using a FACStar flow cytometer. The graph shows the percentages of Annexin
V-positive cells. (C) Cells stained with Rhodamine 123 were counted using a FACStar flow cytometer. The graph shows the percentages of Rhodamine 123-
negative (MMP loss) cells. *P<0.05 compared with the PG-untreated control group; #P<0.05 compared with cells treated with only PG.
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of intracellular ROS in PG-treated Calu-6 cells were altered
by treatment with each inhibitor of caspase, we assessed the
levels of intracellular ROS and GSH in Calu-6 cells by using
various fluorescence dyes at 24 h. As shown in Fig. 2A and B,
intracellular general ROS levels such as H2O2, OH and
ONOO were increased in 50 μM PG-treated cells. Treatment
with caspase inhibitors did not significantly alter the ROS
levels in PG-treated cells. When we detected the intracellular
O2

- levels in PG-treated Calu-6 cells, red fluorescence derived
from DHE reflecting intracellular O2

- levels and MitoSox
reflecting mitochondrial O2

- levels was significantly increased
in these cells at 24 h (Fig. 2C and D). None of the caspase
inhibitors significantly altered the intracellular or mito-
chondrial O2

- levels in PG-treated Calu-6 cells (Fig. 2C and
D).

Cellular GSH has been shown to be crucial for regulation
of cell proliferation, cell cycle progression and apoptosis
(28,29). Therefore, we analyzed the changes in GSH levels in
Calu-6 cells by using CMF fluorescence at 24 h. As shown in
Fig. 2E, treatment with PG depleted the intracellular GSH
content in Calu-6 cells, and none of the caspase inhibitors
prevented the depletion of GSH content in PG-treated Calu-6
cells. Caspase inhibitors alone did not significantly change the
levels of ROS and GSH in Calu-6 control cells at 24 h (data
not shown).

Effects of caspase inhibitors on ROS and GSH levels in PG-
treated Calu-6 cells at 72 h. Since caspase inhibitors showing
an anti-apoptotic effect on PG-treated Calu-6 cells did not
significantly change the ROS and GSH levels at 24 h, we
evaluated the changes in these cells at the late time of 72 h.
Treatment with pan-caspase inhibitor, Z-VAD, significantly
decreased the levels of apoptosis in PG-treated cells as
observed at 24 h (Fig. 3A). Z-VAD also decreased the MMP
loss in these cells (Fig. 3B). In contrast to ROS levels in PG-
treated Calu-6 cells at 24 h, PG did not increase but decreased
the ROS levels in Calu-6 control cells at 72 h (Fig. 3C). Z-
VAD slightly increased the ROS levels in PG-treated cells
(Fig. 3C). The intracellular O2

- level was increased in Calu-6
cells at 72 h, and Z-VAD did not change the O2

- levels in PG-
treated cells (Fig. 3D).  

In relation to GSH levels in PG-treated cells at 72 h, the
depletion levels of GSH in these cells were slightly higher
than those at 24 h (Fig. 4A). Notably, treatment with Z-VAD
significantly reduced the depletion of GSH content in PG-
treated cells at 72 h (Fig. 4A). Next, to evaluate whether the
M1 region cells (Fig. 4A) were dead or not, we stained cells
with PI additionally to verify disruption of the plasma
membrane. As shown in Fig. 4B, many negative CMF
fluorescence cells by PG showed PI-positive staining, which
indicated that many cells showing GSH depletion were

HAN et al:  Z-VAD PREVENTED APOPTOSIS IN PG-TREATED Calu-6 CELLS1102

Figure 2. Effects of caspase inhibitors on ROS and GSH levels in PG-treated Calu-6 cells. Exponentially growing cells were treated with 50 μM PG for 24 h
following 1-h pre-incubation with 12.5 μM caspase inhibitor. ROS and GSH levels in Calu-6 cells were measured using a FACStar flow cytometer. (A) DCF
(ROS) levels. (B) HPF ( OH or ONOO ) levels. (C) DHE (O2

-) levels. (D) MitoSox (mitochondrial O2
-) levels. (E) The percentage of GSH-deleted (CMF-

negative) cells. *P<0.05 compared with the PG-untreated control group. 
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considered to be dead. The treatment of Z-VAD significantly
reduced the number of CMF negative and PI-positive cells in
PG-treated cells. The proportion of CMF and PI-double-
positive cells was small; ~4% in control and PG-treated cells
(Fig. 4B). Caspase inhibitors alone did not significantly
change the levels of apoptosis, ROS and GSH in Calu-6
control cells at 72 h (data not shown).

Discussion

In the present study, we focused on evaluating the anti-
apoptotic effects of caspase inhibitors (pan-caspase, caspase-3,
-8 or -9) in relation to changes in ROS and GSH levels in
PG-treated human pulmonary adenocarcinoma Calu-6 cells,
since we previously observed that PG inhibited the growth of
Calu-6 cells via apoptosis (unpublished data). Treatment with
each tested caspase inhibitor significantly prevented apoptosis
in PG-treated Calu-6 cells at 24 h (Fig. 1B). The anti-apoptotic
effects of caspase inhibitors (caspase-3, -8 or -9) on these
cells were also observed at 72 h (data not shown). These data
suggest that the activation of caspase-3, -8 and -9 together is
necessary for full induction of apoptosis. The modes of caspase
activation during apoptosis by PG may be dependent on cell
type. For example, although there were differences in the
incubation time and concentration of caspase inhibitors,
caspase inhibitors were ineffective for rescuing cells from
PG-induced apoptosis in pheochromocytoma PC12 (8), As4.1
juxtaglomerular (30) and HeLa cells (31). In particular, the
inhibitor of caspase-8 decreased the levels of apoptosis in
PG-treated Calu-6 cells. The exact mechanism of PG
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Figure 3. Effects of Z-VAD on apoptosis, MMP loss and ROS levels in PG-
treated Calu-6 cells. Exponentially growing cells were treated with 50 μM
PG for 72 h following 1-h pre-incubation with 12.5 μM Z-VAD. (A)
Percentages of Annexin V-positive cells. (B) Rhodamine 123-negative
(MMP loss) cells. (C) Levels of DCF (ROS). (D) Levels of DHE (O2

-).
*P<0.05 compared with the PG-untreated control group; #P<0.05 compared
with cells treated with only PG.

Figure 4. Effects of Z-VAD on GSH content and membrane integrity in PG-treated Calu-6 cells. Exponentially growing cells were treated with 12.5 μM PG
for 72 h following 1-h pre-incubation with 12.5 μM Z-VAD. (A) The intracellular GSH levels were determined by a FACStar flow cytometer. The graph
shows the percent of CMF-negative fluorescent (GSH depleted; M1 region) cells from the above figures. (B) CMF fluorescent cells and PI-positive stained
cells were also measured using a FACStar flow cytometer. The graph shows the percent of CMF-negative and PI-positive stained cells from the above figures.
*P<0.05 compared with the PG-untreated control group; #P<0.05 compared with cells treated with only PG.
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activation of caspase-8 requires further study, since the
activation of caspase-8 is related to the cell death receptor
pathway in apoptosis (2,3). With regard to the MMP loss
(ΔΨm), the loss of MMP (ΔΨm) was observed in PG-treated
cells at 24 or 72 h. Each inhibitor of caspase did not recover
the loss of MMP (ΔΨm) in PG-treated cells at 24 h, which
suggests that the loss of MMP (ΔΨm) by PG was not enough
to completely induce apoptosis in Calu-6 cells at this time
point. However, we observed that Z-VAD in part prevented
the loss of MMP (ΔΨm) at 72 h. This result also suggests that
other pathways including the cell death receptor pathway, in
addition to the loss of MMP (ΔΨm) by PG, is required to
entirely trigger apoptosis. 

PG can disturb the natural oxidation and reduction
equilibrium in cells. It has been reported that an increased
pattern of O2

- by PG is shown in pheochromocytoma PC12
(8), human neuroblastoma SH-SY5Y (32) and As4.1 juxta-
glomerular cells (21). Likewise, our data showed that the
intracellular ROS levels as well as O2

- levels were increased
in 50 μM PG-treated Calu-6 cells at 24 h. However, treatment
with 50 μM PG decreased the ROS levels such as H2O2, OH
and ONOO for the long incubation time of 72 h. It is possible
that PG decreased SOD activity, resulting in slow conversion
from O2

- to H2O2, reduction in H2O2 levels, and accumulation
of O2

-. In fact, we recently reported that PG decreases the
activity of SOD (33). All of the tested caspase inhibitors,
which significantly prevented cell death, did not significantly
decrease the ROS levels increased by PG. None of the caspase
inhibitors decreased the O2

- levels in PG-treated Calu-6 cells
as well. Our results suggest that the changes in ROS by PG
are not tightly related to apoptosis induction in Calu-6 cells.
The exact mechanisms of cell death due to PG and the roles of
ROS in PG-treated Calu-6 cells still need to be defined further. 

GSH is a main non-protein antioxidant in cells. It is able
to clear away O2

- and provide electrons for enzymes such as
glutathione peroxidase, which reduce H2O2 to H2O. It has
been reported that the intracellular GSH content has a decisive
effect on anticancer drug-induced apoptosis, indicating that
apoptotic effects are inversely correlated to GSH content
(21,34,35). Likewise, our results clearly indicate that PG
depleted intracellular GSH content in Calu-6 cells. In fact, Z-
VAD showing an anti-apoptotic effect on PG-treated Calu-6
cells reduced the depletion of GSH content by PG at 72 h.
Many CMF-negative fluorescent cells induced by PG also
showed PI-positive staining, which indicated that many cells
showing GSH depletion were considered to be dead. The
treatment of Z-VAD significantly reduced the number of
CMF-negative and PI-positive cells in PG-treated cells,
indicating that Z-VAD keeps the integrity of the plasma
membrane in PG-treated cells. These results suggest that
intracellular GSH levels are tightly related to PG-induced cell
death. However, notably, Z-VAD did not decrease the
depletion of GSH content by PG at 24 h. These data suggest
that the depletion of GSH by PG at 24 h was not dependent
on the activation of caspase but the depletion of GSH at the
late time phase of 72 h was. 

In conclusion, PG inhibited the growth of Calu-6 cells
throughout caspase-dependent apoptosis. The anti-apoptotic
effect of caspase inhibitors on PG-induced Calu-6 cell death

was closely related to the changes in GSH content rather than
ROS levels.
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