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Apoptosis in Arsenic Trioxide-Treated Calu-6 Lung
Cells Is Correlated With the Depletion of GSH
Levels Rather Than the Changes of ROS Levels
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Abstract Arsenic trioxide (ATO) can regulate many biological functions such as apoptosis and differentiation in
various cells. We investigated an involvement of ROS such as H2O2 and O2

.�, and GSH in ATO-treated Calu-6 cell death.
The levels of intracellular H2O2 were decreased in ATO-treated Calu-6 cells at 72 h. However, the levels of O2

.� were
significantly increased. ATO reduced the intracellular GSH content. Many of the cells having depleted GSH contents were
dead, as evidenced by the propidium iodine staining. The activity of CuZn-SOD was strongly down-regulated by ATO at
72 h while the activity of Mn-SOD was weakly up-regulated. The activity of catalase was decreased by ATO. ROS
scavengers, Tiron and Trimetazidine did not reduce levels of apoptosis and intracellular O2

.� in ATO-treated Calu-6 cells.
Tempol showing a decrease in intracellular O2

.� levels reduced the loss of mitochondrial transmembrane potential (DCm).
Treatment with NAC showing the recovery of GSH depletion and the decreased effect on O2

.� levels in ATO-treated cells
significantly inhibited apoptosis. In addition, BSO significantly increased the depletion of GSH content and apoptosis in
ATO-treated cells. Treatment with SOD and catalase significantly reduced the levels of O2

.� levels in ATO-treated cells,
but did not inhibit apoptosis along with non-effect on the recovery of GSH depletion. Taken together, our results suggest
that ATO induces apoptosis in Calu-6 cells via the depletion of the intracellular GSH contents rather than the changes of
ROS levels. J. Cell. Biochem. 104: 862–878, 2008. � 2008 Wiley-Liss, Inc.
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Reactive oxygen species (ROS) include hydro-
gen peroxide (H2O2), superoxide anion (O2

.�),
and hydroxyl radical (.OH). These molecules
have recently been implicated in the regulation
of many important cellular events, including
transcription factor activation, gene expression,
differentiation, and cellular proliferation [Baran
et al., 2004; Bubici et al., 2006]. ROS are formed
as by-products of mitochondrial respiration
or oxidases, including nicotine adenine diphos-
phate (NADPH) oxidase, xanthine oxidase
(XO), and certain arachidonic acid oxygenases
[Zorov et al., 2006]. A change in the redox state
of the tissue implies a change in ROS generation
or metabolism. Principal metabolic pathways
include superoxide dismutase (SOD), which is
expressed as extracellular, intracellular, and
mitochondrial isoforms. These isoforms meta-
bolize O2

.� to H2O2. Further metabolism by
peroxidases that include catalase and gluta-
thione (GSH) peroxidase yields O2 and H2O
[Wilcox, 2002]. GSH is a main non-protein
antioxidant in the cell and it can clear away
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the superoxide anion free radical and provide
electrons for enzymes such as glutathione
peroxidase, which reduce H2O2 to H2O. GSH
has been shown to be crucial for regulation
of cell proliferation, cell cycle progression
and apoptosis [Poot et al., 1995; Schnelldorfer
et al., 2000] and is known to protect cells from
toxic insult through detoxification of toxic
metabolites of drugs and ROS [Lauterburg,
2002]. Although cells possess antioxidant sys-
tems to control the redox state, which is
important for their survival, excessive produc-
tion of ROS can be induced and gives rise to
the activation of events that lead to death or
survival in several cell types [Simon et al., 2000;
Chen et al., 2006; Dasmahapatra et al., 2006;
Wallach-Dayan et al., 2006]. The exact mecha-
nisms involved in cell death induced by ROS
are not fully understood and the protective
effect mediated by some antioxidants remains
controversial.

Arsenic trioxide (ATO; As2O3) has been
firstly reported to induce complete remission
in patients with relapsed or refractory acute
promyelocytic leukemia (APL) without severe
marrow suppression [Soignet et al., 1998].
The antiproliferative effect of ATO is not limited
to APL cells, but can also be observed in a
variety of hematological malignancies [Wang
et al., 1998; Zhang et al., 1998; Park et al., 2000].
Accumulating evidences have indicated that
ATO can regulate many biological functions
such as cell proliferation, apoptosis, differentia-
tion, and angiogenesis in various cell lines such
as renal [Hyun Park et al., 2003], head and neck
[Seol et al., 1999], ovarian [Uslu et al., 2000],
prostate [Uslu et al., 2000], hepatoma [Kito
et al., 2002; Oketani et al., 2002], bladder [Pu
et al., 2002], colon [Nakagawa et al., 2002], lung
[Li et al., 2002], breast [Baj et al., 2002], cervical
[Woo et al., 2002], and gastric [Zhang et al.,
1999] cancer cells. ATO as a mitochondrial toxin
induces a loss of mitochondrial transmembrane
potential [Park et al., 2000; Hyun Park et al.,
2003; Haga et al., 2005] and, as such, it induces
the generation of ROS [Miller et al., 2002; Kim
et al., 2006; Li et al., 2006]. These phenomena
could trigger the apoptosis of target cells.
Therefore, it is thought that ATO induces
apoptosis in tumor cells by affecting the mito-
chondria and ROS generation. In addition,
it has been reported that the intracellular
GSH content has a decisive effect on ATO-
induced apoptosis [Dai et al., 1999; Kitamura

et al., 2000; Wu et al., 2004; Li et al., 2006].
Furthermore, a combination of ATO and
L-buthionine sulfoximine (BSO; an inhibitor of
GSH synthesis) induced synergistic cytotoxicity
in several cell lines of renal cell carcinoma [Wu
et al., 2004], bladder cancer [Pu et al., 2002],
leukemia [Dai et al., 1999], hepatocellular
carcinoma [Kito et al., 2002], and solid tumors
[Maeda et al., 2004].

We have recently found that that ATO inhi-
bited the growth of Calu-6 cells with an IC50 of
about 3–4 mM at 72 h. Treatment with 10 mM
ATO efficiently induced apoptosis, as evidenced
by flow cytometric detection of sub-G1 DNA
content, annexin V binding assay and DAPI
staining. This apoptotic process was accompani-
ed by the loss of mitochondrial membrane
potential (DCm), Bcl-2 down- regulation, the
activation of caspase-3 and PARP degradation
(unpublished data). In the present study, we
evaluated the involvement of ROS and GSH in
ATO-induced Calu-6 cell death, investigated
whether ROS scavengers could rescue Calu-6
cells from ATO-induced death and described its
mechanism in relation to ROS and GSH.

MATERIALS AND METHODS

Cell Culture

Human lung adenocarcinoma Calu-6 and
A549 cells were maintained in humidified room
air containing 5% CO2 at 378C. Cells were
cultured in RPMI-1640 supplemented with
10% fetal bovine serum (FBS) and 1% penicil-
lin-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 at these culture
conditions for all experiments.

Reagents

ATO and BSO (L-buthionine sulfoximine)
were purchased from Sigma–Aldrich Chemical
Company (St. Louis, MO) and were dissolved in
1.65 M NaOH and distilled water at 1� 10�1 M
as a stock solution, respectively. The cell-
permeable O2

.� scavengers, 4-hydroxy-TEMPO
(4-hydroxyl-2,2,6,6-tetramethylpierydine-1-oxyl)
(Tempol), 4,5-dihydroxyl-1,3-benzededisulfonic
acid (Tiron), 1-[2,3,4-trimethoxibenzyl]-piperazine
(Trimetazidine), reduced-GSHester (rGSHester)
and N-acetylcysteine (NAC) were obtained from

The Role of GSH in ATO-Treated Calu-6 Cells 863



Sigma. These were dissolved in designated
solution buffer (ethanol or water) at 1� 10�1 M
as a stock solution. SOD and catalase were
obtained from Sigma and dissolved in 50 mM
potassium phosphate buffer at 4733 U/ml.
One unit of SOD and catalase is defined as
the amount of enzyme needed to Exhibit
50% dismutation of the superoxide radical and
to Exhibit 50% decomposition of hydrogen
peroxide to oxygen and water, respectively. All
of the stock solutions were wrapped in foil and
kept at 48C or �208C.

Detection of the Intracellular H2O2

and O2
.� Concentration

The intracellular H2O2 concentration was
detected by means of an oxidation-sensitive
fluorescent probe dye, 20,70-Dichlorodihydro-
fluorescein diacetate (H2DCFDA) (Invitrogen
Molecular Probes, Eugene, OR). H2DCFDA was
intracellularly deacetylated by non-specific
esterase, which was further oxidized by cell-
ular peroxides to the fluorescent compound, 2,
7-dichlorofluorescein (DCF) (Ex/Em¼ 495 nm/
529 nm). Dihydroethidium (DHE) (Ex/Em¼
518 nm/605 nm) (Invitrogen Molecular Probes)
is a fluorogenic probe that is highly selective for
superoxide anion radical detection. DHE is cell-
permeable and reacts with superoxide anion to
form ethidium, which, in turn, intercalates in
the deoxyribonucleic acid, thereby exhibiting a
red fluorescence. In brief, cells were incubated
with ATO with or without ROS scavengers or
BSO for 72 h or for the indicated amounts
of time. Cells were then washed with PBS
and incubated with 20 mM H2DCFDA or 5 mM
DHE at 378C for 30 min according to the instruc-
tions of the manufacturer. DCF fluorescence
and red fluorescence were detected using a
FACStar flow cytometer (Becton Dickinson,
San Jose, CA). For each sample, 5,000 or
10,000 events were collected. H2O2 and O2

.�

production were expressed as mean fluores-
cence intensity (MFI), which was calculated by
CellQuest software.

Detection of the Intracellular
Glutathione (GSH)

Cellular GSH levels were analyzed using
5-chloromethylfluorescein diacetate (CMFDA,
Molecular Probes). CMFDA (Ex/Em¼ 492 nm/
517 nm) is a useful, membrane-permeable dye
for determining levels of the intracellular
glutathione [Hedley and Chow, 1994; Macho

et al., 1997]. In brief, cells were incubated with
the ATO with or without ROS scavenger or BSO
for 72 h or for the amounts of time. Cells were
then washed with PBS and incubated with 5 mM
CMFDA at 378C for 30 min according to the
instructions of the manufacturer. Cytoplasmic
esterases convert non-fluorescent CMFDA to
fluorescent 5-chloromethylfluorescein, which
can then react with the glutathione. PI can be
used to differentiate necrotic, apoptotic and
normal cells. This agent is membrane imper-
meant and generally excluded from viable cells.
PI (1 mg/ml) was subsequently added, and CMF
fluorescence and PI (Ex/Em¼ 488 nm/617 nm)
staining intensity were determined using a
FACStar flow cytometer (Becton Dickinson)
and calculated by CellQuest software. For each
sample, 5,000 or 10,000 events were collected.

Measurement of Cellular Catalase Activity

The level of cellular catalase enzyme activity
was measured using a catalase assay kit
from Sigma–Aldrich Chemical Company. In
brief, cells were incubated with the designated
dose of ATO for 72 h. The cells were washed
with PBS and suspended in 5 volumes of lysis
buffer (20 mM HEPES [pH 7.9], 20% Glycerol,
200 mM KCl, 0.5 mM EDTA, 0.5% NP40,
0.5 mM DTT, 1% protease inhibitor cocktail
(from Sigma)). The lysates were then collected
and stored at �208C until further use. The
supernatant protein concentration was deter-
mined by the Bradford method. Supernatant
samples containing 30 mg of total protein were
used for determination of catalase enzyme acti-
vity. These were added to a microcentrifuge
tube with the appropriate volume of assay
buffer (50 mM KH2PO4/50 mM Na2HPO4, pH
7.0). The reaction was initiated by the addition
of 200 mM H2O2 solution at 258C for 5 min, and
was finished by the addition of stop solution.
A small amount of the above reaction mixture
was removed, added to another microcentrifuge
tube with the color reagent (150 mM potassium
phosphate buffer, pH7.0, containing 0.25 mM
4-aminoantipyrine, 2 mM 3,5-dichloro-2-hydroxy-
benzenesulfonic acid, and the peroxidase solu-
tion), and were incubated to convert the color
reagent to a red quinoneimine color at 258C for
approximately 10 min. The dye was measured
at 520 nm using a microplate reader (Spectra
MAX 340, Molecular Devices Co, Sunnyvale,
CA). A standard curve of catalase solution
(5 U to 50 U/ml) was run for quantification.
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Measurement of Cellular Superoxide
Dismutase Activity

The levels of cellular SOD enzyme activity
were measured using a SOD Assay Kit-WST
(Fluka Co, Milwaukee), which allows very con-
venient SOD assaying by utilizing a highly
water-soluble tetrazolium salt, WST-1 (2-(4-lodo-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium,monosodium salt), which produces a
water-soluble formazan dye upon reduction
with a superoxide anion. In brief, cells were
incubated with the designated dose of ATO for
72 h. The cells were washed in PBS and
suspended in 5 volumes of lysis buffer (20 mM
HEPES [pH 7.9], 20% Glycerol, 200 mM KCl,
0.5 mM EDTA, 0.5% NP40, 0.5 mM DTT,
1% protease inhibitor cocktail (from Sigma)).
The lysates were then collected and stored
at �208C until further use. The supernatant
protein concentration was determined by the
Bradford method. Supernatant samples con-
taining 30 mg of total protein were used for
determination of SOD enzyme activity. These
were added to each well in 96-well microtiter
plates (Nunc) with WST working solution and
enzyme working solution, and were incubated
to produce a water-soluble formazan dye at
258C for 10 min. The WST-1 formazan was
measured at 450 nM using a microplate reader
(Spectra MAX 340, Molecular Devices Co).
Activities between Mn-SOD and Cu/Zn-SOD
were distinguished by differential sensitivity
to 1 mM potassium cyanide [Rigo et al., 1977].
A standard curve of SOD solution (5 U to 50 U/
ml) was run for quantification.

Cell Viability Assay

The in vitro cell viability effect of ATO with
or without BSO on Calu-6 cells was determined
by measuring 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) dye absor-
bance of living cells as described previously
[Park et al., 2000]. In brief, cells (2� 105 cells
per well) were seeded in 96-well microtiter
plates in the presence of the designated doses
of ATO with or without BSO (Nunc). After
exposure to the drugs for 72 h, 50 ml of MTT
(Sigma) solution (2 mg/ml in PBS) were added to
each well, and the plates were incubated for
an additional 3 or 4 h at 378C. MTT solution in
medium was removed following centrifugation
of the plates. To achieve solubilization of the
formazan crystals formed in viable cells, 100 or

200 ml of DMSO were 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). Each plate
contained multiple wells at a given experimen-
tal condition and multiple control wells.
This procedure was replicated for 2–4 plates/
condition.

Sub-G1 Analysis

The sub-G1 distribution were determined
by staining DNA with propidium iodide (PI;
Sigma–Aldrich) as described previously [Park
et al., 2000]. PI is a fluorescent biomolecule that
can be used to stain DNA. In brief, 1� 106 cells
were incubated with the designated dose of ATO
with or without ROS scavenger or BSO for 72 h.
Cells were then washed with phosphate-buf-
fered saline (PBS) and fixed in 70% ethanol.
Cells were washed again with PBS and then
incubated with PI (10 mg/ml) with simultaneous
treatment of RNase at 378C for 30 min. The
percentages of cells containing sub-G1 DNA
content were measured using a FACStar flow
cytometer (Becton Dickinson) and analyzed
using lysis II and CellFIT software (Becton
Dickinson) or ModFit software (Verity Soft-
ware, Inc.).

Annexin V/PI Staining

Apoptosis was determined by staining cells
with annexin V-fluorescein isothiocyanate (FITC)
(Ex/Em¼ 495 nm/529 nm) and PI labeling,
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, 1� 106 cells were incubated with ATO
with or without ROS scavenger or BSO for 72 h.
The prepared cells were washed twice with cold
PBS and then resuspended in 500 ml of binding
buffer (10 mM HEPES/NaOH pH 7.4, 140 mM
NaCl, 2.5 mM CaCl2) at a concentration of
1� 106 cells/ml. Five microliter of annexin
V-FITC (PharMingen, San Diego, CA) and PI
(1 mg/ml) were then added to these cells, which
were analyzed with a FACStar flow cytometer
(Becton Dickinson). Viable cells were negative
for both PI and annexin V; apoptotic cells were
positive for annexin V and negative for PI,
whereas late apoptotic dead cells displayed both
high annexin V and PI labeling. Non-viable
cells, which underwent necrosis, were positive
for PI and negative for annexin V.
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Measurement of Mitochondrial
Membrane Potential (DCm)

Mitochondrial membrane was monitored using
the fluorescent dye, Rhodamine 123 (Ex/Em¼
507 nm/529 nm), a cell permeable cationic dye
that preferentially enters into mitochondria
based on highly negative mitochondrial mem-
brane potential (DCm). Depolarization of mito-
chondrial membrane potential (DCm) results in
the loss of Rhodamine 123 from the mitochon-
dria and a decrease in the intracellular fluo-
rescence. In brief, 1� 106 cells were incubated
with ATO with or without ROS scavenger or
BSO for 72 h. Cells were washed twice with PBS
and incubated with Rhodamine 123 (0.1 mg/ml;
Sigma) at 378C for 30 min. The percentages of
cells containing Rhodamine 123 negative stain-
ing were determined by flow cytometry.

Statistical Analysis

Results 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.
Student’s t-test or one-way analysis of variance
(ANOVA) with post hoc analysis using Turky’s
multiple comparison test was used for para-
metric data. Statistical significance was defined
as P< 0.05.

RESULTS

Effects of ATO on Levels of ROS
and GSH Content in Calu-6 Cells

We investigated the levels of ROS in ATO-
treated Calu-6 cells. To assess the production of
the intracellular H2O2 in ATO-treated Calu-6
cells, we used H2DCFDA fluorescence dye. We
first screened Calu-6 cells with the high range
concentrations of ATO and various incubation
times and chose the optimal range doses of ATO
(2–30 mM) and incubation times [early time
(10–180 min) and late time (72 h)]. As shown in
Figure 1A,B, the intracellular H2O2 levels were
significantly decreased in Calu-6 cells treated
with the indicated concentrations of ATO for
72 h. In contrast, an increase in H2O2 levels by
this agent was clearly detected within 60 min
(Fig. 1C). Maximum generation of H2O2 was
also reached at 60 min after treatment with
2mM ATO. The level of H2O2 was then decreased
after approximately 60 min in Calu-6 cells
treated with the tested concentrations of ATO.

The levels H2O2 in 50 mM ATO-treated cells was
decreased to the levels below those observed
in control cells at 180 min. The method that
was used to detect the intracellular H2O2 using
the H2DCFDA fluorescence was considered to
be correct, since we were able to clearly observe
the increasing DCF fluorescence in the H2O2-
treated Calu-6 cells in our experimental con-
ditions (data not shown).

Next, we determined the change of the intra-
cellular O2

.� in ATO-treated Calu-6 cells. Red
fluorescence derived from DHE, reflecting
O2

.� accumulation was significantly increased
in Calu-6 cells treated with the indicated
concentrations of ATO for 72 h (Fig. 2A,B).
The level of the intracellular O2

.� in Calu-6 cells
treated with 10 mM ATO was approximately
4.5 times higher than that of the control cells
(Fig. 2A,B). The accumulation of O2

.� was
observed at an early time point of 10 min in
10 mM ATO-treated Calu-6 cells (Fig. 2C). In
case of cells treated with 2 mM ATO, the
production of O2

.� was increased at approxi-
mately 60 min. The levels of O2

.� were then
decreased after approximately 60 min in Calu-6
cells treated with the tested concentrations of
ATO. The level of O2

.� in 50 mM ATO-treated
cells was not increased during the tested time.

SOD, which catalyzes the dismutation of
O2

.� into H2O2 and molecular oxygen, is one of
the most important antioxidative enzymes.
Catalase then metabolizes H2O2 to O2 and
H2O. As shown in Figure 3A, the activity of
total SOD and CuZn-SOD were significantly
decreased by treatment with indicated amounts
of ATO at 72 h while the activity of Mn-SOD was
increased by treatment with 10 mM ATO at 72 h.
Treatment with ATO significantly decreased
the activity of catalase in Calu-6 cells at 72 h
(Fig. 3B).

Cellular GSH has been shown to be crucial for
regulation of cell proliferation, cell cycle pro-
gression and apoptosis [Poot et al., 1995;
Schnelldorfer et al., 2000]. Therefore, we ana-
lyzed the changes of GSH level in Calu-6 cells
using CMF fluorescence. The M1 population of
Calu-6 cells showed the lower levels of the
intracellular GSH content (Fig. 4A). ATO sig-
nificantly elevated the percentages of cells resid-
ing in the M1 population in a dose-dependent
manner at 72 h (Fig. 4A,B), which indicated
the depletion of the intracellular GSH content
in Calu-6 cells following treatment with ATO.
The noteworthy changes in the depletion of the
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Fig. 1. Effects of ATO on ROS production, H2O2 in Calu-6 cells. A: Exponentially-growing cells were
treated with the indicated amounts of ATO for 72 h. The intracellular H2O2 levels were determined by a
FACStar flow cytometer as described in Materials and Methods Section. B: The graph shows the levels of
mean DCF fluorescence of (A). C: The graph shows the levels of mean DCF fluorescence in cells for the
designated concentration and times. *P< 0.05 as compared with the control group cells.

Fig. 2. Effects of ATO on ROS production, O2
.� in Calu-6 cells. A: Exponentially-growing cells were treated

with the indicated amounts of ATO for 72 h. The intracellular O2
.� levels were determined by a FACStar flow

cytometer as described in Materials and Methods Section. B: The graph shows the levels of mean DHE
fluorescence of (A). C: The graph shows the levels of mean DHE fluorescence in cells for the designated
concentration and times. *P<0.05 as compared with the control group cells.
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intracellular GSH content were observed at the
concentrations of approximately 2–10 mM ATO.
However, the increase of GSH level (mean CMF
fluorescence) was slightly observed at 2 mM
ATO-treated cells at 72 h (Fig. 4A) and was also
observed at an early time point of 10 min in
ATO-treated Calu-6 cells (Fig. 4C). Maximum
increase in GSH levels was reached at 60 min

after treatment with 10 mM ATO. The increase
lasted for the tested time of 5 h. Next, to
evaluate whether the M1 population of cells in
the negative CMF fluorescence region were
dead or not, we additionally stained cells with
PI for verifying the disruption of the plasma
membrane. As shown in Figure 5, the propor-
tion of CMF negative and PI positive cells was

Fig. 3. Effects of ATO on activities of SOD and catalase in Calu-6 cells. Exponentially-growing cells were
treated with the indicated amounts of ATO for 72 h. A: The graphs show the activity of total SOD, Mn-SOD,
and CuZn-SOD in ATO-treated and -untreated Calu-6 cells. B: The graph shows the changes of catalase
activity by ATO. *P< 0.05 as compared with the control group cells.

Fig. 4. Effects of ATO on GSH content in Calu-6 cells. Exponentially-growing cells were treated with the
indicated amounts of ATO for 72 h. A: The intracellular GSH levels were determined by a FACStar flow
cytometer as described in Materials and Methods Section. B: The graph shows the percent of CMF negative
fluorescence (GSH depleted) cells of the M1 region in ATO-treated Calu-6 cells. C: The graph shows the
levels of mean CMF fluorescence in cells for the designated concentration and times. *P<0.05 as compared
with ATO-untreated control group cells.
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Fig. 5. Effects of ATO on CMF (GSH content) and PI (cell viability) fluorescence in Calu-6 cells.
Exponentially-growing cells were treated with the indicated amounts of ATO for 72 h. A: CMF fluorescence
cells and PI positive staining cells were measured using a FACStar flow cytometer. B: The graph shows the
percent of CMF negative and PI positive staining cells from the above figures from (A). *P<0.05 as compared
with ATO-untreated control group cells.
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increased in a dose-dependent manner. Many
of the negative CMF fluorescence cells treated
with 30 mM ATO at 72 h showed PI positive
staining, which indicated that the cells showing
GSH depletion would be generally dead.

Effects of ROS Scavengers on ROS Production,
GSH Depletion, and Apoptosis in ATO-Treated

Calu-6 Cells

To determine whether ROS production and
GSH depletion in ATO-treated Calu-6 cells were
changed by ROS scavengers, cell-permeable
ROS scavengers, Tempol and Tiron [Yamada
et al., 2003], and well-known antioxidants, NAC
and rGSHester, were co-incubated with ATO-
treated Calu-6 cells for 72 h. An anti-ischemic
and metabolic agent, Trimetazidine was also
used as an indirect antioxidant [Tikhaze et al.,
2000; Stanley and Marzilli, 2003]. To measure
the accurate intracellular fluorescence level of
ROS, we used only the cells residing in the R2
region (Supplements 1A and B). These cells are
considered to have intact plasma membrane.
The scavengers of 200 mM concentration except
Tempol did not significantly change the intra-
cellular H2O2 levels in 10 mM ATO-treated cells
at 72 h (Fig. 6A and Supplement 1A). The
scavengers of Tempol and NAC reduced the
increased O2

.� levels in ATO-treated cells
(Fig. 6B and Supplement 1B). However, the
treatment of 200 mM Tiron, Trimetazidine and
rGSHester did not change the intracellular O2

.�

levels in ATO-treated cells. Interestingly, treat-
ment with 2 mM rGSHester intensified the level
of O2

.� in ATO-treated Calu-6 cells (Fig. 6B). All
of the ROS scavengers used in this experiment
did not significantly change the intracellular
ROS levels in Calu-6 control cells (data not
shown). We did not use 2 mM of Tempol, Tiron,
and Trimetazidine in this experiment since
this concentration slightly reduced the viability
of control cells. It is possible that 2 mM NAC can
change ROS levels in ATO-treated Calu-6 cells
in the early stage of incubation. According
to Supplement 2, treatment with 2 mM NAC
slightly reduced the intracellular H2O2 levels
in ATO-treated cells at 10 min and strongly
reduced those in these cells at 180 min. In
contrast, treatment with 2 mM did not reduce
the intracellular O2

.� levels in ATO-treated
cells at 10, 50, and 180 min (Supplement 3).
Instead, 2 mM NAC augmented the levels of
O2

.� in ATO-treated cells at the early times.

The other scavengers except 2 mM NAC did
not inhibit depletion of the GSH content in ATO-
treated Calu-6 cells (Fig. 6C and Supplement
1C). In contrast, NAC showed the significant
recovery of the depleted GSH content in ATO-
treated cells (Fig. 6C and Supplement 1C).
Next, we evaluated the changes of the propor-
tion of CMF negative and PI positive cells in
ATO-treated cells in the presence of ROS
scavenger. As shown in Figure 6D and Supple-
ment 4, ROS scavengers did not significantly
change the proportion of CMF negative and
PI positive cells. Conversely, treatments with
2 mM NAC decreased the proportion of CMF
negative and PI positive cells, indicating that
NAC inhibited the disruption of the plasma
membrane in ATO-treated cells.

Next, we attempted to examine whether these
scavengers inhibited ATO-induced Calu-6 cell
death, since ATO induced apoptosis in these
cells (unpublished data). The scavengers except
2 mM NAC did not rescue cells from ATO-
induced apoptosis (Fig. 7 and Supplement 5).
Treatment with 2 mM NAC significantly
reduced the levels of apoptosis in ATO-treated
cells in view of sub-G1 cells (approximately 25%
vs. 37%) (Fig. 7A and Supplement 5A) and
annexin V staining cells (approximately 30% vs.
47%) (Fig. 7B and Supplement 5B). In addition,
treatment with Tempol and 2 mM NAC pre-
vented the loss of mitochondrial membrane
potential (DCm) in ATO-treated Calu-6 cells
(Fig. 7C and Supplement 5C). In contrast,
treatment with 2 mM rGSHester intensified
the loss of that in ATO-treated Calu-6 cells
(Fig. 7C).

Effects of SOD and Catalase on ROS Production,
GSH Depletion and Apoptosis in ATO-Treated

Calu-6 Cells

Next, to determine whether ROS and GSH
levels in ATO-treated Calu-6 cells were changed
by treatment with exogenous SOD and catalase,
Calu-6 cells were treated with ATO in the
presence or absence of SOD (30 U/ml) or/and
catalase (30 U/ml) for 72 h. As shown in
Figure 8A and Supplement 6A, SOD or/and
catalase significantly increased the level of
H2O2 in ATO-treated Calu-6 cells. Treatment
with SOD or/and catalase did not alter the H2O2

levels in Calu-6 control cells. In regard to O2
.�

levels, SOD and/or catalase significantly
reduced the O2

.� levels in ATO-treated Calu-6
cells (Fig. 8B and Supplement 6B). When we
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assessed the levels of intracellular GSH by SOD
and catalase, SOD and/or catalase did not
inhibit the depletion of GSH content in Calu-6
cells treated with ATO (Fig. 8C and Supplement
6C). No synergistic or additive effects of SOD
and catalase on the levels of ROS and GSH were
detected (Fig. 8A–C). In addition, as shown in
Figure 8D and Supplement 7, the proportion of
CMF negative and PI positive cells in ATO-
treated Calu-6 cells was not changed after
exposure to SOD and/or catalase.

Next, we examined whether SOD and cata-
lase prevented ATO-induced Calu-6 cell death.
None of the SOD and catalase prevented
apoptosis in Calu-6 cells treated with ATO
(Fig. 9) in view of sub-G1 cells (Fig. 9A and
Supplement 8A) and annexin V positive stained
cells (Fig. 9B and Supplement 8B). In relation to
the mitochondrial membrane potential (DCm),
SOD and/or catalase also did not prevent the
loss of mitochondrial transmembrane potential
(DCm) in ATO-treated Calu-6 cells (Fig. 9C and

Fig. 6. Effects of ROS scavengers on the intracellular ROS and GSH levels in ATO-treated Calu-6 cells.
Exponentially-growing cells were treated with the indicated amounts of ROS scavengers in addition to 10mM
of ATO for 72 h. The graphs show the levels of mean DCF fluorescence (A) and mean DHE fluorescence (B),
the percents of CMF negative fluorescence (GSH depleted) cells (C), and the percents of CMF negative and PI
positive staining cells (D). *P<0.05 as compared with the control group cells. #P<0.05 as compared with
cells treated with only ATO.
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Fig. 7. Effects of ROS scavengers on ATO-induced apoptosis. Exponentially-growing cells were treated
with the indicated amounts of ROS scavengers in addition to 10 mM of ATO for 72 h. Sub-G1 cells, annexin
positive cells and Rhodamine 123 negative cells were measured using flow cytometric analysis in Materials
and Methods Section. The graphs show the percents of sub-G1 cells (A), annexin positive cells (B), and
Rhodamine 123 negative cells (C). *P<0.05 as compared with the control group. #P<0.05 as compared
with cells treated with only ATO.

Fig. 8. Effects of SOD and catalase on the intracellular ROS and GSH levels in ATO-treated Calu-6 cells.
Exponentially-growing cells were treated with SOD and catalase in addition to ATO for 72 h. The graphs
show the levels of mean DCF fluorescence (A) and mean DHE fluorescence (B), the percent of CMF negative
fluorescence (GSH depleted) cells (C) and the percents of CMF negative and PI positive staining cells (D).
*P< 0.05 as compared with the control group cells. #P<0.05 as compared with cells treated with only ATO.
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Supplement 8C). SOD and catalase used in this
experiment did not significantly change the
levels of apoptosis in Calu-6 control cells. SOD
(60 U/ml) and/or catalase (60 U/ml) did not alter
the levels of apoptosis and mitochondria mem-
brane potential (data not shown).

Effects of BSO on the Levels of ROS, GSH,
and Apoptosis in ATO-Treated Calu-6 Cells

We investigated whether BSO (an inhibitor of
GSH synthesis; [Bailey, 1998]) changed ROS
and GSH and apoptosis in ATO-treated Calu-6
cells. Treatment with 1 mM BSO increased H2O2

levels as well as O2
.� levels in 1 mM ATO-treated

cells (Fig. 10A,B). BSO decreased further the
H2O2 levels in 5 or 10 mM ATO-treated Calu-6
cells, but BSO increased the O2

.� levels in 5 mM
ATO-treated Calu-6 cells (Fig. 10A,B). Treat-
ment with BSO did not alter ROS levels and

GSH depletion in Calu-6 control cells (Fig. 10).
BSO significantly depleted GSH content in 1mM
ATO-treated cells and intensified the depletion
of GSH content in 5 or 10 mM ATO-treated cells
(Fig. 10C).

Next, we investigated the effects of BSO on
ATO-induced Calu-6 cell death. Treatment with
1 mM BSO intensified ATO-induced Calu-6 cell
viability while this agent did not influence the
viability of control cells (Fig. 11A). BSO
increased the number of sub-G1 cells and
annexin V positive staining cells in ATO-treated
Calu-6 cells while this agent did not in control
cells (Fig. 11B,C). Concerning the mitochondria
membrane potential, treatment with BSO
increased the loss of mitochondrial membrane
potential (DCm) in ATO-treated Calu-6 cells.
However, BSO did not reduce the mitochondrial
membrane potential (DCm) in Calu-6 control
cells (Fig. 11D).

Fig. 9. Effects of SOD and catalase on ATO-induced apoptosis. Exponentially-growing cells were treated
with SOD and catalase in addition to ATO for 72 h. Sub-G1 cells, annexin positive cells, and Rhodamine 123
negative cells were measured using flow cytometric analysis in Materials and Methods Section. The graphs
show the percent of sub-G1 cells (A), annexin positive cells (B), and Rhodamine 123 negative cells (C).
*P<0.05 as compared with the control group cells.

Fig. 10. Effects of BSO on the intracellular ROS and GSH levels in ATO-treated Calu-6 cells. Exponentially-
growing cells were treated with 1 or 5 or 10 mM ATO with or without 1 mM BSO for 72 h. The graphs show
intracellular H2O2 levels (A), intracellular O2

.� levels (B), and the percents of GSH depleted cells (C).
*P<0.05 as compared with the ATO-untreated control group cells. #P< 0.05 as compared with the 1 mM
ATO-treated group cells. &P<0.05 as compared with the 5 mM ATO-treated group cells. $P<0.05 as
compared with the 10 mM ATO-treated group cells.
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DISCUSSION

In this study, we focused on the involvement
of ROS such as H2O2 and O2

.�, and GSH in ATO-
induced Calu-6 cell death, since we have
previously found that ATO inhibited the growth
of Calu-6 cells with an IC50 of approximately
3–4 mM at 72 h, and 10 mM ATO inhibited the
growth of Calu-6 cells about 80% using a MTT
assay and induced apoptosis about 40% (unpub-
lished data). In this experiment, we used a
concentration of 10mM ATO. This concentration
was considered to be suitable dose to differ-
entiate the levels of apoptosis in the presence

of ATO versus apoptosis in the presence of
ATO and ROS scavengers such as SOD and
catalase.

ATO can disturb the natural oxidation and
reduction equilibrium in cells, leading to an
increase of ROS by a variety of redox enzymes,
including flavoprotein-dependent superoxide-
producing enzymes such as NADPH oxidase
[Miller et al., 2002; Chou et al., 2004; Kim et al.,
2006; Li et al., 2006]. ATO decreases gluta-
thione (GSH) levels and increases intracellular
ROS levels in certain APL cells [Dai et al., 1999].
Therefore, to elucidate the involvement of ROS
such as H2O2 and O2

.� in ATO-induced Calu-6

Fig. 11. Effects of BSO on cell viability and apoptosis in ATO-treated Calu-6 cells. Exponentially-growing
cells were treated with 1 or 5 or 10 mM ATO with or without 1 mM BSO for 72 h. A: Cell viability was assessed
by MTT assays, (B) sub-G1 cells, (C) annexin V staining cells, and (D) Rhodamine 123 negative staining cells
were measured with a FACStar flow cytometer. *P< 0.05as compared with the ATO-untreated control group
cells. #P<0.05 as compared with the 1 mM ATO-treated group cells. &P<0.05 as compared with the 5 mM
ATO-treated group cells. $P< 0.05 as compared with the 10 mM ATO-treated group cells.
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cell death, we assessed these ROS levels by
using H2DCFDA and DHE fluorescence. Our
data showed that the intracellular H2O2 level
was significantly decreased in ATO-treated
Calu-6 cells at 72 h. Since treatment with 1–
2 mM ATO did not significantly induce cell
death, the lower value of DCF fluorescence in
ATO-treated cells is not due to leakage of DCF
dye from cells. This result is not consistent with
other reports, which indicated that increased
intracellular H2O2 played an important role in
ATO-induced cell death in cervical cancer cells
[Kang et al., 2004], APL cells [Jing et al., 1999],
hepatocellular carcinoma HepG2 [Li et al.,
2006], and glioblastoma A172 cells [Haga
et al., 2005]. However, there was an increase
in intracellular H2O2 levels within 60 min in 2 or
10 mM ATO-treated Calu-6 cells. Data from
Haga et al. [2005] also showed that H2O2

accumulation was detected in ATO-treated
glioblastoma T98G cells, but apoptosis did not
occur in these cells. These discrepancies likely
result from cell-type specificity and the differ-
ences of incubation times. According to our
current data, treatment with 10 mM ATO
induced apoptosis in Calu-6 cells without an
increase in intracellular H2O2 levels, as evi-
denced by sub-G1 cells and annexin V-staining
cells. In addition, the lower doses of ATO (1 or
5 mM) increased the H2O2 levels regardless of
the viability of other lung cancer cell line, A549,
while the higher doses of ATO (20, 30, or 50 mM)
decreased the H2O2 levels along with the
reduction of A549 cell viability (Supplements
9A and D). Furthermore, treatment with 2 mM
NAC showing the significant inhibition in ATO-
induced apoptosis increased the intracellular
H2O2 levels. However, Tempol, SOD, and
catalase increased the intracellular H2O2 levels
in ATO-treated cells without the effect on
apoptosis. In addition, BSO increased or
decreased the intracellular H2O2 levels in
Calu-6 cells depending on concentration of
ATO, but BSO enhanced the levels of apoptosis
in these cells. Our data suggest that the
apoptotic effects of ATO are not comparative to
the intracellular H2O2 levels in Calu-6 cells.
However, we cannot rule out the possibility that
the increased H2O2 levels following treatment
with ATO influence on the cells at an early time
point to trigger apoptosis, since we were able to
detect an increase in intracellular H2O2 levels
within 60 min in 2 or 10 mM ATO-treated Calu-6
cells and to observe that 2 mM NAC reduced the

increased H2O2 levels in ATO-treated Calu-6
cells at the early time points.

It have been reported that the increased
pattern of O2

.� by ATO was reported in
esophageal cancer SHEE85 cells [Shen et al.,
2003] but this pattern was not observed in ATO-
treated acute myelogenous leukemia HL-60
cells [Han et al., 2005], renal cell carcinoma
ACHN cells [Wu et al., 2004] and HeLa cervical
cancer (unpublished data). These discrepancies
also may result from different cell-type. Accord-
ing to our result, treatment with ATO increased
or decreased the intracellular O2

.� levels in
A549 lung cancer cells (Supplement 9) and
markedly enhanced the production of O2

.� in
Calu-6 cells at 72 h. It is possible that the
increased O2

.� levels in ATO-treated Calu-6
cells result from the enhanced production of
O2

.� itself and/or the reduction of SOD activity.
An early response to ATO probably enhanced
production of O2

.� itself since O2
.� levels were

increased and decreased by ATO in the
short time period. The changes of O2

.� levels
seem to result in the increase and decrease of
H2O2 levels in ATO-treated cells at the
early time phases. The high levels of O2

.� in
ATO-treated cells at 72 h were likely to be from
the decreased activity of SOD, especially CuZn-
SOD activity, as well as enhanced production of
O2

.� itself. Interestingly, an increase in Mn-
SOD activity was observed in 10 mM ATO-
treated cells. This increase seems to dismutate
the superoxide radical (O2

.�) generated from
mitochondria into H2O2. Therefore, it is possible
that the reduction of SOD activity results in the
decreased H2O2 levels in Calu-6 cells at 72 h.
Although ATO also significantly inhibited the
activity of catalase at 72 h (Fig. 3B), the H2O2

levels was not increased. A decrease in H2O2

levels in ATO-treated cell is not probably due to
catalase activity, but due to SOD activity and/or
other enzymes such as GSH peroxide.

We attempted to determine whether ROS
scavengers prevent the ATO-induced cell death
through the reduction of the intracellular O2

.�

level. Tempol and NAC decreased the level of
O2

.� in Calu-6 cells treated with 10 mM ATO at
72 h. Interestingly, 2 mM NAC did not reduce
the levels of O2

.� in ATO-treated cells at the
early time phases (Supplement 3). This result
suggests and supports the hypothesis that the
immediate effect of NAC could be prooxidant
and the delayed effect of NAC could be anti-
oxidant in cells [Menon et al., 2007]. Treatment
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with Tiron and Trimetazidine did not reduce the
levels. Probably, the weak abilities of these
scavengers, especially Tiron as a O2

.� scavenger
may be due to the lower dose of these or/and the
long time incubation, since Yamada et al. [2003]
showed that the effects of Tiron on reduction in
O2

.� level occurred at 3 h and at more than 1 mM
concentration of Tiron in pyrogallol-treated
PC12 cells. Although NAC reduced the levels
of O2

.� in Calu-6 cells treated with 10 mM ATO,
treatment with the higher dose of NAC (2 mM)
only significantly inhibited apoptosis in ATO-
treated cells, as evidenced by sub-G1 cells,
annexin V staining cells and the loss of
mitochondrial transmembrane potential
(DCm). In addition, Tempol strongly prevented
the loss of mitochondrial transmembrane
potential (DCm), suggesting that Tempol play
a role in protection of mitochondrial trans-
membrane potential (DCm) rather than in
inhibition of apoptosis. In contrast, treatment
with 2 mM rGSHester showing an increased
effect on the level of O2

.� in ATO-treated Calu-6
cells intensified the loss of mitochondrial trans-
membrane potential (DCm) in these cells. SOD
and catalase used in our experiment signifi-
cantly reduced the O2

.� levels in ATO-treated
cells. However, both of them did not prevent
apoptosis induced by ATO. In addition, BSO
increased the O2

.� levels in 1 or 5 mM ATO-
treated cells along with enhancement of apop-
tosis while BSO did not increase the O2

.� levels
in 10 mM ATO-treated cells along with enhance-
ment of apoptosis (Figs. 10B and 11). In relation
to A549 cells, the lower doses of ATO (1 or 5 mM)
increased the O2

.� levels without reduction of
A549 cell viability (Supplements 9B and D).
Taken together, these results suggest that the
changes of intracellular O2

.� level are not
entirely but are at least partially correlated to
apoptosis in ATO-treated Calu-6 cells. These
data also suggest that besides the changes of
intracellular level of ROS, other redox regula-
tors such as GSH are required for explaining the
ATO-induced apoptosis in Calu-6 cells.

It has been reported that the intracellular
GSH content has a decisive effect on anticancer
drug-induced apoptosis, indicating that apop-
totic effects are inversely comparative to GSH
content [Kito et al., 2002; Pu et al., 2002;
Higuchi, 2004; Maeda et al., 2004; Estrela
et al., 2006; Ramos et al., 2006]. The intra-
cellular GSH content also has a decisive effect
on ATO-induced apoptosis [Dai et al., 1999;

Kitamura et al., 2000; Wu et al., 2004; Li et al.,
2006]. Likewise, our result clearly indicated the
depletion of intracellular GSH content by ATO
in Calu-6 and A549 (Supplement 9C) cancer
cells at 72 h. Conversely, the increase of GSH
content was observed in 2 mM ATO-treated cells
at 72 h and in ATO-treated Calu-6 cells at the
early time points of incubation. This result was
likely due to the defense action of Calu-6 cells
against the toxin of ATO at the earlier time
points. No effect of Tempol, Tiron, Trimetazi-
dine, SOD, and catalase on preventing apopto-
sis in ATO-treated cells likely resulted from the
failure of the recovery of GSH depletion induced
by ATO. We have also shown that many of the
negative CMF fluorescence (GSH depletion)
cells were considered to be dead, as evidenced
by PI positive staining. Not 200 mM NAC and
rGSHester but 2 mM NAC showing signifi-
cantly the recovery of GSH depletion was found
to decrease PI positive cells and to reduced
levels of apoptosis in ATO-treated Calu-6 cells.
In addition, as expected, BSO increased the
GSH depletion and apoptosis in ATO-treated
cells. It has been reported that the therapeutic
range of ATO in cancer treatment is 1–2 mM
[Dai et al., 1999; Miller et al., 2002]. Interest-
ingly, treatment with 1 mM BSO or 1 mM ATO
alone did not deplete GSH content and induce
apoptosis in Calu-6 cells, while combined treat-
ment with both agents scientifically depleted
GSH content and induced apoptosis in these
cells. This positive result can prompt additional
investigations in other lung cancer or in animal
model using this combination of BSO and ATO.
Taken together, these results support that the
intracellular GSH levels are tightly related to
ATO-induced cell death. However, the present
result related to treatment with 2 mM
rGSHester in 10 mM ATO-treated cells may
appear as contradictory with previous many
reports [Dai et al., 1999; Kitamura et al., 2000;
Kito et al., 2002; Pu et al., 2002; Maeda et al.,
2004; Wu et al., 2004; Li et al., 2006; Ramos
et al., 2006] as well as our result related to NAC
treatment. Unfortunately, these papers did not
use rGSHester in ATO-treated cells but used
NAC and/or BSO to suggest that the changes of
GSH content are involved in ATO-induced cell
death. Similar to our result, Piga et al. [2007]
demonstrated that treatment with NAC but not
GSH inhibited PC12 cell death induced by ATO.
They explained no inhibitory effect of GSH by
suggesting that exogenous GSH is not easily
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incorporated into cells. However, rGSHester
used in this experiment is known to enter easily
into cells. We cannot exactly explain non-effect
of rGSHester on the inhibition of ATO-induced
cell death. Of note, ATO is known to be directly
quenched by thiols such as NAC and GSH in
aqueous solution at neutral pH [Scott et al.,
1993]. Therefore, it is possible that NAC
scavengered ATO more strongly than GSH did
in this experiment. Whatever the mechanism
involved, it may be reasonable to assume that
the intracellular GSH levels are at least in part
related to ATO-induced cell death, and the GSH
depletion in ATO-treated cells is accompanied
by their death.

In summary, ATO strongly generated O2
.�

and induced the depletion of GSH content in
Calu-6 cells. Treatment with NAC significantly
rescued cells from ATO-induced apoptosis
throughout the recovery of GSH depletion while
treatment with BSO significantly increased
the depletion of content and apoptosis in
ATO-treated cells. Our results suggest that
ATO induces apoptosis in Calu-6 cells via the
depletion of the intracellular GSH contents
rather than the changes of ROS levels.
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