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Hydrogen peroxide inhibits the growth of lung cancer cells
via the induction of cell death and G1-phase arrest
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Abstract. Hydrogen peroxide (H,0,) is frequently applied
to cultured cells to induce oxidative stress. The present study
investigated the molecular and cellular effects of exogenous
H,0, on Calu-6 and A549 lung cancer cells. Based on MTT
assays, H,O, inhibited the growth of Calu-6 and A549
cells with ICy, values of ~50 and 100 uM at 24 h, respec-
tively. Cells treated with H,O, demonstrated a considerable
Gl-phase arrest of the cell cycle. H,O, dose-dependently
augmented the numbers of dead (trypan blue-positive) and
Annexin V-FITC-stained cells in these cells, which was
accompanied by the reduction of Bcl-2 and pro-caspase-3
levels, as well as the upregulation of caspase-3 and -8 activi-
ties. In addition, H,O, triggered the failure of mitochondrial
membrane potential (MMP; AY,)). However, relatively higher
doses of H,0, did not raise the percentages of sub-Gl cells in
these cell lines. All the tested caspase inhibitors (Z-VAD for
pan-caspases, Z-DEVD for caspase-3, Z-IETD for caspase-8
and Z-LEHD for caspase-9) decreased the percentages of
sub-Gl1 and Annexin V-FITC-stained cells in the H,O,-treated
Calu-6 and A549 cells. However, caspase inhibitors did not
significantly prevent the loss of MMP (AW,)) in H,O,-treated
lung cancer cells. In conclusion, H,O, inhibited the growth
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of Calu-6 and A549 lung cancer cells through cell death
and Gl-phase arrest. H,0,-induced cell death resulted from
necrosis, as well as caspase-dependent apoptosis.

Introduction

Reactive oxygen species (ROS) are highly unstable and reactive
molecules containing oxygen moieties. They include hydrogen
peroxide (H,0,), superoxide anion (O,*) and hydroxyl radical
(*OH). Although ROS are recognized as cytotoxic agents,
they can serve as second messengers to control many cellular
events of gene expression, differentiation, cell proliferation
and cell death (1,2). ROS are continuously generated by
endogenous aerobic metabolism within cells in the form of the
0,* and/or are purposely made by oxidases, such as nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase and
xanthine oxidase (3). O,* is converted to H,O, by the enzyme
superoxide dismutase (4). H,O, is further processed into O,
and H,O by catalase or glutathione peroxidases (5). Compared
with other members of ROS, non-radical H,O, is able to freely
penetrate cell membranes, and it interacts with ferrous iron
(Fenton chemistry), which produces the highly destructive and
short-lived *OH. The production of different forms of ROS
at various levels can be either useful or harmful to cells and
tissues. Particularly, excessive amounts of ROS may be the
outcome of either their overproduction and/or downregulation
of antioxidants. Increased levels of ROS can result in damage
to DNA, proteins and lipids in cells, implicating them in the
etiology of several human diseases, including cancer (6-9).
Apoptosis is programmed cell death and occurs via two
different pathways: The mitochondrial intrinsic pathway and
the receptor mediated extrinsic pathway (10). The key step in
the mitochondrial-mediated apoptosis is the translocation of
cytochrome ¢ from mitochondria to cytosol and its subsequent
interaction with Apaf-1 and caspase-9 to form a complex
(apoptosome). The apoptosome further activates executive
caspase-3, -6 and -7 (11). Conversely, the extrinsic pathway
begins with the binding of specific ligands, such as TNF-a,
TRAIL and Fas to the respective cell death receptors, which
stimulate the activities of caspase-8 and -3 (12). Caspase-8
cleaves BID, a pro-apoptotic cytosolic protein of the Bcl-2
family, to generate a truncated product, tBID that enters into
the mitochondria and decreases the mitochondrial membrane
potential (MMP; AW ), causing the release of cytochrome c.
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The translocation of another apoptotic protein, Bax from the
cytosol to the mitochondria also triggers similar loss of MMP
(AW,). Caspase-3 is the key executive caspase; its activation
can systematically disassemble the integrity of cells through
cleaving several key proteins, such as poly(ADP-ribose) poly-
merase (PARP) and RhoGDI.

Lungs are susceptible to a variety of airborne and blood-
borne injuries that may consequently cause lung fibrosis and
cancer (13). The carcinogenesis of lung cancer is considered
to be tightly linked to H,O,-mediated tissue inflammation.
During inflammation, tissue concentrations of H,O, are
expected to achieve nearly millimolar levels, whereas low
levels of H,O, produced by NADPH oxidases under normal
conditions are hypothesized not to have a higher affect than
the plasma membrane microenvironment, such as lipid
rafts (14,15). Nonetheless, in both cases, H,0, may modulate
vital cellular functions of cell proliferation, death and differ-
entiation by changing signaling cascades and gene expression
and its higher levels may lead to apoptosis and/or necrosis.
Exogenous H,0, is frequently used as the representative
ROS to simulate oxidative stress in cells and tissues. H,O, is
relatively non-toxic to the normal cells of human umbilical
vein endothelial cells and human pulmonary artery smooth
muscle cells (16,17). H,0O,-triggered cell death in lung cancer
cells may have cytotoxicological research interest.

In the present study, the molecular effects of exogenous
H,0, on Calu-6 and A549 lung cancer cells were evaluated with
respect to cell growth and death, as well as the anti-apoptotic
effects of various caspase inhibitors were investigated in
H,0O,-treated lung cancer cells.

Materials and methods

Cell culture. The human lung cancer Calu-6 and A549 cell lines
were purchased from the Korean Cell Line Bank (Seoul, Korea)
and were cultivated in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) and 1% penicillin-streptomycin
(Gibco-BRL; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). These cells were regularly cultured in 100-mm plastic
tissue culture dishes (Nunc, Roskilde, Denmark) and harvested
with a trypsin-EDTA solution (Gibco-BRL; Thermo Fisher
Scientific, Inc.).

Reagents. H,0, was obtained from Merck KGaA.
Pan-caspase inhibitor (Z-VAD-FMK; benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone), caspase-3 inhibitor
(Z-DEVD-FMK; benzyloxycarbonyl-Asp-Glu-Val-Asp-fluo-
romethylketone), caspase-9 inhibitor (Z-LEHD-FMK;
benzyloxycarbonyl-Leu-Glu-His-Asp-fluoromethyl ketone)
and caspase-8 inhibitor (Z-IETD-FMK; benzyloxycar-
bonyl-Ile-Glu-Thr-Asp-fluoromethyl ketone) were purchased
from R&D Systems, Inc. (Minneapolis, MN, USA) and were
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich;
Merck KGaA). Cells were pre-incubated with each caspase
inhibitor for 1 h before the H,O, treatment as previously
described (18).

Cell growth and cell number assays. Cell growth changes
were evaluated by assessing 3-(4,5-dimethylthiazol-2-yl)-2,
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5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich;
Merck KGaA) dye absorbance as previously described (19).
Viable and dead cell numbers were determined by trypan blue
cell staining method (20). Cells were exposed to the desig-
nated amounts of H,O, with or without 15 #M of each caspase
inhibitor for 24 h.

Cell cycle and sub-Gl cell analysis. Cell cycle and
sub-G1 cell analysis were performed by propidium iodide
(PI; Sigma-Aldrich; Merck KGaA) staining as previously
described (20). Cells were exposed to the designated amounts
of H,O, with or without 15 yM of each caspase inhibitor for
24 h. Cell cycle distributions were analyzed with a FACStar
flow cytometer (Becton-Dickinson and Company, Franklin
Lakes, NJ, USA).

Annexin V-FITC staining for cell death detection. Apoptotic
cell death was verified by measuring cells stained with
Annexin V-fluorescein isothiocyanate (FITC; Invitrogen;
Thermo Fisher Scientific, Inc.) as previously described (20).
Cells were exposed to the designated amounts of H,0O,
with or without 15 yM of each caspase inhibitor for 24 h.
Annexin V-FITC staining was analyzed with a FACStar flow
cytometer (Becton-Dickinson and Company).

Assessement of MMP (AY,,). MMP (AW,)) was evaluated by a
rhodamine 123 fluorescent dye (Sigma-Aldrich; Merck KGaA)
as previously described (21). Cells were exposed to the desig-
nated amounts of H,0O, with or without 15 #M of each caspase
inhibitor for 24 h. Rhodamine 123 staining intensity was
analyzed by a FACStar flow cytometer (Becton-Dickinson
and Company). The absence of rhodamine 123 from the
cells indicated the loss of MMP (AW, in lung cancer cells.
MMP (AW, levels in cells not including MMP (AW,,)-loss
cells were expressed as the mean fluorescence intensity,
which was estimated by CellQuest software (version 5.1;
Becton-Dickinson and Company).

Western blot analysis. The changes in Bcl-2, caspase-3 and
PARP in H,0O,-treated cells were analyzed by western blotting.
Briefly, 1x10° cells in 60-mm culture dish (Nunc) were incu-
bated with the designated amounts of H,O, for 24 h. Samples
containing 20 ug total protein were separated by 8 or 12.5%
SDS-PAGE gel, transferred to Immobilon-P PVDF membranes
(EMD Millipore, Billerica, MA, USA) by electroblotting
and then probed with anti-Bcl-2, anti-caspase-3, anti-PARP
and anti-B-actin antibodies (dilution 1:5,000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Membranes were
treated with horseradish peroxidase-conjugated secondary
antibodies (dilution 1:5,000; Cell signaling Technology, Inc.).
Blots were developed by means of an ECL kit (Amersham Life
Science, Arlington Heights, IL, USA).

Quantification of caspase-3 and -8 activities. The activities
of caspase-3 and -8 were evaluated by caspase-3 and -8
colorimetric assay kits (R&D Systems, Inc.) as previ-
ously described (20). In brief, 1x10° cells in 60-mm culture
dish (Nunc) were treated with 75 yM H,O, for 24 h.
Samples containing 50 pg total protein were used to assess
caspase-3 and -8 activities.
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Figure 1. Effects of H,0, on cell growth in lung cancer cells. Cells that exhibited adequate growth were treated with the designated amounts of H,O, for 24 h.
(A) Graph shows the viable (trypan blue-negative) and dead (trypan blue-positive) Calu-6 cell numbers. (B) Graph shows cellular growth changes in Calu-6
cells as assessed by MTT assays. (C) Graph shows the viable and dead A549 cell numbers. (D) The graph indicates cellular growth changes in A549 cells.
“P<0.05 compared with the H,0,-untreated control group. H,0,, hydrogen peroxide.

Statistical analysis. Data representing at least two inde-
pendent experiments (mean + SD) were analyzed through
InStat software (GraphPad Prism4; GraphPad Software,
Inc., San Diego, CA, USA). 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. P<0.05 was considered to indicate a statistically
significant difference.

Results

H,0, affects the cell growth and cycle distribution in lung
cancer cells. The cellular effects of H,O, on the growth of lung
cancer cells were examined at 24 h. Treatment with 50-250 xM
H,0, significantly reduced viable (trypan blue-negative)
and increased dead (trypan blue-positive) Calu-6 cells in
a dose-dependent manner (Fig. 1A). Based on MTT assays,
50-250 uM H,0, significantly attenuated the growth of Calu-6
cells with an IC;, of ~50 yM (Fig. 1B). When the cell cycle
distribution in H,O,-treated Calu-6 cells was examined, Calu-6
cells treated with 75-uM H,O, demonstrated a significant
Gl-phase arrest of the cell cycle compared with the control
cells (Fig. 2A and B). As in Calu-6, upon H,O, treatment,
the number of A549 viable cells decreased and dead cells
increased significantly in a dose-dependent manner (Fig. 1C).
In addition, H,0, dose-dependently reduced the growth of
A549 cells with an ICs, of ~100 M (Fig. 1D). Treatment with

100 uM H,0, also significantly induced a Gl-phase arrest in
A549 cells compared with the control cells (Fig. 2A and B).

H,0, influences cell death and MMP (AY,,) in H,O,-treated
lung cancer cells. Subsequently, the role of H,0, in lung
cancer cell death was further investigated to gain more
understanding. While 50-100 uM H,O, significantly
augmented the percentages of sub-Gl cells in Calu-6 cells,
250 uM H,0, did not increase the percentage of sub-Gl
cells in these cells (Fig. 2A and C). However, treatment with
50-250 uM H,0, dose-dependently increased the numbers of
Annexin V-FITC-stained cells in Calu-6 cells (Fig. 3A). When
the effect of H,O, on MMP (AW,,) in Calu-6 cells was assessed
using rhodamine 123, H,0O, provoked the loss of MMP (AW, ) in
adose-dependent manner (Fig. 3B). With regard to MMP (AW,))
level in Calu-6 cells excluding negative rhodamine 123 staining
cells, H,0O, decreased the MMP (AW,) level in Calu-6 cells in
a dose-dependent manner (Fig. 3C). In A549 cells, treatment
of 50 and 100 uM H,0, significantly increased the percentages
of sub-Gl cells, but treatment with 250 and 500 xM H,0, did
not show this effect (Fig. 2A and C). H,0, dose-dependently
enhanced the numbers of Annexin V-FITC-stained A549
cells (Fig. 3D). Additionally, H,O, dose-dependently induced
the loss of MMP (AW, in A549 cells (Fig. 3E). While 50 uM
H,0, increased MMP (AW,,) level in A549 cells, 100-250 yuM
H,0, significantly decreased MMP (AW ) levels in these
cells (Fig. 3F).
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Figure 2. Effects of H,0, on the cell cycle distribution in lung cancer cells. Cells that exhibited adequate growth were treated with the designated concentra-
tions of H,0, for 24 h. (A) Representative images of cell cycle analysis, as analyzed by FACStar flow cytometer. M1 regions show sub-Gl cells; G1, S and G2/M
regions indicate G1, S and G2/M phases of the cell cycle in Calu-6 and A549 cells. (B) Graphs show the cell cycle distribution from G1, S and G2/M regions of A.
(C) Graphs indicate the percentages of sub-Gl1 cells in M1 regions of A. "P<0.05 compared with the H,O,-untreated control group. H,0,, hydrogen peroxide.
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Figure 3. Effects of H,0, on cell death and MMP (AY,)) in lung cancer cells. Cells that exhibited adequate growth were treated with the designated concentra-
tions of H,0, for 24 h. (A and D) Graphs show the percentages of Annexin V-FITC-stained cells in Calu-6 and A549 cells as measured by FACStar flow
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H,0, influences apoptosis-related proteins and caspases in  proteins during H,0,-induced lung cell death revealed
H,O,-treatedlung cancer cells. Assessmentof apoptosis-related ~ that Bcl-2, an anti-apoptotic protein, decreased upon H,0O,
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treatment in Calu-6 cells (Fig. 4A). The level of pro-caspase-3 116 kDa PARP was not altered by H,O, (Fig. 4A). The activity
was reduced by 75 yuM H,0, (Fig. 4A). The unbroken form of = of caspase-3 was found to be increased in H,O,-treated
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Calu-6 cells, while that of caspase-8 was not significantly
changed (Fig. 4B). Treatment with 50-100 M H,0, appeared
to decrease Bcl-2, pro-caspase-3, and PARP protein levels
in A549 cells (Fig. 4C). Specifically, 100 xuM H,0, showed
a marked decrease in the levels of these proteins. Treatment
with 75 yuM H,0, significantly augmented the activity of
caspase-3 in A549 cells and significantly increased the activity
of caspase-8 (Fig. 4D).

Caspase inhibitors affect cell growth and death in
H,O,-treated lung cancer cells. Subsequently we sought to
decipher the role of individual caspases in H,O,-induced cell
death at 24 h in lung carcinoma cell lines. Calu-6 and A549
cells were pre-incubated with 15 yM caspase inhibitor for 1 h
before treatment with 75 or 100 M H,0O,. None of the tested
caspase inhibitors influenced the growth inhibition induced
by H,O, in both Calu-6 and A549 cell lines (Fig. SA and D).
However, all the caspase inhibitors tested in H,O,-treated
Calu-6 decreased the percentages of sub-Gl1 cells to the level
of the control cells (Fig. 5B). In addition, treatment with all
the tested caspase inhibitors significantly reduced the number
of Annexin V-FITC-stained cells in H,0O,-treated Calu-6
cells, but the decreased effect was weaker compared with the
decrease in sub-Gl1 cells (Fig. 5C). All the caspase inhibitors

markedly rescued A549 cells from H,O,-promoted cell death,
as assessed by the population of sub-G1 cells (Fig. SE).
Furthermore, these inhibitors significantly reduced the
number of Annexin V-FITC-stained cells in H,O,-treated
A549 cells (Fig. 5F). Each caspase inhibitor had very similar
anti-death effects in the H,O,-treated lung cancer cells.

Caspase inhibitors affect MMP (AYW,,) in H,0,-treated
lung cancer cells. Cell death is strongly associated with
the collapse of MMP (AY,) (22). Thus, MMP (AW,) in
75 or 100 uM H,O,-treated lung cancer cells was determined
with or without each caspase inhibitors at 24 h. However,
all the caspase inhibitors did not significantly reduce the
loss of MMP (AW, in H,O,-treated Calu-6 cells (Fig. 6A).
Additionally, most of these inhibitors did not influence the
MMP (AW,) level in H,O,-treated Calu-6 cells. However,
caspase-9 inhibitor (Z-LEHD) appeared to enhance the
decrease of the level in these cells (Fig. 6B). In A549 cells,
all the caspase inhibitors partially prevented the loss of
MMP (A¥,)) by H,0O, (Fig. 6C). In H,O,-treated A549 cells,
caspase-9 inhibitor selectively further enhanced the decrease
in MMP (AWY,) level (Fig. 6D). This inhibitor alone signifi-
cantly reduced MMP (AW, levels in Calu-6 and A549 control
cells (Fig. 6B and D).
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Discussion

Lung cancer represents one of the main causes of cancer-related
mortality worldwide and is related to the malicious activity
of ROS. In the present study, exogenous H,O, was used for
generating oxidative stress in lung cancer cells. This study
focused on defining the molecular mechanisms of cell
growth inhibition and cell death in H,O,-treated Calu-6 and
AS549 lung cancer cells. Based on MTT assays, after 24-h
exposure, the ICy, values for H,O, were ~50 and 100 M in
Calu-6 and A549 cells, respectively. H,O, dose-dependently
increased the number of dead and Annexin V-FITC-stained
Calu-6 and A549 cells, indicating that H,O,-induced lung
cancer cell death occurred through apoptosis. Evidently, H,O,
decreased the levels of Bcl-2 and pro-caspase-3 in both cell
types. PARP was reduced in the H,O,-treated A549 cells.
Furthermore, the activities of caspase-3 and -8 were increased
in both H,O,-treated cell types. Apoptosis is strongly related
to the collapse of MMP (AW,) (22). H,0, triggered the loss of
MMP (AY,) in Calu-6 and A549 cells in a dose-dependent
manner, indicating that lung cancer cell death by H,0, was
closely related with the collapse of MMP (AW,). In addition,
H,0, decreased the MMP (AW,)) level in lung cancer cells
containing the rhodamine 123 dye.

Although 50-100 M H,O, significantly increased the
percentages of sub-G1 Calu-6 and A549 cells, 250 or 500 M
H,0, did not demonstrate a similar effect, indicating that
the higher doses of H,O, fixed these lung cancer cells in a
similar way to ethanol or methanol. Thus, H,O, appeared to
induce lung cancer cell death simultaneously via necrosis and
apoptosis, depending on its concentration. In particular, 75 and
100 uM H,0, appeared to concurrently trigger both apoptosis
and necrosis in Calu-6 cells, since these doses of H,0, did
not increase the percentages of sub-Gl cells compared with
50 uM H,0,-treated cells, as well as there was no change in

the levels of the intact form of PARP protein. It is required
to evaluate the activity of the extracellular lactate dehydroge-
nase in lung cancer cells treated with 50- 500 uM H,O, for
the detection of necrotic cell death. Previous studies revealed
a role of H,0, in cell-cycle phase arrest and progression by
adjusting cell cycle-related proteins (23,24). In line with this,
treatment with 75 or 100 uM H,0O, among the tested doses
significantly showed a GI phase arrest in Calu-6 and A549
cells. Thus, the G1 phase arrest together with induction of cell
death is the potential mechanism behind the attenuation of cell
growth upon H,0, treatment. However, H,O, did not make
any specific phase arrests of the cell cycle in HeLa cells (20).
These results indicated that H,0,-induced oxidative stress
manifested its effects on cell cycle progression depending on
the cell type and H,O, dose.

Caspase inhibitors used in this experiment failed to atten-
uate the growth inhibition in H,O,-treated Calu-6 and A549
cancer cells, whereas these inhibitors considerably prevented
H,0,-induced cell death in these cells. Although H,O, to some
extent augmented the activity of caspase-8 in both lung cancer
cells, caspase-8 inhibitor significantly attenuated cell death
triggered by H,O,. Thus, a slight alteration in the activity of
caspase-8 appeared to have strong impact on the pro-apoptotic
pathway in H,O,-treated lung cancer cells. These results also
indicated that both mitochondrial and cell death receptor path-
ways were mutually required for the entire induction of apoptosis
in H,0,-treated lung cancer cells. It would be important to
ascertain how H,0, affects the cell death receptor pathway to
induce apoptosis in lung cancer cells. Concerning MMP (AW,),
caspase inhibitors did not have any significant effect on the loss
of MMP (AW, in H,O,-treated Calu-6 and A549 cells. In addi-
tion, these inhibitors did not restore the decreased MMP (AW,
levels in H,O,-treated lung cancer cells. Instead, the caspase-9
inhibitor enhanced the decreased levels in these cells. It is plau-
sible that the loss of MMP (AW, ) following treatment with H,O,
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activated various caspases related to mitochondrial and cell
death receptor pathways, consequently inducing apoptosis, and
the activation of caspases by H,0, could not positively enhance
the MMP (AW,) loss. In addition, the loss of MMP (AW,,)
induced by H,0, may not be enough to completely provoke
apoptosis in Calu-6 and A549 cells under the downregulation
of caspase activity.

In conclusion, H,0O, inhibited the growth of lung cancer
cells through cell death and Gl-phase arrest of the cell cycle.
Calu-6 and A549 cell death caused by H,O, resulted from
necrosis, as well as caspase-dependent apoptosis (Fig. 7). The
present results provide useful information to comprehend the
cytotoxicological effect of exogenous H,O, on lung cancer cells
in regards to cell growth and death. In addition, novel strategies
for the treatment of lung cancer based on the use of H,O, may
be helpful in reducing the mortality related to this malignancy.
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