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Abstract
Hypoxia is a critical characteristic of solid tumors with respect to cancer cell survival, angio-

genesis, and metastasis. Hyperoxic treatment has been attempted to reverse hypoxia by

enhancing the amount of dissolved oxygen in the plasma. In this study, we evaluated the

effects of normobaric hyperoxia on the progression of lung cancer to determine whether

oxygen toxicity can be used in cancer therapy. Following a tail vein injection of the Lewis

lung carcinoma cells, C57BL/6J mice were exposed to a 24-h normobaric hyperoxia/nor-

moxia cycle for two weeks. In addition, A549 lung cancer cells were incubated in a normo-

baric hyperoxia chamber for a 24-h period. As a result, the size and number of tumors in the

lung decreased significantly with exposure to normobaric hyperoxia in the mouse model. Cell viability, colony-forming ability,

migration, and invasion all decreased significantly in A549 cells exposed to normobaric hyperoxia and the normal control group

exposed to normobaric hyperoxia showed no significant damage. Oxidative stress was more prominent with exposure to normo-

baric hyperoxia in cancer cells. A549 cells exposed to normobaric hyperoxia showed a significantly higher cell apoptosis ratio

compared with A549 cells without normobaric hyperoxia exposure and normal human lung cells (BEAS-2B cells). The Bax/Bcl-2

mRNA expression ratio also increased significantly. Changes in the key regulators of apoptosis were similar between in vivo and in

vitro conditions. The p-ERK level decreased, while the p-JNK level increased, after normobaric hyperoxia exposure in A549 cells.

This study demonstrated the role of normobaric hyperoxia in inhibiting lung cancer. Normal tissue and cells showed no significant

hyperoxic damage in our experimental setting. The anti-tumor effect of normobaric hyperoxia may due to the increased reactive

oxygen species activity and apoptosis, which is related to the mitogen-activated protein kinase pathway.
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Introduction

Hypoxia commonly occurs in solid tumors as a result of an
inadequate supply of oxygen, due to rapid cancer growth

and an insufficient vascular supply.1 Hypoxia has been
proven to promote cancer growth and treatment resis-
tance.1–5 Under a hypoxic environment, tumor cells adapt
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by inducing angiogenesis and altering their metabolism,
via increased glycolysis and upregulation of genes
involved in cell survival/apoptosis.1,6–8

To delay cancer progression and improve therapeutic
efficacy, recent studies have focused on eliminating the
hypoxic state in tumors.2,3,9,10 Hyperbaric oxygen (HBO)
treatment, which can increase the oxygen content in vari-
ous tissues, has been applied in many studies seeking to
reverse the hypoxic condition.2,3,5,10,11 Mouse studies using
HBO treatment showed favorable outcomes, such as retar-
dation of tumor growth and increased treatment effica-
cy.2,5,9,10 However, HBO treatment can also present some
complications, including barotraumatic lesions, oxygen
toxicity, confinement anxiety, and ocular effects.12,13 High
oxygen concentrations may also be toxic to the central ner-
vous system.14

Another method of hyperoxic treatment is normobaric
hyperoxia (NBO), which is an attractive alternative to HBO
due to its ease of administration and non-invasiveness.15

NBO treatment has been actively investigated in patients
suffering from acute ischemic stroke, and its benefits have
been demonstrated in several studies.16–19 However, to
date, very few reports have found a beneficial effect of
NBO in lung cancer. In this study, we evaluated the effects
of NBO on the progression of lung cancer both in vivo and
in vitro. Several indicators related to tumor growth, oxida-
tive stress, and apoptosis were measured to identify the
mechanisms underlying the effects of NBO treatment.

Materials and methods

Experimental design and NBO treatment

Male C57BL/6J mice (7–8 weeks old) were purchased from
DBL (Chungcheongbuk-do, Korea). The Lewis lung carci-
noma (LLC) cell line was obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and
injected at 5� 105 cells/mouse through the tail vein.
Immediately after LLC cell injection, mice were placed
within their cages in a Plexiglass chamber, in which an
atmosphere of 95% O2 was constantly monitored using an
oxygen analyzer (BioSpherix Ltd, Redfield, NY, USA).
The temperature within the chamber was maintained at
22� 1�C and the relative humidity was 60� 5%. Mice
were exposed to a 24-h NBO/normoxia cycle for two
weeks and weighed weekly during the experiment.
Controls were exposed to normoxia for the identical time
frame. All animal experimental protocols were approved
by the Animal Subjects Committees of the Catholic
University of Korea (SPH-20100813–004).

Lung tumor analysis

The gross morphology and number of lung tumor nodules
were recorded after sacrificing the mice. Size was measured
with Thorpe calipers, and tumor volume was calculated
using the formula: (d1�d2�d3)� 0.5236, where dn repre-
sents the three orthogonal diameters. The lung tissues were
inflated and fixed by 10% formalin at 25 cmH2O pressure
prior to histological analysis. Hematoxylin and eosin
(H&E)-stained slides of tumor tissues were scanned with

a Panoramic MIDI slide scanner (3DHISTECH Ltd,
Budapest, Hungary).

Mean linear intercept

Mean linear (Lm) was assessed in 10 non-overlapping
fields of lung parenchyma per animal at 200� magnifica-
tion. A transparent sheet with 10 equally distributed hori-
zontal lines is laid over the printed digitized image of an
H&E-stained section and the intercepts with the tissue
structures are counted. The total length of the grid lines
was then divided by the number of intersections to provide
the mean linear intercept in micrometer.

Bronchoalveolar lavage fluid sampling

Immediately after blood collection, bronchoalveolar lavage
(BAL) fluid was collected by lavage of the lung through the
trachea. The trachea was cannulated with silicone tubing
attached to a 23-gauge needle on a tuberculin syringe. The
total number of cells in the BAL fluid was counted using a
hemocytometer. The BAL fluid was cytospined (5 min at
750� g) and stained with Diff-Quick (Sysmex, Tokyo,
Japan) for differential counts. The cells were differentiated
into macrophages, lymphocytes, neutrophils, and eosino-
phils by general leukocyte morphology. The percentage
of each cell type was calculated by counting 500 leukocytes
on randomly selected regions of the slides under a
light microscope.

TUNEL assay

Apoptotic cell deaths in sections of mouse lungs were
detected by TUNEL assay using an in situ apoptosis detec-
tion kit (Promega, Madison, WI, USA) as instructed by
the manufacturer. Briefly, 4-mm-thick sections of paraffin-
embedded tissue were deparaffinized and hydrated in
graded alcohol solutions. After incubating with a protein-
ase K and washing in PBS, equilibration buffer and termi-
nal deoxynucleotidyl transferase were added to all slides
followed by incubation at 37�C for 1 h. The slides were
immersed in saline sodium citrate and counterstained, fol-
lowed by several washes with distilled water. On the slides,
lung cells with brown nuclear labeling were considered as
TUNEL positive. Staining was evaluated using Olympus
light microscope under 200� magnification.

Cell culture and morphological observations

A549 (human alveolar adenocarcinoma) cells and BEAS-2B
(human bronchial epithelial cells) were obtained from the
ATCC. Control cells were incubated in room air, whereas
cells in the hyperoxia-exposure group were incubated in a
hypoxia chamber (Oxycycler; BioSpherix, Parish, NY, USA)
with an 85% O2/5% CO2 gas mixture for 24 h. Cell mor-
phological changes were observed and photographed
under a phase-contrast inverted microscope (TS-100F,
Nikon, Tokyo, Japan).
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Cell viability assay

Cell viability was determined by the 3–(4,5-dimethylthia-
zol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay.
Cells were cultured for 24 h and then exposed to an 85%
O2 condition for 24 h. Then, the MTT solution was added
and incubated for 4 h at 37�C. The purple formazan was
dissolved in dimethyl sulfoxide (DMSO) and absorbance
was measured at 570 nm. Cell viability was calculated as
the percentage of absorbance of cells in the hyperoxia
group compared with that of cells in the control group.

Lactate dehydrogenase activity

Lactate dehydrogenase (LDH) activity was evaluated spec-
trophotometrically in the culture media after exposure to
hyperoxia using an LDH cytotoxicity kit according to the
manufacturer’s instructions. LDH release was determined
as the percentage of LDH in medium compared with the
total LDH in each well using the following equation: (test
sample� low control)/(high control� low control)� 100.

Colony-forming ability assay

The colony formation assay was performed as described
previously.20 Briefly, after exposure to hyperoxia, the cells
were re-plated in a six-well plate in complete culture
medium under room air. After 14 days, the colonies that
formed were stained with a crystal violet cell stain solution
(Cell Biolabs, San Diego, CA, USA).

Wound-healing and invasion assay

Cell migration was determined by a scratch wound-healing
motility assay. Cells were cultured for 24 h and then
exposed to the 85% O2 condition for 24 h. After the expo-
sure, cells were cultured in complete medium to a nearly
confluent cell monolayer. The cell monolayer was scratched
to create a linear ‘‘wound’’ 1 mm in width. A defined area
of the wound was photographed using the phase-contrast
inverted microscope before exposure to hyperoxia. After
exposure, the cells that migrated into the zero line of the
linear “wound” were identified by image analysis. Cell
invasive ability was examined by the Transwell migration
assay. A Transwell membrane (8-um pore size) coated with
Matrigel was used. After exposure to hyperoxia, the cells
were seeded in the Matrigel-coated upper wells. After a
24-h incubation, the cells that had invaded the lower sur-
face were stained with crystal violet.

Reverse transcription polymerase chain reaction

Total RNA was extracted from lung tissue or cells using
TRIzol (Invitrogen, Carlsbad, CA, USA). First-strand
cDNA was synthesized from total RNA using the Super
Script II first-strand synthesis system (Invitrogen).
Quantitative real-time polymerase chain reaction (PCR)
was performed with the QuantiFast SYBR Green PCR kit
(Qiagen, Valencia, CA, USA). The threshold cycle (Ct) value
for each gene was normalized to the Ct value of b-actin.
Relative mRNA expression was calculated using the 2�DDCT

method. Semi-quantitative RT-PCR amplification was

performed using caspase-3/-9, p53, Bax, Bcl-2, and
b-actin primers. The PCR reaction was started at 94�C for
5 min, followed by 25–30 cycles at 94�C for 30 s at the
annealing temperature of each primer, 72�C for 30 s, and
a final extension step at 72�C for 10 min. Equal volumes of
PCR product were separated by 2% agarose gel
electrophoresis.

Western blotting and zymography

Cells were cultured for 24 h and then exposed to the 85%O2

condition for 24 h. Equal amounts of extracted total cell
protein (30 mg/sample) were separated using 8–15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to poly(vinylidene) fluo-
ride (PVDF) membranes. The membranes were blocked
with 5% skim milk and incubated at 4�C overnight with a
1:1000 dilution of anti-Bax, anti-Bcl2, anti-caspase-3/-9,
anti-poly (ADP-ribose) polymerase (PARP), anti-p53, anti-
extracellular regulated kinase (ERK), anti- c-Jun N-terminal
kinase (JNK), and anti-b-actin antibody (Cell Signaling
Technology, Danvers, MA, USA). After washing, the mem-
branes were incubated with secondary antibody for 2 h.
The signals were detected using an enhanced chemilumi-
nescence Western blot detection kit and visualized by
exposure to X-ray film. Collagenolytic activity in
hyperoxia-exposed cells was measured by gelatin zymog-
raphy and 8% SDS-PAGE containing 0.1% gelatin. After
electrophoresis, the gels were washed with 2.5% Triton
X-100 followed by an overnight incubation at 37�C in
zymography reaction buffer. The gels were stained with
Coomassie Brilliant Blue R-250 and then destained.

Flow cytometry

Progression of the cell cycle, apoptosis, and intracellular
reactive oxygen species (ROS) levels were assessed with
the MuseTM Cell Analyzer (Merck-Millipore, Darmstadt,
Germany) according to the manufacturer’s instructions.
The cells were cultured for 24 h and then exposed to the
85% O2 condition for 24 h. The cell cycle analysis was car-
ried out using the MuseVR Cell Cycle kit (Merck-Millipore).
Apoptosis was measured usingMuseTM Annexin-Vand the
Dead Cell kit (Merck-Millipore). Intracellular ROS genera-
tion was measured by the dichlorofluorescein diacetate
(DCF-DA) method using the MuseVR Oxidative Stress kit
(Merck-Millipore).

Enzyme-linked immunosorbent assay

The concentrations of albumin (Abcam, Cambridge, UK),
superoxide dismutase (SOD) (Dojindo Laboratories,
Rockville, MD, USA), myeloperoxidase (MPO), the ratio
of reduced glutathione (GSH)/oxidized glutathione
(GSSG), and lipid peroxidation (MDA) (Bioassay Systems,
Hayward, CA, USA) were measured in BAL fluid or tissue
lysate with ELISA kits, according to the manufacturer’s
instructions.
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Statistical analysis

All data are expressed as means� standard deviations.
Statistical comparisons between groups were performed
using the parametric independent t-test if the dependent
variable was continuous and had a normal distribution.
Otherwise, the Mann–Whitney U test was used.
A P-value <0.05 was considered significant. All statistical
analyses were performed GraphPad Prism software (ver.
5.0 for Windows; GraphPad Software, La Jolla, CA, USA).

Results

Tumor growth inhibition and histological

changes in vivo

Figure 1(a) shows the H&E-stained histopathological lung
tissue sections in the normal and LLC-bearing mouse
groups. No significant morphological changes were
detected in the lung tissue of the normal mice exposed to
hyperoxia. The lung tumors were histologically classified
as hyperplasia, adenoma, or adenocarcinoma based on pre-
viously established criteria.21 The LLC-induced lung
tumors were histologically classified as lung adenomas or
adenocarcinomas. Importantly, the histological analyses
demonstrated that multiple large tumor nodules were evi-
dent in the LLC control group, whereas the number and

size of nodules in the 24 h hyperoxia-exposed LLC group
decreased significantly compared with those in the LLC
control group (both P< 0.01). However, no significant mor-
phological changes were observed in the normal lung
region of the LLC-bearing mouse groups following hyper-
oxia exposure, as in the control groups. Results on tumor
incidence and total tumor volume in the LLC mouse group
are illustrated in Figure 1(b) and (c). To find the effects of
hyperoxia on normal lung tissue, airspace size was estimat-
ed by mean linear intercept in normal mouse group
(Figure 1(d)). There was no significant difference of mean
linear intercept with 24 h NBO treatment in normal mouse
group. Mean body weight during the two weeks did not
differ between the groups (data not shown).

Effect of NBO on inflammation, antioxidative enzyme
activities, and apoptosis in vivo

The total number of inflammatory cells was counted in BAL
fluid frommice in each group to quantify the inflammatory
response. Although the numbers of neutrophils and lym-
phocytes tended to increase slightly after 24 h of hyperoxia
in both the normal and LLC mouse groups, no significant
differences were observed (Figure 2(a)). The total numbers
of cells and macrophages increased significantly in the 24 h
hyperoxia-exposed LLC group compared with those in the
LLC control group (both P< 0.001). Albumin in BAL fluid

Figure 1. Tumor growth inhibition and histological changes in vivo. (a) Photographs of the dissected tumors and representative images of hematoxylin and eosin

(H&E)-stained lung sections. The two top panels show images of whole lung sections and higher magnification of the same samples (magnification, �400) in normal

mice. The three bottom panels show images of whole lung section, higher magnification of the rectangle in the whole lung section (magnification,�400) and gross lung

examination in Lewis lung carcinoma (LLC) mice. Lung tumors are indicated by arrows in the gross lung examination at the bottom panel. Lung tumor development was

evaluated according to (b) the size and number of tumors in each group at the study endpoint and (c) tumor volume. (d) Airspace size was estimated by determining the

mean linear intercept in normal mouse. The data represent the mean�SD. ##P< 0.01 compared with LLCþNBO, 0 h. (A color version of this figure is available in the

online journal.)
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was measured as a marker of pulmonary epithelial perme-
ability changes and lung damage to identify the occurrence
of hyperoxia-induced toxicity (Figure 2(b)). The albumin
level in the LLC group tended to be higher than that in
the normal group, but the difference was not significant.
No significant difference in the effect of hyperoxic treat-
ment was observed between the normal and LLC mouse
groups. In addition, the activity of MPO as a proinflamma-
tory enzyme was measured in lung tissue (Figure 2(c)). The
MPO level decreased significantly after the hyperoxic treat-
ment in the LLC mouse group (P< 0.05). However, no dif-
ference was observed in the normal mouse group.

We investigated whether exposure to hyperoxia affects
the activity of pulmonary enzymes usually involved in
antioxidant defense. The level of SOD in lung homogenate
was not different between the study groups (Figure 2(d)).
The ratio of GSH/GSSG, which represents consumption of
GSH resulting from the accumulation of ROS, decreased
significantly after hyperoxia in both groups (both P< 0.05,
Figure 2(e)). TheMDA level in lung homogenates tended to
increase with exposure to the hyperoxic treatment in both
groups (Figure 2(f)). We determined whether exposure to
hyperoxia can play an anti-tumor role by activating the
mitochondrial-dependent apoptosis signaling pathway.
Total Bax and cleaved caspase-3 protein levels, as direct
evidence of increased apoptosis, increased in the
hyperoxia-exposed LLCmice group, whereas the Bcl-2 pro-
tein level decreased (Figure 2(g)). The real-time RT-PCR
results showed a significant increase in the Bax/Bcl-2
mRNA ratio compared with that in the control group of

LLC-bearing mice (P< 0.01, Figure 2(h)). In addition,
hyperoxia-exposed LLC mice group showed more
TUNEL-positive lung cancer cells than control group
(Figure 2(i)).

Effect of NBO on cell morphological changes
and growth inhibition in vitro

The microscopic image of A549 cells after 24 h of hyperoxia
revealed a pleomorphic appearance with atypical nuclei
and numerous mitotic figures (Figure 3(a)). In contrast,
BEAS-2B cells showed a conserved cell pattern after 24 h
of hyperoxia. Cell toxicity increased significantly in
both BEAS-2B and A549 cells (P< 0.01 and P< 0.001,
respectively, Figure 3(c)). Colony-forming ability decreased
significantly in BEAS-2B and A549 cells (P< 0.05 and
P< 0.01, respectively, Figure 3(d) and (e)). However, A549
cells tended to show more toxicity and less colony-forming
ability after hyperoxia exposure compared with those of
BEAS-2B cells. In addition, only A549 cells showed a sig-
nificant decrease in cell viability after the 24 h hyperoxia
exposure (P< 0.001, Figure 3(b)).

NBO inhibits lung cancer cell migration and invasion
in vitro

The wound-healing and Matrigel cell invasion assays were
performed to evaluate the ability of NBO to inhibit cell
migration and invasion. Cell migration and invasion
decreased in both assays after the 24 h hyperoxia exposure
of A549 cells (Figure 4(a) and (b)). Quantification of the

Figure 2. Effect of NBO on inflammation, antioxidant enzyme activities and apoptosis in vivo. (a) Total and differential cells in bronchoalveolar lavage (BAL) fluid. The

levels of (b) albumin and (c) myeloperoxidase (MPO) were measured as indicators of inflammation and lung injury in BAL fluid and lung tissue, respectively. The levels of

(d) superoxide dismutase (SOD), (e) the ratio of reduced glutathione (GSH)/oxidized glutathione (GSSG), and (f) lipid peroxidation (MDA), as indicators of oxidative

stress, were measured in the total lung homogenate. (g) The expression of apoptosis-related genes, such as caspase-3, Bax, and Bcl-2, was examined in total protein

by Western blotting. (h) Bax and Bcl-2 mRNA expression was examined by real-time polymerase chain reaction. (i) TUNEL-stained lung sections from control and

NBO-treated Lewis lung carcinoma (LLC) mice are shown. #P< 0.05, ##P< 0.01 and ###P< 0.001 compared with LLCþNBO, 0 h. *P< 0.05 compared with

controlþNBO, 0 h. (A color version of this figure is available in the online journal.)
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migrated and invaded cells showed the same results (both
P< 0.001, Figure 4(c) and (d)). We also measured matrix
metalloproteinase (MMP)-9 and MMP-2, which are associ-
ated with tumor migration and invasion. A549 cells
showed decreased levels of MMP-9 and MMP-2 after the
24 h hyperoxia exposure (Figure 4(e)).

Effect of NBO on ROS, cell cycle distribution,
and apoptosis

Relative ROS levels increased significantly in A549
cells after 24 h of hyperoxia exposure (P< 0.01),
whereas BEAS-2B cells showed no significant changes
(Figure 5(a)). The percentage of cells in the G0/G1 phase
decreased significantly in BEAS-2B and A549 cells
after hyperoxia exposure (both P< 0.001, Figure 5(b)).
However, the cell apoptosis ratio was significantly higher
after 24 h of hyperoxia exposure only in A549 cells
(P< 0.05, Figure 5(c))

Effect of NBO on apoptosis and MAPK
signaling pathways

The expression of apoptosis- and cell survival-related
genes, such as PARP, caspases, p53, p21, Bax, and Bcl-2,
were examined for mRNA and total protein (Figure 6(a)
and (b)). The mRNA expression of caspase-3, caspase-9,
Bax, and p53 tended to increase after hyperoxia exposure.
The protein levels of cPARP, cleaved caspase-9, cleaved
caspase-3, Bax, p-p53, and p21 also increased in A549
cells after hyperoxia exposure. In contrast, Bcl-2
decreased in both mRNA expression and protein level
after hyperoxia exposure. To ascertain if there was a
role for the MAPK pathway in hyperoxia-induced

apoptosis, the expression levels of proteins such as ERK
and JNK were examined (Figure 6(c)). Phosphorylation of
ERK decreased in A549 cells with 24 h hyperoxia expo-
sure. In contrast, p-JNK increased after 24 h hyper-
oxia exposure.

Discussion

We demonstrated that NBO inhibits the growth of lung
cancer. Cell viability, colony-forming ability, migration,
and invasion all decreased in cancer cells treated with
NBO. In addition, the normal group exposed to NBO devel-
oped no significant damage. Our results also suggest that
the antitumor effect of NBO may be due to increased ROS
activity and apoptosis, which is related to the MAPK path-
way. To date, very few studies have investigated NBO and
lung cancer. This is the first study to clearly demonstrate
morphological changes in lung cancer with NBO exposure,
and to investigate the mechanisms underlying this effect.

Hypoxia is a critical characteristic of solid tumors and
involves enhanced cancer cell survival, angiogenesis, and
metastasis.2,22 Hypoxia also reduces the sensitivity of
cancer to radiotherapy or chemotherapy.23 To delay
cancer progression and improve therapeutic efficacy,
recent studies have focused on eliminating the hypoxic
state in tumors.3,9,24 HBO treatment, which can increase
oxygen content in various tissues, has been attempted
and showed favorable results in terms of inhibition of
tumor growth and increased treatment efficacy.2,3,5,10,11

Although HBO induces a higher oxygen concentration in
tumor tissues than NBO, herein we used NBO because it is
a more feasible therapy with a lower complication rate in
actual clinical practice.12–14 In addition, both normobaric

Figure 3. Effect of NBO on morphological changes and growth inhibition in vitro. (a) Cells were stained with Wright and Giemsa (original magnification 400�). After the

hyperoxic treatment, A549 cells had a pleomorphic appearance with atypical nuclei and numerous mitotic figures. Comparison of (b) cell viability and (c) cell toxicity

after exposure to hyperoxia in BEAS-2B and A549 cells. Cell viability and toxicity after 24 h hyperoxia exposure were expressed as a percentage of untreated control

samples. (d) Colony growth ability. Immediately after exposure to hyperoxia, the cells were re-plated in a six-well plate at a density of 500 cells. The cells were then

cultured for 7–14 days in a room-air incubator, and cell colonies were stained. (e) The formed colonies were quantified. Data represent the mean�SD number of

colonies as a percentage of untreated control samples. These results are representative of three independent experiments. *P<0.05 and **P< 0.01 compared with

BEAS-2BþNBO, 0 h. ##P< 0.01 and ###P< 0.001 compared with A549þNBO, 0 h. (A color version of this figure is available in the online journal.)
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and hyperbaric hyperoxia significantly retarded tumor
growth in other mouse studies.5,25 However, to date, few
studies have compared NBO and HBO.

Prolonged exposure to hyperoxia can cause injury to
normal lung tissue.26 Hyperoxic lung injury in experimen-
tal animals represents an established model of acute respi-
ratory distress syndrome.13 In this study, we applied 95%
O2 in vivo and 85% O2 in vitro, consistently for 24 h. Our
preliminary study revealed that the number of inflamma-
tory cells increased significantly after continual exposure to
hyperoxia for 48 h or more, with lung injury beginning to
appear when hyperoxia exposure was continuous for over
72 h (data not shown). Under our experimental setting
(NBO for 24 h), the normal mouse group, and normal tis-
sues adjacent to the tumor in the cancer group, showed no
definite histological damage. No changes in various inflam-
matory cell counts were detected in the BAL fluid of the
normal mouse group. Total cell and macrophage counts

increased significantly in LLC-bearing mice exposed to
NBO. However, the lymphocyte and neutrophil counts
did not change significantly, and the MPO level decreased
rather than increased. Overall, 24 h of NBO did not produce
any significant histological damage or inflammation in
either the normal or cancer group.

Oxidant/antioxidant homeostasis is highly regulated
and essential for maintaining cellular and biochemical
functions.27 Production of excessive free oxygen radicals
beyond endogenous antioxidant capacity can lead to oxi-
dative damage.28 The major antioxidants of the lungs are
SODs, catalase, and GSH-associated enzymes.29,30 Here,
we considered endogenous antioxidant enzyme and
MDA activities as indicators of oxidative stress. Although
SOD and MDA did not change significantly in response to
hyperoxia in vivo, the GSH/GSSG ratio decreased signifi-
cantly after hyperoxia in both the normal and cancer mouse
group. In addition, ROS increased significantly only in

Figure 5. Effect of NBO on reactive oxygen species (ROS), cell cycle distribution, and apoptosis. Cells were treated with room air or hyperoxia (85%O2) for 24 h. Then,

cells were analyzed for (a) ROS (b), cell cycle distribution, and (c) apoptosis using the MuseTM Cell Analyzer. The amount of ROS was measured according to

dichlorofluorescein diacetate (DCFH-DA) intensity. Cell populations at the G1, S, and G2/M phases were determined using the MuseV
R
Cell Cycle kit. Apoptosis was

performed by the method of Kloesch et al. (with slight modifications) using the MuseV
R
Annexin-V and Dead Cell kit. Error bars represent the standard deviation, and

each result was determined as the average of three independent experiments. ***P< 0.001 compared with BEAS-2BþNBO, 0 h. #P< 0.05, ##P< 0.01 and
###P< 0.001 compared with A549þNBO, 0 h.

Figure 4. NBO inhibits lung cancer cell migration and invasion. (a) The wound-healing assay was used to detect the migration ability of A549 cells. Representative

photographs showing the same area at 0 h and after 24 h of hyperoxia (85% O2) exposure. (b) The Matrigel assay was used to detect the invasion ability of A549 cells.

Random fields were scanned for the presence of cells on the lower side of the membrane. (c) Migrated cells and (d) Matrigel invaded cells were quantified. Data

represent the mean�SD. ###P< 0.001 compared with A549þNBO, 0 h. (e) Gelatin zymography analysis for matrix metalloproteinase (MMP)-2 and MMP-9. After 24 h

of hyperoxia (85% O2), the cells were subjected to gelatin zymography to investigate the MMP-2/-9 activity. Triplicate experiments were performed.
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A549 cells after 24 h of hyperoxia. This result suggests that
oxidative stress is more prominent in cancer tissue exposed
to hyperoxia compared with normal tissue exposed to
hyperoxia. It has long been postulated that cancer cells bal-
ance high ROS levels and increased antioxidant ability
compared with normal cells.31 In this situation, increasing
oxidative stress above the toxicity threshold induces cancer
cell death while sparing normal cells, which are character-
ized by lower intracellular ROS levels.32 Many chemother-
apeutic agents, including taxanes, vinca alkaloids, and
platinum-based agents, are currently used to induce high
ROS levels, resulting in cell death.33 Increased ROS plays an
important role in the induction of apoptosis.34,35 Ott et al.36

showed that ROS play an important role in the release of
cytochrome c and other pro-apoptotic proteins, which can
activate caspases and apoptosis.36 We investigated whether
exposure to hyperoxia plays an anti-tumor role by activat-
ing the mitochondrial-dependent apoptosis signaling path-
way. Anti-apoptotic factor Bcl-2 decreased significantly,
and pro-apoptotic factor Bax increased significantly, in
the LLC mouse group exposed to hyperoxia. The Bax/
Bcl-2 ratio, which regulates apoptosis by modulating
outer mitochondrial membrane permeability,37 also
increased significantly in our study. Cleaved caspase-3,
which is the key factor in the activation of caspases
during apoptosis, also increased. A549 cells exposed to
hyperoxia had a significantly higher cell apoptosis ratio

compared with those of BEAS-2B cells and A549 cells that
were not exposed to hyperoxia. In addition, changes in the
key regulators involved in apoptosis showed the same
trend as the in vivo study. Overall, the present study
revealed that NBO induced apoptosis in cancer.

To identify the mechanism linking increased ROS levels
and apoptosis, we investigatedMAPK pathways, mediated
by ERK and JNK, which are well known to modulate cell
survival and proliferation.38 ERK is important for cell sur-
vival and is activated in response to growth stimuli in
cancer.39 In contrast, JNK is generally activated by stress
and is closely associated with cell death.40 In accordance
with previous reports, the level of p-ERK decreased, while
that of p-JNK increased, after NBO in our study. Makena
et al.41 also showed that prolonged exposure to hyperoxia
and a high tidal volume induces ROS-mediated activation
of JNK and apoptosis. We also attempted to identify the
relationship between apoptosis and cell cycle arrest. The
cell cycle is regulated by multiple control points at different
phases; failure of these control points can lead to abnormal
growth or apoptosis.42 Our results showed a significantly
lower frequency of G0/G1 phases after NBO in both BEAS-
2B and A549 cells. However, this cell cycle arrest was not
cancer-specific and we did not find a further relationship
with apoptosis.

We are aware of the limitations of this study. First, NBO
treatment time cycle in our study is incomplete and needs
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Figure 6. Effect of NBO on apoptosis and mitogen-activated protein kinase (MAPK) signaling pathways. Cells were treated with room air or hyperoxia (85% O2) for

24 h. Then, A549 cells were harvested and RNA was isolated using Trizol. (a) mRNA expression of caspase-3, -9, Bax, Bcl-2 and p53 was examined by reverse

transcription polymerase chain reaction (RT-PCR). PCR products were resolved on a 2% agarose gel. (b) The expression levels of apoptosis and cell survival-related

genes, such as poly (ADP-ribose) polymerase (PARP), caspases, p53, p21, Bax and Bcl-2 were examined in total protein by Western blotting. (c) Protein levels of

extracellular regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) were examined in total protein by Western blotting.
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more research to find more relevant, non-toxic protocols.
Although we tried to find the appropriate treatment time
from preliminary studies, variety of time cycles can be pos-
sible. Second, normal tissue damage with 24 h NBO treat-
ment was not significant in this study. However, more
precise analysis about the safety is still needed. Third, the
beneficial effects of NBO treatment should be investigated
with concurrent chemotherapy and radiotherapy. Finally,
therapeutic effects of NBO in this study rely on mouse
model and cell study. Applying NBO treatment to human
directly is difficult yet. More clinical investigations for
human are needed.

In conclusion, the present study showed the role of NBO
in inhibiting lung cancer. Exposing cancer cells to NBO
resulted in increased ROS activity, which triggered apopto-
sis via the MAPK pathway. Normal tissue and cells showed
no significant hyperoxic damage in our experimental set-
ting. Further research could reinforce the use of NBO in the
clinical setting for lung cancer treatment with minimal
lung injury.
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