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Continuous hypoxia attenuates paraquat-induced cytotoxicity 
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Abstract

Paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride; 
PQ), an effective and widely used herbicide, was 
commercially introduced in 1962. It is reduced by the 
electron donor NADPH, and then reduced PQ transfers 
the electrons to molecular oxygen, resulting in the 
production of reactive oxygen species (ROS), which 
are related to cellular toxicity. However, the influence 
of continuous hypoxia on PQ-induced ROS production 
has not fully been investigated. We evaluated in vitro 
the protective effect of continuous hypoxia on PQ- 
induced cytotoxicity in the human carcinogenic alveolar 
basal epithelial cell line (A549 cells) by using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assay and live and dead assay, and by 
measuring lactate dehydrogenase (LDH) release. To 
elucidate the mechanism underlying this effect, we 
monitored the immunofluorescence of intracellular ROS 
and measured malondialdehyde (MDA), superoxide 
dismutase (SOD), and glutathione peroxidase (GPx) 
activities. Continuous hypoxia protected the A549 cells 
from PQ-induced cytotoxicity. Continuous hypoxia for 
a period of 24 h significantly reduced intracellular ROS, 
decreased MDA concentration in the supernatant, and 
normalized SOD and GPx activities. Continuous 
hypoxia attenuated PQ-induced cell toxicity in A549 
cells. This protective effect might be attributable to the 
suppression of PQ-induced ROS generation.

Keywords: cell death; hypoxia; oxidative stress; par-
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Introduction

Paraquat (PQ, 1,1'-dimethy-4,4'-bipyridinium dich-
loride) is a common vegetative herbicide widely 
used globally since its introduction in the 1960s. To 
date, many cases of accidental or suicidal PQ poi-
soning have been reported. PQ and its poisoning 
have resulted in unfavorable outcomes for humans 
and is now becoming an important concern in clin-
ical toxicology. A number of researches have dem-
onstrated that the mechanism of PQ cytotoxicity 
entails interfering with the intracellular electron 
transfer systems, which generate the formation of 
superoxide anion, singlet oxygen, and other re-
active oxygen species (ROS), leading to the deple-
tion of cellular Nicotinamide adenine dinucleotide 
phosphate (NADPH) and lipid peroxidation of cell 
membranes (Smith et al., 1978; Bus and Gibson, 
1984; Suntres, 2002; Yeh et al., 2006). Therefore, 
various antioxidants with scavenging activity, such 
as vitamin E, vitamin C, β-carotene, glutathione, 
N-acetylcysteine, melatonin, and the enzyme su-
peroxide dismutase (SOD), have been studied and 
used for PQ poisoning therapy (Melchiorri et al., 
1996; Suntres, 2002; Yeh et al., 2006). However, 
these antioxidant therapies yielded unsatisfactory 
results with respect to mortality.
    The lung is considered the primary target organ 
for PQ toxicity as a consequence of the accumu-
lation of PQ against a concentration gradient via 
the highly developed polyamine-uptake system 
(Dinis-Oliveira et al., 2006a, 2006b; Chang et al., 
2009). The primary effect of PQ toxicity is seen in 
the lungs, where PQ gets accumulated via a proc-
ess of active transport in the Clara cells and alveo-
lar type I and type II epithelial cells, leading initially 
to pulmonary edema, infiltration of inflammatory 
cells, and damage to the alveolar epithelium, and 
later progressing to lung fibrosis and respiratory 
failure (Smith and Heath, 1975; Thurlbeck and 
Thurlbeck, 1976; Tomita et al., 2007). In addition, 
PQ comes in direct contact with oxygen in the 
lungs and generates toxic activated oxygen. There-
fore, anaerobic conditions or hypoxia could be nec-
essary to prevent or attenuate the generation of 
harmful ROS by PQ in the lungs. Although the un-
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Figure 1. Cytotoxic activity of PQ & continuous hypoxia in A549 cells. 
(A) A549 cells were treated with various concentrations of PQ for 8 h. 
Cytotoxicity was determined by the MTT assay after 24 and 48 h, and 
relative absorbance is expressed as % of control (not subjected to PQ 
treatment). (B) Medium lactate dehydrogenase (LDH) activities were 
measured immediately after hypoxic exposure. Values are expressed as 
% of control levels from sister cultures maintained in normoxia for the 
same durations. Data are represented as mean ± standard deviation of 
the mean (n = 6). *P ＜ 0.05. 

Figure 2. Protective effect of continuous nonlethal hypoxia on PQ-in-
duced cytotoxicity in A549 cells. (A) MTT Assay: Degree of viability was 
quantified at 24 h after 1 mM PQ treatment using the MTT reduction 
assay. PQ +Normoxia, 24-h normoxia (21% O2) after 1 mM PQ treat-
ment for 8 h; PQ +Hypoxia, 24-h hypoxia (1% O2) after 1 mM PQ treat-
ment for 8 h (B) LDH Assay: Inhibition of PQ (0.5 and 1 mM)-induced 
LDH release by hypoxia. Cell death was assessed by measuring the re-
lease of the cytosolic marker LDH and is expressed as percentage of net 
LDH release induced by PQ (% of total LDH, n = 6) Results are ex-
pressed as a percentage of the value obtained in normoxic cultures 
(control, not subjected to PQ treatment). #Significantly different from con-
trol group, P ＜ 0.05. ##Significantly different from PQ +Normoxia 
group, P ＜ 0.05.

derlying molecular mechanisms have not been fully 
demonstrated, it has been reported that nonlethal 
levels of hypoxia can sometimes lead to the upre-
gulation of cell survival genes and signaling path-
ways (Seta et al., 2004).
    Cheng and colleagues (Cheng et al., 2007) re-
ported that hypoxia reduced PQ-induced cellular 
damage in human corneal endothelial cells. However, 
the protective effect of hypoxia on human lung cell 
line, which is the primary target for PQ toxicity, has 
not been investigated in vitro, and the detailed 
mechanisms of cellular responses to hypoxia on 
PQ-induced ROS production are still unclear.
    Therefore, we investigated whether nonlethal 
levels of continuous hypoxia could protect lung epi-
thelial cells against PQ-induced oxidative cell death, 
and demonstrated whether hypoxic protection is 
associated with reduction in PQ-induced ROS 
generation.

Results

The toxicity of PQ & continuous hypoxia

Exposure to PQ for 8 h resulted in a concentration- 
dependent decrease in cell survival, as shown by 
the MTT assay (Figure 1A). A total of 60% and 
80% loss were measured in cells exposed to 1 mM 
PQ after 24 and 48 h, respectively. To determine 
the effect of continuous hypoxia on A549 cells in 
our culture system, we subjected the A549 cells to 
hypoxia (1% oxygen) for 6, 12, 24, 48, and 72 h, 
and assessed continuous hypoxia-induced dam-

age using the LDH assay. During the first 24 h of 
exposure, no significant increase in LDH levels 
was observed (Figure 1B). But, after that the LDH 
levels increased in proportion to the duration of 
hypoxia.

Protective effects of continuous hypoxia on the 
viability of cells subjected to PQ

Because continuous hypoxia showed no significant 
injury to A549 cells within the first 24 h of exposure 
in our culture system, as shown in Figure 1, we 
tested whether a 24-h period of hypoxia protects 
these cells from PQ toxicity using the MTT and 
LDH assays (Figure 2). Treatment with PQ for 8 h 
yielded a significant increase and decrease in LDH 
level and MTT reduction, respectively, compared 
with the control. As shown in Figure 2, this PQ-in-
duced MTT degradation and LDH release were 
abolished by a 24-h exposure to nonlethal hypoxia.
    In addition, we identified the protective effect of 
24-h period of continuous hypoxia on the viability of 
PQ-treated cells with microscopic imaging (Figure 
3) and a live and dead assay (Figure 4). Collectively, 
all these data suggest that continuous hypoxia re-
duces PQ-induced death in A549 cells.
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Figure 3. Representative microscopic images of cell viability in hypoxic 
vs normoxic conditions after PQ-induced cell death. At 48 h after 500 μM 
PQ treatment for 8 h, a significant reduction in cell number was observed 
in PQ-treatment group in normoxia (B). On the other hand, 24 h of hypo-
xia after PQ treatment suppressed PQ-induced cell decease, as per the 
microscopic observations (C). The morphology of the cells was observed 
under phase contrast microscopy (×100); A, B, and C show Control, PQ
+Normoxia, and PQ +Hypoxia cultures, respectively.

Figure 4. Live and dead fluorescent assay for effect of continuous non-
lethal hypoxia on PQ-induced cytotoxicity. Cells were exposed to nor-
moxia (control), 8 h of treatment with 500 μM PQ + 24 h of normoxia 
(21% oxygen), and 8 h of 500 μM PQ + 24 h of hypoxia (1% oxygen). 
Culture dishes were subsequently stained with the live and dead assay 
(Molecular Probes) and viewed under a fluorescence microscope. A, B, 
and C show the Control, 8-h 500 μM PQ + 24-h normoxia, and 8-h 500 
μM PQ + 24-h hypoxia cultures, respectively, with intracellular calcein 
fluorescence signifying viable cells. A', B', and C' show ethidium homo-
dimer fluorescence of the same fields as A, B, and C, respectively, and 
demonstrate injured and nonviable cells. Note that PQ increased cell in-
jury/death after 24 h, and this was diminished by nonlethal continuous 
hypoxia.

Figure 5. (A) Measurement of lipid peroxide levels. A549 cells were ex-
posed to normoxia (control) or to hypoxia for 24 h after an 8-h 0.5 mM 
PQ exposure. Then, A549 cells and media were harvested for MDA level 
assessment. Data (mean ±SD) were normalized to the control 
(normoxia-exposed group), and was taken as 100%. (B) Measurement of 
GPx activity. A549 cells were exposed to normoxia or to hypoxia for 24 h 
after an 8-h 0.1 & 0.5 mM PQ exposure. Then, after another 24-h in-
cubation in normoxia, A549 cells and media were harvested for assess-
ing GSH levels. (C) Measurement of total SOD activity A549 cells were 
exposed to normoxia or to hypoxia for 24 h after an 8-h 10 & 100 μM PQ 
exposure. Then, after another 24-h incubation in normoxia, A549 cells 
and media were harvested for assessing total SOD levels. Values are 
mean ±SD; statistically significant differences (P ＜ 0.05): *between 
hypoxia group and normoxia group.

Effects of continuous hypoxia on PQ-induced 
oxidative stress

In A549 cells, we measured the lipid peroxide level 
(Figure 5A), GSH level (Figure 5B), and SOD activ-
ity (Figure 5C) as the markers of oxidative stress. 
We compared the levels of these markers between 
the group that underwent 24-h hypoxia exposure 
after an 8-h PQ treatment and the control group 
(normoxia-exposed group) with only 8-h PQ ex-
posure. A significantly decreased MDA level was 
observed in the hypoxia-exposed group in compar-
ison to the normoxia-exposed group, suggesting 
attenuated PQ-induced oxidative damage in the 
hypoxia-exposed group. The GPx activity in the hy-
poxia-exposed group was increased by half as 
compared with the normoxia-exposed group (P ＜
0.05), consistent with the fact that it is being uti-
lized to combat the effects of PQ (Figure 5B). After 

PQ treatment, the total activity of SOD in the hypo-
xia-exposed group increased significantly as com-
pared with that in the normoxia-exposed group.

Effects of continuous hypoxia on PQ-induced ROS 
generation 

The levels of ROS in the PQ treatment group in-
creased significantly compared with the normox-
ia-exposed group (P ＜ 0.05; Figure 6). On the oth-
er hand, the levels of ROS in the hypoxia-exposed 
group decreased significantly compared with the 
normoxia-exposed group (P ＜ 0.05; Figure 6).
    These results indicate that although PQ could in-
crease free radical generation in A549 cells, ex-
posure of A549 cells to hypoxia after exposure to 
PQ could decrease free radical generation.
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Figure 6. Effects of continuous nonlethal hypoxia on the generation of 
PQ-induced reactive oxygen species (ROS). A549 cells were treated with 
increasing concentrations of PQ for 8 h and were incubated in normoxic 
vs hypoxic conditions for 24 h. Then, the amount of ROS was measured 
by DCFH-DA intensity. The error bars represent the standard deviation. 
#Significantly different from control group, P ＜ 0.05. ##Significantly differ-
ent from PQ + Normoxia group, P ＜ 0.05.

Discussion

The major findings of the present study are (1) 
continuous nonlethal hypoxia may protect and res-
cue lung epithelial cells against PQ-induced tox-
icity; (2) continuous nonlethal hypoxia attenuated 
PQ-induced oxidative stress; (3) the protective ef-
fect of continuous nonlethal hypoxia on PQ toxicity 
was involved in the suppression of ROS generation.
    PQ is a highly toxic herbicide that is harmful to 
humans and animals as well. Over the past few 
decades, several cases of accidental or suicidal 
PQ poisoning and death have been reported 
(Gram, 1997; Chang et al., 2009). PQ-mediated 
cellular damage is essentially due to the con-
tinuous generation of the superoxide anion (O2∙−) 
from molecular oxygen (O2) by the PQ radicals 
which are converted by interaction with the mixed 
function system of microsomes in the presence of 
NADPH (Fairshter, 1981). The di-cation of PQ can 
be reduced again, via a redox cycle, which yields a 
new and spontaneous reaction with O2 resulting in 
the generation of ROS such as O2∙−. The dis-
mutation of O2∙− leads to the formation of the hy-
droxyl radical (HO∙), which is a highly toxic free 
radical and reacts with other molecules such as 
proteins or membrane fatty acids that have been 
implicated in the initiation of membrane injury by 
lipid peroxidation during exposure to PQ (Bus et 
al., 1974; Youngman and Elstner, 1981; Chen and 
Lua, 2000; Cho et al., 2010).
    The major cause of death in PQ poisoning is 
respiratory failure, which occurs as a result of oxi-
dative injury to the alveolar epithelium. This redox 
cycle originating from PQ is sustained by the ex-
tensive supply of electrons and oxygen in the 
lungs, making it the most vulnerable organ in PQ 
toxicity (Smith, 1987). 

    Hypoxia has been shown to produce protective 
effects in some in vitro and in vivo systems, but its 
effects in lung cell line have not been studied in vi-
tro (Rhodes et al., 1976; Demeere, 1984; Cheng et 
al., 2007). In addition, it remains unclear at present 
whether the protective mechanisms of hypoxia on 
PQ-induced oxidative damage are related to ROS 
generation.
    It is also unclear whether hypoxic protection is 
related with ROS suppression. Therefore, in our 
study, we tried to corroborate the hypothesis that 
hypoxia could reduce PQ-induced ROS production 
via the decrease in oxygen supply, and that oxygen 
might be an important substrate for PQ-induced 
ROS formation, particularly in lung cell lines that 
are highly exposed to oxygen. 
    In this study, we assessed hypoxia-induced re-
duction in cellular damage of A549 cells by 3 in-
dependent methods-LDH assay, MTT assay, and 
live and dead assay. Among these approaches, the 
LDH assay is a reliable indicator of cellular injury 
as it assesses the release of intracellular LDH into 
the extracellular fluids after PQ exposure. We also 
observed that hypoxic injury in A549 cells could be 
determined by the MTT assay. Namely, we demon-
strated that nonlethal hypoxia reduces PQ-induced 
injury to lung cells.
    PQ brings about significant changes in the en-
dogenous antioxidant system and oxidative dam-
age, such as lipid peroxidation, where the SOD 
and GSH-Px activities were decreased and the lev-
el of MDA increased, indicating excessive lipid 
peroxidation. Although the assessment of PQ-in-
duced oxidative stress is complicated by the pres-
ence of universal oxidative stress markers, we 
were able to assess the hypoxia-induced change 
in the PQ-induced antioxidant status in vitro using 
3 oxidative markers-MDA, SOD, and GSH-Px. Here, 
we used these 3 oxidative markers to demonstrate 
that hypoxia-induced protection is linked with a de-
crease in PQ-induced oxidative stress. This study 
may be the first to assess the effects of hypoxia on 
PQ toxicity using oxidative stress markers in lung 
cell line in vitro.
    MDA is a marker of LPO, and is used to de-
termine the degree of oxidative stress. MDA is pro-
duced by the peroxidation of polyunsaturated fatty 
acids that have more than 2 double bonds, such as 
linolenic, arachidonic, and docosahexaenoic acids 
(Del Rio et al., 2005). MDA level was elevated in 
the serum and lungs of patients with PQ ingestion, 
with a peak at 6-11 days after PQ poisoning 
(Yasaka et al., 1981; Kurisaki, 1985). However, 
some animal experiments did not show an ele-
vation in MDA levels (Kurisaki, 1985; Hara et al., 
1991).
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    The increase in MDA levels reflects the un-
balance between endogenous antioxidant and oxi-
dative stress, and the initiation of oxidative injury in 
our body. Intracellular antioxidant defenses increase 
as adaptive responses to oxidative stress.
    We measured the antioxidants-GPx and SOD 
enzymes-that may reflect intracellular defenses. 
Glutathione, a major nonprotein thiol involved in 
many aspects of cellular metabolism and regu-
lation, plays a crucial role in the cellular antioxidant 
defense system by scavenging free radicals and 
other ROS, removing hydrogen and lipid peroxides, 
and preventing oxidation of biomolecules (Wu et 
al., 2004). PQ-induced oxidative stress can lead to 
significant depletion of glutathione (Nakagawa et 
al., 1995; Yeh et al., 2006). Based on our ob-
servations, we can say that increased glutathione 
level during hypoxia is suggestive of the fact that 
hypoxia helps ameliorate PQ-caused oxidative 
stress.
    SOD is a crucial enzyme in cellular antioxidant 
systems, as it plays critical roles in the elimination 
of excess ROS in living organisms. SOD converts 
superoxide radical to hydrogen peroxide, which is 
subsequently converted to water by CAT and GPX. 
Inadequate elimination of ROS results in oxidative 
stress that may cause severe metabolic malfunc-
tions and can damage biological macromolecules 
(Matés, 2000). In the present study, PQ-induced 
A549 cells increased the levels of antioxidant 
enzymes. The results indicate that PQ-induced 
production of higher levels of ROS may have trig-
gered the increase in the activities of antioxidant 
enzymes in the cells. This may be attributed to an 
instant active role of SOD or GPX in modulating 
the harmful effects of PQ. Based on our ob-
servations, we believe that increased SOD level 
during hypoxia is suggestive of hypoxia-induced 
suppression of PQ-induced superoxide generation.
    There is only one clinical case report of hypoxic 
therapy in treatment of a patient with PQ poisoning 
in the English literature so far (Demeere, 1984). 
They applied the treatment consisted of hypoxic 
ventilation with 14% oxygen and 86% nitrogen, he-
modialysis, and forced dieresis to a patient with 
PQ intoxication. The patient never exhibited either 
clinical or radiological signs of pulmonary compli-
cations. Therefore, our in vitro data is expected to 
be utilized in in vivo study and potential clinical ap-
plication to treat patients with PQ poisoning.
    In this study, intracellular ROS was measured by 
DCF fluorescence intensity. Treatment with PQ in-
creased DCFH-DA intensity, indicating elevated 
ROS production. However, nonlethal continuous 
hypoxia attenuated PQ-induced ROS production.
    In summary, the results of the present study 

suggest that nonlethal continuous hypoxia is able 
to protect and rescue lung epithelial cells against 
PQ-induced toxicity. These effects are attributable 
mainly to the hypoxic effect of reducing the oxygen 
supply to lessen the generation of the free radicals 
involved in cell death. The protective properties of 
hypoxia support its potential beneficial actions 
against PQ-induced oxidative damage and related 
mechanisms of toxicity that are likely to be asso-
ciated with the deleterious effects of increased 
ROS production.

Methods

Materials

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide, a tetrazole], fetal bovine serum, and dimethyl 
sulfoxide were purchased from Sigma Chemical Co. (St. 
Louis, MO). The live and dead viability/cytotoxicity kit 
(L-3224) was obtained from Molecular Probes (Eugene, 
OR). Lactate dehydrogenase (LDH) cytotoxicity assay kit 
was acquired from Biovision Inc. (Mountain view, CA), and 
SOD activity assay kit was taken from Dojindo Molecular 
Technologies, Inc. (Rockville, MD).

Cell culture

Human lung adenocarcinoma A549 cells (KCLB, Seoul, 
Korea) were grown in DMEM supplemented with 10% fetal 
bovine serum, 1% glutamine, and 100 units/ml penicillin 
and streptomycin, and were maintained in a conventional 
humidified incubator set at 37oC in an atmosphere of 5% 
CO2 (Sanyo MCO-18M; Moriguchi, Osaka, Japan).

Continuous exposure to nonlethal levels of hypoxia

A549 cells grown in 10-cm dishes were randomly placed in 
a normoxic incubator (20% O2, 75% N2, and 5% CO2) or a 
hypoxic chamber (SANYO MCO-18M, Moriguchi, Japan; 
1% O2, 94% N2, and 5% CO2) for continuous exposure to 
hypoxia. LDH assay was performed to determine nonlethal 
hypoxic time. For other experiments, culture dishes were 
randomly divided into 2 groups, 1 was placed in a nor-
moxic incubator and the other in a hypoxic chamber after 
PQ exposure for 8 h. After continuous exposure to non-
lethal levels of hypoxia and normoxia, the cells were as-
sessed for cell viability and oxidative stress markers 
(Supplemental Data Figure S1).

Assessment of cell viability and cell injury

MTT assay: MTT assay was employed to quantitatively 
evaluate cell viability. The MTT assay was performed 24 
and 48 h after PQ treatment and 24 h after a 24 h period of 
normoxia or continuous hypoxia following an 8 h PQ 
treatment. In brief, viable adherent cells were stained with 
MTT (2 mg/ml) for 2 h. The media were removed, and the 
formazan crystals produced were dissolved by adding 200 
μl of dimethyl sulfoxide. Then, the absorbance at 540 nm 
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was determined using a SpectraMax 250 microplate reader 
(Molecular Probes, Eugene, OR).
LDH release assay: As a marker of cellular lysis, LDH re-
leased from injured cells into the medium was determined 
after time-course hypoxic exposure. LDH release assay 
was performed 24 h after a 24 h period of normoxia or con-
tinuous hypoxia following an 8 h PQ treatment by using an 
LDH assay kit. LDH activity was measured using a 
SpectraMax 250 microplate reader (Molecular Probes).
Morphological observation of A549 cells: Morphological 
changes in A549 cells were assessed at the 24 h time 
point after a 24 h period of normoxia or continuous hypoxia 
following an 8 h PQ treatment. Microphotographs of cul-
tured cells were taken using an Olympus phase-contrast 
microscope (Olympus Optical Co., Tokyo, Japan).
Immunofluorescence analysis for the live and dead assay: 
For assessing cell survival, we performed the live and 
dead assay according to the manufacturer’s protocol. A549 
cells were exposed to ethidium homodimer-1 (4 μM), which 
binds to nucleic acids and cell-permeant calcein AM (3 
μM), which is hydrolyzed by intracellular esterases. Bound 
ethidium homodimer-1 produces red fluorescence when 
exposed to a wavelength of 528 nm, allowing for the identi-
fication of dead cells, and calcein, the cleavage product of 
calcein AM, produces green fluorescence when exposed to 
a wavelength of 494 nm and is used to identify live cells. 
The cells were analyzed under a fluorescence microscope 
(Zeiss Axiovert 24, Sony Progressive 3CCD and Camera 
Adapter CMA-D2; blue excitation filter, 488/515 nm; green 
excitation filter, 514/550 nm).

Assessment of oxidative stress markers

We measured lipid peroxidation, GSH content, and SOD 
activity as the markers of oxidative stress.
Thiobarbituric acid-reactive substances assay: Lipid per-
oxide content in A549 cells was determined by using the 
modified thiobarbituric acid- reactive substances (TBARS) 
assay method as described previously (Mihara and 
Uchiyama, 1978; Sunderman et al., 1985). In brief, the cul-
ture media were collected and centrifuged at 3,000 rpm for 
5 min, followed by the addition of an equal volume of 
0.67% (w/v) TBA. Then, 800 μl of the supernatant was mixed 
with 100 μl of 0.1 M 2-TBA and heated at 100oC for 10 min. 
After cooling, the absorbance was read at 532 nm using a 
SpectraMax 250 microplate reader (Molecular Probes). An 
MDA standard was prepared from 1,1,3,3-tetraethoxypropane.
Glutathione assay: This assay was performed as pre-
viously described (Baker et al., 1990). In brief, 50 μl of the 
cytosolic fraction and 100 μl of the reaction mixture (1 mM 
NADPH, 100 mM Na2HPO4, 100 units GSH reductase, and 
1 mM DTNB) were incubated for 15 min at 37oC in a 
96-well plate. Absorbance was measured at 412 nm using 
a SpectraMax 250 microplate reader (Molecular Probes). 
GSH levels were determined from the standard curve con-
structed using 1 mM GSH, and were expressed in terms of 
per microgram protein.
Determination of SOD activity: After A549 cells were ex-
posed to the different concentrations of PQ for 8 h, they 
were incubated in hypoxic or normoxic conditions for an-
other 24 h. Samples of the supernatant were collected 
from each well to measure SOD activity using the SOD ac-

tivity assay kit. 

Measurement of intracellular ROS generation

The accumulation of ROS was determined by analyzing 2', 
7'-dichlorofluorescin (DCF) fluorescence (Mattson et al., 
1995; Bastianetto et al., 2000). In brief, 10 μM 2',7'-di-
chlorofluorescin diacetate (DCFH-DA) was applied to the 
culture medium at the onset of hypoxia exposure, as de-
scribed previously (Keston and Brandt, 1965). The freely 
cell-permeable DCFH-DA is readily converted into the 
highly fluorescent DCF, which interacts with peroxide. DCF 
fluorescence was quantified (excitation/emission=485 
nm/530 nm) using a fluorescence SpectraMax 250 multi-
well plate reader.

Statistical analysis

Statistical significance was examined using the Student’s 
t-test. The 2-sample t-test was used for 2-group com-
parisons. Values were reported as mean±SD. Statistical 
significance was set at P ＜ 0.05.

Supplemental data

Supplemental data include a figure and can be found with 
this article online at http://e-emm.or.kr/article/article_files/ 
SP-43-9-02.pdf.
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