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Paraquat (PQ) is a well-known pneumotoxicant that 
exerts its toxic effect by elevating intracellular levels of 
superoxide. In addition, production of pro-inflamma- 
tory cytokines has possibly been linked to PQ-induced 
inflammatory processes through reactive oxygen spe- 
cies (ROSs) and nitric oxide (NO). However, the role 
of NO in PQ-induced cell injury has been controver- 
sial. To explore this problem, we examined the effect 
of NO on A549 cells by exposing them to the exoge- 
nous NO donor NOC18 or to cytokines; tumor necro- 
sis factor-c~, interleukin-1 [3 and interferon-y, as well as 
PQ. Although the exogenous NO donor on its own 
had no effect on the release of lactate dehydrogenase 
(LDH), remarkable release was observed when the 
cells were exposed to high concentrations of NOC18 
and PQ. This cellular damage caused by i mM NOC18 
plus 0.2 mM PQ was ascertained by phase contrast 
microscopy. On the other hand, NO derived from 25- 
50 I~M NOC18 added into the medium improved the 
MTT reduction activity of mitochondria, suggesting a 
beneficial effect of NO on the cells. Incubation of A549 
cells with cytokines increased in inducible NO syn- 
thase (iNOS) expression and nitrite accumulation, 
resulting in LDH release. PQ further potentiated this 
release. The increase in nitrite levels could be com- 
pletely prevented by NOS inhibitors, while the leak- 
age of LDH was not attenuated by the inhibition of 
NO production with them. On the other hand, ROS 
scavenging enzymes, superoxide dismutase and cata- 

lase, inhibited the leakage of LDH, whereas they had 
no effect on the increase in the nitrite level. These 
results indicate that superoxide, not NO, played a key 
role in the cellular damage caused by PQ/cytokines. 
Our in vitro models demonstrate that NO has both 
beneficial and deleterious actions, depending on the 
concentrations produced and model system used. 

Keywords: A549 cells; paraquat poisoning; nitric oxide; 
cytokine; free radical 

INTRODUCTION 

P a r a q u a t  (PQ; m e t h y l  v io logen  : 

1 ,1 ' -d imety l -4 ,4 ' -b ipyr idy l ium ion) is a w i d e l y  

used  herb ic ide  that  causes  lethal in toxicat ions  in 

m a m m a l s .  The l u n g  is the  m o s t  severe ly  affected 

organ ,  and  lung  i n v o l v e m e n t  is respons ib le  for  

the h i g h  mor ta l i ty  f r o m  P Q  poison ing .  Since PQ 

easi ly u n d e r g o e s  r edox  cycl ing,  it has  b e e n  p ro -  

p o s e d  that  react ive  o x y g e n  species (ROSs), such  

as superox ide ,  h y d r o g e n  pe rox ide  and  h y d r o x y l  

radical ,  cause  in jury  to the ta rge t  o r g a n  after PQ 

intake. [1'2] H o w e v e r ,  the precise  b iochemica l  
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events are still controversial. Besides a lipid per- 
oxidation mechanism, available evidence indi- 
cates that other mechanisms may be also 
involved. 13'4] Berisha et al. [5] reported that nitric 
oxide (NO) played a critical role in the oxidant 
injury induced by PQ. Other investigators [6] 
reported that the effect of PQ depended on 
obstruction of electron transfer by respiratory 
chain inhibition by NO. There is now increasing 
evidence to suggest that NO and its derivatives, 
such as peroxynitrite, play an important role in 
cytotoxicity, especially under a condition in 
which superoxide and NO exist together. [7'8] On 
the other hand, NO has been re~orted to be pro- 
tective against oxidative stress. 19-11] NO inhala- 
tion has been applied to the treatment of severe 
PQ poisoning. [12j 

In this study, we examined the involvement of 
NO on PQ-induced cell injury using a human 
lung carcinoma A549 cell line. As alveolar type II 
cells are a target for pneumotoxicants such as 
pQ[13] and they are believed to be derived from 
human alveolar type II cells [14t, we used this cell 
line as our cellular model. Using an NO donor, 
NOC18, or cytokine mixture in the presence or 
absence of PQ, we assessed the release of lactate 
dehydrogenase (LDH) as a marker for mem- 
brane damage and the reduction of 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo- 
lium bromide (MTT) for mitochondrial activity. 

thyl-L-arginine acetate (L-NMMA) was obtained 
from Research Biochemicals Incorp (Natick, 
MA). Recombinant human tumor necrosis fac- 
tor-~ (TNF-00, interleukin -1t~ (IL-1t~) and inter- 
feron-7 (IFN-7) were obtained from Genzyme 
(Cambridge, MA). Dulbecco's Modified Eagle 
Medium (DMEM) and fetal bovine serum (FBS) 
were purchased from ICN Biomedicals Japan 
(Tokyo, Japan). [0t-g2P] dCTP(specific activity 
10mCi/ml) was obtained from the Radiochemi- 
cal Center, Amersham Japan (Tokyo, Japan). A 
probe for the human inducible nitric oxide syn- 
thase (iNOS) gene was kindly provided by Dr. T. 
Ogura (National Cancer Center Research Insti- 
tute, East, Chiba, Japan) and Dr. S.C. Erzurum 
(Cleveland Clinic Foundation, Cleveland, OH). 
All other reagents employed were of analytical 
reagent grade. 

Cell culture 

A549 cells, a human alveolar type II epithe- 
lium-like cell line derived from a tung adenocar- 
cinoma, were obtained from the RIKEN Cell 
Bank and cultured in DMEM medium supple- 
mented with 0.2 mM L-glutamine, and 10% 
heat-inactivated FBS at 37 °C in a humidified 
atmosphere of 5% CO 2 in air. They were rou- 
tinely subcultured twice a week by trypsiniza- 
tion and seeding. 

MATERIALS A N D  METHODS 

Materials 

Paraquat (PQ; methyl viologen), superoxide dis- 
mutase (SOD; from bovine erythrocytes), cata- 
Iase (from bovine liver), and 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyttetrazo- 
lium bromide (MTT) were purchased from 
Sigma Chemical Co. (St Louis, MO). The nitric 
donor, NOC18, was obtained from Dojindo Lab- 
oratories (Kumamoto, Japan). NG-monome - 

Ceil stimulation and biochemical assays 

Cells (3 x 105/welI) were plated in 12-well plates 
containing DMEM medium supplemented with 
10% FBS and allowed to adhere. After 18 hr, the 
medium was replaced with phenol red-free 
DMEM containing 5% FBS and i mM L-arginine, 
and the cells were exposed to additives for 24 
hrs. The stock solution of NOC18 was prepared 
in 0.1 M NaOH and was diluted with buffered 
saline immediately before use. Since incubation 
with the cytokine mixture resulted in a larger 
increase in nitrite accumulation than with each 
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cytokine alone, we added the cytokine mixture 
to the medium as follows; IL-lf~; 10 units/ml, 
TNF-cz; 10 ng/ml,  IFN-y; 500 units/ml.  Nitrite in 
the medium was determined by the Griess reac- 
tion (NO2/NO 3 Assay Kit-C; Dojindo Laborato- 
ries, Kumamoto, Japan) and lactate 
dehydrogenase (LDH) activity in the medium 
was measured spectrophotometrically using a 
Test Kit (Kyokuto Seiyaku Co., Tokyo, Japan). 

Mitochondrial metabolic activity was esti- 
mated by the reduction of MTT to its corre- 
sponding blue formazan product according to a 
procedure described elsewhere. [15] Cells (lx 
104/well) were plated into each well of a 96 
well-plate in 0.1 ml DMEM containing 5% FBS. 
After 24 hr incubation, PQ and NOC18 at vari- 
ous concentrations were added successively to 
each well. At 18 hr after exposure to additives, 
the cells were further incubated for 4 hr with 
0.5 mg /ml  MTT. At the end of the incubation 
period, the cells were washed twice with normal 
saline and lysed in 0.1 ml of acidified (0.04 M 
HC1) isopropyl alcohol. Absorbances were read 
within an hour on an ELISA plate reader 
(BIO-RAD Ivlode1450) with a test wavelength of 
570 nm and a reference wavelength of 630 nm. 

Northern blot analysis 

Twenty ~tg equivalents of total cellular RNA were 
denatured in formaldehyde/formamide by heat- 
ing at 65 °C for 15 min, separated on denaturing 
1% agarose gels and transferred to Hybond N+ 
membranes (Amersham). After baking followed 
by prehybridization, hybridization was carried 
out in a solution containing 32p-labeled iNOS 
cDNA at 42 °C overnight. After hybridization, fil- 
ters were washed and exposed to a Fuji imaging 
plate (BAS-III), and the radioactivities of the 
plates were measured by an imaging analyzer 
(BAS 2000, Fuji Photo Film Co. Ltd., Tokyo, 
Japan). To ensure equal transfer of the RNA to the 
membrane, the membrane was stripped by boil- 

ing in 0.1% SDS and reprobed with a probe for 
glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) cDNA (Clontech). 

RESULTS 

Effect of the exogenous NO on membrane 
damage 

A549 cells were treated with increasing concen- 
trations of NOC18 with or without 0.2 mM PQ. 
The nitrite level in the medium dose-depend- 
ently increased with the addition of NOC18 and 
was independent of PQ (Fig. 1). There was no 
damage to the permeability of the plasma mem- 
brane with NOC18 alone, but  when the cells 
were exposed to PQ and the NO donor above a 1 
mM concentration, there was remarkable dam- 
age (Fig. 2). The cells were disrupted and 
showed regressive changes, and nuclei became 
pycnotic by incubation with NOC18 (1 mM) plus 
PQ (0.2 mM). In contrast, the cells incubated 
with NOC18 (1 mM) or PQ (0.2 mM) alone 
showed normal morphology (Fig. 3). These 
observations were mimicked by another NO 
donor, sodium nitroprusside. 

Effect of the exogenous NO on mitochondrial 
activity 

Mitochondrial dehydrogenase activity, the 
cleavage of MTT into insoluble formazan, 
dose-dependently decreased in the presence of 
PQ from 0.1 to 0.5 raM. On the other hand, a 
slight increase in MTT reduction activity was 
observed in each PQ group when 25 - 50 ~tM 
NOC18 was added to the medium, indicating 
that a small level of NO had a beneficial effect 
(Fig. 4). Above these concentrations of NOC18, 
the mitochondrial activity decreased in the 
dose-dependent manner of the NO donor. 
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FIGURE 1 Nitrite accumulation in the medium caused by the addit ion of NOC18 in the presence or absence of 0.2 m M  PQ. A549 
cells plated in 12-welI plates (3 x 105 / well) were incubated with the additives for 24 hrs. Data are represented as mean S.D. (n= 4) 
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FIGURE 2 Effect of NOC18 on the release of lactate dehydrogenase  (LDH) into the m e d i u m  in the presence or absence of 0.2 
mM PQ. A549 cells plated in 12-well plates (3 x 105/we1I) were incubated with the addit ives for 24 hrs. Data are represented  as 
mean  +_ S.D. (n= 4) 
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FIGURE 3 Photomicrographs showing the effect of i mM NOC18 on cell morphology in the presence or absence of 0.2 mM PQ. 
(A) control, (B) 1 mM NOC18, (C) 0.2 mM PQ, (D) 1 mM NOC18 / 0.2 mM PQ. Although the cells treated with NOC18 or PQ 
alone remained normal, those treated with NOC18 / PQ showed a dramatic damage 

Effect of endogenous NO on membrane 
damage 

We added cytokines to A549 cells to induce 
inducible NO synthesis (iNOS). The level of 
iNOS mRNA of the cells treated with cytokines 
and /or  PQ (0.2 mM) is shown in Fig. 5. 
Although no expression was observed with PQ 
alone, it was not inhibited by PQ. Control exper- 
iments demonstrated equivalent expression of 
the GAPDH gene in all samples. The iNOS 
mRNA became detectable within 3 hrs, and 
reached a maximum level within 6-9 hrs. The 
nitrite level was 3.7 _+ 0.4 ~tM in the medium with 
no additives and it significantly increased with 
exposure to cytokines (10.9 +_ 1.1 btM) or 
PQ/cytokines (12.3 _+ 1.8 btM) (Fig. 6). The level 

was depressed by a NOS inhibitor, L-NMMA (1 
raM), whereas ROS scavenging enzymes, SOD 
/catalase (200 units/160 units), showed no 
effect. We examined the effects of SOD/catalase 
and NOS inhibitors on the LDH release caused 
by PQ/cytokines. Fig. 7 shows the LDH activity 
in the medium after incubation with additives. A 
slight increase in LDH release was observed 
with 0.2 mM PQ alone. Cytokines potentiated 
the release and PQ/cytokines further potenti- 
ated it. The NOS inhibitor L-NMIvlA had no 
effect on the LDH release into the medium 
caused by PQ/cytokines. Other NOS inhibitors, 
such as NG-nitro-L-arginine methyl ester 
(L-NAME) and NG-nitro L-arginine (L-NNA), 
also had no effect (data not shown). ROS scav- 
enging enzymes, in contrast, significantly sup- 
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FIGURE 4 The MTT assay. A549 cells plated in 96-well plates (1 x 104/well) were incubated with the additives for 18 hrs. The 
ceils were further incubated for 4 hrs with 0.5 mg /ml  MTT. Results are expressed in percentage of the amounts of formazan 
produced by control cultures (defined as 100%). Data are represented as mean _+ S.D. (n= 6) 
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~ ' - G A P D H  
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FIGURE 5 Effect of cytokines and/or  PQ on iNOS mRNA expression in A549 cells: (A) control, (B) PQ, (C) cytokines, (D) 
cytokines plus PQ. Eighteen hours after plating in 60ram dishes (2xl06cells/dish), cells were stimulated with the compounds 
for 9 hrs. This figure is representative of two separate blot experiments performed with 20 ~g of total RNA 

pressed the LDH release. We studied these 
findings further by adding a higher concentra- 
tion of PQ (1 mM) to the medium. The LDH 
value following incubation with 1 mM PQ was 
the same as that with 0.2 mM PQ/cytokines. The 

value doubled with the addition of cytokines. 
The NOS inhibitor L-NMMA did not prevent 
LDH release into the medium, whereas ROS 
scavenging enzymes significantly suppressed 
the release. 
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FIGURE 6 Effect of SOD/catalase or L-NMMA on the nitrite accumulat ion caused by PQ/cytokines~ A549 cells plated in 
12-well plates (3 x 105/well) were  incubated wi th  the addit ives for 24 hrs. Data are represented as mean  ± S.D. (n= 4) 

100 

0, 

control PQ +cyt +cyt+PQ +cyt+PQ +cyt+PQ 
+SOD +NMMA 
+catalase 

FIGURE 7 Effect of SOD / catalase or L-NMMA on the release of lactate dehydrogenase  (LDH) caused by PQ / cytokines. A549 cells 
plated in 12-well plates (3 x 105/well) were incubated with the additives for 24 hrs. Data are represented as mean ± S.D. (n= 4) 
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DISCUSSION 

The NO donor NOC18 spontaneously releases 
NO and has a half-life of 21 hrs. We added PQ to 
the medium at 0.2 mM concentration, which was 
the minimum toxic dose to membrane, resulting 
in a slight release of LDH. The NO donor NOC18 
had a dangerous effect under the following both 
conditions; 1) coexistence with PQ and 2) at high 
concentrations. Although the mechanisms that 
induced cellular injury under our experimental 
conditions were not fully understood, they 
would include generation of other strong oxi- 
dants as described elsewhere. [7'8] Other investi- 
gators [161 demonstrated that PQ toxicity was not 
potentiated by the NO donor DETA NONOate, 
NOC18. In their report, the DETA NONOate 
alone produced LDH release, and PQ attenuated 
the release by the NO donor. One of the differ- 
ences in the experimental conditions is the pres- 
ence or absence of FBS. As described in 
elsewhere, [17-191 FBS has relatively high scav- 
enging activity against free radicals. In our 
experiment, PQ/NOC18 under FBS minus con- 
ditions had more dangerous effect than that 
under FBS plus conditions. Therefore, the dis- 
crepancy between our results and their work is 
probably dependent on the difference in the cells 
examined. Cappelletti et al. [20] also found differ- 
ences in the cells examined following 
PQ-induced actin cytoskeleton disruption. On 
the other hand, we showed that the cells exposed 
to low levels of NOC18, 20-50 ~tM, improved 
MTT reduction activity. Although we were una- 
ble to elucidate how much of the NO from that 
derived from NOC18 brought about this 
improvement, this result suggested that a small 
amount of NO possibly had a protective effect. 
These data may explain the paradoxical actions 
of NO described in the literature. [9-11'21'221 

Next, we examined the effect of endogenous 
NO on PQ toxicity caused by iNOS stimulation 
with the cytokine mixture. The damage caused 
by 0.2 mM PQ /cytokoines was completely 
inhibited by SOD/catalase, but not by NOS 

inhibitors. The damage caused by higher concen- 
tration of PQ (1 mM) / cytokines was also inhib- 
ited by SOD / catalase but not by NOS inhibitors. 
These results showed that ROSs were major 
players in PQ/cytokine-induced membrane 
damage and that NO was not a primary stimu- 
lant under these in vitro conditions. Recently, 
Day et al. [16] reported that NOS was a PQ dia- 
phorase resulting in generation of superoxide 
and a decrease in NO production, and indicated 
that PQ toxicity involved a loss of NO-related 
activity. Considering the increase in superoxide, 
our conclusion does not necessarily seem to be in 
disagreement with their results. However, nitrite 
levels were suppressed by adding PQ in their 
work but not in our experiment. This discrep- 
ancy may be due to differences in the cells and 
cytokine ingredients used. Our results showed a 
significant increase in LDH release by cytokine 
mixture alone and further addition of PQ to 
cytokine mixture showed only a slight increase. 
Therefore, there was a dangerous effect in 
cytokine mixture itself in our model system. On 
the contrary, their experiments showed a small 
damage by cytokines alone and further addition 
of PQ gave a significant increase in LDH release. 
In addition, our activated cells accumulated only 
7% of the amount of nitrite that was accumu- 
lated by their cytokine (lipopolysaccharide and 
IFN-O-activated macrophages. 

PQ exhibits a striking toxicity towards the 
lung and no effective treatment is available for 
severe PQ poisoning. The toxicity has generally 
been attributed to the generation of superoxide 
by the redox cycling of PQ with cellular diapho- 
rases and oxygen. On the other hand, 
pro-inflammatory cytokines play a decisive role 
in inflammatory pathomechanisms, and it is pos- 
sible that PQ produces pro-inflammatory 
cytokines in vivo which, in turn, act to induce 
NO synthesis [23'24] and ROS production. [25] In 
our experiments, we came to the following con- 
clusions: 1) NO was injurious to the cell mem- 
brane when extracellularly high local levels of 
NO and PQ coexisted. 2) NO, at extracellularly 
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low levels or at cytokine-induced levels under 
these experimental conditions, had no deleteri- 
ous effect. 3) Mitochondrial metabolic activity 
was possibly improved by a far lower level of 
NO. These results suggest that the role of NO in 
PQ-induced cellular damage depends on the 
amount of NO locally produced in vivo. A large 
amount of NO may possibly be produced with 
acute toxicity by the intake of large amounts of 
herbicide containing pQ.[26] When high levels of 
NO are produced locally, they will be responsi- 
ble for local damage. 
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