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Paraquat (PQ) is a well described pneumotoxicant that produces
toxicity by redox cycling with cellular diaphorases, thereby elevat-
ing intracellular levels of superoxide (03). NO synthase (NOS) has
been shown to participate in PQ-induced lung injury. Current
theory holds that NO reacts with O3 generated by PQ to produce
the toxin peroxynitrite. We asked whether NOS might alternatively
function as a PQ diaphorase and reexamined the question of
whether NO/O3 reactions were toxic or protective. Here, we show
that: (i) neuronal NOS has PQ diaphorase activity that inversely
correlates with NO formation; (ii) PQ-induced endothelial cell
toxicity is attenuated by inhibitors of NOS that prevent NADPH
oxidation, but is not attenuated by those that do not; (ii)) PQ
inhibits endothelium-derived, but not NO-induced, relaxations of
aortic rings; and (iv) PQ-induced cytotoxicity is potentiated in
cytokine-activated macrophages in a manner that correlates with
its ability to block NO formation. These data indicate that NOS is
a PQ diaphorase and that toxicity of such redox-active compounds
involves a loss of NO-related activity.

Paraquat (PQ) is a well characterized pneumotoxicant (1). It
produces oxidative stress by redox cycling with a variety of
cellular diaphorases and oxygen to produce superoxide radicals
(03) (2). A diaphorase is a class of enzymes that transfer
electrons from NAD(P)H to small molecules, such as nitroblue
tetrazolium, quinones, and PQ. PQ diaphorases are usually
oxidoreductase enzymes that contain flavins and use either
NADH or NADPH as electron donors (3-5). A common cellular
diaphorase that can redox cycle with PQ is cytochrome P450
reductase (6). The role of O3 in PQ-mediated cytotoxicity has
been suggested from studies where overexpression of superoxide
dismutases (SOD) or treatment with SOD mimetics is protective
(7-12).

NO is generated by a family of enzymes known as NO
synthases (NOS). NOS generates NO and related molecules by
catalyzing oxygen- and NADPH-dependent oxidation of L-
arginine (13). The three isoforms of NOS (14) fall into the
cytochrome P450 reductase-like gene family (15); two of them
are typically expressed constitutively [NOS1 (16) and NOS3
(17)], and the third is an inducible form that was first identified
in macrophages (NOS2) (18, 19). NOS also generates O5; that is,
it has NADPH oxidase activity. Production of O; can be
inhibited by the substrate analog NS-nitro-L-arginine methyl
ester (L-NAME) but not by NS-monomethyl-L-arginine (L-
NMMA) (20). NOS play important roles in neurotransmission,
smooth muscle relaxation, inflammation, host defense, and
regulation of cell death, depending in part on the localization of
the specific isoform in tissue.

In particular, NO has been implicated in PQ-induced lung
injury (21). The mechanism by which NO does so is not known,
but is thought to be due to its rapid reaction with O; to form the
strong oxidant peroxynitrite (22). We considered an alternative
hypothesis, namely, that PQ uses NOS to generate O5 at the
expense of NO. More specifically, we considered the possibility
that NOS is a PQ diaphorase of the cytochrome P450 reductase
class. We tested this hypothesis with rat recombinant neuronal
NOS, in cultured endothelial cells, in aortic ring bioassays, and
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in RAW 264.7 macrophages. The data reported in these studies
support the concept that NOS is, indeed, a PQ diaphorase, and
suggest that toxicity associated with such redox-active com-
pounds involves a loss of NO formation, coupled with increased
Oj; generation.

Methods

Measurement of PQ Diaphorase Activity. Recombinant rat neu-
ronal NOS (NOS1; Oxis, Portland, OR) was used to assay
NADPH oxidation with or without PQ, in the presence or
absence of the NOS inhibitors, L-NAME or L-NMMA. Reac-
tions (0.2 ml) were performed in a Bistris propane buffer (40
mM) containing L-arginine (1 mM), CaCl, (1.2 mM), EDTA (0.9
mM), NADPH (0.35 mM), DTT (3 mM), tetrahydrobiopterin (4
uM), catalase (1 pg/ml), and calmodulin (200 units/ml) at pH
7.4. Reactions were initiated by the addition of 1.5 units of
NOSI1, and the oxidation of NADPH was monitored at 340 nm
for 1 min at 37°C in a plate reader. The rate of NOS-mediated
NADPH oxidation was determined by using an extinction co-
efficient of 6.22 mM~!.cm™! after subtracting the baseline rate
of NADPH oxidation. Anaerobic reduction of PQ by NOSI1 to
PQ? was followed at 600 nm spectrophotometrically and con-
verted to a concentration by using the extinction coefficient g0
= 13,700 M~ !-cm~! (23). Reactions (1 ml) were performed in
the above NADPH oxidation assay buffer in the absence of
L-arginine, DTT, and tetrahydrobiopterin. Reactions were ini-
tiated by the addition of 2 units of NOS1 and followed for 3 min
at 37°C.

Measurement of Nitrite and Nitrate. Nitrite and nitrate were
assayed by using a nonenzymatic colorimetric kit (NB-88; Ox-
ford Biomedical Research, Oxford, MI). NADPH oxidation was
stopped after 5 hr by the addition of 25 ul of zinc sulfate (30%
wt/vol) to precipitate the NOS protein. Nitrate was nonenzy-
matically converted to nitrite by overnight incubation of 150 ul
of reaction mixture from the NADPH oxidation assay with
cadmium beads. Nitrite concentration was determined from a
standard curve using 100 ul sample or standard.

Saturated NO Solution. A saturated NO solution was made and
quantified using an oxymyoglobin method as previously de-
scribed (24).

Cell Culture Conditions. The CPA-47 endothelial cell line (CRL-
1733) was purchased from the American Type Culture Collec-
tion. Endothelial cells were grown in T-75 flasks containing
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NOS1 is a PQ diaphorase. (A) Stimulation of NOS1-dependent NADPH oxidation by increasing concentrations of PQ. NADPH oxidation was continuously

monitored spectrophotometrically at 340 nm in a microtiter plate format for 1 min. (B) Inhibition of NO formation by increasing concentrations of PQ. The same
microtiter plates used above were left at room temperature for 5 hr, and then an aliquot was assayed for total nitrite and nitrate. (C) Anaerobic reduction of
PQ to its cation radical (PQ?) by NOS1. Formation of PQ* was followed at 600 nm for 3 min. (D) Hanes plot (Km and Vimax values) for the PQ reductase activity

of rat NOS1.

Ham’s F-12K medium supplemented with 1 mM L-glutamate
and 10% equine serum (GIBCO/BRL). Endothelial cells were
plated at 3.5 X 10* cells per well in 24-well plates, and experi-
ments were performed 48 hr later when cells were near conflu-
ence. Medium was changed to MEM without serum supplement
at the start of each experiment. Endothelial cells were from
passages 30 to 36. The RAW-264.7 monocyte—macrophage cell
line (TIB-71) was purchased from the American Type Culture
Collection. The cells were grown in T-75 flasks containing
DMEM (GIBCO/BRL) supplemented with 1 mM pyruvate, 4.5
g/liter glucose and 10% FBS. Macrophages were plated at 2.0 X
10* cells per well in 24-well plates, and experiments were
performed when cells were near confluence. Macrophages were
immunostimulated with 50 ng/ml lipopolysaccharide (LPS)
from Escherichia coli serotype O111:B4 (Sigma) and 50 units/ml
recombinant mouse IFN-y (R & D Systems). Macrophages were
used between passages 2 and 8. Cell cultures were kept in a 37°C
incubator with air and 5% carbon dioxide.

Assessment of Cell Injury. The percent release of cytosolic lactate
dehydrogenase (LDH) into the culture medium was used to
assess the integrity of the cell membrane. LDH activity was
measured by following the loss of NADH at 340 nm as previously
described (8).

Aconitase and Fumarase Measurement. Aconitase and fumarase
were measured as previously described (12). Specifically, acon-
itase activity was determined spectrophotometrically by moni-
toring the formation of cis-aconitate from isocitrate at 240 nm.
Fumarase activity was measured by monitoring the increased
absorbance at 240 nm after the formation of fumarate from
L-malate. Aconitase activity was expressed as a ratio of aconitase
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activity to fumarase activity to correct for differences in cell
numbers.

Western Blot Analysis. Cells were lysed in ice-cold 50 mM Tris
buffer (pH 7.4) containing 1% SDS and protease inhibitor
mixture (Boehringer Mannheim). Protein (10 ug) was separated
on a 4-20% gradient SDS/PAGE at 250 V for 30 min and
transferred onto a nitrocellulose membrane at 30 V for 12 hr.
Proteins were detected by using polyclonal Abs against human
NOS2 and NOS3 (Transduction Laboratories, Lexington, Ken-
tucky; 1/1000) and nitrated (forming nitrotyrosine) keyhole
limpet hemocyanin (Upstate Biotechnology, Lake Placid, NY;
1/5000). Primary Abs were detected with a goat anti-rabbit-
horseradish peroxidase Ab (Jackson ImmunoResearch;
1/15,000) and developed using an enhanced chemiluminescence
kit (Amersham Pharmacia).

Rabbit Aortic Ring Bioassay. New Zealand White male rabbits
weighing 3-4 kg were anesthetized with pentobarbital (30
mg/kg, i.v.). The descending thoracic aorta was isolated and
placed in Krebs—Henseleit buffer (pH 7.4) and stored at 4°C
until used. The vessels were cut into 5-mm rings and sub-
merged in 25-ml double-jacketed tissue baths containing Kreb-
s—Henseleit buffer bubbled with 95% oxygen and 5% carbon
dioxide at 37°C. Rings were hung on stainless steel stirrups
connected to calibrated force transducers, equilibrated with
2 g resting tension for 1 hr before use, and contracted with
phenylephrine (1 uM). Vessels were incubated with PQ for 15
min before acetylcholine-induced or exogenous NO relax-
ations were performed.

Results

PQ Diaphorase Activity of Neuronal NOS. The addition of PQ to a
recombinant NOS1 reaction mixture produced a concentration-

PNAS | October 26,1999 | vol.96 | no.22 | 12761

MEDICAL SCIENCES



T control
IS paraquat

NADPH Oxidation
[uM/min]
o
3

0.25-

il

0.00-
control L-NAME L-NMMA
B C—J1L-NAME
607 mmml-NMMVA . .
o 50 -
e T
a xR
< 404
m *h
x 304 *x
9
= 2
104
o[ 1N
BASAL 0 0.05 0.5 1
NOS inhibitor [mM]

Fig.2. (A) NOS inhibitors L-NAME and L-NMMA have differential effects on
NOS1-dependent NADPH oxidation. NADPH oxidation was continuously mon-
itored spectrophotometrically at 340 nm in a microtiter plate format for 1 min
in the presence (solid bars) or absence (open bars) of PQ (25 uM). NOS
inhibitors were tested at a concentration of 1 mM. (B) Attenuation of PQ-
induced endothelial cell injury by L-NAME, but not by L-NMMA. Endothelial
cells were grown in 24-well plates and treated with increasing concentrations
of either L-NAME or L-NMMA in the presence of 2 mM PQ. The percent release
of LDH into the culture medium 24 hr after PQ treatment was used to assess
cell injury. * indicates a significant difference from control group, and =
indicates significant differences from the PQ group, P < 0.05.

dependent increase in NADPH oxidation (Fig. 14). The forma-
tion of NO, assessed by the accumulation of nitrite and nitrate,
was inhibited by PQ and inversely related to diaphorase activity
(Fig. 1B). The calculated concentration of PQ that inhibited NO
formation by 50% (ICsp) was 62 uM with a 95% confidence
interval of 47-82 uM. NOS1 exhibited PQ diaphorase activity,
even in the presence of 1 mM L-arginine. PQ diaphorase activity
was also confirmed by following the direct reduction of PQ by
NOSI to its cation radical (PQ) under anaerobic conditions
(Fig. 1C). The Ky and Vpax of NOSI1 for the PQ reductase
activity, calculated using a Hanes plot (velocity/substrate con-
centration vs. substrate concentration), were 1.4 mM and 7.1
uM/min, respectively (Fig. 1D).

NOS Inhibitors, PQ Diaphorase Activity, and Endothelial Cell Cytotox-
icity. The effect of L-NAME and L-NMMA on PQ’s ability to
stimulate NADPH oxidation by NOS1 was examined (Fig. 24).
PQ (25 uM) increased NADPH oxidation about 3-fold over the
basal rate. L-NAME (1 mM) had little effect on basal NADPH
oxidation, but completely inhibited PQ-stimulated NADPH
oxidation. L-NMMA (1 mM) produced a small increase in basal
NADPH oxidation and partially blocked PQ-induced NADPH
oxidation. The NOS inhibitors thus exhibited differential effects
on NOST1’s ability to act as a PQ diaphorase. Importantly, only
L-NAME shuts down the NADPH oxidase activity.
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Fig.3. (A)PQinhibits EDRF activity. Rabbit aortic rings were constricted with
0.1 uM phenylephrine (initial contraction) and relaxed with increasing con-
centrations of acetylcholine in the presence or absence of increasing concen-
trations of PQ or L-NAME (2 mM). (B) PQ does not affect exogenous NO-
induced aortic ring relaxation. Rabbit aortic rings were constricted with 1 uM
phenylephyrine (initial contraction) and relaxed with increasing concentra-
tions of NO in the presence or absence of 2 mM PQ. Relaxations are expressed
as the percent of the initial phenylephrine-induced contraction.

To test whether the above effect was present in intact cells,
endothelial cell cultures constitutively expressing NOS3 protein
as determined by Western blot analysis (data not shown) were
treated with 2 mM PQ for 24 hr in the presence of increasing
concentrations of either L-NAME or L-NMMA (Fig. 2B). Cy-
totoxicity was measured as the percent release of LDH and
compared with vehicle-treated cells (basal). PQ produced a
3-fold increase in LDH release. L-NAME, but not L-NMMA,
produced a dose-dependent protection from PQ toxicity. These
data are consistent with the differential effects of the two
inhibitors on the NADPH oxidase activity of NOS and suggest
that part of the toxicity exerted by PQ in endothelial cells is a
result of NOS3 acting as a PQ diaphorase.

PQ, Endothelium-Derived Relaxation Factor (EDRF), and NO-Mediated
Relaxations. Rabbit aortic rings were treated with increasing
concentrations of PQ prior to initiating a constriction response
with phenylephrine. EDRF responses were then initiated by the
addition of acetylcholine. PQ produced a dose-dependent inhi-
bition of EDRF-induced relaxations (Fig. 34). Greater than 90%
of the relaxation response in this bioassay could be inhibited by
L-NAME. In contrast, PQ did not inhibit exogenously added
NO-induced relaxation (Fig. 3B). These data are consistent with
the concept that NOS3 is acting as a PQ diaphorase at the
expense of NO synthesis.

Day et al.
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(A) PQ-induced cell injury is potentiated inimmunostimulated macrophages. Cell injury was assessed 24 hr after cytomix and PQ treatment by measuring

LDH release. (B) Induction of NO formation by cytomix and its inhibition by PQ. NOS2 activity was assessed 24 hr after cytomix by measuring the accumulation
of NO metabolites, nitrite and nitrate. Macrophages were grown in 24-well plates and immunostimulated by treatment with cytomix. Unstimulated (basal) and
activated (cytomix) cells were treated with or without PQ (0.1 mM). (C) NO-mediated macrophage injury and its inhibition by PQ. Cell injury was assessed 24 hr
after DETA NONOate and PQ treatment by measuring LDH release. (D) PQ does not alter the formation of NO metabolites from DETA NONOate. NO release was
assessed 24 hr after DETA NONOate and PQ treatment by measuring the accumulation of nitrite and nitrate. Macrophages were grown in 24-well plates and

treated with increasing concentrations of DETA NONOate in the presence or absence of 0.1 mM PQ.

PQ-Induced Cytotoxicity in Cytokine-Activated Macrophages. NOS2
was induced in RAW cells by using a mixture of IFN-y (50
units/ml) and LPS (50 ng/ml), referred to as “cytomix.” Mac-
rophages were treated with 0.1 mM PQ, and cytotoxicity and NO
production were assessed at 24 hr. PQ or cytomix treatments
alone produced very little cell injury (Fig. 44). PQ-induced
cytotoxicity was potentiated in activated macrophages (Fig. 44),
yet PQ significantly attenuated NO production (Fig. 4B) without
affecting NOS2 expression (data not shown). The inhibition of
NO production could not be explained by increased cytotoxicity,
because the percent decrease in nitrite and nitrate was greater
than the percent increase in cell death. A decrease in nitroty-
rosine staining was also seen with the combination of PQ and
cytomix (Fig. 54). These data are consistent with the idea that
NOS2 in activated macrophages is acting as a PQ diaphorase and
that cytotoxicity results from overproduction of O3, not NO or
peroxynitrite.

To further exclude the role of peroxynitrite in toxicity, mac-
rophages were treated with increasing concentrations of the
NO-donor, diethylenetriamine (DETA) NONOate, in the pres-
ence of 0.1 mM PQ. Macrophage cytotoxicity and NO release
were assessed 24 hr after treatments (Fig. 4C). PQ toxicity was
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not potentiated by DETA NONOate at concentrations that
generated similar amounts of NO to those produced by activated
macrophages. In fact, DETA NONOate-induced cell injury was
attenuated by PQ (Fig. 4D). These data are also consistent with
a decrease in aconitase activity (a sensitive marker of O3 and
peroxynitrite formation) seen in the PQ/cytomix group but not
seen in the PQ/DETA NONOate group (Fig. 5B). Taken
together, our results challenge the notion that the potentiation
of PQ-induced cell injury in activated macrophages is because of
a direct interaction between O; and NO.

Discussion

We report that NOS potentiates PQ toxicity in several in vitro
and cellular models. A common view in the literature is that such
toxicity results from the NO/Oj interaction. In contrast, we show
that PQ is actually using NOS as an electron source to generate
O3 and does so at the expense of NO formation (i.e., NOS
switches from an oxygenase to a PQ reductase). The implications
and corollaries are: (i) PQ blocks neuronal, endothelial, and
macrophage NOS activity; (ii) PQ-induced endothelial cell tox-
icity is blocked by inhibitors of NOS that prevent NADPH
oxidation, but is not attenuated by those that do not; (iii) PQ

PNAS | October 26,1999 | vol.96 | no.22 | 12763

MEDICAL SCIENCES



kD
201»
1150
81
63>
32p
180>
3 = - '5
£ 3 E E
§ § & ¢
S § 2 &
a 9 =
e
B o
0.35
@ 0.30]
8 o025
2 0.20] "
8 0.5
=
S 0.0l
< 005
000 B IOH et
e " 5 8 ¢ ¢
S 5§ g8
2 g

Fig. 5. (A) Decreased nitrotyrosine formation with PQ treatment. Protein
nitration was assessed 24 hr after cytomix and PQ treatment by Western blot
analysis. Macrophages were grown in 24-well plates and immunostimulated
by treatment with cytomix. Unstimulated (basal) and activated (cytomix) cells
were treated with or without PQ (0.1 mM). (B) Differential effect on PQ-
mediated aconitase inactivation by cytomix and DETA NONOate treatments.
Aconitase activity was measured in cell lysates 24 hr after cytomix, DETA
NONOate, and PQ treatments. Macrophages were grown in 24-well plates and
treated with cytomix or 250 M DETA NONOate. Control, activated (cytomix),
and DETA NONOate groups were treated with or without PQ (0.1 mM). *
indicates a significant difference from control group, P < 0.05.

inhibits endothelium-derived but not NO-induced relaxations;
and (iv) PQ-induced cytotoxicity in cytokine-activated macro-
phages correlates with its ability to block endogenous NO
formation.
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The concept that NOS can produce O; is not new. NADPH
oxidase activity is an intrinsic property of all NOS isoforms and
is potentiated by L-arginine or biopterin depletion (20, 25).
NOS is also known to exhibit diaphorase activity with nitroblue
tetrazolium (26, 27), quinones (28, 29) and with the chemo-
therapeutic agent adriamycin (30). Our studies suggest that PQ
functions in much the same way, i.e., it acts as an acceptor of
NOS electrons. PQ then forms the PQ cation radical (PQ?),
which rapidly reacts with oxygen to form Oj, and, as a
consequence, NO production is inhibited. These factors will
likely impact on the pulmonary pathophysiology of PQ poi-
soning (31).

NOS2 has been implicated in modulating PQ toxicity in mice.
Hollinger (32) showed that treating mice with LPS could po-
tentiate PQ lethality. In these studies, mice that were treated
with LPS 24 hr before receiving PQ had a 2-fold increase in 7-day
cumulative mortality. Hollinger’s observation is consistent with
our finding that LPS induction of NOS2 potentiated PQ-
mediated cell-injury responses in culture. In contrast, PQ atten-
uated NO-induced cell injury, indicating that O5 may even be
protective in models of nitrosative stress.

The main target organs involved in PQ toxicity are the lung
and, to a lesser extent, the kidneys (33). The lungs are
preferentially targeted because of PQ’s rapid uptake and
accumulation in this organ through polyamine transporters
(34, 35). Severe PQ poisoning produces adult respiratory
distress syndrome, pulmonary hypertension, edema, and pro-
gressive lung fibrosis. The fact that PQ produces increased
pulmonary artery and airway pressures emphasizes the impor-
tance of NO deficiency in the toxicological response and may
explain why patients suffering from PQ poisoning improve
when treated with inhaled NO (36-38).

Lung endothelium is particularly sensitive to PQ-mediated injury
(1, 7). PQ-mediated endothelial cell dysfunction was also demon-
strated in rat aorta (39). Because PQ poisoning could be reversed
by pretreatment with SOD, the authors concluded that PQ was
blocking EDRF responses through the reaction of O; with NO.
However, PQ did not inhibit nitroprusside-mediated relaxations in
these studies, in agreement with our findings that PQ inhibited
EDREF responses, but not those of an NO donor. PQ’s effect thus
resulted from the combination of increased O; generation and
inhibition of NO synthesis. Evidently, NO-related activity in the
vessels is resistant to O3, perhaps due to in vivo formation of
S-nitrosothiol. Other studies (21, 40) may benefit from reinterpre-
tation in this light.

NO has paradoxical effects in oxidative stress models, where
it can either be protective (41, 42) or injurious (43). Freeman and
coworkers (44) have shown that NO is protective to both
pulmonary cells and animals in various models of oxidative
stress. Our data suggest that PQ is actually using NOS as an
electron source to generate O and, in the process, decreasing
the generation of NO. These data may help explain some of the
paradoxical responses reported in the literature and give insight
as to why inhaled NO may be beneficial in people suffering from
PQ poisoning.
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