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Nitric oxide synthase generates superoxide and nitric oxide in
arginine-depleted cells leading to peroxynitrite-mediated
cellular injury
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ABSTRACT Besides synthesizing nitric oxide (NO), pu-
rified neuronal NO synthase (nNOS) can produce superoxide
( O-) at lower L-Arg concentrations. By using electron para-
magnetic resonance spin-trapping techniques, we monitored
NO and °2- formation in nNOS-transfected human kidney
293 cells. In control transfected cells, the Ca2+ ionophore
A23187 triggered NO generation but no - was seen. With
cells in L-Arg-free medium, we observed *°2 formation that
increased as the cytosolic L-Arg levels decreased, while NO
generation declined. °2 formation was virtually abolished by
the specific NOS blocker, N-nitro-L-arginine methyl ester
(L-NAME). Nitrotyrosine, a specific nitration product of
peroxynitrite, accumulated in L-Arg-depleted cells but not in
control cells. Activation by A23187 was cytotoxic to L-Arg-
depleted, but not to control cells, with marked lactate dehy-
drogenase release. The cytotoxicity was largely prevented by
either superoxide dismutase or L-NAME. Thus, with reduced
L-Arg availability NOS elicits cytotoxicity by generating °O2
and NO that interact to form the potent oxidant peroxynitrite.
Regulating arginine levels may provide a therapeutic approach
to disorders involving °2 /NO-mediated cellular injury.

Nitric oxide (NO), a gaseous free radical, regulates vascular
tone, platelet aggregation, leukocyte adhesion, synaptic trans-
mission and cytostatic/cytotoxic actions of macrophages (1, 2).
NO arises from the guanidino group of L-Arg in an NADPH-
dependent reaction catalyzed by a family of NO synthases
(NOSs) (3). Three distinct isoforms of NOS, derived from
separate genes, are neuronal NOS (nNOS, type I), inducible
NOS (type II), and endothelial NOS (type III) (4,5). The three
isoforms are similar in structure and function, utilizing L-Arg,
oxygen, and NADPH as substrates and requiring FAD, FMN,
calmodulin, and tetrahydrobiopterin as cofactors (6). NOS is
a cytochrome P450 reductase-like hemoprotein containing
FAD,- FMN, NADPH, calmodulin, and ferroprotoporphyrin
IX (heme) binding sites (7). The catalytic mechanism of NOS
involves flavin-mediated electron transport from NADPH to
the terminal heme, where oxygen is bound and incorporated
into NO and citrulline (8, 9).

Besides synthesizing NO, purified porcine nNOS generates
hydrogen peroxide (H202) at low concentrations of L-Arg (10,
11). Purified rat nNOS produces superoxide (°O2) in an
NADPH and Ca2+/calmodulin-dependent manner (12). Ques-
tions not yet answered include (i) whether NOS-mediated °2
generation occurs in intact cells, (ii) how cytosolic NOS is
regulated to produce either NO or °, and (iii) whether in
intact cells NO and O2 generated by NOS combine to form
the cytotoxic oxidant peroxynitrite (ONOO-). Furthermore,

the biological significance of the °O2 generated by NOS has
not been established. In the present study, we directly measure
and characterize the formation of both NO and °2J in
neuronal constitutive NOS-transfected human kidney 293 cells
by using electron paramagnetic resonance (EPR) spin-trapping
techniques. The effects of intracellular L-Arg depletion on the
NOS-catalyzed generation ofNO and O2 are determined as well
as the role of these radicals in the process of cellular injury.

MATERIALS AND METHODS
Materials. The Ca2+ ionophore A23187, N-nitro-L-arginine

methyl ester (L-NAME), superoxide dismutase (SOD), and
other chemicals, or solvents were purchased from Sigma,
unless noted otherwise. Cell culture materials were obtained
from GIBCO/BRL. N-Methyl-D-glucamine dithiocarbamate
(MGD) was synthesized as described (13). The N-methyl-D-
glucamine and carbon disulfide required for MGD synthesis
were purchased from Aldrich and 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) was from Oklahoma Medical Research Foun-
dation (Oklahoma City, OK).

Cell Culture and Cytosolic L-Arg Depletion. Human em-
bryonic kidney 293 cells (HEK 293) were obtained from
American Type Culture Collection and cultured in minimum
essential medium (MEM) with 10% heat-inactivated fetal calf
serum (GIBCO/BRL) at 37°C in a 5% C02/95% air humid-
ified incubator. A stable rat nNOS-transfected cell line was
established by cotransfection of pCIS-NOS with pRSV-NEO
(Genentech) into HEK 293 cells as reported (7). These
NOS-transfected 293 cells were maintained under selective
pressure by treating the cells with Geneticin (500 ,ug/ml) at
every sixth passage. To deplete intracellular L-Arg, the cells
were cultured in MEM until 80-90% confluent and then the
medium was replaced by Select-Amine MEM (GIBCO/BRL)
containing all other amino acids except L-Arg. Cultured cells were
washed three times with Dulbecco's phosphate-buffered saline
(pH 7.4) containing 0.9 mM CaC12 and 5.5 mM glucose (PBS,
GIBCO/BRL) and harvested in PBS by using a rubber scraper.
HPLC Measurement of Intracellular Amino Acids. Cells

were harvested as described above. Intracellular free amino
acids were extracted using ice-cold 0.3 M perchloric acid, and
the extract was-neutralized by 3 M KHCO3. The protein and
cellular debris in the preparations were pelleted by centrifu-
gation (10,000 x g for 20 min) at 4°C, and the supernatant was
recovered for HPLC analysis. The samples were then dried
under vacuum and derivatized by a reagent containing meth-
anol, triethylamine, water, and phenyl isothiocyanate at a
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superoxide dismutase; LDH, lactate dehydrogenase.
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FIG. 1. Activation with calcium ionophore stimulates NO and oxygen radical formation. Measurements were performed on 5 x 106 cells per
ml in PBS at room temperature. (Left) EPR spectra of NO trapping using Fe-MGD. Spectra were recorded with a microwave frequency of 9.77
GHz by using 20 mW of microwave power and a 3.2-G modulation amplitude. Spectra: control, spectrum obtained from cells in the absence of
A23187; A23187, cells after addition of 1 ,tM A23187; A23187 + L-NAME, cells cultured with 1 ,uM A23187 and 1 mM L-NAME. (Right) EPR
spectra of oxygen radical generation from cells subjected to L-Arg depletion for 24 hr. Spectra were recorded in 50 mM DMPO with a microwave
frequency of 9.77 GHz, 20 mW of microwave power, and a 0.5-G modulation amplitude. While no signal was observed in control cells, prominent
DMPO-OH signals, 1:2:2:1 quartet with aH = aN = 14.9 G, were seen in cells activated with 1 ,uM A23187 that were blocked or quenched by either
1 mM L-NAME or SOD at 200 units/ml.

volume ratio of 7:1:1:1. Reversed-phase HPLC amino acid
separation was performed using a Waters Pico-Tag column
and the amino acid peaks from the samples were identified and
quantitated by comparing with those from a standard (Pierce)
containing each amino acid at 2 ,umol/ml (14).
EPR Spectroscopy and Spin Trapping. Spin-trapping mea-

surements of oxygen radical generation were performed on 5
x 106 cells per ml in PBS with DMPO at a final concentration
of 50 mM (15, 16). The Fe2+ complex of MGD [Fe2+-MGD2
(Fe-MGD)] was used to trap NO formation from the cells (17,
18). Fresh stock solutions of Fe-MGD, 1:5, were prepared by
adding ferrous ammonium sulfate to aqueous solutions of
MGD. The final concentration used was 1 mM Fe2+. EPR
spectra were recorded in a quartz flat cell at room temperature
with a Bruker ER 300 spectrometer operating at X-band with
a 100-kHz modulation frequency and a TM 110 cavity, as
described (15, 16). The microwave frequency and magnetic
field were precisely measured using an EIP 575 frequency
counter and Bruker ER 035 NMR gauss meter. Relative
quantitation of the free radical signals was performed by
double integration.
Immunocytochemistry and Measurement of Cellular In-

jury. Cells were plated on four-well Lab-Tek chamber slides
(Nunc) that were coated with 1% gelatin and subjected to
L-Arg depletion or normal control culture. After exposure to
1 ,tM A23187 for 18 hr, cells were fixed with 4% paraformal-
dehyde in PBS at room temperature for 30 min. After rinsing,
the slides were incubated with affinity-purified mouse mono-
clonal anti-nitrotyrosine IgG (1:500 dilution, Upstate Biotech-
nology, Lake Placid, NY) (19, 20). The immunostaining was
accomplished with an Extravidin peroxidase staining kit (Sig-
ma) using 3-amino-9-ethylcarbazole as a chromogen.
For cytotoxicity assays, cells were grown in 24-well plates

and exposed to normal control culture or L-Arg depletion.
These cells were then incubated in Earle's balanced salt
solution (EBSS) without phenol red (GIBCO/BRL) in the
presence of A23187 (1 ,uM) for 18 hr. The lactate dehydro-

genase (LDH) activity released in EBSS was determined with
Sigma diagnostics LDH-optimized reagents (21).

Statistical Analysis. Results are expressed as the mean
SEM. Student's unpaired t-test was used to determine the
statistical significance of differences between the means, and
a P value of <0.05 was considered significant.

RESULTS

Since purified nNOS has been reported to generate *°2 at low
concentrations of L-Arg (12), experiments were performed on
nNOS-transfected 293 cells to determine whether depleting
cytosolic L-Arg could trigger nNOS to produce *2. To deplete
intracellular L-Arg, cells were'incubated in L-Arg-free medium
for various periods of time and then HPLC analysis was
performed to measure cytosolic free L-Arg content. L-Arg free
incubation substantially depleted cytosolic L-Arg. After L-Arg-
free incubation for 8, 24, or 48 hr, cytosolic L-Arg concentra-
tions were decreased from 35.2 ± 2.5 pmol per 106 cells
(control) to 17.5 ± 1.8, 7.9 ± 0.9 or 15.8 ± 1.6 pmol per 106
cells, respectively (P <0.05 versus control). The cells exposed
to L-Arg-free incubation for 24 hr displayed the lowest cyto-
solic free L-Arg content.
EPR measurements of NO generation in the NOS-

transfected 293 cells employed the NO trap Fe-MGD (18, 22).
While no signals were observed in control unstimulated cells,
stimulation with the Ca2+ ionophore A23187 (1 ,uM) triggered
the generation of a prominent triplet spectrum with a central
g value of 2.04 and hyperfine splitting of 12.7 G, characteristic
of NO bound to Fe-MGD (Fig. 1 Left) (23, 24). These
NO-Fe-MGD signals were completely blocked by the specific
NOS inhibitor, L-NAME (1 mM), which confirmed that
trapped NO was generated by NOS. In control experiments
using the noninhibitory enantiomer D-NAME (1 mM), no
decrease in theNO signal occurred, confirming that the inhibition
seen with L-NAME was specifically due to blockade of NOS.

Control
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To investigate whether NOS produced *O2 in L-Arg-
depleted cells, 50 mM DMPO was used to trap oxygen free
radicals formed by the cells preincubated in L-Arg-free me-
dium for 24 hr. Although no signals were observed in unstimu-
lated cells (Fig. 1 Right), a prominent signal appeared after
activation with 1 ,uM A23187. The spectrum observed is a
1:2:2:1 quartet with aH = aN = 14.9 G, indicative ofDMPO-OH
(15, 16). These DMPO-OH signals were totally blocked by
SOD (200 units/ml) but not affected by catalase (300 units/
ml), suggesting that the observed signal was derived from *°2j.
Blockade of NOS with 1 mM L-NAME resulted in a more than
90% decrease in the DMPO-OH signal. In control experiments
performed using D-NAME (1 mM), no significant decrease
was seen. Thus, *°2 generated in L-Arg-depleted cells was
derived from NOS.
To determine the role of cytosolic L-Arg concentrations in

controlling NOS-mediated *°2 generation in these cells, we
examined the relationship of NO and *°2 production to
cytosolic L-Arg levels. In normal cultured cells in the presence
of Fe-MGD, we observed maximum triplet NO signals but no
DMPO-OH signals. When cytosolic L-Arg was depleted, NO
production from these cells markedly decreased in proportion
to the depletion of L-Arg (Fig. 2 Left). In contrast, *°-2
generation, monitored by the observed DMPO-OH signal,
increased paralleling the decrease of cytosolic L-Arg concen-
trations (Fig. 2 Right). Maximum *°O formation was observed
in the cells after a 24-hr L-Arg-free incubation, associated with
the lowest cytosolic concentration of L-Arg. Thus, intracellular
L-Arg depletion is required for NOS-catalyzed *°2 generation
in these cells. In four series of experiments, similar alterations
in NO and *0° formation were observed in L-Arg-depleted
cells (Table 1), establishing that cytosolic L-Arg concentration
regulates the relative formation of NO or *°2 from NOS.
NO reacts with °20 to form ONOO-, a potent oxidant and

mediator of cellular injury (25, 26). ONOO- reacts with
tyrosine residues on proteins and yields a specific nitration
product, nitrotyrosine, which presumably reflects the presence
of ONOO- (19, 20). To determine whether NOS-mediated
NO and *°2 react to form ONOO- in L-Arg-depleted cells, we
monitored nitrotyrosine by immunocytochemistry. Activation

Nitric Oxide
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of NOS with A23187 resulted in prominent nitrotyrosine
staining in L-Arg-depleted cells but not in control cells (Fig. 3
A and B). This staining was abolished by treatment with 1 mM
L-NAME. Staining was also totally blocked by addition of
excess nitrotyrosine (1 mM), confirming the specificity of
antibody binding (Fig. 3C).
To assess whether NOS-mediated ONOO- generation

caused cellular injury, we monitored cytotoxicity by measuring
LDH release. With cells cultured in normal medium, LDH
release was the same in the absence or presence of 1 ,uM
A23187 (activities were 14.1 ± 2.0 and 15.8 ± 1.6 units/liter,
P = not significant). Incubation in L-Arg-free medium also did
not affect cell viability. However, in L-Arg-depleted cells,
stimulation with A23187 increased LDH release 5-fold (from
14.1 ± 2.0 to 71.8 ± 4.8 units/liter; n = 8; P < 0.01) (Fig. 4).
This increased LDH release could be largely prevented by the
pretreatment with SOD (200 units/ml) or L-NAME (1 mM)
with values of 28.2 ± 3.6 and 30.6 ± 3.5 units/liter, respectively
(P < 0.05 versus L-Arg-depleted cells in the presence of
A23187), confirming that these cytotoxic effects were elicited
by the NO and *°2 derived from activated NOS. In similar
experiments performed using D-NAME (1 mM), no significant
decrease in LDH release occurred with values of 60.6 ± 4.7
units/liter. Therefore, in L-Arg-depleted cells NOS generated
both NO and *O° that reacted to form ONOO-, which in turn
resulted in cellular injury.

DISCUSSION
Recent studies have suggested that nNOS in the absence of
L-Arg can generate reduced oxygen species including *°2 and
H202 (10-12). All prior evidence of NOS-mediated *°2
generation, however, was based on studies of the isolated
enzyme in which *O° generation might stem from alterations
in the properties or conformation of the enzyme after isola-
tion. Even more fundamental questions remained regarding
the presence and biological relevance of this phenomena in
intact cells.

Recently, direct methods have been developed enabling real
time measurement of NO generation in biological cells and
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FIG. 2. NO decrease and oxygen radical increase in L-Arg-depleted cells. (Left) EPR spectra of NO generation from the NOS-transfected 293
cells subjected to different durations of L-Arg depletion. The spectra shown are from cells cultured in normal MEM or L-Arg-free medium for 8
hr, 24 hr, and 48 hr. (Right) EPR spectra measuring oxygen free radical generation from the NOS-transfected 293 cells after CytosoliC L-Arg
depletion. The spectra shown were from cell preparations incubated in normal MEM or L-Arg-free medium for 8 hr, 24 hr,- or 48 hr. Spectra were
recorded on 5 x 106 cells per ml in the presence of 1 j,M A23187 as described in Fig. 1.
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Table 1. Correlation of L-Arg depletion with NO and oxygen radical generation

L-Arg depletion

Control 8 hr 24 hr 48 hr

L-Arg, pmol per 106 cells 35.2 ± 2.5 17.5 ± 1.8 7.9 ± 0.9 15.8 ± 1.6
NO, AU 17.2 ± 0.7 5.7 ± 0.5 3.1 ± 0.2 7.3 ± 0.3
Oxygen radicals, AU 0.2 ± 0.1 2.5 ± 0.3 12.4 ± 1.1 3.2 ± 0.4

L-Arg was measured by HPLC, NO was measured by EPR trapping with Fe-MGD, and oxygen radicals
were measured by EPR trapping with DMPO. AU, arbitrary unit(s).

tissues (17, 18, 22, 27). Since NO is paramagnetic and reacts to
form high-affinity nitroso complexes with a variety of metal
complexes, the distinctive EPR spectra of these nitroso com-
plexes permit quantitative measurements of NO generation
(23). Fe-MGD is an ideal transition metal complex for trap-
ping and measuring NO in tissues and in vivo in animals (18,
22, 24). The NO-Fe-MGD complex exhibits a characteristic
triplet EPR spectrum, with a nitrogen hyperfine coupling
constant aN = 12.7 G, due to the coupling of the unpaired
electron to the nitrogen nucleus of NO. Over the last decade
EPR spin-trapping measurements have been widely applied to
measure the generation of oxygen free radicals in biological
systems. The spin trap DMPO, in particular, is a powerful and
sensitive method for the detection of both extrinsic and intrinsic
*2 generation from a variety of cells (15, 16, 28, 29). In the
present study, we used both of these types of spin traps to enable
direct unambiguous measurement of both NO and *°O.
NO and *°2 generation was measured in cells that were

stably transfected to contain high expression of nNOS. In
control cells no NO triplet signals were seen; however, after
stimulation with the calcium ionophore A23187, large triplet
signals were observed. The initiation ofNO generation in these
cells was, thus, dependent on the elevation of intracellular
Ca2+ concentrations triggered by A23187. This Ca2+ depen-
dence is a typical characteristic ofnNOS (9). The observed NO
generation in these stimulated cells was blocked by the specific
NOS inhibitor L-NAME but not by the control compound
D-NAME, confirming that NO was derived from NOS.
While no oxygen radical production was observed in control

cells either in the presence or absence of A23187, when cells
were depleted of L-Arg, prominent 1:2:2:1 quartet signals of
DMPO-OH were seen. The DMPO-OH signal observed was
completely quenched by SOD but not affected by catalase,
indicating that this signal was derived from trapping of *°2
The DMPO-OOH adduct can rapidly break down to form
DMPO-OH. While this process can occur in simple chemical
solutions, it may be further catalyzed by cellular peroxidases
(30). The initiation of *°2 generation by the cells also required
elevation of intracellular Ca2+ concentration, as triggered by
A23187, in a manner similar to that seen for NO. The observed
*°2 generation also was quenched more than 90% by the NOS
blocker L-NAME but not by D-NAME.

*_ \ P w - - - t 11b~~~~~' -

The magnitude of intracellular L-Arg depletion is a crucial
factor in switching NOS from the production of NO to *°. In
control cells, where intracellular L-Arg was saturating, onlyNO
formation was seen with no detectable *O°. When cytosolic
L-Arg was depleted, however, this triggered NOS-mediated
*2 generation that increased as cytosolic L-Arg decreased.
Conversely, NO production in these cells declined with L-Arg
depletion. These observations fit with the detection of H202
formation as the L-Arg concentration is decreased to less than
100 ,1M (11). Based on an estimated cell volume of 0.5 pl (31),
we calculate that the free L-Arg concentration in the cells
decreased from 70.4 to 15.8 ,uM after 24 hr of incubation in the
absence of L-Arg. With this decrease, a more than 20-fold
increase in *°2 generation and a more than 4- fold decrease in
NO formation were observed. These changes parallel those
reported with in vitro measurements of isolated NOS (11).

Impaired NO synthesis occurs in atherosclerosis, diabetes,
and hypertension (32), and excessive production of NO is
associated with cell and tissue damage, neurotoxicity, inflam-
mation, reperfusion injury, and septic shock (33, 34). While
NO in high concentrations can exert toxicity by direct binding
to a variety of heme centers including the mitochondrial
electron transport proteins (35), in biological systems NO may
cause toxicity mainly through the diffusion-limited reaction of
NO with to generate ONOO- (25, 26). ONOO- is a highly
reactive oxidant that causes lipid peroxidation, thiol oxidation,
and nitrosation or nitration of the functional groups of several
amino acids including tyrosine. In L-Arg-depleted cells, we
observed that NOS catalyzed both NO and °2j synthesis,
suggesting that NO and °2 react to form ONOO-, which in
turn causes amino acid nitration and cellular injury. Nitroty-
rosine formation was observed in L-Arg-depleted cells after
activation and this process was blocked by inhibition of NOS.
Furthermore, activation of NOS caused cytotoxicity in these
cells with marked LDH release that was inhibited by the NOS
blocker L-NAME or the °2 dismutating enzyme SOD.
Our findings may be relevant to the pathogenesis of cell and

tissue injury in disease states such as ischemia and wound
healing where a lack of perfusion could lead to tissue L-Arg
depletion (36) and ONOO-. formation. It was previously
assumed that ONOO- is formed when NO generated from
NOS reacts with exogenous °O2, whereas our findings show
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FIG. 3. Immunocytochemical detection of nitrotyrosine formation. After exposure to 1 ,uM A23187 for 18 hr, cells were incubated with the
anti-nitrotyrosine monoclonal antibody and immunostaining was performed by Extravidin peroxidase. Prominent immunostaining of nitrotyrosine
was observed in L-Arg-depleted cells (B) but not in cells cultured in normal MEM (A). This staining was totally blocked by preincubation of the
primary antibody with 1 mM nitrotyrosine (C).
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FIG. 4. Measurement of NO- and Oi-mediated cellular injury in
L-Arg-depleted and control cells. Cell injury was assessed by measuring
LDH release from cells incubated for 18 hr in the presence or absence
of 1 ,uM A32187. Experiments were also performed in the presence or

absence ofL-NAME at 1 mM or SOD at 200 units/ml. Activating NOS
in L-Arg-depleted cells caused marked LDH release and this effect was
largely prevented by the prior administration of L-NAME or SOD.
Data were expressed as the mean ± SEM obtained from eight
experiments (**, P < 0.01 versus control; +, P < 0.05 versus

L-Arg-depleted cells in the presence of A23187).

that cellular NOS itself generates * with secondary forma-
tion of ONOO- leading to cellular injury or death.
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