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1 Experiments were designed to explore the e�ects of nitric oxide (NO) donors on generation of
superoxide (O2

.7) and peroxynitrite (ONOO7) in rabbit aortic rings.

2 Following inhibition of endogenous superoxide dismutase (SOD), signi®cant basal release of
O2

.7 was revealed (0.9+0.01610712 mol min71 mg71 tissue). Generation of O2
.7 increased in a

concentration-dependent manner in response to NADH or NADPH (EC50=2.34+1.1861074 and
6.21+1.7961073

M respectively, n=4). NADH-stimulated O2
.7 chemiluminescence was reduced by

approximately 85% in the presence of exogenous SOD (156103 U ml71).

3 Incubation of aortic rings with S-nitrosoglutathione (GSNO; 161075 ± 361073
M) or sodium

nitroprusside (SNP; 161078 ± 161073
M), resulted in a concentration-dependent quenching of O2

.7

chemiluminescence which was proportional to NO release.

4 ONOO7 formation was assessed indirectly by determining protein tyrosine nitration in rabbit
aorta using a speci®c antibody against nitrotyrosine. Basally and in the presence of NADH, a single
band was detected. Incubation of aortic rings with either GSNO (161073

M) alone or GSNO with
NADH resulted in the appearance of additional nitrotyrosine bands. Incubation of serum albumin
with GSNO alone did not cause nitrotyrosine formation. In contrast, incubation with 3-
morpholinosydonomine (SIN-1; 161073

M, 10 min), resulted in marked nitration of albumin which
was reduced by oxyhaemoglobin or SOD. Incubation of albumin with GSNO and pyrogallol, a O2

.7

generator, also resulted in protein nitration.

5 Addition of exogenous NO results in nitrotyrosine formation in rabbit aortic rings. Nitrotyrosine
formation is likely to result from the reaction of exogenous NO and basal endogenous O2

.7 resulting
in the formation of ONOO7. Formation of ONOO7 and nitration of tyrosine residues potentially
could lead to vascular damage and might represent unexpected adverse e�ects of long-term nitrate
therapy.

Keywords: Superoxide anions; nitric oxide; blood vessels; nitrotyrosine; NO donor; peroxynitrite

Abbreviations: DDC, Diethyldithiocarbamate; GSNO, S-nitrosoglutathione; NO, nitric oxide; O2
.7, superoxide; ONOO7,

peroxynitrite; SIN-1, 3-morpholinosydnonimine; SNP, sodium nitroprusside; SOD, superoxide dismutase

Introduction

Blood vessels generate free radical species including nitric
oxide (NO) and superoxide anion (O2

.7). In the vasculature,
the enzymatic sources and biological e�ects of NO have been

well characterized. NO is released in small amounts to regulate
local blood ¯ow and inhibit interactions between circulating
platelets, white cells and the vessel wall (Moncada et al., 1991).

In healthy blood vessels NO is synthesized by a calcium/
calmodulin-dependent NO synthase present in endothelium
(eNOS; Palmer & Moncada, 1989; Mayer et al., 1989).

However, during in¯ammatory episodes, a cytokine-inducible
NO synthase is expressed throughout the vessel wall which
results in production of larger quantities of NO (Bogle &
Vallance, 1996).

In contrast to the extensively characterized biology of NO,
the biosynthetic pathways and roles of O2

.7 in the vessel wall
remain unclear. The source of O2

.7 may vary and potential

generating systems include NADH/NADPH oxidases (Pagano
et al., 1993; Jones et al., 1996), NO synthases in the absence of
L-arginine (Xia et al., 1996), xanthine oxidase (Miyamoto et

al., 1996) or arachidonic acid-metabolising enzymes (Cross &
Jones, 1991).

NO and O2
.7 react rapidly at almost di�usion-limited rate

(Huie & Padmaja, 1993) to form peroxynitrite (ONOO7). This

product may isomerise to form nitrate, which has little
biological activity, and this may provide a mechanism to
remove and inactivate both NO and O2

.7. However, ONOO7

is also a powerful oxidant, which can lead to the generation of
other reactive radical species and result in cell damage (see
Beckman & Koppenol, 1996 for a review). In addition,

ONOO7 reacts with proteins resulting in nitration of tyrosine
residues and formation of 3-nitrotyrosine (Beckman et al.,
1994; Oury et al., 1995). Nitration of tyrosine may alter protein

function and initiate cellular damage, and the presence of 3-
nitrotyrosine has been used as a marker for ONOO7-mediated
tissue damage (Martin et al., 1990; Ohshima et al., 1990; Liu et
al., 1994; Van-der-Vliet et al., 1996).

Nitrotyrosine has been detected in human atherosclerotic
plaques (Beckman et al., 1994; White et al., 1994), in acute lung
(Haddad et al., 1994; Kooy et al., 1995) and myocardial injury

(Kooy et al., 1997). Its presence is regarded as an indication of
the induction of both NO and O2

.7 generation. However, in
some situations only one of the radical species may be up-

regulated e.g. O2
.7 in diabetes (Giuglianio et al., 1996), or

concentrations of NO or O2
.7 may be altered independently by

drugs. For example, levels of NO may increase due to

exogenous administration of NO donors.
The aim of this study was (i) to estimate O2

.7 production
from isolated rabbit aortic rings in vitro and identify its
possible enzymatic sources and (ii) to test the hypothesis that*Author for correspondence.
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an increase in NO generated from an NO donor would be
su�cient to combine with endogenous O2

.7 to form ONOO7.

Methods

Preparation of rabbit aortic rings

New Zealand White rabbits (3 ± 4 kg) were sacri®ced by
injection of sodium pentobarbital (125 mg kg71) via the lateral

ear vein. The thoracic aorta was removed and placed in ice-
cold bicarbonate bu�er. Vessels were cleaned of surrounding
fat and adventitia, cut into 5 mm diameter rings, rinsed with

ice-cold bicarbonate bu�er solution and stored at 48C until
use.

Measurement and calibration of O2
.7 production

O2
.7 production was measured using lucigenin as a

chemilumigenic probe (Pagano et al,. 1995; Li et al., 1998b).

Aortic rings were equilibrated in oxygenated (95% O2/5%
CO2, 378C) bicarbonate bu�er solution for 30 min and placed
in a quartz cuvette containing lucigenin (2.561074

M) in a

luminometer (Wallac, Model 1250) at 378C. Chemilumines-
cence was measured continuously and results expressed in
millivolts de¯ection on a pen recorder. In some experiments

endogenous superoxide dismutase (SOD) was inhibited by pre-
treatment of rings with diethyldithiocarbamate (DDC;
161072

M; an irreversible inhibitor of copper zinc SOD) for

30 min (Cocco et al., 1981; Kelner et al., 1989). Speci®city of
lucigenin chemiluminescence was assessed by conducting
experiments in the presence of exogenous SOD or 4,5-
dihydroxy-1,3-benzene disulfonic acid (tiron), a non-enzymatic

O2
.7 scavenger. In some experiments, substrates for potential

O2
.7 generating enzymes were added to the rings ±NADH

(161074
M, NADPH (161074

M), xanthine (161073
M),

arachidonic acid (161074
M) or succinate (561073

M).
For calibration, and to study the interaction of NO and

O2
.7 in cell-free systems, O2

.7 was generated using xanthine

and xanthine oxidase as described previously (Ohara et al.,
1993). Xanthine (161074

M) and lucigenin (2.561074
M)

were incubated in HEPES bu�er solution (®nal volume 1 ml)
in a quartz cuvette. The production of O2

.7 was initiated by

addition of xanthine oxidase (0.1 ± 1 U ml71) and chemilumi-
nescence measured as described above. Chemiluminescence
signals were calibrated by measuring O2

.7 generation from

xanthine/xanthine oxidase under identical conditions and
monitoring the rapid reduction of ferricytochrome c to ferrous
cytochrome c by O2

.7 at 550 nm (Fridovich, 1985).

Chemiluminescence signals were converted to O2
.7 production

expressed as nmoles O2
.7 min71 mg71 tissue.

Assay of NO release from NO donors

Release of NO by S-nitrosoglutathione (GSNO) and sodium
nitroprusside (SNP) was determined by measurement of the

reduction of oxyhaemoglobin to methaemoglobin (Feelisch &
Noack, 1987). Oxyhaemoglobin (561076

M) was dissolved in
HEPES bu�er solution (pH 7.4, 378C), placed in a quartz

cuvette and GSNO was added. The absorbance di�erence
between 401 and 411 nm was measured continuously using a
dual-wavelength spectrophotometer (Shimidzu UV-3000). NO

production was calculated using an extinction coe�cient for
oxyhaemoglobin of 16.2 mM

71 cm71 and a path length of
1 cm according to the following equation (A401 ± 411=[NO]6
molar extinction coe�cient6path length).

Detection of nitrotyrosine by Western blotting

Rings were homogenized in ice-cold phosphate-bu�ered saline

(pH 7.4) containing Triton X-100 (1% v v71), phenylmethyl-
sulphonyl ¯uoride (161073

M), pepstatin A (561075
M) and

leupeptin (261074
M) and centrifuged at 10,0006g for

10 min. The supernatant was removed, and mixed with gel

loading bu�er (1 : 1 v v71) and boiled for 3 min. The protein
content of each sample was determined using Bradford reagent
(Bradford, 1976). Equivalent amounts of each sample (50 mg
protein) were loaded onto a SDS±PAGE gel (10% SDS) and
separated (150 V, 30 mA, 60 min). Proteins were transferred
onto a nitrocellulose membrane (0.5 m; Immobilon PVDF

transfer membrane, Millipore) for 55 min at 80 V. After
transfer, blots were incubated with blocking bu�er (5% non-
fat dried milk) for 60 min and then with polyclonal rabbit anti-

nitrotyrosine antibody (2 mg ml71) overnight at 48C. Subse-
quently, membranes were washed and then incubated with a
goat anti-rabbit antibody (peroxidase-linked; 1 : 3000) for
120 min. Secondary antibody binding was detected using

diaminobenzidine (0.05% w v71). To determine the speci®city
of the anti-nitrotyrosine antibody, the antibody (2 mg ml71)
was incubated with 3-nitro-L-tyrosine (161072

M) overnight.

Nitration of bovine serum albumin

Solutions of bovine serum albumin were prepared
(0.7 mg ml71) in HEPES bu�er (pH 7.4). Aliquots (1 ml)
were incubated with 3-morpholinosydnonimine (SIN-1;

161073
M), GSNO (161073

M), or combinations of SIN-1
and oxyhaemoglobin (561075

M) or SOD (10 ± 1000 U ml71)
for 10 min at 378C. In additional experiments bovine serum
albumin (dissolved in HEPES bu�er, pH 10.8) was incubated

with GSNO (161073
M), pyrogallol (261074

M), or GSNO
and pyrogallol. Samples (10 mg protein) were loaded onto
SDS ±PAGE gels, transferred to nylon membranes and blotted

for nitrotyrosine as described above.

Materials

Bicarbonate bu�er solution was of the following composition
(mM): NaCl 118.3, KCl 4.7, MgSO4 0.6, KH2 PO4 1.2, CaCl2
2.5, NaHCO3 25, Na2-EDTA 0.026, and D-glucose 5.5.

HEPES bu�er solution contained (mM): NaCl 119, HEPES
20, KCl 4.6, MgSO4 1, Na2HPO4 0.15, KH2PO4 0.4, NaHCO3

5, CaCl2 1.2, and glucose 5.5; pH 7.4. Gel loading bu�er

composed of Tris (561072
M), sodium dodecyl sulphate (10%

w v71), glycerol (10% v v71), 2-mercaptoethanol (10% v v71)
and bromophenol blue (2 mg ml71). Antimycin A, Bis-N-

methyl acridinium nitrate (lucigenin), leupeptin, diaminoben-
zadine, NADPH, pyrogallol, SOD (from bovine brain),
succinate, 4,5-dihydroxy-1,3-benzene disulphonic acid (tiron),

xanthine oxidase (from buttermilk), xanthine, wide range
colour molecular weight markers, 3-nitro-L-tyrosine and
diethyldithiocarbamate (DDC) were obtained from Sigma
(Poole, Dorset, U.K.). SIN-1 was obtained from Alexis

Corporation (Nottingham, U.K.). NADH was obtained from
Boehringer Mannheim (East Sussex, U.K.). Rabbit polyclonal
anti-nitrotyrosine IgG was supplied by TCS Biologicals

(Buckingham, U.K.). GSNO was synthesized and recrystal-
lized by Dr D. Madge (Medicinal Chemistry, Wolfson Institute
for Biomedical Research). Oxyhaemoglobin was a kind gift of

Glaxo Wellcome, Stevenage, Herts, U.K. Nitrocellulose
membrane (0.45 mm) was purchased from Millipore U.K. Ltd,
Hertfordshire, U.K. Stock solutions of GSNO and SIN-1 were
prepared in deionized water immediately before use. Solutions
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of xanthine oxidase, SOD, tiron, NADH, NADPH, arachi-
donic acid, antimycin A and lucigenin were prepared in
HEPES bu�er solution. DDC was prepared in bicarbonate

bu�er solution. Xanthine was dissolved in NaOH (0.2 M)
solution containing EDTA (161073

M) at a ®nal pH of 7.4.
Pyrogallol was dissolved in HCl (161072

M).

Data analysis and statistics

Results are shown as the mean+s.e.mean of n experiments.

Statistical analysis was performed using unpaired two tailed t-
test. P50.05 was considered statistically signi®cant.

Results

Characterization of O2
.7 production in rabbit aorta

Under basal conditions O2
.7 production was not detected

from rabbit isolated aortic rings. Addition of DDC

(161072
M), an inhibitor of copper-zinc SOD unmasked

basal O2
.7 production which reached 0.9+0.01610712 mol -

min71 mg71 tissue (n=4), and was completely abolished in

the presence of SOD (150 U ml71; data not shown). All
subsequent O2

.7 measurements were performed in the
presence of DDC (161072

M). Addition of NADH

(161075 ± 161072
M) or NADPH (161075 ± 361072

M)
resulted in a concentration-dependent increase in O2

.7

production (Figure 1, Table 1). Calculated EC50 values for

NADH and NADPH were 2.34+1.1861074 and
6.21+1.7961073

M respectively (n=4). NADH
(361074

M)-stimulated O2
.7 chemiluminescence was reduced

in the presence of SOD (EC50=8.8 U ml71 Figure 1, inset,

n=4). In the absence of tissue, neither NADH nor NADPH
increased lucigenin chemiluminescence. Addition of sub-
strates for xanthine oxidase (xanthine, 161074

M), cycloox-

ygenase/lipoxygenase (arachidonic acid, 161074
M) or

mitochondrial complex II (succinate, 561073
M in the

presence of the complex III inhibitor antimycin A
(361075

M)) did not alter vascular O2
.7 production from

basal levels (Table 1, n=3).

Scavenging of O2
.7 by NO donors

The ability of NO donors to scavenge O2
.7 was investigated in

rabbit aortic rings. Incubation of rings with NADH
(361074

M) and increasing concentrations of GSNO

(161075 ± 361073
M) or SNP (161078 ± 161073

M) resulted
in a signi®cant (P50.01) reduction of detected O2

.7

chemiluminescence (Figure 2, n=4). Calculated IC50 values

for GSNO and SNP were 3.6+0.161074 and
2.3+0.161076

M respectively.
The e�ects of GSNO on the O2

.7 chemiluminescence

produced by reaction of xanthine and xanthine oxidase were
assessed and compared with the release of NO from GSNO.
Release of NO by GSNO occurred over a similar concentra-
tion range to that which resulted in the quenching of O2

.7

chemiluminescence (Figure 3). Incubation with reduced

Figure 1 Generation of superoxide by rabbit aortic rings in vitro.
Rings of rabbit aorta were placed in a cuvette containing bicarbonate
bu�er solution and lucigenin. Chemiluminescence was measured in
response to increasing concentrations of NADH or NADPH (Inset):
Inhibition of NADH stimulated superoxide (O2

.7) chemilumines-
cence by superoxide dismutase (SOD). Results are mean+s.e.mean of
data obtained in four experiments.

Table 1 Substrate-dependence of superoxide production in
aortic rings.

Substrate
Superoxide production

(pmol min71 mg71 tissue)

Basal
NADH
NADPH
Xanthine
Arachidonic acid
Succinate+antimycin A

0.9+0.01
9.8+1.00*
1.5+0.10*
1.0+0.07
0.9+0.02
1.0+0.10

Chemiluuminesence was measured in aortic rings in response
to NADH (161074 M), NADPH (161074 M), xanthine
(161073 M), arachidonic acid (161074 M) or succinate
(561073 M) and antimycin A (361075 M). Results are
mean+s.e.mean of data obtained in 3 ± 4 experiments,
*P50.05, unpaired t-test.

Figure 2 Interaction between nitric oxide and superoxide in rabbit
aortic rings. Rings of rabbit aorta were incubated with NADH
(361074

M) in the presence of lucigenin and increasing concentra-
tions of S-nitrosoglutathione (GSNO) or sodium nitroprusside
(SNP). Superoxide (O2

.7) production was measured by chemilumi-
nescence. Results are the mean+s.e.mean of four experiments.
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glutathione (up to 161073
M), did not a�ect O2

.7 detection
(data not shown).

Generation of ONOO7 assessed by 3-nitrotyrosine
formation

Under basal conditions or in the presence of NADH

(361074
M) a faint band of nitrotyrosine (corresponding to

a molecular weight of approximately 38 kDa) was detected in
protein extracts from rabbit aortic rings which may represent a

basally nitrated protein. Incubation of rings with GSNO
(161073

M, 10 min) alone or GSNO in combination with
NADH (361074

M) resulted in the appearance of additional

nitrotyrosine bands of which the most prominent had an
apparent molecular weight of approximately 30 kDa (Figure
4A). Nitrotyrosine staining was similar whether the tissues

were prepared in the presence or absence of DDC. Formation
of nitrotyrosine was not inhibited in the presence of SOD
(16104 U ml71; not shown) or tiron (161072

M, Figure 4A).
Speci®c nitrotyrosine immunoreactivity was not observed

when the blot was incubated in the presence of primary
antibody and excess 3-nitro-L-tyrosine (161072

M).
The conditions required for tyrosine nitration were

examined further using bovine serum albumin as a substrate
for nitration. Nitrotyrosine residues were not detected on
serum albumin incubated (10 min) with HEPES bu�er

solution or GSNO alone. Incubation of albumin with SIN-1
(161073

M), a compound which co-generates O2
.7 and NO

(Feelisch et al., 1989), resulted in nitration of albumin (Figure

4B). Treatment of albumin with SIN-1 (161073
M) in the

presence of oxyhaemoglobin (561075
M) or a high concentra-

tion of SOD (16103 U ml71) inhibited nitrotyrosine forma-
tion. The e�ects of SOD to inhibit SIN-1 induced nitrotyrosine

formation were concentration-dependent and even at very high
concentrations only partial inhibition was possible (Figure 4c).
The inhibitory e�ects of high concentrations of SOD on

nitrotyrosine formation were partially reversed in the presence
of GSNO (161073

M; Figure 4B). Further experiments were
conducted to investigate whether nitrotyrosine formation was

dependent on the presence of both NO and O2
.7. Incubation of

albumin with HEPES bu�er, GSNO (161073
M) or pyrogallol

(161073
M; a potent donor of O2

.7) alone (10 min) did not
result in nitrotyrosine formation (Figure 4D) whereas in the
presence of GSNO and pyrogallol nitration of albumin

occurred (Figure 4D).

Discussion

This study investigated the interaction between O2
.7 and NO

in rabbit aorta. Under normal conditions intracellular O2
.7

concentrations are kept at low levels because eukaryotic cells
contain large amounts of SOD (4 ± 1061076

M; Fridovich,
1978), and in the present study endogenous generation of O2

.7

by aortic rings was not evident unless intrinsic SOD activity
was inhibited. Once SOD was inhibited, the amount of O2

.7

generated in rabbit aorta was in the order of 1 pmol -

min71 mg71 tissue. However, under certain conditions
autooxidation of the lucigenin cation radical may result in

Figure 3 Release of NO and quenching of superoxide by GSNO.
Superoxide anions (O2

.7) were generated by incubation of xanthine
oxidase (0.1 U ml71) and xanthine (161074

M). The e�ects of
increasing concentrations of S-nitrosoglutathione (GSNO) on O2

.7

chemiluminescence and release of NO are shown. Results are the
mean s.e.mean of four experiments.

Figure 4 Nitrotyrosine formation by NO donors and superoxide.
Peroxynitrite generation was assessed by monitoring nitrotyrosine
formation in (A) Rabbit aorta and (B, C and D) serum albumin. (A)
1, control; 2, NADH (361074

M); 3, NADH and GSNO
(161073

M); 4, GSNO, (161073
M); 5, GSNO and tiron

(16102 M). (B) Bovine serum albumin was incubated for 10 min
with 1, HEPES bu�er; 2, SIN-1 (161073

M); 3, SIN-1 and
oxyhaemoglobin (561075

M); 4, SIN-1 and SOD (1000 U ml71);
5, SIN-1, SOD (1000 U ml71) and GSNO (161073

M). (C) Bovine
serum albumin and SIN-1 (161073

M) was incubated for 10 min
with 1, SOD (10 U ml71); 2, SOD (100 U ml71); 3, SOD
(1000 U ml71). (D) Bovine serum albumin was incubated for
10 min with 1, HEPES bu�er; 2, GSNO (161073

M); 3, Pyrogallol
(161073

M); 4, GSNO and Pyrogallol. Density of bands are shown
above each lane. Results are representative of those obtained in three
separate experiments.
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redox cycling and O2
.7 generation from lucigenin itself (Li et

al., 1998b) and thus the ®gure of 1 pmol min71 mg71 tissue
O2

.7 generation should be considered an estimate rather than

precise value. Nonetheless, the results of this and other studies
(Pagano et al., 1993; Jones et al., 1996) are compatible with
signi®cant vascular generation of O2

.7 which may greatly
exceed the capacity of the endothelium to generate NO (Guo et

al., 1996; Kelm et al., 1997).
Potential sources of O2

.7 in blood vessels include xanthine
oxidase, mitochondrial enzymes, cyclooxygenases, NO

synthases and enzymes similar to the leukocyte-NADPH
oxidase. Addition of NADH or NADPH, but not substrates
selective for the other enzyme systems, results in increased O2

.7

production from aortic rings and this was inhibited in the
presence of SOD. In leukocytes, NADPH oxidase is a multi-
component enzyme system capable of generating rapidly large

amounts of O2
.7 (nmol min71) following cellular activation

(Cross et al., 1984). In blood vessels and cultured endothelial
cells (Jones et al., 1996) NADH/NADPH-oxidase like systems
have been identi®ed (Pagano et al., 1993; Mohazzab et al.,

1994) and our experiments clearly demonstrate that O2
.7

generation by aortic rings can be stimulated by NADH or
NADPH. We used endothelium-intact aortic rings throughout

this study and thus have not assessed the contribution of the
endothelium to the measured O2

.7 release but previous studies
suggest that most vascular O2

.7 may be released from the

adventitia (Wang et al., 1998).
The NO donors GSNO and SNP quenched O2

.7

chemiluminescence originating from either aortic rings

stimulated with NADH or from xanthine/xanthine oxidase
used as an arti®cial cell-free O2

.7 generating system. These
e�ects occurred over the concentration range 161075 ±
361073

M for GSNO and 161078 ± 161073
M for SNP.

We determined the relationship between NO release and
quenching of O2

.7 and found that the quantity of NO
released from GSNO in this acellular system was directly

proportional to the quenching of O2
.7 chemiluminescence

(Figure 3), suggesting that the quenching of the signal
occurred as a result of interaction between the two radicals.

Quenching of O2
.7 occurred at relatively low concentrations

of SNP and would be expected to occur at therapeutic doses.
The apparently greater potency of SNP may be related to its
ability to release NO spontaneously without metabolism,

whereas GSNO is more stable in solution (Jourd'heuil et al.,
1998) unless cells are present. Interestingly, NADH-stimu-
lated O2

.7 production was not a�ected by stimulating

endogenous NO release from vascular endothelial cells with
acetylcholine or inhibition of basal NO release with No-nitro-
L-arginine methyl ester (C. Amirmansour, unpublished

observations). These ®ndings suggest that the amounts of
NO generated basally or by agonist stimulation from
endothelium may be insu�cient to signi®cantly reduce the

large amounts of O2
.7 generated.

In aortic rings no O2
.7 was detected in the absence of DDC

suggesting that metabolism of O2
.7 by SOD is an important

regulator of basal O2
.7 levels. Addition of GSNO resulted in

nitrotyrosine formation and this was not increased by
inhibition of SOD. The rapid reaction between NO and O2

.7

(see later) would result in a relatively small contribution of

SOD to the disposal of O2
.7. Thus in the presence of a NO

donor inhibition of SOD would not be expected to alter
peroxynitrite formation and thus tyrosine nitration. Incuba-

tion of aortic rings with NADH and GSNO did not increase
tyrosine nitration compared to that observed in the presence of
GSNO alone. This may re¯ect the relatively small increase in
superoxide production with NADH and the semi-quantitative

nature of the Western blotting technique for detection of
nitrotyrosine.

The reaction between NO and O2
.7 results in the formation

of ONOO7 which is capable of nitrating tyrosine (Beckman et
al., 1994) and addition of GSNO to aortic rings resulted in
tyrosine nitration, suggesting that ONOO7 formation was
occurring. However, attempts to scavenge endogenous O2

.7

with SOD did not prevent the appearance of nitrotyrosine in
aortic rings incubated with GSNO. SOD does not cross cell
membranes and this may explain why it was unable to reduce

nitrotyrosine formation. However, tiron, a relatively weak
scavenger of O2

.7 (161077 ± 561078
M

71 s71; Greenstock &
Miller, 1975; Bors et al., 1979; Mok et al., 1998), but one which

is cell permeable, also did not inhibit nitrotyrosine formation.
One hypothesis is that GSNO can nitrate tyrosine residues
directly, independent of its reaction with O2

.7. Alternatively,

the reaction between NO and O2
.7 might be particularly

resistant to SOD under certain conditions. To test these
hypotheses we used a cell-free system.

Incubation of serum albumin with GSNO did not result in

nitrotyrosine formation suggesting that a direct reaction does
not occur at least on tyrosine residues on albumin. We
examined the dependence of nitrotyrosine formation on O2

.7

and NO using a O2
.7 donor, pyrogallol. This agent releases

O2
.7 at alkaline pH in a reproducible manner and using serum

albumin as a substrate for nitration we found that GSNO and

pyrogallol in combination but not alone resulted in nitrotyr-
osine formation. These results are consistent with the
hypothesis that nitration of albumin is dependent on the

presence of both NO and O2
.7. Experiments were conducted

with SIN-1, a co-donor NO and O2
.7. GSNO and SIN-1 at a

concentration of 161073
M release similar amounts of NO

(1.02 and 1.2361066
M respectively; Kelm et al., 1997) but

SIN-1 will also liberate O2
.7 (Feelisch et al., 1989).

Oxyhaemoglobin (a scavenger of NO) or SOD (a scavenger
of O2

.7) inhibited nitrotyrosine formation by SIN-1, suggest-

ing that both NO and O2
.7 are required for tyrosine nitration.

However, whereas oxyhaemoglobin readily inhibited nitrotyr-
osine formation by SIN-1, high concentrations of SOD

(4100 U ml71) were required to suppress SIN-1-induced
nitrotyrosine formation on serum albumin and its IC50 in this
system lies somewhere between 100 ± 1000 U ml71. This is in
marked contrast to the calculated IC50 (8.8 U ml71) for SOD

inhibition of NADH-stimulated lucigenin chemiluminescence
measured in aortic rings (Figure 1; inset). Furthermore, even in
the presence of 1000 U ml71 of SOD, addition of GSNO to the

SIN-1 solution increased nitrotyrosine formation. The reaction
between O2

.7 and NO is e�ectively di�usion limited
(6.76109 M

71 s71) and is three times faster than the rate

constant for reaction of O2
.7 and SOD (26109 M

71 s71; Huie
& Padmaja, 1993). Thus, in a system in which NO, O2

.7 and
SOD are all present, the dominant reaction will be critically

dependent on the concentration of each reagent (Figure 5). At
low NO concentrations the dismutation reaction between SOD
and O2

.7 would be expected to predominate, but when the NO
concentration rises the reaction between NO and O2

.7 will

predominate and SOD will become progressively less able to
compete (Figure 5). Thus, the failure of SOD or tiron to
prevent GSNO-induced nitrotyrosine formation in the rabbit

aorta is most likely to be due to the inability of these O2
.7

scavengers to compete for O2
.7 in the presence of the large

amounts of O2
.7 generated basally and the large amounts of

NO liberated by the NO-donor. However, we cannot exclude
the possibility that GSNO might directly nitrate proteins
present in aortic rings, even though it was unable to do so to
albumin. The results of this study show that GSNO, a NO
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donor, leads to nitrotyrosine formation in the vessel wall. This
e�ect occurs because as the concentration of NO rises, O2

.7

reacts preferentially with NO and SOD cannot compete.

Alternatively, it is possible that the SOD is inactivated by the
NO or ONOO7. Whichever mechanism is correct, our results
suggest that as the concentration of NO rises, the endogenous
SOD system is unable to keep oxidant stress under control and

this might have implications for pathophysiology. However,
these studies were performed in vitro in a haemoglobin-free
environment and it remains to be determined whether NO

donors cause nitrotyrosine formation in vivo, especially under
conditions where oxyhaemoglobin may scavenge NO.

The biological signi®cance of protein tyrosine nitration
remains unclear. Several reports suggest that nitration may
alter the function of important proteins. In murine macro-

phages, ONOO7 nitrates the regulatory subunit of phospha-
tidylinositol 3-kinase. This protein is involved in the signal
transduction cascade initiated by many agonists including
growth factors (Helberg et al., 1998). Similarly, in human

neuroblastoma cells nitration of cytosolic proteins inhibits
phosphoinositide hydrolysis in response to carbachol (Li et al.,
1998a). Modi®cation of enzymes such as glutamine synthetase

by nitration results in loss of enzyme activity and may alter
cellular metabolism (Berlett et al., 1996). Protein nitration may
well have marked biological e�ects on regulatory enzymes and

signal transduction pathways. Furthermore, the ®nding of
nitrotyrosine staining in the aorta of patients with atheroma
(Beckman et al., 1994) might be due to nitrovasodilator

therapy per se rather than in¯ammatory induction of
endogenous NO and O2

.7 in the vessel wall. Whilst NO
donors have been used extensively in the management of
ischaemic heart disease evidence suggests that long term

treatment with these agents may increase cardiac events,
especially in patients with healed myocardial infarction
(Ishikawa et al., 1996).

We thank Drs Martin Feelisch and Amrita Ahluwalia for helpful
advice and discussions. Charles Amirmansour is a recipient of a
British Heart Foundation PhD studentship.

Figure 5 Interactions of NO and superoxide. Formation of
peroxynitrite (ONOO7) is dependent on the concentration of
superoxide (O2

.7) and nitric oxide (NO). When levels of NO rise
above a critical level, the reaction between NO and O2

.7

predominates and superoxide dismutase (SOD) is unable to compete.
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